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by Wanpen Chantarangsi

There are two types of procedures for assessing whether a population has a normal
distribution based on a random sample: graphical tests (e.g., Q-Q plots) and non-
graphical tests (e.g., the Anderson-Darling and Shapiro-Wilk tests). The graphical
tests are more intuitive and more easily interpretable than non-graphical ones. How-
ever, their disadvantage is that different people can make different interpretations of
the plots. Thus, graphical tests are usually regarded as informal techniques because
the conclusions arrived at may be influenced by the subjectivity of users.

Among graphical tests, probability plots are the most commonly used, partic-
ularly the normal Q-Q plot that compares the empirical quantiles of sample data
(Y1,...,Yy), i.e. the ordered values Yj;; < ... < Y[,), with the corresponding quan-
tiles of a theoretical distribution, i.e. a normal distribution. If the plotted points
are close to a straight line, that indicates the observations come from a normal dis-
tribution. Within this context, two existing statistics are examined, which are the
Kolmogorov-Smirnov D and Michael’s (1983) D, and three new statistics De, Dpe
and Dy; are proposed. Each statistic gives a set of simultaneous 1 — a probability
intervals for Y,k = 1,...,n in the normal Q-Q plots, which are used to detect
non-normality in a graphical manner.

Therefore, simultaneous probability intervals for each of the order statistics are
constructed to avoid the subjectivity of the users and to ensure the objectivity of
the conclusions, regardless of the users. The idea behind the construction of the D,,
Dye and Dy; statistics is similar to that of the Dy, statistic: make all the n intervals
have similar marginal probabilities of containing the corresponding Y[ under Hp.
The interval derived from the Dy, test has some additional properties.

Normal Q-Q plots are also routinely used to check whether the random errors

are independently and normally distributed based on the residuals from a linear re-



gression model. However, the statistical textbooks and statistical software often do
not treat the residuals and the independently and identically distributed observa-
tions differently in producing and interpreting a normal Q-Q plot. Thus, the major
concern is whether these two situations should be treated differently. In this thesis,
the five graphical statistics D, Dg,, D., Dy, and Dy, are proposed to provide a set
of simultaneous probability intervals for the order statistics of the residuals in the
normal Q-Q plot.

Furthermore, the graphical tests for the normal distribution are extended in
this thesis to test whether a dataset follows Weibull and exponential distributions.
Specifically, we obtain the simultaneous probability intervals suitable for Q-Q plots
of the Weibull and exponential distributions.

Throughout this thesis, simulation studies have been carried out to compare the
powers among the graphical tests and some non-graphical tests. In power comparison
for testing normality of an i.i.d. sample, the popular non-graphical Anderson-Darling
and Shapiro-Wilk statistics are used. For residuals from a linear regression model,
the non-graphical T), test of Huskovd and Meintanis (2007) is used. Finally, for
testing Weibull and exponential distributions, the non-graphical Anderson-Darling

and Crarher-von-Mises statistics are selected for power comparisons.
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CHAPTER 1 Introduction

1.1 Background

The importance of graphical tests can never be overstated in statistics. In particular,
plots present a pattern and detail which are not available in any non—graphical
tests. Even though non-graphical tests provide an objective judgement of normality
(i.e., significance or non-significance at some « levels), they do not specify the
reason, or reasons, why a hypothesis is rejected, nor do they have the ability to
show the hidden effects within the data which may bring about acceptance of a null
hypothesis. From the normal probability plot or normal Q-Q plot, if and only if
the n points fall close to a straight line, the population is claimed to be normally
distributed. In addition, other non-normal features of the population distribution,
such as skewness, and long or short tails, can be easily identified from the normal
probability plot. Thus the normal probability plot is not only useful in determining
whether the population distribution may be normal but also in diagnosing what
kinds of deviations may be present. The hypothesis tests of normality, such as the
Anderson—Darling and Shapiro—Wilk tests, do not have this diagnostic feature and
cannot be represented graphically on a probability plot. The patterns of nonlinearity

in a normal probability plot indicate the feature of deviation from normality.

The normal probability plot can also be used to check whether the random errors
in a linear regression model are independently and normally distributed based on the
residuals. Furthermore, the Q-Q plot is widely used for testing not only normality,

but also Weibull and exponential distributions.

Although the Q-Q plot has many advantages, as discussed above, it is regarded
as an informal technique because the conclusions arrived at may be influenced by
the subjectivity of the user. Some users may judge that the n points fall close to a
straight line on a Q-Q plot but others may not. Therefore, throughout this thesis the
researcher has tried to set up means on Q-Q plots that allow an objective judgement

as to whether the n points fall close to a straight line.
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The objective judgement of a Q-Q plot is proposed in this thesis by providing an
interval for each ordered value from a sample containing n observations which will
fall into the corresponding intervals simultaneously with probability 1 — «. Each of
these n intervals can be depicted in a Q-Q plot as a vertical interval. Therefore, if
at least one point of ordered values does not fall within the corresponding interval,
one can claim, with a (1 — a)100% confidence level, that a sample does not follow
the underlying distribution.

To date, only a few existing statistics can be presented graphically on the plots
e.g., the Kolmogorov-Smirnov (1933) statistic D and the Michael’s (1983) statistic
Dy,. Therefore, the three new graphical statistics D., Dy, and Dy; are proposed in

this thesis in order to augment the choices of graphical tests.

1.2 Objectives

The main objectives of this thesis are:

1. To construct the five different sets of simultaneous intervals associated with

the Kolmogorov-Smirnov’s D, Michael’s (1983) Dy, D, Dy, and Dy,; tests

2. To provide a set of simultaneous probability intervals on Q-Q plots, in order
to make an objective judgement on “whether the points are close to a straight

line”

3. To extend the idea of the graphical tests for normality in the case of a simple

random sample to the vector of residuals from a linear regression model

4. To generalise the idea of the graphical tests for normality to Weibull and

exponential distributions

5. To compare the powers of these graphical tests with some non-graphical tests.

1.3 The structure of the thesis

The thesis is organised as follows:
In Chapter 1, the motivation, the main objectives and the structure of this thesis

are explained.
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In Chapter 2, the researcher constructs the five graphical tests for normality
based on a simple random sample and presents the simultaneous probability intervals
of the graphical tests on the plots. Also, the two non-graphical tests, Anderson-
Darling and Shapiro-Wilk, are considered and powers of the tests are compared.

In Chapter 3, the focus of this chapter is the vector of random errors in a linear
regression model. Since the errors are unobservable, the residuals are utilised as
replacements of errors to test normality. The graphical tests from Chapter 2 are
applied, except for the Dy, test for reasons that are addressed later. In addition, the
T, test of Huskova and Meintanis (2007), which is a selected non-graphical test, is
compared with the graphical tests in power. The simultaneous probability intervals
of the graphical tests on the plots are used to judge whether the errors follow a
normal distribution.

In Chapter 4, the author generalised the five graphical tests for normality from
Chapter 2 to obtain the graphical tests for Weibull distribution. The log-transformation
is used to change the three—parameter Weibull distribution to the smallest extreme
value distribution, which is a member of a location—scale family. The three estima-
tors of the location and scale parameters are scrutinised in terms of power.

In Chapter 5, the five graphical tests for normal distribution described in Chapter
2, which are used to obtain the graphical tests for exponentiality, are extended. The
three estimators of the location and scale parameters, as described in Chapter 4, are
again investigated in order to have good power.

Finally, in Chapter 6, the conclusions are drawn and future work is suggested.






CHAPTER 2 Normality tests for a simple random

sample

The predominance of the normal distribution is attributed to the fact that it has
a number of advantages, such as the facilitation of mathematical handling and the
superiority of derived results, and many currently developed statistical methods are
based on the assumption of normality. Therefore, when carrying out a statistical
analysis using normal distribution, validating the assumption of normality is of fun-
damental concern for the analyst.

Since the early 1900s, many normality tests have been developed by different
authors. First, Pearson (1900) suggested the Chi-square test of normality which
inspired other statisticians to also produce normality tests. The two most popu-
lar empirical distribution function (edf) based tests are a) the one introduced by
Kolmogorov (1933), which proposed the comparison of the edf with the cumulative
distribution function (cdf) of the normal distribution through the maximum differ-
ence and b) the test by Anderson and Darling (1954), which involves a combination
of all the differences. In the meantime, significant numbers of new normality tests
have been proposed over time. There are nearly 40 tests of normality available in the
statistical literature; see for example, Dufour et al. (1998). Mage (1982) reviewed
the formulae for plotting probability and techniques for subjectively drawing lines on
probability plots, and he presented a method for plotting data and drawing an ob-
jective line on the probability plot to obtain a test of the distributional assumption.
One year later, Michael (1983) proposed the stabilised probability plot that enhances
its interpretability. This prompted the definition of a new and powerful goodness-of-
fit statistic D, which is analogous to the standard Kolmogorov-Smirnov Statistic
D, and is defined to be the maximum deviation of the plotted points from their
theoretical values. By using either D or Dy, it is shown how to construct accep-
tance regions for the Q-Q and P-P plots and the new plots. Acceptance regions can
help remove much of the subjectivity from the interpretation of these probability

plots. Bera and Ng (1995) presented a graphical alternative to the Q-Q plot for
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detecting departures from normality using the score function. They concluded that
the estimated score function is informative in performing exploratory data analysis.

Scrucca (2000) proposed a graphical method based on the characterisation of the
multivariate normal distribution in terms of univariate normality of all linear combi-
nations of the variables in the set. Moreover, he reviewed some methods for choosing
directions to look for departure from the hypothesis of normality, and proposed an
interactive dynamic graphic approach for checking the joint distribution. Breton
et al. (2008) reported on a systematic comparison over a rich family of alternative
distributions that span a broad range of of skewness and kurtosis combinations. The
approach constituted an easily implemented tool for the practitioner to exercise in
deciding which test and which implementation to employ.

Recently, Razali and Yap (2011) focused on comparing the power of four nor-
mality tests - Shapiro-Wilk, Kolmogorov-Smirnov, Lilliefors and Anderson-Darling
- via the Monte Carlo simulation of sample data generated from alternative distri-
butions that follow symmetrical and asymmetrical distributions. Results showed
that the Shapiro-Wilk test was the most powerful normality test, followed by the
Anderson-Darling, Lilliefors and Kolmogorov-Smirnov tests, respectively. However,
the power of all four tests was still low for small sample sizes. Noughabi and Arghami
(2011) considered seven normality tests and compared them with each other, by us-
ing Monte Carlo simulations, under classified alternatives. The choices of the seven
tests were based on popularity (e.g., the Kolmogorov-Smirnov and Anderson-Darling
tests) and powerfulness (e.g., the Shapiro-Wilk test). This article revealed that no
single test procedure is uniformly more powerful than others; that is, some tests are
more powerful than other tests for some alternatives and some are better for other
alternatives.

Broadly speaking, there are two types of procedures in assessing whether a pop-
ulation has a normal distribution based on a random sample: graphical tests (e.g.,
Q-Q plots) and non—graphical tests (e.g., the Anderson-Darling and Shapilo-Wilk
tests). The normal Q-Q plot or the normal probability plot is the most commonly
used diagnostic tool for assessing whether a random sample is drawn from a normally
distributed population.

Normally, the graphical tests visualise the distribution of a random variable
or difference between an empirical distribution and a theoretical distribution (e.g.,

the standard normal distribution). Suppose that Y7,...,Y,, are n independent ob-
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servations from a continuous distribution. The corresponding order statistics are

Y < Vg < oo < Vi Let ¥ = 150 ¥j and 6, = o/ S0

n—1

be the sample
mean and sample standard deviation, respectively. Besides, ®(-) denotes the cumu-
lative distribution function of the standard normal distribution and ®~!(-) denotes
the inverse function of ®(-). Let z; < ... < z, be a set of n reference values. A
normal probability plot consists of the n points (zx, Yjx)), & = 1,...,n. There are
several ways to choose the reference values z;. One is to use the normal probability
scores of a set of given probabilities 0 < p; < ... < p, < 1, that is, ®(z) = py for
k =1,...,n. The most commonly used one is py = (k — 0.5)/n for k = 1,..,n given
by Hazen (1914), which is also used in the software packages R (when n > 10) and
Matlab.

When providing an objective mean to judge whether the points (zk,Y[k]) fall
close to a straight line, one can augment the normal probability plot by providing
an interval for each Y k = 1,...,n which will fall into the corresponding intervals
simultaneously with probability 1 —«. Each of these n intervals can be depicted in a
normal probability plot as a vertical interval at the corresponding zp. Therefore, if
at least one point (zg, Y[k}) does not fall within the corresponding interval, one can
claim, with a confidence level 1 — «, that a sample is not normally distributed.

Next, each graphical test which provides a set of simultaneous intervals for

Yin (k=1,...,n) in the normal probability plot is described.

2.1 Graphical tests for normality

In this section, we introduce two existing graphical tests, namely the Kolmogorov-
Smirnov test and the test based on Michael’s (1983). Throughout this thesis, the
Kolmogorov-Smirnov test is called the“ D test” and the test based on Michael (1983)

is represented by the “Dy), test”.

2.1.1 The Kolmogorov-Smirnov test (The D test)

The idea of the test is to compare the empirical distribution function (edf) which
is estimated based on the data with the cumulative distribution function (cdf) of
normal distribution to see if there is a good agreement between them. One of the

most commonly used tests was developed by Kolmogorov in 1933. To construct the
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simultaneous intervals, the Kolmogorov-Smirnov statistic is defined by

D = max
1<k<n

®((Yy —Y)/6,) — (k—0.5)/n|. (2.1.1)

Let ¢, be a critical constant so that P{D < ¢, } = 1 — o when a sample follows a
normal distribution.
The required critical constant ¢, can be evaluated straightforwardly as the

(1 — av)-quantile of D by using the following simulations:
1. Simulate one D by generating i.i.d. Y1,..., Y, from N(0,1).
2. Calculate Y, 6, and (Y, ..., Y},)), and compute D using formula (2.1.1).
3. Simulate a large number R of independent copies of D : Dy, ..., Dg.

4. Use the (1—«) sample quantile of Dy, ..., Dr as an approximation of the critical

constant c,.

For the other tests, the critical constants can be evaluated by using the same

algorithms as the D test. Thus, this probability statement can be rewritten as
1 — = P{D < CD}
((Yiy ~ V)/8y) = (k= 0.5)/n| < ¢, }

= P{ —c, <O((Yyy —Y)/6,) — (k—05)/n<c, for k= 1,...,n}

= P{ max
1<k<n

_ P{Y[k]e?+6y<1>_1((k:—0.5)/nicD) forkzl,...,n}. (2.1.2)

Note that the expression (2.1.1) has nothing to do with the unknown parameters pu
Y1 — Y, — i Y, — Yo —

and o2 since — 'u,..., n T Hiid N(0,1). Let Zy = k T H

o

o
for k =1,..,n. Then Yy =pu+oZy fork=1,..,n and

Yig=Y  (p+oZy) - (n+o2)
oy oo,
_ w2
= P
Yig — Y : : 2
Therefore, ——— has nothing to do with @ and ¢“ and we can generate the random

Y
sample Y7, ..., Y, from N(0,1) instead of N(u,c?).
From (2.1.2), Y should fall in the corresponding interval

Y46, ((k—05)/ntc,) fork=1,...,n (2.1.3)
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with a simultaneous probability 1—« if the sample data follow a normal distribution.

The Kolmogorov-Smirnov test, however, is appropriate in the case that the pa-
rameters of the null hypothesis are completely specified. If the unknown parameters
of the null distribution need to be estimated from the sample data, the standard
tables used for the Kolmogorov-Smirnov test are no longer valid. Lilliefors (1967)
proposed the Lilliefors test for a situation in which the parameters are estimated.
The Lilliefors statistic is the same as (2.1.1). Even though the estimated parame-
ters for p and o in the Kolmogorov-Smirnov test are used here, this does not affect
the validity of the test because the critical values are evaluated from the generated

samples, not from the standard tables.

2.1.2 The Dy, test

According to Michael (1983), the statistic D is less efficient for detecting nor-
mality since ®((Y,) —Y)/6,) has a smaller variance for a k close to either 1 or n
compared to a k close to /2, and hence Y};; has a small chance of falling outside its
corresponding interval for a k close to either 1 or n compared to a k close to n/2.

The statistic Ds), is defined as

D,, = max
P <k<n

(2/m) arcsin \/q)((Y[k] —-Y)/6,) — (2/m)arcsin/(k — 0.5)/n ’,
(2.1.4)
and the methodology behind this statistic is discussed below.

Order statistics are useful for probability plots because of the transformation
U = Fx (X)),

where Fx(-) is the cdf of X}, produces a random variable which is the k%" order
statistic of a random sample of size n from a standard uniform distribution U(0, 1).
This result is called the probability integral transformation; see, Mukhopadhyay
(2006).

Theorem 2.1.1. Let the random variable X have cdf Fx. If Fx is strictly monotonic
and continuous then' Y = Fx(X) has a U(0,1) distribution.
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Proof. We have

and hence Y = Fx(X) ~ U(0,1). This completes the proof. O

Immediately, we have that if X[y, ..., X}, are the order statistics of X1, ..., X5, i

Fx(-), then Fx(Xpj) < ... < Fx(Xp,) are the order statistics of a size n random
sample from the continuous uniform distribution on (0, 1) regardless of the original
distribution F'x as long as it is continuous.

Now, let Uy, ..., U, be independent and identically distributed random variables
with uniform distribution on (0,1) and Upy) < ... < U}y, be the order statistics. We
show that U, for k = 1,...,n has the distribution beta(k,n —k+1). Note that the
pdf and cdf of Uy, are f(u) = 1 and F(u) = u, respectively. So, the pdf of U} for

k=1,...,nis

n! n—k

frg) = e (@)= F@) W
n! _ e
= mom T
I'(n+1)

= TETe—F+T (W1 —w)"*  0<u<1.

Therefore, Upy,) ~ beta(k,n — k + 1) with

k
E(U[k]) = m,
kin+1—k
Var(U[k]) ( )

(n+1)%(n+2)

The following result can be found in Arnold et al. (2008).

Theorem 2.1.2. For 0 < p < 1, assume that % — p as n — 0o, then we have

\/ﬁ(U[k] —p) % N(0,p(1 - p)).
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Proof. We know that Uj ~ beta(k,n — k + 1), and so

E{Uy) = n_kH—>p, (2.1.5)
Var(Uy)) = (:Tl_)2]z;j)2)_>p(1;p)' (2.1.6)

Note that U, a beta(k,n — k + 1) random variable, can be written as

- A
U = ntl A+ B’
Y Vit Y Vi
i=1 i=k+1
k n+1
where A = ZVZ-, B = Z Vi, and the Vs are i.i.d. Ezp(0,1) random variables
i=1 i=k+1
with E(V;) =1 and Var(V;) = 1. From the central limit theorem, we have
Ak q N(0,1).
vk
Recall that % — p and so we get
A—-Ek 4
N(0,p).
\/,ﬁ - ( ’p)
. B—(n—k+1) 4 _B—(n—k+1) 4
Similarly, we also have Yy — N (0,1) and so 7 -

N(O ,1— p). Observe that

o) = Vil

_ i[(l—p)(z‘l—k)—p(B—(n—k‘+1))+(1—p)k—p(n—k+1)}
v 5 ,

We can see that ﬁ[(l —pk—pn—k+1)] - 0asn — oco. Since A and B are

independent for all n, then

(1—p)(

A\}nk‘> —p(B_ (n\/—ﬁk%—l)

By using the weak law of large numbers, we obtain

) = N©.p(1-p).

n+1
DV
A+B i=1 P
= — 1.
n n
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Hence, by Slutsky’s Theorem,
d
V(U = p) % N (0,p(1 - p)).
This completes the proof. O

From the expressions (2.1.5) and (2.1.6), we also have

E(Uy) =~ b,

p(l—p)

Var(U[k}) ~

Hence the asymptotic normal distribution of Uy is the same as the asymptotic nor-

mal distribution of the sample mean of i.i.d. Bernoulli(p) random variables.

Variance Stabilising Transformation

Consider a sequence of real-valued statistics {T},;n > 1} such that

Vi(T, — 0) % N(0,0%) as n — oo. (2.1.7)
Then, the Delta method gives

Vi(g(Ty) = g(0)) % N (0, (o9 (0)?) (2.1.8)

if g(+) is a continuous real-valued function and ¢’(#) is finite and nonzero. The fol-

lowing example can be found in Mukhopadhyay (2006).

Example Suppose that X1, ..., X,, are i.i.d. Bernoulli(p) random variables.
Let p, = X be the sample proportion of successes in n independent trials with

D 5 p(l—p o?
E,[pn] = p and Vary[p,] = (n) ==

Thus,
Vn(pn — p) A N(O,p(l —p)) as n — 00.
We seek a suitable function g(-) such that the asymptotic variance of
Vn(g(pn) — g(p)) does not involve p.
We must have o¢’(p) = k (constant), and so
aw) = [ o
k[

dp
k/ V(1 =p)
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Next, we substitute p = sin? § to write 6 = arcsin v/P- That is

dp
= Lk [ —
9(p) / )
dsin® 6
Vsin? 0 cos? 0
k‘/ 2 sin 0 cos 0 df
sin 6 cos 0
= 2k6

= 2karcsin/p.
1 d 1
P=—7—7VP=

VP va —pdp‘[ 21/p(1 — p)
1 2 1
0d )P = (Vo0 ) —) = 1.

2y/p(1 —p)
So, we apply the variance stabilising transformation to obtain

1
arcsin U[k] ~ N( arcsin/p, Z)u
V n

d
Thus, ¢'(p) = — arcsin and so
dp

ie.,
. . 1
(arcsin | /Uy — arcsin \/p ) LA N (0, %) (2.1.9)

The arcsine square root transformation can be used to stabilise the variance of a

uniform order statistic just as it does for a binomial random variable.
Vi -Y

Let Uy = ®(—%—). Thus, the expression (2.1.9) suggests that
Y
. A . d 1
arcsin \/CIJ((YM —-Y)/6,) —arcsin/(k — 0.5)/n = N(O, 4—) (2.1.10)
n

From (2.1.10), Michael (1983) proposed that the intervals are constructed based

on the statistic:

(2/m) arcsin \/q)((Y[k] -Y)/6,) — (2/m)arcsin/(k — 0.5)/n ’

Let c,, be a critical constant so that P{D,, < c,,} = 1 —a when the population

Dy, = max
1<k<n

has a normal distribution. The critical constant c,, can be computed by simulation
in a similar way as c,, can. The probability statement
l-a = P{Dy<c,
= P{ max ‘(2/@ arcsin \/®((Vy — ¥)/6, ) — (2/m) aresin y/(k — 0.5) /n‘ <c,}

1<k<n
= P{YeY+a @71(sin2[arcsin\/(k:—05)/nj:Ec ]) for k=1 n
k] v . 5 Cor S

provides the simultaneous intervals for Yy for k =1,...,n.

Furthermore, we have developed three new tests, namely the D., Dy., and Dy;

tests for testing normality.
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2.1.3 The D, test

We proposed another test based on which a set of simultaneous 1 — « level inter-
vals for Y}y (k =1,...,n) can be constructed and the statistic corresponding to the
individual intervals have similar variances. It is shown that this set of simultaneous
intervals for Y[ is close to the set of simultaneous intervals proposed by Michael in
1983.

Let Z1, ..., Z,, be a simple random sample drawn from the standard normal distri-
bution N(0,1) and let Zp;; < ... < Zj,,) be their ordered values. It is straightforward

to compute numerically, for 1 < k < n,

e = E(Z[k]) = /_OO 2 fr(2)dz, (2.1.11)
ol = Var(Zj)) = /_00 2 fr(2)dz — 3, (2.1.12)

where fi(z) is the probability density function of Zjy) and is given by

n! 0(2) L) (1-B(2)" " —co< 2 <00 (21.13)

&) = =i =

Since the Y}’s are taken from the distribution N(u,0?), it is clear that (Y, ..., Yu))

have the same joint distribution as (¢ + 02y, ..., pt + 0Zp,)). In particular, we have
E(Yjy) = p+ o and Var(Yyy) = oo} (2.1.14)

for k =1, ...,n. Specially, we construct the simultaneous intervals
Yy €Y +6,ur —c.0y06,Y + 6,1 +c,6,0k] fork=1,...n (2.1.15)

where ¢, is a critical constant chosen so that all the YJ;)’s are contained in the
corresponding intervals simultaneously with probability 1 — a.

Note that

P{Yy €Y + 6,k —c.0y0,Y + 6y +c.6y0k] for k=1,..,n}

Y — (Y +6
_ P{ max =l } (2.1.16)
1<k<n Oy 0k ‘
oy =0/ (7 =+ Gyl
L<ksn (Gy /o) 1k ‘
Zyy — (Z +6
= P{ max 2w = (ZH ol _ 3 (2.1.17)
1<k<n 0,0k ‘

where Z and 6, are the sample mean and sample standard deviation, respectively,

of Z1,...,7Zy,. Tt is clear from (2.1.17), (2.1.11) and (2.1.12) that the simultaneous
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coverage probability depends only on the sample size and the critical constant, and
has nothing to do with the unknown parameters p and o2. So, the simultaneous

intervals in (2.1.15) are based on the statistic

D Y — (Y + 6y )|
e = max . )
1<k<n Gy 0%

(2.1.18)

where the subscript “e” indicates the expectation used in (2.1.11).

2.1.4 The Dy, test

We introduce the new test which is constructed by the following steps:
Step 1. Since Up, = <I>(Y[k(]7_“) ~ beta(k,n + 1 — k), we construct p* level highest-
density probability interval for Uy). That is, [L(p*, k,n),U(p", k,n)] is the shortest

probability interval for Up; among all the p* level probability intervals for Up,.
Step 2. Construct simultaneous probability intervals for Y[;) < ... <Y}, based on

Y —Y
L(p*, k,n) < @(L) <U®W* kyn) fork=1,...n,
UY
where p* is chosen so that
Y —Y
K(p*) = P{(ID_l (L(p*,k,n)) < % < <I>_1<U(p*,k:,n)> for k = 1,...,n} =1l-a.
Y

Step 3. Such a p* can be found by simulation :

(i) for each p*, find K(p*);

(ii) search over p* € (1 —£,1 — ) so that K(p*) =1 — a.

Therefore, the simultaneous probability intervals for Y[;; < ... <Y}, can be expressed

as
Y +46,07! (L(p*,k:,n)) <Y < Y + 6Y<I>71<U(p*,k,n)> fork=1,...,n.

Note that the subscript “be” in Dy, indicates the beta distribution used in the

construction.

2.1.5 The Dy, test

k
For 0 < p < 1, assume that — — p as n — co. From Theorem 2.1.2, we have
n

U ~ N@ny),

n
E(Uw) = p,

Pl —p)

and  Var(Up)) =~ -



16 Chapter 2 Normality Tests for a Simple Random Sample

From 3
U[k] ~n approz.
)

n

N(0,1),

we define the statistic

b oo 120 = Y)/6y) — (k- 05)/n]
bi — 1<k<n \/(k_0~5)<n—k+0.5)/n3

(2.1.19)

where the subscript “b:” indicates that the construction is based on the asymptotic
normal distribution related to a binomial random variable.
Let ¢,, be a critical constant so that P{Dbi < cbi} =1— a5 ¢,, can be determined

by simulation as before. The probability statement for Y[y}, ..., Y[, is given by

1-a = P{Dy<c,}
B (Vg — T)/6,) — (k — 0.5)/n]
B P{ 1<ksn \/(k —0.5)(n — k + 0.5)/n3 = Cl”}
- P{Y[k] €Y +5,0! ((kz —05)/nte,/(k—05)(n—Fk+ 0.5)/n3>

fork:zl,...,n}

which provides the simultaneous intervals for Yy, ..., ¥},

2.2 Non—graphical tests for normality

Our focus is on the graphical tests, which provide simultaneous probability intervals
for Y[;). These intervals can be used in the normal probability plot to judge whether
the points in the normal probability plot fall close to a straight line. We want to not
only compare the power among the graphical tests but also concentrate on the two
non-graphical tests; that is, the Anderson—Darling and Shapiro-Wilk tests. How-
ever, it needs to be emphasised that there are no simultaneous intervals associated

with the Anderson-Darling and Shapiro—Wilk tests.

2.2.1 The Anderson—Darling test

The Anderson-Darling test (1954) is chosen because it is one of the most practical
non—graphical tests.

The Anderson—Darling test statistic (AD) is

AD = — z”: (Qk - 1){log(Zk’) + lOg(l - Zn+1—k)} —n, (221)

n
k=1
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where Z, = ®((Yy) —Y)/6y). The critical constant c,,, which satisfies P{AD <
¢,p} = 1—a can be determined by simulation as the critical constant ¢, for the D

test.

2.2.2 The Shapiro—Wilk test

The Shapiro-Wilk statistic (1965) for normality is defined as

sw oo Lol (2.2.2)
22:1 (Y[k] - Y)2
v—1
with @’ = (a1,...,a,) = mV (2.2.3)

(m’VflVflm) 1z

where m/ = (myq, ..., m,,) is the vector of the expected values of the standard normal
order statistics and V = (v, ;) is the corresponding n x n covariance matrix of these
order statistics. To obtain a, there are two different approaches. The first approach
for the coefficient vector a is to compute m and V straightforwardly. In 1965, when
Shapiro and Wilk introduced this statistic, the exact values for the variances and
covariances of normal order statistics were approximated up to sample of size 20.
Then, Parrish (1992a, 1992b) extended the approximation of variances and covari-
ances of normal order statistics for a sample size up to 50. Due to the difficulty
in handling double integrals, the computation of V' is more complex than the com-
putation of m. The second approach is to approximate a directly. One method
to approximate a was proposed by Royston (1992). The idea of this computation
results from the conducting of a polynomial regression analysis for estimating the
value of a. Based on the regression equation, the predicted value a = (aq,...,a,)
can be employed as an approximation for a if 4 < n < 1000. The coefficient a of

Royston (1992) differs from the Weisberg and Bingham statistic (1975) mainly in

the first two terms (also in the last two, but ap = —a,—g+1).
Let my, = <I>*1(kn_+06?’2755), z=n"Y2and ¢ = (m,mw = (c1,...,¢n). Therefore,

we can estimate the Shapiro—Wilk statistic by the approximate a for a:

1. For n <5,

an = cn+0.2211572 — 0.14798122 — 2.0711902> + 4.434687z* — 2.7060562°
1—2a2
m'm — 2m2

Also, ar = q§1/2fnk for k=2,...,n— 1.
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2. For n > 5,

Gn = cn+0.2211572 — 0.1479812% — 2.07119023 + 4.4346872* — 2.7060562°

Gn_1 = Cp_1—+0.042981z — 0.293762x% — 1.7524612> + 5.6826332* — 3.5826632°
1-—2a2 —2a2
¢ — — n n 2

m'm —2m2 — 2m?2_,

Also, ar = ¢1/2T7Lk for k=3,...,n—2.

Note that with the estimates a, and a,_; we always have approximations of a; =
—an and ag = —a,—1, respectively.

The Shapiro—Wilk test is a single-tailed test by which the null hypothesis will
be rejected if SW < ¢, where cg,, is the critical constant for the test statistic at
a given sample size n and a significance level a. The value of SW lies between zero
and one. Small values of SW lead to the rejection of normality whereas a value
of one indicates normality of the data. The critical constant cg,, which satisfies

P{SW < ¢y, } = a can be determined by simulation as above.

Investigated Tests for Normality
For our empirical studies we included tests for normality presented in this thesis.
A short summary is given in Table 2.1 where the notation of the test statistic is

repeated.

Table 2.1: Abbreviations for the tests of normality in the empirical power studies

Test Symbol Test Name

D Kolmogorov—Smirnov test
Dy, Michael’s test (1983)

D, New test

Dy, New test

Dy, New test

AD Anderson—Darling test

SW Shapiro-Wilk test
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2.3 Simultaneous intervals

In Table 2.2, we construct the simultaneous intervals corresponding to the standard-
Yiu—Y
ised samples L for k =1,...,n for the graphical tests D, Dg,, D¢, Dy, and
1%
Dy;.

Y

Table 2.2: Simultaneous intervals for the standardised observations from a simple random

sample based on the five graphical tests

Graphical tests Simultaneous intervals of g fork=1,...,n
D > ((k—05)/n+ec,)

Dy, &~ (sin?*[arcsin /(k — 0.5)/n £ (7/2)c,,])

D, pr £ ¢ ok

Die (@-1(L), &~ (1))

Dy o1 ((k —0.5)/n+c,\/(k—05)(n—k+ 0.5)/n3>

These simultaneous intervals have nothing to do with the alternative distribu-
tions because they depend only on k = 1,...,n and their critical constants of each
test. In order to construct the simultaneous intervals of the above tests, we have to
calculate the critical constants. Now, 500,000 samples with n = 5(5)30, 50 and 100
were generated from the standard normal distribution. The critical constants were
estimated based on the test statistics calculated. Table 2.3 shows the critical values
for the D, Dy, D., Dy, AD and SW tests at o = 0.01,0.05 and 0.1, respectively.
Some studies calculated their own critical values for the tests although critical con-
stants have already been available from other works.

A typical standardised sample of size n from a given distribution F'(-) can be cal-

culated by using simulation as follows, in which NV is a large number (e.g., 500,000).

1. Simulate the i*" sample from F(-) : Y Yl yp, for i=1,... N.

2. Sort each sample in ascending order : y;k[l} < y;‘[Q] <...< yl’.*[n} and compute
ok * A % —\ 2 .
Ui = 5 L1 Y and Gy; = \/ﬁzzﬂ (Y — ;)" for i=1,...,N.

* 1 N * —% 1 N —x A 1 N A

3. Compute Y = N Diml Yy U = N i1 U and Gye = § D1 Gy for

k=1,...,n.
Yy — Y

4. The typical standardised sample is given by ——, k=1,...,n.
o



20 Chapter 2 Normality Tests for a Simple Random Sample

Figures 2.1, 2.2, and 2.3 pinpoint the simultaneous intervals of the five graphical
tests generated from the typical samples for the sample size n = 30 at a = 0.05.
For Figure 2.1, some points of the typical sample from the Chi-square distribution
with 1 degree of freedom fall outside the intervals; therefore, the tests should have
a good chance of detecting the non—normality.

As seen in Figure 2.2, roughly speaking, the non-normality has a good chance to
be detected by the Dy,, Dy, and Dy; tests; with a smaller chance to be detected by
the D test and D, test. On the other hand, in Figure 2.3 all the observations of the
typical standardised sample taken from the ¢ distribution with 6 degrees of freedom
lie within the intervals, so all the tests should have a small chance of detecting non-
normality. This is not surprising since the ¢ distribution with 6 degrees of freedom

is also a bell-shaped distribution.
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Table 2.3: Critical constants of the D, Dy, D, Dy;, Anderson-Darling and Shapilo-Wilk

tests for a simple random sample at the significance levels o = 0.01,0.05 and 0.1

(a) a=0.01
n D D, D. Dy AD SW
0.2966 0.1929 1.3283 1.4489 0.7960 0.7006
10 0.2542 0.1719 1.7104 2.1135 0.9414 0.7840
15 0.2217 0.1535 2.0068 2.5349 0.9785 0.8346
20 0.1978 0.1403 2.2242 2.8381 0.9897 0.8669
25 0.1819 0.1310 2.3661 3.0950 1.0058 0.8880
30 0.1677 0.1231 2.5020 3.2894 1.0077 0.9032
50 0.1351 0.1043 2.7924 3.8983 1.0179 0.9364
100 0.0988 0.0816 3.1313 4.6033 0.1096 0.9655
(b) o = 0.05
n D D, D. Dy AD SW
0.2432 0.1597 1.1394 1.1742 0.5992 0.7774
10 0.2122 0.1442 1.4734 1.6867 0.6871 0.8450
15 0.1856 0.1298 1.6772 1.9868 0.7109 0.8818
20 0.1667 0.1194 1.8070 2.1968 0.7209 0.9045
25 0.1530 0.1113 1.9034 2.3660 0.7262 0.9193
30 0.1422 0.1050 1.9766 2.5016 0.7325 0.9300
50 0.1143 0.0883 2.1764 2.8739 0.7389 0.9540
100 0.0838 0.0687 2.4182 3.3388 0.7455 0.9747
(¢c) a=0.1
n D D, D. Dy AD SW
) 0.2191 0.1438 1.0322 1.0415 0.5158 0.8128
10 0.1911 0.1306 1.3517 1.4796 0.5795 0.8705
15 0.1678 0.1183 1.5222 1.7310 0.5973 0.9015
20 0.1514 0.1091 1.6284 1.9067 0.6056 0.9199
25 0.1389 0.1018 1.7133 2.0274 0.6105 0.9326
30 0.1293 0.0960 1.7738 2.1411 0.6137 0.9415
50 0.1044 0.0809 1.9350 2.4351 0.6235 0.9612

100 0.0766 0.0627 2.1306 2.793 0.6221 0.9786
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Figure 2.1: Simultaneous intervals in detecting non—normality of the typical stan-

dardised ordered observations simulated from Chi-square distribution with 1 degree

of freedom based on the five graphical tests n = 30 at o = 0.05
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Figure 2.2: Simultaneous intervals in detecting non—normality of the typical stan-

dardised ordered observations simulated from beta(5, 1.5) based on the five graphical

tests n = 30 at o = 0.05
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Figure 2.3: Simultaneous intervals in detecting non—normality of the typical stan-

dardised ordered observations simulated from t distribution with 6 degrees of free-

dom based on the five graphical tests n = 30 at a = 0.05
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Example 1

The application of the graphical tests to ERBAT data

Normal Probability Plot
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Figure 2.4: Normal probability plot of ERBAT data

In order to clarify how to apply the graphical tests based on a real dataset,
we exemplify the case study of the estrogen receptor—binding affinity of tripheni-
lacrylonitriles (ERBAT); see, for example, Mukherjee et al. (2005). Twenty five
observations on ERBAT data are —1.046, 1.556, 0.342, 0.519, 1.792, 1.869, 0.785,
2.22,1.447, 0.398, 1.968, 1.892, 0.959, —0.18, 1.23, —0.444, 0.806, —2, 0.531, 2.033,
—0.398, —2, —1.398, 2, and —1.398. Bolboaca and Jantschi (2009) pointed out that
the investigated experimental ERBAT data are not quite normally distributed if
we judge it by a classic graphical test (the normal probability plot) as shown in
Figure 2.4. Similarly, the Shapiro-Wilk test identifies that ERBAT data are not
normally distributed. Nevertheless, when the Kolmogorov—Smirnov and Anderson-
Darling tests are applied to the data set, they draw the conclusion that such data

are normally distributed.
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Figure 2.5: Simultaneous intervals of the 25 observations from ERBAT data for

testing normality based on the five graphical tests (a) D test, (b) Ds), test, (¢) De

test, (d) Dype test and (e) Dy; test at o = 0.05
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Table 2.4: The ERBAT data and the corresponding probability intervals for each

ordered observation

D Dsp De Dye Dy
observation standardized LB UB LB UB LB UB LB UB LB UB
value
1 -1.911 NaN -0.9437 -3.0659 -1.2988 -2.9391 -0.9915 -co  -1.2787 NaN -1.362
2 -1.911 NaN -0.7973 -2.5579 -0.9621 -2.2581 -0.7905 -2.7589 -0.9815 NaN -0.8425
3 -1.4579 NaN -0.6662 -2.0251 -0.7488 -1.9021 -0.6234 -2.1185 -0.7677 NaN -0.6976
4 -1.4579 NaN -0.5457 -1.7179 -0.5809 -1.6535 -0.4801 -1.7769 -0.5962  NaN -0.5099
5 -1.193 -1.9213 -0.4326 -1.4928 -0.4372 -1.4579 -0.3522 -1.5349 -0.4492 NaN -0.3511
6 -0.74 -1.4958 -0.3248 -1.3104 -0.3085 -1.0934 -0.2347 -1.3424 -0.3176 -1.9962 -0.2095
7 -0.7054 -1.2407 -0.2207 -1.154 -0.1896 -1.1492 -0.1246 -1.1791 -0.1963 -1.6318 -0.0787
8 -0.5413 -1.0479 -0.119 -1.0148 -0.0775 -1.0191 -0.0196 -1.0348 -0.082 -1.3916 0.0451
9 -0.1485 -0.8877 -0.0184 -0.8876 0.03  -0.8991 0.0819 -0.9036 0.0276 -1.202 0.1645
10 -0.1064 -0.7476 0.0819 -0.7689 0.1347 -0.7865 0.1812 -0.7818 0.1342 -1.0402 0.2816
11 -0.0153 -0.6208 0.1831 -0.6565 0.2377 -0.6794 0.2793 -0.6666 0.2392 -0.8956 0.3982
12 -0.0063 -0.5034 0.2862 -0.5485 0.3403 -0.5763 0.3772 -0.5562 0.3437 -0.7623 0.516
13 0.1849 -0.3925 0.3925 -0.4435 0.4435 -0.4759 0.4759  -0.449 0.449 -0.6367 0.6367
14 0.2007 -0.2862 0.5034 -0.3403 0.5485 -0.3772 0.5763 -0.3437 0.5562 -0.516 0.7623
15 0.3158 -0.1831 0.6208 -0.2377 0.6565 -0.2793 0.6794 -0.2392 0.6666 -0.3982 0.8956
16 0.5198 -0.0819 0.7476 -0.1347 0.7689 -0.1812 0.7865 -0.1342 0.7818 -0.2816 1.0402
17 0.6831 0.0184 0.8877  -0.03 0.8876 -0.0819 0.8991 -0.0276 0.9036 -0.1645 1.202
18 0.7651 0.119 1.0479 0.0775 1.0148 0.0196 1.0191  0.082 1.0348 -0.0451 1.3916
19 0.9427 0.2207 1.2407 0.1896 1.154  0.1246 1.1492 0.1963 1.1791  0.0787 1.6318
20 1.0007 0.3248 1.4958 0.3085 1.3104 0.2347 1.2934 0.3176 1.3424  0.2095 1.9962
21 1.018 0.4326 1.9213  0.4372 1.4928 0.3522 1.4579 0.4492 1.5349 0.3511 NaN
22 1.0752 0.5457 NaN  0.5809 1.7179 0.4801 1.6535 0.5962 1.7769 0.5099 NaN
23 1.0992 0.6662 NaN  0.7488 2.0251 0.6234 1.9021 0.7677 2.1186 0.6976 NaN
24 1.1241 0.7973 NaN  0.9621 2.5579 0.7905 2.2581 0.9815 2.7589 0.9425 NaN
25 1.2648 0.9437 NaN 1.2988 3.0659 0.9915 2.9391 1.2787 oo 1.362 NaN

NaN stands for Not a Number representing an undefined value.

Table 2.4 shows the standardised order observations of the ERBAT data and
the numerical results of the simultaneous intervals from the D, Ds,, D., Dy, and
Dy, tests. In case we cannot distinguish from a plot whether a point falls inside the
corresponding interval, the numerical results will be applied for comparison.

In Figure 2.5, the graphical tests based on a simple random sample are applied

to the ERBAT data. The null (Hp) and alternative (H;) hypotheses are

Hy : The data follow the normal distribution

H; : The data do not follow the normal distribution.

The null hypothesis is rejected if there is at least one point falling outside the corre-
sponding interval on the plot. Figures 2.5(a) and 2.5(c) reveal that all standardised
observations from the ERBAT data fall inside the corresponding simultaneous inter-
vals. Therefore, the inference is that the ERBAT data follow the normal distribution
based on the D and D, tests.
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When Figure 2.5(e) is considered, it is clear that the 25t standardised ordered
observation lies outside its corresponding interval. Thus, the ERBAT data do not
follow the normal distribution based on the Dy; test.

As seen in Figures 2.5(b) and 2.5(d), the 25 standardised ordered observations
of both figures are so close to their corresponding lower bounds that we cannot assess
whether they fall inside the corresponding intervals. For this reason, the numerical
results are applied. For Figure 2.5(b), the simultaneous interval of the 25" ordered
observation is [1.2988,3.0659]. Comparing the 25t ordered value, 1.2648, with its
interval, we can observe that the corresponding interval does not cover the value.
Therefore, the ERBAT data do not follow the normal distribution based on the Dy,

5t standardised ordered observation

test. Likewise, the simultaneous interval of the 2
is [1.362, NaN] from Figure 2.5(d). This leads to the conclusion that the ERBAT
data are not taken from the normal population based on the Dy, test.

Table 2.5 summarises the conclusion drawn from when the seven tests are applied

to assess whether data from Table 2.4 follow a normal distribution.

Table 2.5: Test results for Example 1

Test Inference

D Does not reject Hy
Dy, Rejects Hy

D, Does not reject Hy
Dpe Rejects Hy

Dy Rejects Hy

AD Does not reject Hy

SW Rejects Hy
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2.4 Power comparison

Power is the ability to detect when a sample comes from a non-normal distribution
and it is the most frequently used measure of the value of a test for normality.
When presenting a new test, the term “power” must be referred in order to judge
which tests are better than others. Thode (2002) recommended that there was
no common standard for the design of the power comparisons. Generally, different
studies employed different sample sizes and significance levels. The different numbers
of replications used in each study result in reliability of the estimated power.
Having introduced a variety of different tests for normality, the purpose is to
compare all the tests directly with one another. Simulations based on the Monte

Carlo experiments have to be conducted. This is the major concern of this chapter.

Definition 2.4.1. The test decision of not rejecting the null hypothesis Hy when
in fact the alternative hypothesis H; is true, is called a Type II error. Let the
probability of making such an error be denoted with 3. The power 1 — (3 of a
statistical test is then the probability that it will not make a Type II error. This is
equivalent to the probability of rejecting a false null hypothesis.

In the scope of testing for normality, the power is the ability to detect when a
sample comes from a non-normal distribution. Accordingly, a sample is taken from
a distribution which we already know is not normally distributed. Tests with higher
power should be more likely to reject Hy than tests with lower power. This is the
underlying idea when determining the power with an empirical simulation study.
The principle of an empirical power analysis is simple to describe. The general

approach is given in the following definition.

Definition 2.4.2. Let R be the number of randomly generated independent samples
of sizes n where all R samples follow the same distribution that is not a normal

distribution. The empirical power 1 — § of a given test for normality for a given

significance level « is given by

where < R is the number of the R tests that reject the null hypothesis of a normally

distributed sample at a significance level a.
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2.4.1 Alternative non-normal distributions

Here the alternative non-normal distributions are briefly presented. We only give
the probability density functions of the distributions and their theoretical means and
variances. All the detail of the following distributions were taken from Krishnamoor-

thy (2006).

e Y is the chi-square distribution with v degree(s) of freedom, denoted by x2(v),
if its probability density function (pdf) is given by

1
f(y) = 2V/2F(V/2)

with mean v and variance 2v.

y(”/Q)*le*yﬂ, y>0,v>0

e Y is the exponential distribution with parameter —co < u < oo and A\ > 0,
denoted by Exzp(u, o), if its pdf is given by

_1 y—np
f(y)—gexp<—7) y > p, 0> 0.

with mean p + ¢ and variance .

e Y is the log-normal distribution with parameters 4 € R and o > 0, denoted

by LogN (u,0), if its pdf is given by

1 (logy—ﬂ)2)
= exp | — —2—-""), >0,0>0,—00 < <00
f() PG p( 557 y I

2
with mean exp(u + %) and variance exp(2u + o2)[exp(0?) — 1].
e Y is the uniform distribution over an interval [a,b] denoted by U(a,b), if its
probability density function (pdf) is given by

1

= <y <

b—a)?
12

. a .
with mean and variance

e Y is the beta distribution with parameter a and b denoted by beta(a,b), if its
probability density function (pdf) is given by

_Dla+b) .1 b—1
f(y)_my (1—9y)" ", 0<y<1l,a>0,b>0

. ab
and variance

ith .
W 0 @+ b2(at b+ 1)
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e Y is the Laplace distribution with parameters a and b denoted by Laplace(a, b),
if its probability density function (pdf) is given by

1 ly —al
f(y)_%exp< T)7 o<y <oo,—0<a<oo,b>0

with mean a and variance 2b2.

e Y is the Student’s ¢ distribution with parameter v denoted by t(v), if its
probability density function (pdf) is given by

) Y2t
= 14+ =)~ - < >1

with mean 0 for v > 1; undefined for v = 1 and variance Lz, v > 2.
v

We categorised the 18 non-normal distributions into three groups based on the sup-
port and shape of their densities. Generating the simple random samples correspond-
ing to the alternative distributions above, we utilised the corresponding functions in

Matlab.

Group I : Support = (0,00) ; asymmetric

6. x2(10)
Group IT : Support = (0,1)
1. U(0,1)
2. beta(2,2)
3. beta(2,5)

4. beta(5,1.5)
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5. beta(0.5,0.5)
6. beta(0.5,3)

7. beta(1,2)

Group III : Support= (—o0, 00) ; symmetric
1. Laplace(0,1)

2. t(1)

In order to obtain the estimated power at o = 0.05,0.01 and 0.1, for each sam-
ple size, 300,000 samples were generated from each of the 18 different non-normal
distributions with different sample sizes n. The appropriated critical values were
obtained for each test for sample size n = 5(5)30, 50 and 100 based on 500, 000 sim-
ulated samples from a standard normal distribution. These alternatives were used
by Michael (1983), and Noughabi and Arghami (2011) in their study of power com-
parisons. The alternative distributions were classified into three groups depending

on the support and shape of their densities as shown previously.

2.4.2 Results on powers

In this part of the simulation study, the percentage powers of the tests are shown
in Tables 2.6—2.14 against 18 alternative distributions and different sample sizes at

a = 0.01,0.05 and 0.1.
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Table 2.6: Powers (in %) of the five graphical tests and the two non-graphical tests in
detecting non—normality against the alternative distributions from Group I for several sample

size n at a = 0.01

Alternatives n D Dsp D, Dye Dy; AD SW
X2(1) 5 10.72 10.72 10.88 10.64 11.05 13.83 14.61

10 30.31 43.08 35.28 36.71 59.52 47.88 50.53

15 51.48 82.40 48.87 76.96 90.07 75.18 78.33

20 70.15 96.74 60.28 95.15 98.33 90.19 92.68

25 83.79 99.57 70.03 99.25 99.78 96.56 97.96

30 92.22 99.96 78.95 99.93 99.98 98.90 99.50

50 99.86 100 98.09 100 100 100 100
100 100 100 100 100 100 100 100
LogN(0,1) 5 8.96 8.96 8.92 8.78 9.03 10.65 10.92

10 26.64 3241 31.99 29.16 42.74 39.03  41.02
15  44.78 63.10 47.21 58.03 72.834 63.20  65.90
20 60.41 83.82 5891 80.09 88.54 79.79  83.07
25 7293 93.83 67.94 91.86 95.86 89.42  92.40
30 82.33 97.89 7541 97.13 98.63 9491  96.66
50 97.61  99.99  92.76  99.98 99.99  99.82  99.94
100 100 100  99.96 100 100 100 100
Ezp(0, 1) 5 4.78 4.78 4.77 4.70 4.81 5.66 5.81
10 13.04 16.32 16.59  14.08 25.36 21.35  23.35
15 23.12 41.54 25.54 35.41 54.42  40.01  43.77
20 33.74 67.79 32.76 61.04 76.71 57.41  63.56
25 44.36  85.09 39.05 80.32 89.98 71.08  77.98
30 54.91 94.07 4526 91.94 96.19 81.46  87.57
50 85.24 99.95 67.41  99.92 99.97 98.13  99.42
100 99.87 100  98.63 100 100 100 100
x2(3) 5 3.15 3.15 3.14 3.09 3.15 3.51 3.54
10 8.07 9.25  10.64 8.41 13.81  12.77 13.94
15  14.04 2245 17.13 18.82 31.48 24.34  27.08
20 20.22 40.54 22.52 34.33 49.99  36.60 = 42.22
25 26.80 58.40 27.27 51.61 66.73 48.03  56.31
30 33.99 73.42 31.90 68.20 79.51 58.94  67.56
50 60.72 97.80 49.28  96.86 98.45 87.98  93.97

100 97.79 100 82.61 100 100 99.84 100
X2(4) 5 2.51 2.51 2.50 2.44 2.50 2.67 2.69
10 5.89 6.51 7.73 6.12 9.19 8.85 9.82

15 9.89 14.42 12.96 12.28 20.25 16.85 19.11
20 14.07 25.87 17.06 21.73 33.08 25.54 30.31
25 18.67 38.92 21.07 33.19 46.50 34.08 41.47
30 23.76 52.19 24.73 46.99 59.28 43.03 51.57
50 44.39 88.18 38.82 85.32 90.44 73.64 83.63
100 83.15 99.96 67.07 99.92 99.97 98.45 99.73

X2(10) 5 1.48 1.48 1.48 1.49 1.48 1.50 1.61
10 2.70 2.83 3.42 2.77 3.40 3.57 3.82
15 3.91 4.72 5.68 4.25 5.89 5.83 6.81
20 5.07 7.02 7.43 6.15 8.47 8.17 10.29
25 6.33 9.76 9.06 8.41 11.60 10.63 14.12

30 7.82 12.98 10.82 11.66 14.99 13.37 17.67
50 14.34 28.16 17.04 25.84 29.65 26.55 35.79
100 34.22 66.43 31.08 64.88 65.28 60.30 75.08

The bold number is the highest power among the seven tests for each sample size.
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Table 2.7: Powers (in %) of the five graphical tests and the two non-graphical tests in de-
tecting non—normality against the alternative distributions from Group II for several sample

size n at a = 0.01

Alternatives n D Dsyp D, Dye Dy; AD SW
U(0,1) 5 0.94 0.94 0.98 1.03 0.94 1.08 1.17
10 1.18 0.91 1.20 0.83 0.82 1.26 1.07

15 1.58 1.04 0.66 0.94 1.63 2.22 1.69

20 1.97 1.83 0.38 1.38 3.32 3.95 3.30

25 2.55 3.30 0.28 2.26 5.63 6.19 5.67

30 3.41 5.85 0.19 4.25 9.33 9.59 8.87

50 6.97 26.09 0.26 19.23 33.29 27.27 35.33
100 24.98 93.82 0.61 88.99 95.82 79.05 94.42

beta(2,2) 5 0.84 0.84 0.86 0.84 0.84 0.84 0.86
10 0.79 0.62 0.67 0.59 0.53 0.68 0.53

15 0.88 0.54 0.26 0.51 0.60 0.78 0.45

20 0.94 0.59 0.12 0.49 0.76 0.99 0.57

25 1.01 0.68 0.07 0.54 0.97 1.15 0.71

30 1.14 0.85 0.04 0.69 1.26 1.39 0.77

50 1.59 1.96 0.02 1.50 2.77 12.97 2.22

100 3.51 10.16 0.01 7.38 13.15 10.45 13.32

beta(2,5) 5 1.21 1.21 1.21 1.16 1.21 1.25 1.33
10 1.74 1.60 1.80 1.61 1.87 1.96 2.01

15 2.47 2.43 2.00 2.10 3.54 3.05 2.92

20 3.12 3.91 2.20 3.11 5.87 4.34 4.48

25 3.88 6.19 2.26 4.59 8.97 5.74 6.39

30 4.90 9.27 2.25 7.33 2.79 7.36 8.22

50 9.18 29.06 2.65 24.06 34.18 16.94 20.76

100 24.67 83.55 3.70 78.93 86.40 49.62 65.64

beta(5,1.5) 5 1.64 1.64 1.64 1.60 1.64 1.72 1.79
10 2.85 2.81 3.24 2.70 3.90 3.76 4.18

15 4.56 5.66 4.26 4.59 9.30 6.88 7.43

20 6.37 11.26 5.01 8.50 16.83 10.72 12.42

25 8.36 19.52 5.50 14.77 26.94 14.81 18.00

30 10.77 29.92 5.97 24.46 38.24 19.79 23.97

50 21.74 73.14 8.30 63.35 78.12 43.85 55.59

100 54.53 99.74 15.31 99.56 99.84 88.23 96.81

beta(0.5,0.5) 5 2.37 2.37 2.66 2.38 2.43 2.99 3.27
10 4.01 3.83 5.31 2.98 5.95 7.52 7.28

15 6.92 9.47 4.51 6.80 15.38 17.53 17.48

20 10.62 20.48 4.42 15.28 29.41 31.55 34.98

25 15.27 36.06 4.55 28.22 47.52 46.30 53.87

30 20.97 54.50 5.18 46.23 66.34 60.69 70.26

50 48.13 97.61 10.54 95.60 98.71 94.14 98.59

100 93.87 100 43.54 100 100 100 100

beta(0.5, 3) 5 7.28 7.28 7.43 7.12 7.50 9.41 9.96
10 19.28 27.54 22.20 22.21 43.61 32.45 34.49

15 34.11 66.88 29.24 58.97 79.57 57.64 61.16

20 49.36 90.62 35.55 86.68 94.76 76.99 81.72

25 64.25 98.05 42.12 96.84 98.96 88.75 92.82

30 76.87 99.69 49.62 99.49 99.85 95.03 97.36

50 98.22 100 84.87 100 100 99.92 99.99

100 99.99 100 99.99 100 100 100 100

beta(1,2) 5 1.43 1.43 1.56 1.49 1.54 1.69 1.69
10 2.40 2.08 2.39 1.98 3.27 3.07 3.14

15 3.58 4.44 2.00 3.54 8.65 5.62 5.21

20 5.40 10.48 1.67 7.44 17.16 9.15 8.82

25 6.79 20.34 1.49 14.57 28.94 13.2 13.67

30 10.02 33.31 1.34 26.17 42.46 18.24 19.34
50 20.20 80.51 1.43 75.33 85.33 43.84 52.52
100 54.51 99.95 3.75 99.93 99.98 90.65 97.64

The bold number is the highest power among the seven tests for each sample size.
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Table 2.8: Powers (in %) of the five graphical tests and the two non-graphical tests in

detecting non—normality against the alternative distributions from Group III for several

sample size n at o = 0.01

Alternatives n D Dsyp De Dy Dy, AD SW
Laplace(0,1) 5 2.30 2.30 2.28 2.28 2.30 2.30 2.29
10 4.81 5.67 6.00 5.62 5.59 6.13 6.24

15 7.10 8.67 10.25 9.06 6.30 9.72 9.42

20 9.05 10.85 13.31 11.82 5.95 13.19 13.42

25 11.02 12.55 15.93 13.88 5.51 16.43 16.96

30 13.15 13.79 18.31 16.24 4.95 19.76 20.03

50 21.91 18.09 27.34 22.79 3.13 34.16 33.88

100 46.17 28.64 44.37 38.33 1.27 65.90 63.70

t(1) 5 17.25 17.25 17.16 17.07 17.31 17.91 17.78
10 44.00 46.31 46.31 46.58 45.15 48.70 47.14

15 62.46 65.10 64.00 66.18 58.89 68.58 66.38

20 75.03 77.16 75.28 78.21 67.68 81.15 79.68

25 83.60 84.75 83.04 86.00 74.21 88.71 87.56

30 89.42 89.90 88.22 91.09 79.02 93.37 92.53

50 98.33 98.04 97.52 98.52 90.74 99.31 99.14

100 99.99 99.98 99.96 99.98 99.02 100 100

t(3) 5 2.80 2.80 2.78 2.70 2.80 2.90 2.79
10 6.98 8.23 9.22 8.42 8.40 9.21 9.72

15 10.60 13.17 16.69 13.58 11.36 14.84 15.90

20 13.82 17.35 22.62 18.29 12.86 20.06 22.17

25 16.81 20.75 27.71 21.94 13.87 24.65 27.88

30 19.76 23.56 32.44 25.86 14.43 29.01 32.94

50 30.95 33.10 48.14 37.15 15.56 45.36 50.93

100 55.62 50.92 72.45 58.40 17.52 73.97 79.50

t(4) 5 1.94 1.94 1.93 1.92 1.95 2.02 2.01
10 4.23 5.06 5.78 5.21 5.30 5.67 6.03

15 6.13 7.98 10.85 8.17 6.93 8.92 10.06

20 7.58 10.23 14.79 10.70 7.39 11.75 13.90

25 8.98 11.98 18.23 12.70 7.83 14.29 17.34

30 10.39 13.40 21.58 14.98 7.86 16.74 20.63

50 15.80 17.94 32.88 21.08 7.47 26.51 33.11

100 29.46 26.38 53.43 33.14 6.31 48.18 58.29

t(6) 5 1.47 1.47 1.46 1.38 1.47 1.49 1.54
10 2.40 2.83 3.24 2.97 3.01 3.09 3.40

15 3.08 4.04 6.00 4.24 3.62 4.48 5.37

20 3.59 5.08 8.14 5.26 3.73 5.72 7.04

25 3.91 5.60 9.88 5.97 3.68 6.53 8.76

30 4.40 6.08 11.60 6.96 3.62 7.45 10.59

50 5.92 7.19 17.92 8.85 2.92 11.09 16.62

100 9.70 8.44 30.19 12.05 1.78 19.85 30.62

The bold number is the highest power among the seven tests for each sample size.
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Figure 2.6: Power comparison of the five graphical tests and the two non-graphical tests

in detecting non—normality against the alternative distributions from Group I for several

sample size n at a = 0.01
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Table 2.9: Powers (in %) of the five graphical tests and the two non-graphical tests in
detecting non—normality against the alternative distributions from Group I for several sample

size n at a = 0.05

Alternatives n D Dsyp De Dpye Dy, AD SW
X2(1) 5 24.05 23.91 25.47 22.03 25.55 30.12 31.04

10 53.30 66.65 56.89 64.93 77.59 69.59 73.57

15 75.02 93.25 75.96 92.11 96.45 89.44 92.51

20 88.33 99.18 88.38 98.88 99.64 96.96 98.39

25 99.22 99.91 95.23 99.88 99.97 99.21 99.70

30 98.24 99.99 98.68 99.25 99.99 99.82 99.95

50 99.99 100 99.99 100 100 100 100
100 100 100 100 100 100 100 100
LogN(0,1) 5 20.07 19.96 20.01 19.92 21.56 24.13 24.26

10 46.12 52.42 50.04 51.59 61.35 57.91 60.68
15 65.38 79.63 68.08 77.94 85.53 79.17 82.53
20 79.14 93.26 80.25 91.84 95.54 90.58 93.26
25 87.90 97.74 87.25 97.31 98.72 95.96 97.56
30 93.25 99.43 93.13 99.23 99.68 98.41 99.24

50 99.53 99.99 99.54 100 99.99 99.97 99.99
100 100 100 100 100 100 100 100
Exzp(0,1) 5 13.88 13.62 13.09 13.43 14.58 16.65 16.82

10 30.07 35.75 35.05 34.72 45.63 41.22 44.76
15 44.81 64.81 48.41 62.09 74.72 62.43 68.11
20 58.20 85.32 59.88 82.44 90.45 77.66 83.69
25 69.50 94.44 69.11 93.33 96.97 87.57 92.46
30 78.30 98.39 78.64 97.78 99.16 93.43 96.74
50 96.15 99.99 96.94 99.99 99.99 99.67 99.45

100 99.99 100 100 100 100 100 100
X2(3) 5 10.76 10.42 10.12 10.05 11.01 12.21 12.18
10 21.13 23.57 24.25 23.16 30.12 28.65 31.17
15 31.47 43.74 34.88 41.35 53.26 44.64 49.80
20 41.54 64.53 44.59 60.2 72.14 58.76 66.04

25 50.86 78.29 50.75 75.59 85.23 70.57 78.40
30 59.03 88.90 59.77 86.37 92.63 79.65 86.75
50 82.81 99.51 82.29 99.36 99.76 96.32 98.79

100 99.14 100 99.65 100 100 99.98 100
X2(4> 5 8.99 8.93 8.73 9.05 9.47 10.08 10.04
10 16.83 18.06 18.96 17.92 22.60 22.13 24.11

15 24.56 32.34 27.55 30.51 39.67 34.46 38.86
20 32.36 49.10 35.79 44.85 56.31 46.27 53.08
25 39.82 61.78 41.13 58.74 70.06 56.88 65.24
30 46.64 74.49 49.60 70.74 80.34 66.21 75.10
50 69.83 96.25 68.86 95.35 97.76 89.13 95.08
100 95.31 99.99 96.35 99.99 99.99 99.74 99.98

x2(10) 5 6.57 6.38 6.08 6.06 6.68 6.83 6.85
10 9.53 9.56  10.34 9.77 11.04  11.36  11.99

15 1241  14.08 14.73  13.52 16.33  15.99  17.95

20 15.34  20.15 18.65  18.07 21.94  20.75 24.41

25 18.53  24.20 21.64  22.84 27.90  25.59  30.50

30 21.21 3091 26.15  28.12 33.56  30.32 36.48

50 33.15  51.10 36.70  48.93 54.54  48.47 58.89

100 59.72  86.05 60.29  85.01 86.78  80.38  90.24

The bold number is the highest power among the seven tests for each sample size.
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Table 2.10: Powers (in %) of the five graphical tests and the two non-graphical tests
in detecting non—normality against the alternative distributions from Group II for several

sample size n at o = 0.05

Alternatives n D Dsp De Dpe Dy; AD SwW
U(0,1) 5 531 5.34  6.09 4.62 4.78 6.09 6.25
10 6.20 5.45  6.39 4.33 5.14 7.95 8.49

15 7.93 7.82  6.59 5.83 8.97 1191 13.23

20 991 1244  6.74 8.69 1513  17.20 20.35

25  12.15  16.65  6.63  13.22  23.54  23.38 28.74

30  14.39  25.02 7.43  19.30  33.16  30.13  38.34

50 25.87 61.10 9.81 54.40 74.53 57.71 75.31
100 58.71 99.48 26.95 98.99 99.86 94.96 99.62

beta(2,2) 5 4.44 4.52 4.88 4.19 4.21 4.65 4.71
10 4.48 3.94 4.25 3.39 3.40 4.42 4.31

15 4.72 3.89 3.20 3.12 3.77 4.91 4.56

20 5.25 4.28 2.67 3.41 4.83 5.84 5.42

25 5.58 4.83 2.34 3.78 6.10 6.79 6.34

30 6.14 5.76 2.19 4.57 7.52 7.93 7.69

50 8.26 10.64 1.87 8.69 15.22 13.39 15.22

100 15.31 34.25 2.19 28.52 45.93 31.96 45.73

beta(2,5) 5 5.62 5.64 5.83 5.57 5.60 5.97 6.18
10 7.60 7.39 7.88 6.89 8.16 8.48 8.84

15 9.54 10.23 9.025 9.24 12.65 11.39 12.53

20 11.66 14.36 10.20 12.77 19.17 14.98 17.12

25 13.65 19.59 11.07 17.22 26.05 18.43 21.90

30 16.09 25.95 12.23 22.99 33.92 22.45 27.29

50 25.77 55.38 15.94 50.88 64.74 39.50 50.03

100 50.65 95.84 28.71 94.16 97.69 76.06 89.84

beta(5,1.5) 5 6.76 6.73 6.97 6.62 6.79 7.48 7.61
10 10.80 11.23 11.76 10.39 13.63 13.40 14.63

15 14.93 18.92 15.14 17.24 25.15 20.31 23.17

20 19.45 29.66 18.28 27.04 39.34 27.98 33.64

25 23.68 42.53 21.07 38.62 53.59 35.68 43.20

30 28.32 55.34 23.98 51.31 66.10 43.28 52.86

50 46.55 90.03 35.88 87.72 94.05 70.64 83.26

100 80.22 99.97 76.80 99.96 99.99 97.28 99.68

beta(0.5,0.5) 5 9.61 10.15 12.24 7.05 7.82 12.63 13.82
10 15.38 17.24 19.85 12.96 18.52 25.74 29.79

15 23.09 31.67 24.36 25.55 38.72 43.81 52.11

20 32.09 50.31 30.17 43.94 62.90 61.72 72.78

25 41.35 69.48 36.32 63.25 81.66 75.94 86.31

30 50.31 84.56 43.03 80.18 92.60 85.78 94.12

50 80.16 99.81 69.58 99.68 99.95 92.36 99.95

100 99.45 100 99.12 100 100 100 100

beta (0.5, 3) 5 18.37 18.69 19.69 16.56 19.16 23.31 21.60
10 40.65 56.61 43.83 50.34 65.97 55.43 60.65

15 59.81 85.55 56.67 83.38 91.86 79.28 84.59

20 75.24 97.06 75.05 96.34 98.65 91.57 95.05

25 86.18 99.54 86.87 99.35 99.82 96.95 98.71

30 93.13 99.95 94.48 99.92 99.98 98.97 99.69

50 99.83 100 99.96 100 100 99.99 99.99

100 100 100 100 100 100 1100 100

beta(1,2) 5 6.49 6.62 7.14 6.09 6.24 7.28 7.52
10 9.69 9.86 10.04 8.59 12.13 12.11 13.16

15 13.53 17.47 10.99 15.04 24.54 18.62 20.89
20 17.88 29.43 12.16 25.98 40.83 26.23 30.56
25 21.93 44.26 13.19 39.65 57.05 34.33 40.75
30 26.66 59.37 14.67 54.48 71.13 42.67 51.54
50 45.59 93.94 25.43 92.08 96.82 72.01 84.09
100 81.93 99.99 81.67 99.99 99.99 98.23 99.86

The bold number is the highest power among the seven tests for each sample size.
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Table 2.11: Powers (in %) of the five graphical tests and the two non-graphical tests in
detecting non—normality against the alternative distributions from Group III for several

sample size n at o = 0.05

Alternatives n D Dsp De Dpye Dy; AD SW
Laplace(0,1) 5 8.94 8.67 7.96 9.27 9.50 8.95 8.66
10 14.15 15.02 15.07 16.56 15.44 15.86 15.33

15 18.27 20.51 22.04 21.90 17.48 21.85 21.00

20 22.28 25.41 27.39 26.17 18.00 27.28 26.29

25 26.23 27.54 31.32 29.67 17.90 32.52 31.10

30 29.60 31.30 36.09 32.55 17.31 37.41 35.65

50 43.33 39.27 48.24 42.48 15.25 54.71 52.12

100 70.39 57.48 70.62 61.98 13.00 82.89 79.81

t(1) 5 29.54 29.11 27.41 30.08 30.88 30.40 29.50
10 57.83 59.33 58.61 60.92 59.23 61.45 59.15

15 74.30 76.14 75.77 77.22 72.74 78.36 76.43

20 84.47 86.09 85.64 86.50 80.93 88.07 86.77

25 90.66 91.26 91.24 91.91 86.28 93.45 92.39

30 94.50 94.85 95.30 95.12 90.03 96.46 95.90

50 99.40 99.28 99.29 99.39 97.17 99.73 99.62

100 100 100 100 99.99 99.90 100 100

t(3) 5 9.55 9.27 8.55 9.87 10.10 9.81 9.43
10 16.10 17.29 17.99 18.67 18.34 18.70 18.80

15 21.45 24.64 27.55 25.85 23.09 26.21 26.62

20 26.16 30.99 35.63 31.57 25.88 32.63 33.93

25 30.31 34.48 41.54 36.13 27.86 38.44 40.24

30 34.14 39.47 48.62 40.52 29.22 43.70 45.87

50 48.34 50.85 64.01 53.39 32.79 60.73 64.00

100 73.14 71.35 85.84 74.38 39.72 85.03 87.82

t(4) 5 7.7 7.55 7.30 8.01 8.19 7.94 7.64
10 11.75 12.68 13.79 13.80 13.65 13.75 13.72

15 14.70 17.29 20.17 18.85 16.44 18.49 19.43

20 17.38 23.70 26.06 22.03 17.87 22.58 24.28

25 19.97 23.30 30.30 24.73 18.53 26.11 28.37

30 21.93 26.97 35.55 27.79 19.16 29.80 32.67

50 30.47 33.58 47.79 35.95 19.56 41.81 46.70

100 48.97 47.90 71.08 51.75 19.59 65.06 71.38

t(6) 5 6.40 6.21 5.78 6.53 5.86 6.47 6.48
10 8.33 8.87 9.34 9.68 9.63 9.50 9.55

15 9.64 11.43 13.92 11.99 10.83 11.84 12.77

20 10.79 13.90 17.64 13.91 11.43 13.95 15.35

25 11.88 14.36 19.81 15.31 11.53 15.59 17.48

30 12.51 16.10 22.73 16.50 11.27 17.35 20.22

50 15.70 18.33 31.14 20.05 10.32 23.05 28.40

100 23.31 23.14 48.86 26.30 7.66 35.96 45.19

The bold number is the highest power among the seven tests for each sample size.
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Figure 2.9: Power comparison of the five graphical tests and the two non-graphical tests
in detecting non—normality against the alternative distributions from Group I for several

sample size n at o = 0.05
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Table 2.12: Powers (in %) of the five graphical tests and the two non-graphical tests
in detecting non—normality against the alternative distributions from Group I for several

sample size n at o« = 0.1

Alternatives n D Dsyp D, Dye Dy; AD SW
X2<1) 5 35.24 35.90 36.48 34.81 38.31 42.31 43.55

10 65.71 .7 69.11 77.39 84.69 79.09 82.92

15 84.27 96.12 86.45 95.99 98.05 93.99 96.26

20 93.80 99.58 95.64 99.53 99.83 98.54 99.35

25 97.85 99.97 98.92 99.96 99.99 99.68 99.92

30 99.33 100 99.79 100 100 99.94 99.98

50 100 100 100 100 100 100 100

100 100 100 100 100 100 100 100

LogN(0,1) 5 29.15 29.34 29.36 29.38 30.84 33.61 34.18

10 57.41 64.04 60.83 63.50 70.29 67.71 70.42
15 75.46 86.06 7772 85.58 90.22 85.67 88.57
20 86.52 95.61 88.39 95.17 97.33 94.20 96.17
25 92.83 98.76 94.21 98.65 99.36 97.78 98.82
30 96.41 99.69 97.41 99.66 99.85 99.17 99.65

50 99.81 100 99.94 100 100 99.99 100
100 100 100 100 100 100 100 100
Ezp(0,1) 5 22.26 22.4 22.63 21.95 23.37 25.78 26.27

10 41.88 49.11 45.63 43.4 56.92 53.10 57.17
15 58.16 74.99 61.41 74.16 82.49 73.08 78.57
20 70.82 90.32 74.25 89.55 94.33 85.63 90.34
25 80.44 96.89 83.95 96.50 98.45 92.79 96.17
30 87.19 99.17 90.93 99.01 99.65 96.55 98.54

50  98.38 100  99.59 100 100 99.88  99.99
100 100 100 100 100 100 100 100
x2(3) 5 17.92 18.00 18.05 17.76  18.40  20.02  20.32

10 31.70 35.57 35.02 34.96 41.45 39.79 42.63
15 43.92 55.97 47.62 54.98 64.36 56.64 61.91
20 54.63 73.62 58.73 72.15 81.11 70.04 76.72
25 63.84 85.75 67.76 84.56 90.95 80.03 86.70
30 71.60 93.04 75.81 92.24 96.03 87.22 92.62
50 90.51 99.80 94.47 99.72 99.92 98.29 99.56
100 99.73 100 99.99 100 100 99.99 100
X2(4) 5 15.73 15.77 15.80 15.78 16.19 17.25 17.39
10 26.28 28.70 29.14 28.25 32.90 32.30 34.69
15 36.02 44.18 39.81 43.28 51.30 46.22 50.92
20 44.81 59.49 49.07 57.87 67.36 58.3 64.89
25 52.67 72.21 57.02 70.85 79.45 68.24 75.91
30 59.98 82.23 64.49 80.98 87.86 76.54 84.03
50 80.79 98.09 85.05 97.76 99.04 93.95 97.67
100 98.04 100 99.51 100 100 99.92 99.99
X2(10) 5 12.15 12.17 12.13 12.42 12.31 12.63 12.65
10 16.53 17.07 17.96 16.91 18.45 18.77 19.71
15 20.79 22.82 23.35 22.26 25.15 24.86 26.97
20 24.60 28.81 28.44 27.91 32.29 30.57 34.57
25 28.34 34.91 32.84 33.73 39.06 35.99 41.78
30 32.08 41.18 37.22 39.92 45.53 41.59 48.47
50 46.14 63.30 51.74 61.66 67.49 60.42 70.08
100 72.33 92.15 76.39 91.49 93.41 88.10 94.61

The bold number is the highest power among the seven tests for each sample size.
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Table 2.13: Powers (in %) of the five graphical tests and the two non-graphical tests
in detecting non—normality against the alternative distributions from Group II for several

sample size n at o« = 0.1

Alternatives n D  Dgp De Dpe Dy; AD sSwW
U(0,1) 5 11.29 11.37  12.37 971  10.31 1228  12.92
10 12.65 1248  14.20 9.49  10.83 15.80 17.71

15 15.75 16.28 15.04 12.63 17.00 22.01 25.82
20 18.84 22.04 16.59 17.65 26.46 29.33 35.91
25 22.35 29.60 18.23 24.89 38.59 37.08 47.06
30 26.12 38.82 20.53 34.04 50.98 45.07 57.73
50 41.58 76.85 30.20 72.49 88.37 72.85 88.29
100 75.54 99.88 64.30 99.77 99.98 98.09 99.94

beta(2,2) 5 9.53 9.56 10.02 8.96 9.03 9.47 9.96
10 9.31 8.69 9.23 7.30 7.55 9.53 9.74

15 9.85 8.78 7.98 7.22 8.21 10.37 10.65

20 10.73 9.64 7.63 7.68 10.05 11.95 12.53

25 11.41 10.70 7.20 8.69 12.39 13.45 14.47

30 12.35 12.21 7.23 10.07 14.98 15.45 16.85

50 16.00 20.12 7.37 17.38 28.20 23.61 29.42

100 27.04 51.16 9.96 46.12 66.38 47.54 65.00

beta(2,5) 5 11.27 11.28 11.52 10.89 11.12 11.77 11.98

10 13.89 13.96 14.49 13.17 14.80 15.52 16.42

15 16.87 18.21 16.75 17.04 21.20 19.87 22.03

20 19.98 24.15 19.02 22.22 29.63 24.60 28.22

25 22.85 30.78 20.86 28.56 38.34 29.28 34.68

30 26.09 38.41 23.07 36.15 47.46 34.29 41.48

50 38.40 68.10 31.54 65.19 77.67 53.57 65.93

100 65.05 98.14 59.38 97.55 99.28 86.01 95.72

beta(5,1.5) 5 13.10 13.14 13.37 12.57 12.99 14.06 14.21
10 18.56 19.57 19.94 18.85 22.39 22.30 24.29

15 24.55 29.85 25.27 28.56 36.73 31.39 35.72

20 30.38 42.59 30.31 40.46 52.41 40.49 47.91

25 35.80 55.92 35.03 53.41 66.44 49.26 58.12

30 41.28 67.99 39.89 65.74 77.65 57.34 67.93

50 60.76 94.52 60.41 93.68 97.34 81.55 91.71

100 89.37 100 95.91 99.99 100 98.94 99.93

beta(0.5,0.5) 5 18.62 18.93 21.03 15.38 17.34 22.55 24.18
10 26.17 30.08 32.62 23.52 29.66 39.86 46.21

15 36.99 48.16 41.24 41.31 54.44 59.60 69.41

20 48.11 67.44 50.78 61.82 77.91 75.59 85.62

25 58.13 82.97 59.32 79.63 91.48 86.35 94.23

30 67.02 92.95 67.70 91.15 97.34 93.00 97.99

50 90.48 99.95 91.16 99.94 99.99 99.74 99.99

100 99.89 100 100 100 100 100 100

beta(0.5, 3) 5 29.06 29.54 30.34 28.04 30.99 34.79 36.24
10 53.86 66.30 57.04 65.37 75.50 68.42 72.96

15 72.62 91.23 74.74 90.76 95.18 87.63 91.54

20 85.34 98.52 88.40 98.32 99.37 95.65 97.79

25 92.91 99.80 95.77 99.78 99.93 98.64 99.54

30 96.96 99.98 98.79 99.98 99.99 99.61 99.93

50 99.95 100 100 100 100 100 100
100 100 100 100 100 100 100 100
beta(l,2) 5 12.81 12.90 13.56 12.38 11.82 14.06 14.41

10 17.34 18.27 18.30 20.62 16.37 21.21 23.44
15 22.82 28.59 20.94 36.23 26.40 30.03 34.63
20 28.48 42.89 24.17 54.18 40.15 39.37 46.34
25 34.02 57.97 27.35 69.78 54.98 48.57 57.64
30 39.85 71.65 31.72 81.78 69.05 57.47 68.43
50 60.42 96.93 56.62 98.76 96.31 83.26 92.85
100 90.89 100 98.02 100 100 99.42 99.97

The bold number is the highest power among the seven tests for each sample size.
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Table 2.14: Powers (in %) of the five graphical tests and the two non-graphical tests in

detecting non—normality against the alternative distributions from Group III for several

sample size n at « = 0.1

Alternatives n D Dsyp De Dpye Dy, AD SW
Laplace(0, 1) 5 14.96 17.90 14.01 16.25 15.92 15.21 14.63
10 22.21 23.62 23.26 25.32 24.13 23.90 22.42

15 27.64 29.55 31.16 31.62 27.32 31.07 28.93

20 32.49 34.11 37.91 36.10 28.76 37.12 34.73

25 36.77 37.82 43.10 39.81 29.42 42.57 40.03

30 41.22 41.35 48.04 43.45 29.72 47.95 45.01

50 55.96 52.06 62.34 53.97 29.97  64.97 61.63

100 80.87 71.63 82.24 73.47 32.32 88.77 86.12

t(1) 5 36.93 36.92 35.37 38.91 38.78 37.86 36.87
10 65.15 66.56 65.80 68.17 66.61 67.68 65.22

15 79.89 81.11 81.27 82.38 79.18 82.86 80.97

20 88.50 89.19 89.77 89.96 86.57  91.01 89.67

25 93.47 93.74 97.31 94.29 91.03 95.27 94.33

30 96.30 96.34 96.82 96.69 93.96 97.56 97.01

50 99.64 99.58 99.69 99.64 98.72 99.83 99.75

100 100 100 100 100 99.98 100 100

t(3) 5 15.58 15.55 14.74 16.70 16.51 15.95 15.47
10 23.74 25.31 25.98 26.78 26.28 26.09 25.67

15 29.71 32.55 35.63 34.45 31.81 34.12 33.79

20 35.07 38.54 44.01 40.42 35.61 40.93 41.24

25 39.60 43.28 50.81 45.20 38.13 46.86 47.73

30 44.02 47.58 56.62 49.56 40.29 52.11 53.24

50 58.34 60.81 73.01 62.28 46.53 68.56 70.82

100 81.15 80.42 90.93 81.63 57.15 89.59 91.08

t(4) 5 13.57 13.54 12.87 14.42 14.20 13.07 13.59
10 18.65 20.03 20.65 21.36 21.02 20.65 20.08

15 22.67 25.02 28.02 26.48 24.61 26.04 26.39

20 25.66 28.80 34.14 30.50 26.77 30.54 31.43

25 28.48 32.08 39.37 33.76 28.17 34.62 35.89

30 31.20 34.99 44.34 36.88 29.14 38.42 40.33

50 40.83 44.01 58.84 45.74 31.23 51.13 54.44

100 60.23 60.34 79.27 62.14 34.35 73.35 77.55

t(6) 5 11.94 11.92 11.52 12.41 12.34 12.03 11.84
10 14.65 15.49 15.88 16.33 16.20 15.80 15.56

15 16.43 18.19 20.40 19.32 18.09 18.79 19.11

20 17.84 20.19 24.40 21.35 19.00 21.05 21.91

25 19.04 21.91 27.76 23.07 19.40 23.18 24.40

30 20.36 23.27 31.14 24.78 19.44 25.19 27.41

50 24.77 27.65 41.54 29.04 18.97 32.19 36.33

100 34.43 35.08 58.64 36.95 16.16 46.6 53.66

The bold number is the highest power among the seven tests for each sample size.
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Figure 2.12: Power comparison of the five graphical tests and the two non-graphical tests
in detecting non—normality against the alternative distributions from Group I for several

sample size n at « = 0.1
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Figure 2.13: Power comparison of the five graphical tests and the two non-graphical tests

in detecting non—normality against the alternative distributions from Group II for several
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2.5 Conclusions

Comparison of power against the asymmetrical distributions with their
support in (0,00) (Group I)

The results in Tables 2.6, 2.9 and 2.12 summarise the simulated powers for selected
asymmetrical distributions at the three significance levels. The plots are given in
Figures 2.6, 2.9 and 2.12. These tables reveal that if we consider the graphical tests
(D, Dsp, De, Dpe, and Dy;), the performance of the Dy, test appears to be better
than that of the other tests for all situations. It means that the Dy; test offers more
power than the existing tests which are the D and Dy, tests. When the alternative
distribution is x2(10), all tests notably exhibit low power in comparison with other
distributions in Group I. For x?(10), the Dy; test performs less effectively than the
SW test, but better than the AD test. Apart from x?(10), although the SW test
is one of the effective non—graphical tests, the performance of the SW test for all

circumstances is worse than the power of the Dy; test.

However, there does not seem to be so much difference in power between the
D test and the other tests when n < 10. Also, the power of the Dy, test shows a
mediocre performance; that is, it possesses less power than the Dy; and SW tests,

but more than the D and D, tests.

Overall, The D test is the least powerful among all the tests. The Dy; test is the
most powerful among the five graphical tests, and can be more power than the D,
test by over 0.1 (when n = 10 and the distribution is x?(1), for example). While
the power of Dy, is similar to that of Dy, D, is clearly less powerful than Dy),. It is
interesting to observe that the Dy; test is also more powerful than the non-graphical

AD and SW tests in most cases.

Comparison of power against the distributions with their supports in
(0,1) (Group II)

The results in Tables 2.7, 2.10 and 2.13, and the plots in Figures 2.7, 2.10 and 2.13.
Overall, the Dy; test is the most powerful among the five graphical tests, and can
be more power than the Dg, test by over 0.12 (when n = 25 and the distribution is
beta(1,2), for example). The D, test has the least power against all tests in most
situations. The three graphical tests D, D, and Dy, are less powerful than Dg,. The
Dy; test is also more powerful than the non-graphical AD and SW tests on most

occasions.
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Comparison of power against the symmetric non-normal distributions
(Group IIT)

The results in Tables 2.8, 2.11 and 2.14 illustrate the simulated power for symmet-
rical non-normal distributions at the three significance levels. The plots are given in
Figures 2.8, 2.11 and 2.14. These tables reveal that when the sample size increases
from 5 to 15; there does not seem to be so much difference in power among the tests.
Apart from ¢(1), the power results of the Dy; test slightly increase when sample sizes
increase. Also, the powers of the Dy, test decrease for larger sample sizes n > 50; in
particular, ¢(6). For ¢(1), the AD test is superior to the other tests and the Dy; test
is inferior to the others. Also, the D, test has the best performance against ¢(3),
t(4) and t(6), whereas the Dj; test has the least power across almost all sample sizes
and alternatives. When ¢(6) is the considered alternative, all tests show the worst
performance for all sample sizes in comparison with other alternative distributions.
Note that the power of Dj; may not increase with sample size n. This phenom-
enon has been observed with other normality tests (see, for example, Noughabi and
Arghami, 2011, which compares D, AD, SW and four other non-graphical tests)
and so is not completely surprising in this case. Also, all the distributions in this
third group are symmetrical with support (—oo,00) and so are intrinsically harder
to detect by a normality test, relative to the first two groups. The two non-graphical
tests have a clear advantage over the graphical tests for this group of non-normal
distributions based on the power comparison.

The overall conclusions from this power study are as follows. Although not com-
pletely dominated, the D test is less powerful than the other four graphical tests
in most scenarios and so is not recommended. The D, test is an improvement over
D overall; but it is also less powerful than the other three graphical tests in most
scenarios and so it is also not recommended. The power of the Dy, test is compa-
rable to, but slightly less than, that of the Dy, test in the majority of cases and so
is not recommended either. If the non-normal distributions in the first and second
groups are what one wants to guard against, then Dy; is overall more powerful than
Dy, and the two non-graphical tests AD and SW and so is recommended. On the
other hand, if the non-normal distributions in the third group are what one wants to
guard against, then Dy, is the graphical test one should use. Note however, in this
case both Dy, and Dy; can be substantially less powerful than the two non-graphical

tests AD and SW.



CHAPTER 3 Normality tests for the residuals from a

linear regression model

3.1 Linear regression model

In this section, the case that e = (eq,...,e,)" is the vector of residuals from a nor-
mal error linear regression model is considered. Normal probability plots are also
routinely used to check whether the random errors are independently and normally
distributed based on the residuals e. However, the statistical textbooks and statisti-
cal software often do not treat the residuals e and the i.i.d. observations e differently
when producing and interpreting a normal probability plot. The major concern in
this part of the thesis is whether, in fact, these two situations should be treated
differently. First of all, the theoretical background of a linear regression model is
introduced so that it enables us to extend the tests of normality for a simple ran-
dom sample to the vector of residuals from a linear regression model. It is more
convenient to deal with multiple regression models if they are expressed in matrix
notation. This allows a very compact display of the model, data, and results. In

matrix notation, the model is given by

y=XpB+e (3.1.1)
or
_yl_ _1 i1 ... xlp_ -Bo_ _81_
- 1 e él + |7 (3.1.2)
| Yn | _1 Tpl oo Tnp _ﬁp_ & |
where
-yl- -1 x11 xlp- _ﬂo-
y = 3{2 X = 1 x‘gl x?p 8= él and
R [ Za e g nx(p+1) _ﬁp_ (p+1)x1
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€1

€2

£
" nx1

In general, y is an n x 1 vector of the observations, X is an n x (p + 1) matrix of
the levels of the regressor variables or the design matrix, 8 is a (p+ 1) x 1 vector of
the regression coefficients, and € is an n x 1 vector of random errors.

For writing (3.1.2) for each of the n observations, we have

y1 = Po+ fir1n + foriz + ...+ Bpr1p + €1

y2 = o+ Bz + Powos + ...+ Bpwop + €2

Yn = Bo+ Bixn + PoTn2 + ...+ ﬁpxnp + én-

The statistical assumptions of the linear model concern the behaviour of the errors;

the standard assumptions include:

e Linearity: the average error is zero, E(g;) = 0; equivalently, E(y;) = By +

Brxir + Boxio + ... + BpTip.

e Constant error variance: The variance of the errors is the same for all

observations, Var(g;) = o2 ; equivalently, Var(y;) = o2.

e Normality: The errors are normally distributed, and so &; ~ N (0, 02); equiv-

alently, y; ~ N (8o + iz + Baziz + - . . + Bpip, 02).

e Independence: The errors are independently sampled; that is, ¢; and €; are

independent for 7 # j; equivalent, y; and y; are independent.

We wish to find the vector of least-squares estimators, ,B, that minimises

QB) =) & =c'e=(y—XB)(y — XB).

=1

Note that Q(3) may be expressed as

QB) = yy-BXy-yXB+BXXs
= yy-28Xy+3XXg3.
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The least-squares estimators must satisfy

aQ / INT /4
— | =-=2X 2X' X3 =
93 2X'y + B8=0

which can be simplified to

X'X3 = X'y.
The above equations are the least-squares normal equations. Thus, the least
squares estimator of 3 is

B=(X'X)"'X'y

provided that the inverse matrix (X'X)~! exists. Consequently, the vector of fitted
values g; is

y=X3=X(X'X)"'X'y = Hy.
The matrix H = X(X'X) !X’ is usually called the hat matrix. It maps the vector
of observed values into a vector of fitted values. The difference between the observed

value y; and the corresponding fitted value ; is the residual e; = y; — 9;. The n

residuals may be conveniently written in matrix notation as

e=y-—y. (3.1.3)

There are several other ways to express the vector of residuals e that will be useful,

including

e = y-y
= y-X(X'X)"X'y
= I-XXX)"'X)y
= I-X(X'X)"'X)(XB+¢)
= I-X(X'X)'X')e
= (I-H)e. (3.1.4)

Therefore, if the errors in a linear regression model are i.i.d. N(0,0?) random vari-
ables, then the residuals e = (eq, ..., e,)" have the multivariate normal distribution
N(0,02(I - H)) since Var(e) = Var[(I-H)e] = (I - H)Var(e)(I-H) = 0?(I - H)
where Var(e) = %I and I — H is symmetric and idempotent.

So, the covariance matrix of the residual vector is o?(I — H), which is not a

diagonal matrix. The consequence is that the elements of the residual vector are
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2

not independently distributed. The unknown error variance ¢* is assumed to be

estimated by the mean residual sum of squares

/

S? =

€

3.1.5
p— (3.1.5)

and it is clear that S? and e are not independent.

We extend the idea of the graphical tests (D, Dgp, D., and Dy;) for a simple
random sample to the error vector in a linear regression model in order to conduct
statistical tests for normality. Now we describe each graphical test which provides
a set of simultaneous intervals for the order statistics of the residual vector in the

normal probability plot.

3.2 Type I error rates of the graphical tests for a ran-
dom sample when applied to the residuals

The main purpose of this section is to investigate whether the graphical tests for
normality for a simple random sample presented in Chapter 2 can be applied to the
vector of residuals from a linear regression model. If the tests from Chapter 2 can
be applied to residuals, they should have Type I error rates close to the specified
significance level.

As introduced at the beginning of this chapter, the residual vector e from a linear
regression model is a linear transformation of the error vector €. It can be generated

by e=(I-H)e. (3.2.1)

Since e = (I - H)e = (I — X(X'X)~!X’)e regardless of the value taken by 3, there
is no need to specify the true or estimated values of 3 for the simulations in the
context of testing for normality. However, the distribution of the residual vector e
depends on the design matrix X. In that case, it is very important to be concerned
about the construction of X.

This study focuses on a simple linear regression with only one regressor, x,
which has n observations. Therefore, concerning the design matrix X, we set two
columns so that the first column contains a vector of ones, and the second column
is generated by the different approaches to assign values for x which can be referred
to as a “Design”. Although various options of choosing x need to be considered,
the scope of each value for x to [—1, 1] will be limited. Generally, the elements of x

should be set to be taken from any [a,b] where in general a < b . The proof set out
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below claims that each value of x can be taken from [—1, 1] instead of [a, b].

/
SupposethatX:[xl Ty T | and z; € [a,b] fori=1,...,n.
Xn
Consequently,
—(b—a b+a b—a
a<z;<b <& gﬁxi— <
2 2
& 1< ——<1
b—a
2
Ti—m b+a b—a Ti—m
s —1<X 1§1 where m; = ——,mg = ——,and w; = ! !
mo 2 2 mo

& —1<w; <1,
Then, the observation y; based on a simple linear regression can be expressed as

yi = o+ pirite;
= Bo+ fi(mi + mow;) + &
= (Bo+ fim1) + (Bim2)w; + &

= ao+oqw; +¢&; where ag = o+ Sim1 and a3 = fime. (3.2.2)

This means that y; can be rewritten in terms of w; € [—1,1]. As a result of (3.2.2),
each z; € [a,b] can be drawn from [—1, 1] equivalently. Additionally, we need to
show that Z(Z'Z)~'Z' = X(X'X)~'X' where Z = [1 CX] ¢ # 0 s an arbi-
nx
’ n
trary constant and 1 = [1 1 ... 1]1 . Note that Z is represented by > in
Xn
i=1

short. Consider the following terms

1 n cy @
Z/Z = []_ cx} = E and
cx’/ ey AY a?
1 c? 2 —c €;
(le)fl — Z 7 Z

anZx?—CQ(in)Q —c> n
To gain the desired result, we further calculate

1 AN x? —cX x| |V
nc22x?—02(2x¢)2 —c >y n cx!

1 (Y a?)1 — (A 2)x
ne2 Y a? — CQ(in)2 I (—cX i)l + (ne)x’

(le)flzl —
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Consequently,

2(Z'2)'7 = 1 ) CX} (CQZx?)l’_<CZin)X/

ne2 Y a? — cQ(Z:Ui)2 (— CZ%) 1"+ (nc)x’
1
— S 2f )11 — () x)1X
(D U238
- <02 Z xi)xll + (ncz)xx’]

T (e (o]

= X(X'X)"'X’

In this study, six different designs are explored; four of these are symmetrical

cases and the other two are asymmetrical cases. Each design is described as follows:
1. Symmetrical designs

(a) Design 1
The first § observations of x are set equal to -1.

The remaining § observations of x are set equal to 1.
(b) Design 2

The first § observations of x are set equal to -1.

The second % observations of x are set equal to 0.

The remaining 3 observations of x are set equal to 1.
(c) Design 3

The first 7 observations of x are set equal to -1.

The second 7 observations of x are set equal to —%.
The third 7 observations of x are set equal to %

The remaining 7 observations of x are set equal to 1.

(d) Design 4
The first observation of x is set equal to —1.

The second observation of x is set equal to —1 + %

The k' observation of x is set equal to —1 + % where k =1,...,n.

The n"* observation of x is set equal to 1.
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The elements of the vector from Design 4 were generated by Matlab using

command linspace(—1,1,n). So this design is an equally-spaced sample.
2. Asymmetrical designs

(a) Design 5
The first observation is set equal to —1.
2

The second two observations are set equal to —1 + —=5.

The remaining observations are set equal to 1.
(b) Design 6
The first observation is set equal to —1.

The remaining observations are set equal to 1.

The study involves a simple linear regression whose design matrix is defined by
X = {1 x] so that the column vector, x, is one of the six designs given above

nx2
and contains n observations.

Definition 3.2.1. Let R be the number of randomly generated independent samples
of sizes n where all R samples follow N(0,I — H). The empirical Type I error

rate &, g of a given test for normality for a given sample size n is given by

n T
Qn R = Ea

where 7 < R is the number of the R tests that reject the null hypothesis of a normally

distributed sample at the significance level a.

To evaluate the empirical Type I error rates, the Monte Carlo simulation process
is repeated R times and the graphical tests from Chapter 2 are applied, except for

the Dy test, as follows:

1. Simulate one statistic D by generating Y = (Y1,...,Y,) from multivariate

normal distribution N(0,I — H) where H = X(X'X)"'X’ as defined earlier.
2. Calculate Y, 6, and (Y, ..., Y},)), and compute D using formula (2.1.1).
3. Simulate R of independent copies of D : Dy, ..., Dg.

4. Compare the statistic D from step 2 with the corresponding critical value c,,

at a significance level a.
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5. Calculate the proportion of times that the null hypothesis is (falsely) rejected

as an empirical Type I error rate.

The other tests can be computed in a similar way to the above. We considered
three significance levels a = 0.01,0.05 and 0.1 as usual. Different sample sizes are
still a major factor which needs to be recognised. Based on Designs 1,3,4,5 and 6,
we considered n = 4,8,12(12)120. For Design 2, n are set to be 6,9,12(12)120. To
compute the Type I error rates, 100,000 independent samples were generated using
Matlab for each combination of n, X and o and the proportion of rejections of the
normal hypothesis were recorded.

The empirical Type I error rates of the graphical tests from Chapter 2 against
the normal distribution when applied to the residual vectors from a linear regression

are given in Tables 3.1 and 3.2.

3.2.1 Results on the empirical Type I error rates

The results on the empirical Type I error rates of the graphical tests (D, D,
D, and Dy;) for each design show that:

1. Design 1 (see Table 3.1(a))
The empirical Type I error rates for the four tests when n = 4 are zero for all
nominal significance levels, an exception being the case of the D, test at a = 0.1.
Its Type I error rate is 0.0308, so the D, test is considered conservative. For n = 8
and 12, the Type I error rates for all tests are less than their nominal significance
levels a. Thus, the four graphical tests seem to be conservative.

2. Design 2 (see Table 3.1(b))
The empirical Type I error rates for four graphical tests when n = 6 are all zero
for all nominal significance levels. For n = 9 at a = 0.01 the Type I error rates of
the D, Dy, and D, tests are 0.01, 0.0101 and 0.0105, respectively, but the rate of
the Dy; test is 0.0079, which seems to be conservative. Also, the Type I error rates
for all tests (n = 9) at @ = 0.05 and 0.01 are less than the corresponding nominal
significance levels, so all tests are considered conservative.

3. Design 3 (see Table 3.1(¢))
The empirical Type I error rates for four tests when n = 4 are equal to zero, except
for the D, and Dy; tests at &« = 0.1. Their rates are 0.0711 and 0.115, respectively.
For n = 8 and n = 12, the Type I error rates for all tests are less than their corre-

sponding nominal significance levels, so the four graphical tests are conservative.
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4. Design 4 (see Table 3.1(d))
For n = 4, the Type I error rates for the four tests are all zero at & = 0.01 and
0.05. The Type I error rates for the D, Dg,, D, and Dy, tests at a = 0.1 with
n = 4 are 0.0547, 0.0547, 0.0711 and 0.0812 respectively, so these tests seem to be
conservative.

5. Design 5 (see Table 3.2(e))
Considering o = 0.01 with n = 4, the empirical Type I error rates of four tests are
zero. However, at o = 0.05 and 0.1 with n = 4. the rates of these tests seem to be
liberal. For n = 8, the rates are less than the corresponding nominal significance
levels; therefore, the four tests are conservative.

6. Design 6 (see Table 3.2(f))
For n = 4, the empirical Type I error rates of four graphical tests are zero for all
nominal significance levels. For n = 12, the empirical Type I error rates for all tests
are much greater than their nominal significance levels. In this case, these tests seem

to be liberal.

In the case of n > 24, the empirical Type I error rates of some situations are
very close to the corresponding nominal significance levels. Notice that the D, Dy,

D, and Dy, tests show a very unreliable performance for n = 4,6,8 and 12.

From the investigation above, we draw the following conclusions:

1. Normality tests designed for a simple random sample can give misleading Type I
error rates when they are applied to the residuals from a linear regression model.
2. Since tests of normality constructed for residuals can easily be used, they are

developed in the next section.
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Table 3.1: Empirical Type I error rates of Design 1—4 based on the four graphical tests

at significance levels 0.01, 0.05 and 0.1

(a) Design 1

a = 0.01 a = 0.05 a=0.1
n D Dgp De Dy; D Dsp De Dy; D Dgp D Dy;
4 0 0 0 0 0 0 0 0 0 0 0.0308 0
8 0.0079 0.0067 0.0078 0.0096 0.0421 0.0409 0.0388 0.0304 0.0902 0.0871 0.0840 0.0773
12 0.0096 0.0092 0.0073 0.0153 0.0475 0.0467 0.0449 0.0457 0.0978 0.0960 0.0925 0.0938
24 0.0104 0.0103 0.0085 0.0149 0.0500 0.0488 0.0472 0.0498 0.1012 0.1003 0.0995 0.0986
36 0.0087 0.0099 0.0084 0.0137 0.0473 0.0512 0.0488 0.0498 0.0974 0.1043 0.0997 0.0975
48 0.0098 0.0110 0.0089 0.0124 0.0493 0.0509 0.0504 0.0499 0.1008 0.1004 0.1003 0.0998
60 0.0101 0.0095 0.0091 0.0113 0.0502 0.0494 0.0482 0.0488 0.1022 0.0976 0.0975 0.0990
72 0.0099 0.0104 0.0091 0.0124 0.0494 0.0503 0.0495 0.0497 0.0978 0.1005 0.0990 0.0990
84 0.0104 0.0099 0.0085 0.0127 0.0493 0.0492 0.0472 0.0495 0.0989 0.0967 0.0982 0.1008
96 0.0104 0.0102 0.0091 0.0116 0.0510 0.0502 0.0501 0.0485 0.1015 0.1001 0.0996 0.0974
108 0.0100 0.0104 0.0090 0.0117 0.0507 0.0485 0.0475 0.0491 0.1000 0.0994 0.0975 0.0993
120 0.0097 0.0089 0.0084 0.0107 0.0494 0.0493 0.0466 0.0470 0.0989 0.0983 0.0979 0.0974
(b) Design 2
a = 0.01 a = 0.05 a=0.1
n D D, De Dy; D D, D. Dy D D, D. Dy
6 0 0 0 0 0 0 0 0 0 0 0 0
9 0.0100 0.0101 0.0105 0.0079 0.0473 0.0469 0.0469 0.0429 0.0973 0.0965 0.0925 0.0897
12 0.0098 0.0093 0.0085 0.0084 0.0487 0.0466 0.0459 0.0465 0.0990 0.0965 0.0943 0.0946
24 0.0104 0.0102 0.0086 0.0097 0.0511 0.0490 0.0474 0.0491 0.1027 0.1013 0.0999 0.0978
36 0.0102 0.0095 0.0088 0.0103 0.0499 0.0494 0.0495 0.0498 0.1001 0.1011 0.1001 0.0971
48 0.0102 0.0101 0.0096 0.0096 0.0524 0.0502 0.0507 0.0500 0.1030 0.1014 0.1017 0.0997
60 0.0099 0.0090 0.0092 0.0100 0.0496 0.0477 0.0486 0.0496 0.1007 0.1069 0.0995 0.0993
72 0.0106 0.0102 0.0091 0.0100 0.0487 0.0487 0.0483 0.0491 0.0991 0.0968 0.1005 0.0953
84 0.0107 0.0095 0.0093 0.0091 0.0502 0.0490 0.0477 0.0493 0.0989 0.0980 0.0994 0.0987
96 0.0105 0.0092 0.0092 0.0101 0.0467 0.0493 0.0501 0.0501 0.0969 0.0989 0.1022 0.0998
108 0.0100 0.0098 0.0094 0.0093 0.0501 0.0502 0.0472 0.0487 0.1011 0.1009 0.0967 0.0979
120 0.0105 0.0089 0.0090 0.0085 0.0519 0.0487 0.0468 0.0474 0.1029 0.0995 0.0982 0.0985
(c) Design 3
a = 0.01 a = 0.05 a=0.1
n D Dsp De Dbi D Dsp De Dbi D Dsp De Dbi
4 0 0 0 0 0 0 0 0 0 0 0.0711 0.115
8 0.0087 0.0087 0.0087 0.0081 0.0455 0.0454 0.0420 0.0420 0.0958 0.0947 0.0959 0.0869
12 0.0091 0.0088 0.0089 0.0095 0.0472 0.0468 0.0473 0.0473 0.0989 0.0942 0.0945 0.0956
24 0.0100 0.0103 0.0097 0.0097 0.0504 0.0492 0.0494 0.0494 0.1007 0.0970 0.0975 0.0984
36 0.0090 0.0096 0.0088 0.0095 0.0483 0.0504 0.0491 0.0491 0.0979 0.0992 0.0981 0.0977
48 0.0094 0.0093 0.0096 0.0100 0.0502 0.0480 0.0502 0.0502 0.0991 0.1006 0.0971 0.0989
60 0.0010 0.0088 0.0090 0.0102 0.0502 0.0490 0.0487 0.0487 0.1007 0.0980 0.0980 0.0993
72 0.0103 0.0107 0.0092 0.0102 0.0496 0.0502 0.0488 0.0488 0.1011 0.0996 0.0989 0.0971
84 0.0113 0.0104 0.0082 0.0095 0.0483 0.0512 0.0498 0.0498 0.1011  0.0993 0.1000 0.1001
96 0.0094 0.0093 0.0092 0.0100 0.0513 0.0479 0.0478 0.0478 0.0978 0.0978 0.1001 0.0977
108 0.0097 0.0100 0.0089 0.0092 0.0513 0.0470 0.0491 0.0491 0.1000 0.0972 0.0988 0.1001
120 0.0105 0.0096 0.0104 0.0094 0.0547 0.0479 0.0484 0.0484 0.1017 0.1003 0.0967 0.0987
(d) Design 4
a = 0.01 a = 0.05 a=0.1
n D Dsp De Dbi D Dsp De Dbi D Dgp D(z Dbi
4 0 0 0 0 0 0 0 0 0.0547 0.0547 0.0711 0.0812
8 0.0092 0.0091 0.0077 0.0077 0.0472 0.0464 0.0462 0.0442 0.0954 0.0942 0.0943 0.0906
12 0.0104 0.0097 0.0094 0.0094 0.0473 0.0477 0.0482 0.0471 0.0996 0.0976 0.0965 0.0943
24 0.0104 0.0102 0.0097 0.0097 0.0516 0.0499 0.0484 0.0483 0.1028 0.1009 0.1002 0.0978
36 0.0088 0.0097 0.0099 0.0099 0.0491 0.0501 0.0497 0.0503 0.1000 0.1010 0.0991 0.0977
48 0.0094 0.0108 0.0100 0.0100 0.0490 0.0490 0.0485 0.0512 0.0992 0.1000 0.0979 0.1017
60 0.0100 0.0089 0.0108 0.0108 0.0498 0.0482 0.0498 0.0501 0.0994 0.0961 0.1001 0.1025
72 0.0099 0.0110 0.0103 0.0103 0.0503 0.0503 0.0482 0.0498 0.1002 0.1007 0.1007 0.0945
84 0.0106 0.0099 0.0101 0.0101 0.0507 0.0508 0.0491 0.0505 0.1007 0.1001 0.1003 0.1042
96 0.0093 0.0095 0.0091 0.0091 0.0482 0.0478 0.0472 0.0511 0.0974 0.0963 0.0989 0.1023
108 0.0098 0.0097 0.0094 0.0094 0.0503 0.0488 0.0479 0.0486 0.1024 0.1000 0.0980 0.1002
120 0.0102 0.0096 0.0099 0.0099 0.0099 0.0494 0.0492 0.0489 0.0998 0.0990 0.0995 0.1081
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Table 3.2: Empirical Type I error rates of Design 5—6 based on the four graphical tests

at significance levels 0.01, 0.05 and 0.1

(e) Design 5

a=0.01 a = 0.05 a=0.1

n D D, De Dy D D, De Dy D D De Dy

4 0 0 0 0 0.0978 0.0978 0.0978 0.1160 0.2351 0.2351 0.2137 0.1842

8 0.0077  0.007 0.0077 0.0044 0.0452 0.0425 0.0430 0.0435 0.0932 0.0900 0.0903 0.0941
12 0.0095 0.0104 0.0096 0.0119 0.0485 0.0496 0.0509 0.0527 0.0964 0.0988 0.0992 0.1003
24 0.0097  0.011 0.0104 0.0113 0.0503 0.0495 0.0523 0.0545 0.1014 0.1015 0.1061 0.1059
36 0.0099 0.0088 0.0106 0.0115 0.0501 0.0498 0.0535 0.0535 0.1001  0.1005 0.1036 0.1030
48 0.0098 0.0099 0.0100 0.0107 0.0507 0.0487 0.0534 0.0526 0.1008 0.1002 0.1045 0.1022
60 0.0096 0.0085 0.0111 0.0123 0.0512 0.0496 0.0514 0.0524 0.1015 0.0978 0.1036 0.1035
72 0.0106 0.0100 0.0104 0.0111 0.0492 0.0496 0.0529 0.0513 0.0989 0.0985 0.1052 0.1005
84 0.0105 0.0104 0.0101 0.0101 0.0497 0.0490 0.0501 0.0521 0.1001 0.0982 0.1029 0.1040
96 0.0092 0.0098 0.0102 0.0098 0.0466 0.0479 0.0485 0.0503 0.0961 0.0969 0.0994 0.1016
108 0.0101 0.0104 0.0086 0.0093 0.0512 0.0505 0.0488 0.0505 0.1025 0.1012 0.0993 0.1015
120 0.0095 0.0097 0.0105 0.0101 0.0503 0.0489 0.0495 0.0501 0.1017 0.1005 0.0997 0.1010

(f) Design 6
a=0.01 a = 0.05 a=0.1

n D D, De Dy D D De Dy D D De Dy

4 0 0 0 0 0 0 0 0 0 0 0 0

8 0.0095 0.0190 0.0127 0.0159 0.0381 0.0503 0.0418 0.0722 0.0630 0.0812 0.0804 0.1330
12 0.0145 0.0145 0.0153 0.0165 0.0683 0.0486 0.0558 0.0659 0.1128 0.1235 0.1196 0.1225
24 0.0096 0.0114 0.0121 0.0134 0.0490 0.0547 0.0568 0.0593 0.1096 0.1046 0.1151 0.1154
36 0.0127 0.0102 0.0114 0.0119 0.0487 0.0519 0.0585 0.0552 0.1035 0.1019 0.1092 0.1076
48 0.0100 0.0092 0.0108 0.0115 0.0480  0.049 0.0556 0.0555 0.1013 0.0990 0.1081 0.1062
60 0.0097 0.0085 0.0104 0.0122 0.0496 0.0482 0.0542 0.054 0.0981 0.0974 0.1065 0.1054
72 0.0105 0.0096 0.0095 0.0111 0.0510 0.0476 0.0547 0.0535 0.1033 0.0973 0.1072 0.1010
84 0.0104 0.0085 0.0101 0.0103 0.0496 0.0482 0.0523 0.0535 0.1015 0.0961 0.1041 0.1074
96 0.0104 0.0092 0.0107 0.0100 0.0485 0.0477 0.0503  0.052 0.0966 0.0956 0.1027 0.1032
108 0.0098 0.0094 0.0097 0.0100 0.0503 0.0471 0.0525 0.0512 0.1016 0.0958 0.1047 0.1050
120 0.0099 0.0090 0.0102 0.0091 0.0508 0.0461 0.0499 0.0495 0.1012 0.0955 0.1039 0.1014

3.3 Graphical tests for residuals

In this section, we emphasise procedures applicable in the linear regression frame-

work and develop tests for normality, namely the D, D,,, D, and Dy, tests, for the

residuals. The reason why Dy, is not included here is because Dy, has no outstanding

performance of power as shown in Chapter 2.

Consider the residual vector e = (I—H)e, where the error vector € has the mean

zero. Our objective is to test normality of the error vector with the hypothesis

Hy : e ~ N(0,0°T).

(3.3.1)

Then, the corresponding residual vector, e, is exploited in the construction of the

following graphical tests.
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Let e, < .. < e, be the ordered residuals. Also let W = (W1,...,W,,)" be a
random vector with distribution N(0,I — H) and Wy;; < ... < W, be the ordered
values of the Wj’s. In this section, an interval is provided for each e, (1 < k < n) so
that all the e[k]’ s (k=1,...,n) will fall into the corresponding intervals simultane-
ously with probability 1 — a. These intervals augment the usual normal probability

plot for residuals in judging whether the points fall close to a straight line.

3.3.1 The D test

Based on the D test for a simple random sample, we will obtain the statistic D

for errors from a linear regression model based on the corresponding residuals as

@(e[’j) _ (k=05)) (3.3.2)

D = max

1<k<n n

Let ¢,, be a critical constant so that P{D < ¢,} = 1 — a when the error vector

follows a normal distribution. This probability statement can be rewritten as

l—-a = P{D<c,}

= P{ 11%1’?%{” @(e[k]/Se) —(k— O.5)/n‘ < CD}
= P{ —c, < @(e[k])/Se) —(k—0.5)/n<c, for k=1, ,n}
= P{e[k] € 8@ ((k—0.5)/nEe,) for k=1, ,n} (3.3.3)
Note that the expression (3.3.3) has nothing to do with the unknown parameter o
e
and B since ° = (6—1,...,6—”) ~ N(0,I —H). Let W, = % and Wiy = 5 for
o o o o o
k=1,...,n. Then ey = Wiy for k=1,...,n and
fw _ Wi
Se oSy,
_ W
SW
W'W e
where S, = T Therefore, M has nothing to do with ¢ and we can
n—p— e

generate residuals e = (eq, ..., €,)" from N(0,I — H) instead of N(0,0?(I — H)).
The required critical constant ¢,, can be evaluated as the (1 — «)-quantile of D

by using the following simulations:

1. Simulate one D by generating e = (eq,...,e,)" from multivariate normal dis-

tribution N(0,I — H) where H = X(X'X) 71X’ as defined earlier.
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2. Calculate S = | —————and e, < ... < e ., and compute D using formula

(3.3.2).
3. Simulate a large number R of copies of D : Dy, ..., Dp.

4. Use the (1 — «) sample quantile of Di,..., Dg as an approximation for the

critical constant c,,.
Consequently, the simultaneous intervals for e, from (3.3.3) are

Se® 1((k—05)/ntc,) fork=1,...,n

3.3.2 The Dy, test

Based on the Dy, test of Michael (1983), the Dy, statistic for errors from a

linear regression model is defined by

—arcsm“ arcsmw (k= 05) ‘ (3.3.4)

Let c,, be a critical constant so that P{Ds, < ¢,,} = 1 —a when Hj is true. The

Dy, = max
1<k<n

critical constant c,, can be computed by simulation in a similar way to c,. This

probability statement can be rewritten as

l-a = P{Dsp<cs}
2 [k —0.5
= P{ max —arcsm k] — arcsin ‘ <c
1<k<n e s
= P{ —c, —arcsm” L ——arcsm k=05 c,, fork=1,...n
“1f . 9 /T . k—0.5
= P{e[k] €SP (sm (gcw + arcsin - )) for k=1,.. .,n} (3.3.5)

which provides the simultaneous intervals for €y for k=1,...,n. Consequently, the

simultaneous interval for € is

k—0.5
n

Se®™ (sm (;Tcsp + arcsin )) fork=1,...,n. (3.3.6)

3.3.3 The D, test

For this test, we still need p; = E(Wj)) and of = Var(Wy) for k= 1,...,n as

the D, test for a simple random sample. However, no simple formulae for py or U]%,
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similar to (2.1.11) or (2.1.12), are available since W7, ..., W,, are not independent in
general. Nevertheless, pg and 0,% can be computed straightforwardly by simulation

in the following way.
1. Generate a large number, R, independent copies of the random vector W.

2. Sort the n components of each copy in ascending order, and denote the R

vectors of ordered components as W[l], e Wizl
3. Form a R-vector by using the k*" components of wil . WAL

4. Calculate the mean and variance of this R-vector, and use them as approxi-

mations to ui and 0,%, respectively, for 1 < k < n.

If the residuals e have the distribution N(0,02(I — H)), then it is clear that
(€1, -+-» €[n]) have the same joint distribution as (Wi, ..., cW},). In particular, we
have

E(e[k]) = o and Var(e[k]) = aQVar(W[k]) = o0} (3.3.7)

for K = 1,...,n. A reasonable interval for bounding e,, should therefore centre
around oy with width proportional to ooy. Since o is an unknown constant, it is

replaced with the available estimation S.. Specifically, we construct

ey € [Settke — €,Sc0k, Sepir, + ¢, Seop] for k=1,...,n (3.3.8)

[

where ¢, is a critical constant chosen so that all the e ,,’s will be contained in the
corresponding intervals simultaneously with probability 1 — a.

Clearly, we have

P{e[k] € [Seprr — €, Se0k, Sepir, + ¢, Seoy] for k=1,...,n}

|6[k] /U - (SG/U)MIC|
= < 0.
P 2T (S oo .} (3.3.9)
Wi — 8
= P{ max Wiy = Swinel 3 (3.3.10)
1<k<n Sy Ok ©

It is clear from (3.3.10) that the simultaneous coverage probability depends on the
sample size n, the critical constant ¢, and the covariance matrix I — H but has
nothing to do with the unknown parameter 0. The dependence of this critical

constant on I — H is characteristically different from the critical constant ¢, in
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Section 2 when Y is a simple random sample. The required critical constant ¢, can

be computed as the (1 — «)-quantile of the random pivot

W — Sy bk
D,, = max M (3.3.11)
1<k<n Sy Ok
by using simulation.
It is clear from expression (3.3.9) that the simultaneous intervals in (3.3.8) are

based on the statistic
|e[k] — Selt|

3.12
1<k<n Seoy (3.3.12)

The individual statistic (e, Sepir)/(Seoy) for generating the interval for e

k] [k]
has a variance approximately equal to one since the variance of (e, — Sepu)/(Seor)
is equal to one from (3.3.7) and S, =~ o as n — oo. Additionally, we have both
R and Matlab programs to produce the usual normal probability plot with the
added simultaneous intervals given in (3.3.8); the inputs are the vector of residuals
e = (e1, ..., e,), the covariance matrix I- X (X’'X) !X’ and error rate a. Accordingly,
is

the simultaneous interval for €

wiSe ¢, Seop, for k=1,... n.

3.3.4 The Dy, test

The statistic Dp; based on the vector of errors for a linear regression model can

be defined as
|<I>(e[k]/Se) — (k—0.5)/n|
Dy = max .
1<k<n \/(k —0.5)(n — k + 0.5)/n?

(3.3.13)

Let ¢,, be a critical constant so that P{Dbl- < cbl} =1— a; ¢, can be determined

by simulation as above. This probability statement can be rewritten as
l—-a = P Dbz‘<0b,}

{
|<I>(ek /Se) — (k — 0.5)/n|
= 7{ T [—10.5)(71 —h05) P ‘o
{
{

@(e[k]/Se) —(k—=0.5)/n _
— Cpew < JE— 05—k 2 05)/% <c, fork=1,... ,n}

= Ple, € Se<1>*1<(k: —0.5)/n+c,/(k—05)(n—Fk+ 0.5)/n3) for k = 1, n}

k] 1S

Setlfl<k —05 cbi\/(k —05)(n —k+ 0‘5)) fork=1,....n. (3.3.14)

n n3

Consequently, the simultaneous interval for e
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3.4 Non-graphical tests for residuals

In comparison to graphical tests, we selected one of the non-graphical tests which is
the so-called T;, test. This test statistic is based on the distance between the hypo-
thetical characteristic function and the empirical characteristic function of residuals.
The T,, test was proposed by Huskovd and Meintanis (2007). Later on, Sabolové
(2010) pointed out that the T, test seemed to work better for the larger sample
size n than an extension of the Shapiro-Wilk test did. This is the reason why the
Shapiro-Wilk test is not selected as a non-graphical test for comparison with the

graphical tests for residuals from a linear regression model in this study.

3.4.1 The T, test

A test for Hy utilises the scaled residuals, é, = k. for Kk = 1,...,n from a
regression fit. Consequently, a natural way of testing HZ is to use a test based on
some distance measure of the characteristic function of the scaled residuals under
Ho; that is, po(t) = exp(—3t%0?), from its empirical characteristic function ¢, (t).

The empirical characteristic function of scaled residuals is defined as
1 n
t) =— itéy). 3.4.1
on(t) = — ;exp(z ék) (34.1)

Huskové and Meintanis (2007) proposed a test of the composite hypothesis based

on the integral

T = / T on(t) — o) Pw(t)dt, (3.4.2)

—00
where w(.) is a non-negative weight function satisfying [ t*w(t)dt < oo which leads
to a convenient representation of the test statistic. For testing a hypothesis of

—at?

normality, Epps and Pulley (1983) recommended the weight function w(t) = e~ ",

as it leads to the closed form of the statistic

1 /= " . A9 T 8 " .9
Tha = A <jzk:1 exp{—(é,—¢,) /4a}) +ny T+ a_“ T 2 (;exp{—ej/(2+4a)}>.
(3.4.3)
Sabolova (2010) suggested that for the sake of simplicity only a = 1 was used in

(3.4.3). Hence, the test symbol T}, , was represented by 7T;, throughout this study

and

n

T, = %ﬁ( Z exp{—(éj—ék)2/4}>+n\/§—\/?(iexp{—é?m}). (3.4.4)

jok=1
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Besides, Sabolova (2010) also compared the T}, , test with the extension of the
Shapiro-Wilk test for the regression-scale model. The results showed that T, ,
was more powerful over all alternative distributions: ¢(1), t(5), t(10), logistic(0, 1),

logistic(0,5), Laplace(0,1), and Laplace(0,5).

3.5 Simultaneous intervals

Let €y <. < € be the ordered residuals and z; < ... < z, be a set of n reference
values where ®(2;) = pi and p, = (k—0.5)/n for k =1,...,n. If a point (z, ef) for
some 1 < k < n in the normal probability plot is not included in the corresponding
vertical interval, then one can claim that Hy is not supported by the observed
data. Now, we construct the simultaneous intervals corresponding to the residuals
from a linear regression model for the graphical tests (D, Dy, D, and Dy;). The
simultaneous intervals for residuals from a linear regression model shown in Table
3.3 still have nothing to do with the alternative distributions because they depend

only on k =1,...,n and the critical constants of each test.

Table 3.3: Simultaneous intervals for testing normality of residuals from a linear regression

model
Graphical tests Simultaneous intervals for e, k=1,...,n
D S, @ H((k—05)/n+tc,)
Dy, S, @~ (sin?[arcsin \/(k — 0.5)/n £ (7/2)c,,])
D. S, (s £ c.ok)
Dy S o1 <(k —0.5)/n%c,\/(k—05)(n—k+05) /n3)

3.5.1 [Illustrative example

Figure 3.1 shows the simultaneous intervals of the D, D, D. and Dy, tests
based on residuals from a simple linear regression model which were generated from

one real dataset.

Example 1

The data are taken from Montgomery et al.,(2001) studying on the rocket

propellant manufactured by bonding an igniter propellant and a sustainer propellant
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together inside a metal housing. The shear strength of the bond between the two
types of propellant is an important quality characteristic. It is suspected that shear
strength is related to the age in weeks of the batch of sustainer propellant.

Twenty observations on shear strength and the age of the corresponding batch
of propellant have been collected, and are shown in Table 3.5. The ordered values of
residuals in ascending order from Table 3.5 are —215.98, —213.60, —88.95,—75.32,
—67.27, —45.14, —14.59, 8.73, 9.50, 20.37, 37.10, 37.57, 40.06, 48.56, 65.09, 71.17,
80.82, 94.44, 100.68 and 106.75. To estimate the model parameters, we use the least
squares method. Therefore, the least squares fit is § = 2627.82 — 37.15zx.

To draw the conclusion that the random errors are i.i.d. normally distributed,
by using Figure 3.1, all the values of residuals must lie within the corresponding
intervals. Figure 3.1(a) illustrates the simultaneous intervals of residuals based on
the D test. It seems that all observations fall inside the simultaneous intervals.
However, there is one point which is difficult to assess by eye. Therefore, we need
to check numerically whether the 8 ordered residual lies within the 8 vertical
interval. The 8" vertical interval from Table 3.6 is [~77.99,10.01]. So, 8.73, the 8"
ordered value of residuals of this dataset, is in this interval. Hence the inference is
that the random errors are i.i.d. normally distributed based on the D test.

Table 3.4 summarises the conclusion when five tests are applied to assess whether

the residuals from Table 3.5 follow a normal distribution.

Table 3.4: Test results for Example 1

Test Inference

D Does not reject Hy
Dy, Rejects Hy

D, Rejects Hy

Dy, Rejects Hy

T, Rejects Hy
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Table 3.5: The rocket propellant data

Observation Shear Strength(psi) Age of Propellant(weeks) Fitted Value Residual

k Yk T, Uk ek

1 2158.7 15.5 2051.94 106.75
2 1678.15 23.75 1745.42 -67.27
3 2316 8 2330.59 -14.59
4 2061.3 17 1996.21 65.09
5 2207.5 5.5 2423.48 -215.98
6 1708.3 19 1921.9 -213.6
7 1784.7 24 1736.14 48.56
8 2575 2.5 2534.94 40.06
9 2357.9 7.5 2349.17 8.73
10 2256.7 11 2219.13 37.57
11 2165.2 13 2144.83 20.37
12 2399.55 3.75 2488.5 -88.95
13 1799.8 25 1698.98 80.82
14 2336.75 9.75 2265.58 71.17
15 1765.3 22 1810.44 -45.14
16 2053.5 18 1959.06 94.44
17 2414.4 6 2404.9 9.5
18 2200.5 12.5 2163.4 37.1
19 2654.2 2 2553.52 100.68
20 1753.7 21.5 1829.02 -75.32
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Figure 3.1: Simultaneous intervals for testing normality of the residuals based on the rocket
propellant data for four graphical tests (a) D test, (b) Ds, test, (c) D, test and (d) Dy; test
for n =20 at a = 0.05

From Figure 3.1(c), there are two points, the 2"® and 8% ordered values of
residuals, which are so close to their corresponding lower bound and upper bound,
respectively that we cannot assess by eye whether they lie within their corresponding
intervals or not. Again, the numerical values are used. Based on Table 3.3, the simul-
taneous intervals for the 2"¢ and 8" ordered values of residuals are [-211.55, —51.46]
and [—70.64,11.76], respectively. Comparing the 2" ordered value of residuals,
—213.6, with its simultaneous interval, we can observe that this value is not in the

interval. Although the 8 ordered value, 8.73, falls inside its interval, the inference
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is that the random errors are not i.i.d. normally distributed based on the D, test.
When Figures 3.1(b) and 3.1(d) are considered, it is obvious that there is one point
which lies outside its corresponding interval. Thus, we can draw the conclusion that
the errors do not follow a normal distribution based on the Dy, and Dy, tests.

For the non-graphical tests, the test statistic T, is 0.3657. Also, the critical value
at a = 0.05 when n = 20 of the T}, statistic is 0.2450. Then, we can conclude that
the null hypothesis is rejected at o = 0.05 under T}, because the test statistic is

larger than its critical value.

Table 3.6: Data residuals with sample size 20 and the corresponding probability intervals

for testing normality based on the four graphical tests at a = 0.05

D Dsp D Dy,
Observations Ordered Residuals Quantiles LB UB LB UB LB UB LB UB
k e[k N(0,1)
1 -215.98 -1.96 NaN -83.84 -295.06 -114.01 -288.60 -60.21 NaN -119.28
2 -213.6 -1.4395 NaN -67.42 -234.40 -79.44 -211.55 -51.46 NaN -76.24
3 -88.95 -1.1503 NaN -52.76 -182.79 -57.23 -170.86 -40.39 NaN -50.60
4 -75.32 -0.9346 -229.27 -39.25 -152.26 -39.50 -142.02 -29.84 NaN -30.56
5 -67.27 -0.7554 -150.62 -26.47 -129.52 -24.11 -119.91 -19.27 -247.75 -13.28
6 -45.14 -0.5978 -118.63 -14.15 -110.81 -10.09 -101.41 -9.04 -168.55 2.47
7 -14.59 -0.4538 -96.15 -2.05 -94.53 3.06 -85.36  1.52 -136.20 17.38
8 8.73 -0.3186 -77.99 10.01 -79.81 15.72 -70.64 11.76 -112.96 31.92
9 9.5 -0.1891 -62.26 22.23 -66.12 28.14 -57.31 22.27 -93.80 46.42
10 20.37 -0.0627 -48.05 34.83 -53.12 40.54 -45.02 33.41 -76.87 61.27
11 37.1 0.0627 -34.82 48.05 -40.54 53.12 -33.26 44.97 -61.27 76.87
12 37.57 0.1891 -22.23 62.27 -28.14 66.13 -22.55 57.61 -46.42 93.80
13 40.06 0.3186 -10.01 77.99 -15.72 79.81 -11.88 70.73 -31.91 112.96
14 48.56 0.4538 2.05 96.15 -3.06 94.53 -1.3995 85.23 -17.39 136.20
15 65.09 0.5978  14.15 118.63 10.098 110.81 8.86 101.52 -2.47 168.55
16 71.17 0.7554 26.47 150.62 24.10 129.52 19.35 119.98 13.28 247.74
17 80.82 0.9346  39.23 229.27 39.50 152.26  30.17 141.64 30.57 NaN
18 94.44 1.1503  52.77 NaN 57.23 182.79  40.57 170.67 50.60 NalN
19 100.68 1.4395 67.42 NaN 79.44 234.40 51.87 211.10 76.24 NaN
20 106.75 1.96 83.85 NaN  114.01 295.06 60.42 288.35 119.28 NaN

NaN stands for Not a Number representing an undefined value.
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3.6 Power comparison

In Chapter 2, we introduced the empirical power for simple random samples. Next,
we generalise the empirical power for simple random samples to the vector of errors
from a linear regression model.

If we give a vector of errors € = (g1, ...,&,) from which we already know that it
is not normally distributed, but follows an alternative distribution, then it is simple
to describe the principle of an empirical power analysis.

Here, we present the results of the power studies grouped by the classification
for the alternative distributions as described above. For each group of all designs,
we comment on interesting common facts and compare the results. Noticeably, the
Dy, test was eliminated in this part because its power was rather lower than the Dy,
tests based on a simple random sample.

In computing the power of a test, the errors are from a given non—normal alter-
native distributions as mentioned in Chapter 2, which is subtracted by its theoretical
mean. In each case, the residual vector, e, is standardised to have a mean of zero.
To compute the power, 50,000 simulations are used. Similarly, the €7,...,¢; are
drawn from the given distribution. Then the error vector € = (¢ — p, ..., &), — 1)
where p is the mean of the distribution. Now, we compute the residual vector
e = (I — H)e and apply the test to e.

One issue that we should take into consideration is that the distribution of e
hinges on the distribution of the error vector £, the number of regressors p, the
elements of the regression matrix X, and the sample size n. Therefore, the per-
formance of any test for normality involves all of these factors. We estimate the
empirical power for the investigated tests for several sample sizes, designs and sig-

nificance levels. The results are tabulated and discussed.
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Table 3.7: Empirical percentage of powers for the five tests when errors generated from the

alternatives in Group I with Design 1 for a = 0.01,0.05 and 0.1

0.01 0.05 0.1
Alternatives n D Dsp D, Dy,; Thn D Dsp D, Dy; Th D Dsp D, Dy; Th
Xz(l) 4| 0.73 0.73 0.73 0.73  3.97 3.20 3.20 3.20 3.20 13.60 10.60 5.93 9.05 5.93 23.10
8(10.60 12.37 7.29 15.51 18.81 27.24 32.17 20.01 33.05 36.78 40.05 43.91 32.02 44.35 46.21
12 [ 25.75 35.10 20.94 39.85 34.90 48.32 56.35 45.71 59.53 55.52 59.86 67.66 59.06 68.35 67.96
24| 68.64 88.51 70.97 90.40 81.52 86.27 95.31 87.82 96.20 93.34 92.34 97.36 92.96 97.84 96.52
36 |92.14 99.17 92.90 99.26 97.59 98.00 99.76 98.02 99.81 99.46 99.12 99.88 99.16 99.93 99.84
48 | 97.89 99.97 97.87 99.97 99.77 99.69 99.99 99.77 99.99 100 99.95 100 99.91 99.99 100
60 | 99.85 100 99.73 100 99.97 99.98 100 99.98 100 99.99 100 100 99.98 100 100
72| 99.99 100 99.94 100 100 100 100 100 100 100 100 100 100 100 100
84 100 100 99.99 100 100 100 100 100 100 100 100 100 100 100 100
96 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
108 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
120 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Exzp(0,1) 4| 0.95 0.95 0.95 0.95 1.84 4.36  4.36 4.36 4.36  7.50 9.32 7.80 8.85 7.80 14.85
8| 4.42 5.24  3.56 6.38 8.84 14.97 17.82 12.09 18.59 23.08 24.81 27.67 20.94 28.46 32.46
12 12.24 15.68 9.55 18.85 18.94 28.19 33.95 26.83 36.12 36.83 39.25 45.11 38.53 47.95 49.23
24 (34.31 60.05 39.29 65.64 55.47 59.03 78.47 63.52 82.20 77.31 71.33 85.40 74.73 88.20 85.52
36 | 59.78 88.82 65.56 90.53 83.02 80.65 95.68 83.45 96.73 93.47 88.82 97.60 90.79 98.34 96.61
48 | 76.23 97.71 79.58 98.12 94.46 92.21 99.41 93.93 99.65 98.77 96.03 99.74 97.16 99.79 99.47
60| 89.46 99.70 90.22 99.75 98.82 97.34 99.96 97.88 99.96 99.82 98.96 99.97 99.27 100 99.93
72195.24 99.97 95.30 99.98 99.76 99.13 99.99 99.30 100 99.96 99.70 100 99.75 100 99.97
84 198.45 99.99 98.31 99.99 99.89 99.74 99.99 99.82 100 99.99 99.94 100 99.93 100 100
96 | 99.29 100 99.06 100 100 99.97 100 99.94 100 100 99.99 100 100 100 100
108 | 99.79 100 99.63 100 100 100 100 99.99 100 100 100 100 100 100 100
120 | 99.86 100 99.90 100 100 99.99 100 100 100 100 100 100 100 100 100
X2(3) 4| 1.01 1.01 1.01 1.01 1.51 4.38  4.38 4.38 4.38  6.42 9.33 8.47 9.00 8.47 12.74
8 3.09 3.46 2.88 4.07 5.55 11.95 13.38 9.51 13.44 16.26 20.07 21.55 17.49 22.16 25.06
12| 7.13 9.23 4.88 10.77 12.64 19.14 23.20 18.26 25.40 27.04 29.33 33.40 28.18 36.00 38.51
2420.53 38.20 23.70 42.76 39.09 42.03 59.85 47.06 65.40 62.62 54.88 71.22 56.68 75.01 73.39
36 | 38.13 71.07 44.82 73.74 65.66 62.44 86.20 67.68 88.87 83.93 74.90 91.27 78.61 93.62 90.66
48 | 52.25 88.48 58.43 89.97 82.78 76.67 95.90 80.98 96.96 94.30 85.83 97.91 88.86 98.60 97.23
60 | 68.23 97.03 72.95 97.55 93.74 87.10 99.20 90.29 99.39 98.18 93.43 99.61 95.20 99.79 99.22
72| 78.46 99.17 80.77 99.30 97.01 92.96 99.89 95.19 99.94 99.35 96.86 99.96 97.98 99.98 99.70
84| 87.25 99.78 89.18 99.81 98.91 96.40 99.99 97.53 100 99.80 98.47 100  99.07 100 99.98
96 | 91.57 99.94 92.26 99.96 99.70 98.09 100 98.79 99.99 99.95 99.20 100 99.56 100 99.99
108 | 94.83 100 95.41 99.99 99.93 99.18 100 99.50 100 99.99 99.74 100 99.88 100 99.99
120 | 97.08 100 97.67 100 99.99 99.61 100 99.76 100 100 99.93 100 99.97 100 100
X2(4> 4| 1.00 1.00 1.00 1.00 1.18 4.60 4.60 4.60 4.60 6.12 9.36 8.78 8.93 8.78 12.20
8 2.33 2.47 2.20 2.88 4.20 9.61 10.81 7.80 10.89 13.67 16.53 17.65 14.32 18.99 21.86
12| 5.61 6.62 4.16 7.86 9.43 15.95 18.22 14.78 20.44 22.29 24.81 28.01 23.83 30.50 32.07
24|14.70 25.64 16.99 29.72 28.66 32.39 46.53 36.64 51.61 52.08 44.68 58.14 48.76 63.72 63.20
36 | 27.00 53.06 33.47 56.38 53.28 49.90 74.14 55.60 77.53 73.95 63.56 82.32 68.36 85.78 83.44
48 | 37.74 74.29 44.41 76.83 71.22 63.48 89.12 69.91 91.21 87.61 75.54 93.46 80.59 95.19 93.15
60 | 51.97 89.44 57.88 90.34 85.56 75.71 96.31 80.69 97.15 94.80 85.52 98.16 89.22 98.68 97.19
72]61.21 95.58 66.37 95.64 92.21 83.20 98.92 88.15 99.27 97.92 90.94 99.57 94.09 99.76 99.15
84| 72.23 98.17 76.71 98.30 95.34 89.56 99.56 92.39 99.73 99.12 94.53 99.82 96.52 99.89 99.70
96 | 78.29 99.31 81.14 99.33 98.36 93.25 99.91 95.15 99.89 99.65 96.67 99.96 98.06 99.96 99.91
108 | 84.17 99.69 86.32 99.69 99.09 95.78 99.94 97.10 99.95 99.91 98.18 99.97 98.85 99.99 99.95
120 | 89.09 99.95 91.50 99.91 99.63 97.52 99.98 98.51 99.97 99.96 99.14 99.98 99.57 99.99 100
X2(10) 4| 1.07 1.07 1.07 1.07 1.18 5.28 5.28 5.28 5.28 5.40 10.13 9.74 9.90 9.74 10.88
8| 1.48 1.50 1.44 1.60 1.90 6.66 6.89 6.23 7.05 8.07 12.62 13.07 12.04 13.36 14.16
12 2.39 2.64 2.08 2.87 3.50 9.15 9.58 8.25 10.23 12.61 16.08 17.07 14.84 17.43 20.14
24| 5.16 7.22  6.31 8.57 10.36 15.33 19.61 17.01 22.63 26.01 24.54 30.30 26.80 32.86 36.89
36| 9.07 15.37 11.77 15.78 20.18 23.59 33.16 27.08 35.08 39.94 34.43 44.29 38.65 47.80 51.88
48 1 12.32 23.38 16.29 23.82 30.61 30.23 45.02 35.65 47.48 52.87 43.07 57.12 48.64 60.48 65.11
60| 17.28 32,94 22.41 33.81 43.53 37.65 57.30 44.35 59.07 64.95 50.79 69.17 57.49 71.09 74.81
72| 22.00 43.06 26.84 42.11 50.25 43.89 67.63 51.96 68.45 73.23 57.39 77.40 64.49 79.29 82.22
84 27.69 51.53 33.84 50.56 58.08 50.95 75.05 57.80 75.25 80.26 64.11 84.17 70.28 85.22 87.73
96 | 31.28 59.71 36.67 57.72 68.02 56.25 81.19 63.83 81.05 85.76 68.04 89.02 75.56 89.45 91.61
108 | 35.14 66.27 41.13 64.31 73.97 60.88 86.87 68.38 86.59 89.91 73.00 92.50 79.88 93.52 94.23
120 | 39.52 73.59 47.39 71.04 79.51 65.36 90.35 72.86 90.20 92.78 77.77 94.93 82.83 95.60 96.11
LogN(0,1) 4| 0.78 0.78 0.78 0.78 1.86 3.55 3.55 3.55 3.55 9.45 8.70 6.80 7.91 6.80 17.69
8| 7.56 9.31 4.37 10.71 18.03 23.01 26.38 14.16 27.13 34.00 33.90 37.48 25.03 38.60 43.20
12| 23.84 29.66 16.94 32.47 34.71 42.35 48.57 39.19 50.64 53.12 53.05 58.61 51.38 60.62 63.62
24 161.57 79.30 65.46 81.66 79.64 79.91 89.66 82.24 91.26 91.23 87.10 93.42 88.67 94.25 94.66
36 | 85.57 96.76 88.17 97.02 96.19 94.72 98.83 95.61 99.13 98.66 97.14 99.40 97.77 99.56 99.35
48 1 95.16 99.62 95.77 99.68 99.49 98.65 99.91 99.03 99.94 99.88 99.40 99.95 99.64 99.99 99.96
60 | 98.72 99.97 98.92 99.96 99.90 99.73 99.98 99.83 100 99.98 99.87 100 99.93 100 99.99
72199.60 99.99 99.67 99.99 99.98 99.97 100 99.96 100 100 99.99 100 100 100 100
84| 99.89 100 99.93 100 100 99.97 100 99.99 100 100 100 100 100 100 100
96 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
108 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
120 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

The bold number is the highest power among the five tests for

each sample size.
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Table 3.8: Empirical percentage of powers for the five tests when errors generated from the

alternatives in Group I with Design 2 for o = 0.01,0.05 and 0.1

0.01 0.05 0.1
Alternatives n D D,, D. Dy, Tn| D D.p D. Dy, T, D D., D. Dy; T,
X2(1) 6| 6.18 5.51 4.63 6.49 6.41| 14.00 13.41 12.07 14.07 13.23 |19.35 19.91 18.66 21.16 18.18
9112.75 15.18 10.87 18.52 12.99 29.35 34.08 25.72 37.26 36.88 41.71 47.12 36.73 49.20 49.28

12(23.68 33.22 19.85 37.94 33.22| 46.55 55.53 44.18 58.71 55.44 |57.97 66.11 56.97 68.10 66.64

24(67.23 85.33 70.15 86.93 81.79| 85.82 93.77 87.09 94.62 93.55 |91.38 96.25 92.48 96.81 96.45

36 90.75 98.59 92.84 98.67 97.56| 97.71 99.50 97.99 99.57 99.46 |98.93 99.77 99.21 99.82 99.74

48 [97.92 99.84 98.01 99.86 99.71| 99.70 99.98 99.74 99.98 100 |99.96 99.99 99.94 100 100

60 | 99.70 100 99.62 100 100 99.96 100 99.99 100 100 100 100 100 100 100

72|99.97 100 99.93 100 100| 100 100 100 100 100 100 100 100 100 100

84(99.99 100 99.99 100 100| 100 100 100 100 100 100 100 100 100 100

96| 100 100 99.99 100 100| 100 100 100 100 100 100 100 100 100 100

108 100 100 100 100 100| 100 100 100 100 100 100 100 100 100 100

120 100 100 100 100 100| 100 100 100 100 100 100 100 100 100 100

Exp(0,1) 6| 3.37 3.35 248 3.62 3.98| 951 955 867 9.92 9.93 |15.38 15.60 14.69 16.03 15.47
9| 6.06 7.13 5.04 9.40 7.14| 17.33 19.71 15.23 22.55 23.02 |26.61 30.08 24.53 33.05 33.96

12(11.22 15.30 9.13 18.54 17.32| 27.00 33.43 25.61 37.11 36.63 |38.81 44.92 38.21 47.89 48.38

24 |35.06 60.48 39.83 64.40 56.55| 58.05 78.43 64.27 81.98 77.43 |71.58 85.66 74.63 87.92 85.48

36 | 58.27 88.37 65.24 89.59 82.48| 80.84 9530 83.81 96.23 93.94 |88.43 97.31 90.94 98.05 96.73

48 | 77.33 97.37 79.81 97.60 94.51| 92.20 99.18 94.21 99.35 98.86 |96.26 99.65 97.34 99.66 99.54

60 |88.84 99.62 90.54 99.65 98.82| 97.06 99.92 97.95 99.92 99.77 |99.11 99.97 99.38 99.98 99.95

7295.11 99.93 95.41 99.93 99.74| 99.04 99.98 99.34 99.98 99.94 [99.72 99.98 99.81 100 99.98

84(98.18 99.98 97.99 99.99 99.90| 99.70 100 99.85 100 99.99 |99.91 100  99.97 100 100

96 99.33 100 99.32 100 99.99| 99.90 100  99.92 100 100 |99.97 100 100 100 100

108]99.76 100 99.65 100 100 | 99.99 100 100 100 100 100 100 100 100 100

120 | 99.95 100 99.88 100 100 100 100 100 100 100 100 100 100 100 100

X2(3) 6 2.53 2.52 1.68 2.56 2.65 7.82 7.92 7.51 8.18 8.27 13.71 13.76 13.27 14.06 13.57
9| 4.33 472 3.56 5.93 5.19| 12.87 14.64 11.79 17.12 16.73 |21.48 24.42 19.70 26.56 26.51

12| 6.44 9.38 5.34 11.01 11.99| 19.40 23.33 19.01 25.88 26.62 |29.76 33.61 28.99 36.24 37.55

2420.79 38.98 24.54 43.66 39.79| 42.23 60.51 47.73 65.47 62.71 |56.22 71.27 60.62 75.63 73.36

36 (36.64 70.98 45.44 73.39 66.05| 62.48 85.53 68.98 87.89 84.63 |74.85 90.89 79.49 92.83 90.98

48 [53.26 88.86 58.74 89.93 82.91| 77.66 96.07 81.21 96.80 94.66 |86.99 97.74 89.49 98.31 97.39

60 | 66.94 96.65 73.27 96.83 93.57| 86.91 99.14 90.60 99.26 98.18 [93.52 99.53 95.41 99.68 99.33

72| 77.87 98.86 81.19 98.89 97.23| 93.15 99.74 95.08 99.85 99.50 |96.80 99.86 97.74 99.96 99.77

8486.23 99.73 88.28 99.78 99.05| 96.35 99.97 97.40 99.97 99.81 [98.52 99.98 99.01 99.98 99.98

96 | 91.18 99.91 93.72 99.94 99.72| 98.30 99.99 98.75 99.99 99.97 |99.30 99.99 99.58 100 100

108 | 94.94 99.98 95.52 99.98 99.88| 99.21 100 99.45 100 99.99 [99.73 100 99.81 100 99.99

120 |97.14 100 97.77 100 99.98| 99.56 100 99.75 100 100 |99.91 100 99.96 100 100

X2 (4) 6| 2.03 205 1.53 2.06 2.10| 7.16 7.15  6.75 7.41 7.70 |12.57 12.84 12.20 18.08 12.73
9| 3.39 356 275 4.22 3.77| 10.86 11.35 10.05 13.22 14.21 |18.61 20.01 17.48 20.94 22.46

12| 499 632 3.94 7.52 8.76| 16.07 18.67 14.65 20.50 21.75 |25.25 28.05 23.79 29.73 32.20

24(14.93 2536 17.04 29.30 28.79| 33.83 46.55 37.37 51.84 51.56 |45.52 58.64 49.59 63.51 63.35

36 |26.66 53.93 33.92 56.68 52.19| 50.78 74.53 56.71 78.07 75.16 |63.23 83.29 69.10 86.05 83.71

4838.69 76.20 44.89 78.02 70.68| 64.55 89.75 70.29 91.61 88.01 |76.42 93.97 80.95 95.32 93.36

60 |51.44 89.06 57.60 89.27 84.44| 75.87 96.37 80.76 97.00 94.86 |85.10 98.13 88.78 98.58 97.52

72(61.49 95.49 68.19 95.31 90.95| 83.33 98.68 88.06 99.14 97.78 |90.63 99.36 93.79 99.68 99.26

8470.21 98.17 75.64 98.16 95.90| 89.09 99.58 92.34 99.73 99.24 [94.50 99.81 96.72 99.90 99.79

96 | 78.69 99.25 83.59 99.21 98.39| 93.08 99.87 95.26 99.86 99.68 |96.98 99.93 97.93 99.96 99.86

108 | 83.89 99.66 86.47 99.63 99.24| 95.70 99.97 97.11 99.97 99.89 |98.16 99.98 98.94 100 99.95

120 | 88.48 99.93 91.50 99.93 99.66| 97.70 100  98.39 99.99 99.97 [99.05 100 99.64 100 100

x2(10) 6| 1.44 1.31 1.19 1.28 1.85| 563 578 596 594 6.08 |11.29 11.51 10.95 11.57 11.24
9| 1.94 207 1.67 2.39 231| 7.65 7.62 7.07 826 9.06 |13.43 13.92 13.09 14.52 15.77

12| 2.52 2,56 2.04 3.05 3.40| 9.66 10.03 9.19 10.14 11.96 |16.54 17.51 15.67 17.07 19.21

24 4.92 7.12 6.40 7.78 10.81 15.55 20.16 17.47 21.51 25.92 24.89 29.39 27.18 32.35 36.20

36| 8.65 15.40 12.50 15.63 19.96| 23.70 33.14 27.47 35.01 40.71 |34.62 44.66 39.00 47.52 52.63

48 |12.77 24.11 16.75 25.03 29.79| 30.30 45.63 36.18 48.10 53.59 |43.47 57.87 48.71 60.30 65.49

60 |16.64 33.71 23.07 34.18 41.82| 37.01 57.87 44.46 58.62 64.21 |50.54 68.78 57.59 71.44 75.45

72 |21.42 43.37 27.30 41.94 49.77| 44.31 66.80 51.44 68.57 72.57 |57.75 77.01 63.84 79.71 82.48

84(26.01 49.40 32.83 50.88 60.32| 50.36 73.98 58.10 75.75 80.08 |63.21 83.30 69.99 85.79 88.03

96 |31.02 60.63 39.56 57.31 69.17| 56.60 81.72 63.88 81.23 86.19 |68.52 88.65 75.52 89.55 91.67

108 | 34.95 67.40 40.88 65.37 74.73| 61.30 86.80 68.45 86.55 89.89 |74.12 92.50 80.07 93.26 94.13

120 | 39.64 72.05 47.12 70.75 79.88| 65.79 89.94 72.53 90.17 92.55 |77.25 94.87 82.92 95.79 96.08

LogN (0, 1) 6| 5.32 5.29 3.74 556 5.90| 12.08 12.27 10.11 12.59 12.87 |17.46 17.57 16.28 18.92 17.80
9(10.97 13.08 8.44 14.95 13.10| 24.95 28.29 20.03 31.55 34.70 |36.43 40.88 29.86 42.22 46.48

12(20.83 27.80 15.11 31.21 33.71| 41.51 48.32 37.84 90.56 53.13 |52.89 58.66 50.47 60.56 63.53

24 |60.97 78.45 65.56 79.92 80.05| 79.89 89.26 82.59 98.77 91.11 |[87.12 93.40 88.51 94.00 94.69

36| 85.27 96.10 88.70 96.33 95.89| 94.63 98.62 95.61 99.87 98.90 |96.97 99.30 97.68 99.37 99.43

48 [95.11 99.52 95.77 99.54 99.40| 98.79 99.78 99.01 99.98 99.85 |99.46 99.90 99.57 99.96 99.95

60| 98.56 99.94 98.86 99.94 99.91| 99.67 99.97 99.81 100 99.99 |99.89 99.99 99.93 100 99.99

72 99.58 99.98 99.63 99.98 99.99| 99.94 100  99.97 100 100 |[99.97 100  99.99 100 100

84(99.92 100 99.92 100 100| 100 100 100 100 100 100 100 100 100 100

9699.99 100 100 100 100| 100 100 100 100 100 100 100 100 100 100

108| 100 100 100 100 100| 100 100 100 100 100 100 100 100 100 100

120 100 100 100 100 100| 100 100 100 100 100 100 100 100 100 100

The bold number is the highest power among the five tests for each sample size.
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Table 3.9: Empirical percentage of powers for the five tests when errors generated from the

alternatives in Group I with Design 3 for a = 0.01,0.05 and 0.1

0.01 0.05 0.1
Alternatives n D Dsp D, Dy,; Thn D Dsp D, Dy,; Thn D Dgsp D, Dy,; Tn
X2(1) 4 1.29 1.29 1.25 0.88 2.05 5.78 5.78 5.80 4.99 8.57 12.56 11.51 12.62 10.47 15.13
8(11.06 12.32 8.03 15.33 12.81 23.2 25.68 20.99 28.47 25.38 32.61 35.82 30.95 38.66 39.24
12 | 23.56 32.23 20.50 38.56 33.11 44.48 54.06 43.84 57.26 54.98 56.74 64.41 57.03 67.11 65.95
24|67.42 85.79 71.58 87.07 82.22 85.05 93.24 87.18 93.87 99.44 91.07 95.83 92.51 96.13 96.38
36 |90.85 98.07 92.06 98.39 97.51 97.42 99.36 97.88 99.50 99.37 98.7 99.74 99.03 99.72 99.99
48 1 97.86 99.80 97.89 99.82 99.69 99.62 99.95 99.64 99.96 99.96 99.91 99.97 99.86 99.98 100
60 | 99.75 100 99.68 100 99.99 99.96 100 99.96 100 100 99.99 100 100 100 100
721 99.95 100 99.93 100 100 100 100 100 100 100 100 100 100 100 100
84| 100 100 99.99 100 100 100 100 100 100 100 100 100 100 100 100
96 | 99.99 100 99.99 100 100 100 100 100 100 100 100 100 100 100 100
108 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
120 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Exzp(0,1) 4| 1.10 1.10 1.08 0.83 1.32 5.84 5.84 5.84 5.25 5.93 11.47 10.91 11.53 10.76 11.77
8| 5.32 5.82 3.66 7.30 7.29 14.77 16.45 12.69 18.26 16.90 22.91 24.74 21.28 26.76 27.01
12 (11.62 15.59 9.63 20.29 17.86 27.35 33.78 26.28 36.98 37.05 38.54 44.62 38.22 48.16 48.62
24| 34.05 61.22 40.38 65.81 55.98 58.13 78.31 63.62 81.56 77.17 70.38 85.21 74.43 87.5 85.25
36 | 58.46 88.45 64.17 90.29 83.16 81.25 95.23 84.29 96.13 94.04 88.23 97.28 90.45 97.9 96.78
48 | 76.35 97.09 80.19 97.32 94.79 92.24 98.95 93.70 99.28 98.76 96.09 99.53 96.89 99.62 99.47
60 | 89.08 99.45 90.08 99.50 98.65 97.32 99.91 97.97 99.92 99.80 98.94 99.97 99.28 99.96 99.93
72195.26 99.94 95.78 99.92 99.80 99.11 99.98 99.34 99.97 99.95 99.68 99.99 99.74 99.99 99.98
84 198.58 99.96 98.25 99.95 99.90 99.74 99.99 99.79 100 99.98 99.87 100 99.94 100 99.99
96 | 99.30 100 99.12 99.99 99.98 99.92 100 99.89 100 100 99.96 100 99.98 100 100
108 | 99.77 100 99.70 100 100 99.97 100 99.98 100 100 100 100 100 100 100
120 | 99.90 100 99.83 100 100 100 100 99.99 100 100 100 100 100 100 100
x2 (3) 4| 1.14 1.14 1.13 1.14 1.12 5.4 5.4 5.38 5.67 5.2 10.86 10.95 10.87 10.85 10.74
8 3.84 4.16 2.56 4.82 5.19 11.47 12.14 10.34 13.39 13.21 18.76 19.7 17.66 21.28 22.28
12| 7.14 9.1 5.47 12.26 12.58 19.12 24.39 18.41 26.83 27.6 29.53 34.44 2449 37.35 38.1
24119.94 40.28 25.26 45.08 39.54 41.87 61.27 47.74 66.52 62.95 55.1 71.93 60.01 75.98 73.42
36 | 37.65 70.8 44.87 75.52 65.68 61.83 86.13 68.32 88.78 84.74 73.78 91.31 78.58 93.46 90.9
48 | 52.73 89.11 59.51 90.31 83.92 77.55 95.97 81.79 96.84 94.82 86.11 97.8 89.57 98.22 97.33
60 | 68.19 96.57 72.89 96.87 93.39 87.65 98.96 90.33 99.26 98.3 93.35 99.57 95.21 99.68 99.33
72| 78.75 98.93 82.03 99.01 97.31 92.98 99.8 95.13 99.82 99.43 96.61 99.94 97.86 99.96 99.75
84| 87.33 99.77 88.69 99.72 99.01 96.61 99.99 97.55 99.97 99.86 98.46 99.99 99.03 99.98 99.97
96 | 91.55 99.89 92.87 99.91 99.69 98.15 99.98 98.8 99.97 99.96 99.19 99.99 99.57 99.99 100
108 [ 95.19 99.95 95.67 99.96 99.93 99.02 100 99.34 100 99.99 99.71 100 99.8 100 99.99
120 | 97.2 100 97.35 100 99.98 99.74 100 99.78 100 100 99.9 100 99.96 100 100
X2 (4) 4] 099 0.99 1  0.88 1.25| 5.15 5.15 5.16 5.03 5.66 |10.51 10.29 10.5 10.07 10.91
8| 3.14 3.32  2.17 3.63 4.16 9.94 10.69 8.92 11.73 11.45 16.54 17.81 15.53 18.52 19.53
12 5.51 6.75 4.06 8.51 8.93 15.83 18.42 15.62 20.74 22.38 24.73 28.03 24.64 30.18 32.05
24| 14.43 27.95 17.78 31.96 29.67 31.95 48.19 37.22 53.59 52.3 44.42 60.23 49.5 64.89 64.14
36 | 26.07 53.65 32.77 58.76 53.52 50.57 74.37 56.83 78.49 75.1 62.8 83.1 68.6 86.5 83.84
48 | 37.52 75.98 44.4 78.04 70.9 64.21 89.49 69.1 91.9 88.23 75.9 93.91 80.54 95.54 93.13
60| 51.2 88.31 56.92 89.61 83.96 75.36  96.26 80.42 97.22 94.97 85 98.13 88.72 98.64 97.54
72|61.53 95.65 68.19 95.67 92.71 82.93 98.79 87.8 99.18 97.94 90.66 99.58 93.98 99.67 99.23
84| 72.45 97.95 75.96 98 95.73 89.58 99.51 92.61 99.68 99.24 94.75 99.84 96.56 99.89 99.73
96 | 78.64 99.33 81.9 99.31 98.16 93.08 99.88 95.13 99.88 99.65 96.7 99.96 97.95 99.96 99.86
108 | 84.67 99.74 87.27 99.74 99.28 95.73 99.94 97.22 99.95 99.93 98.31 99.97 99.02 99.98 99.99
120 | 89.47 99.92 90.81 99.9 99.66 97.71 99.99 98.4 99.99 99.97 99.12 100 99.57  99.99 100
X2(10) 4 1.2 1.2 1.21 1.1 1.02 5.47 5.47 5.47 5.27 5.32 10.48 10.54 10.48 10.45 10.48
8| 1.47 1.45 1.26 1.78 1.94 6.63 6.91 6.3 T7.03 6.85 12.49 12.8 12.14 13.06 13.28
12 2.43 2.72 1.92 3.39 4.17 9.23 10.42 8.59 10.9 12.28 16.31 17.52 15.58 18.71 20.11
24| 4.65 7.96 6.26 9.05 11.03 15.5 20.66 17.71 22.78 26.15 24.35 30.53 27.38 33.01 36.86
36| 857 14.66 11.72 17 20.02 23.16 31.84 27.95 35.06 40.88 33.6 44.22 38.55 47.18 52.72
48 | 12.05 23.64 16.34 25.46 29.81 30.58 44.57 35.09 47.93 54.07 42.68 57.14 48.54 60.92 65.46
60 | 17.29 32.9 22.78 34.17 41.19 37.63 56.97 44.24 59.61 65.02 50.5 68.68 57.24 71.79 75.17
72(21.82 44.06 27.76 43.26 52.09 43.6 66.74 52.17 68.64 73.21 56.11 77.41 64.34 80.08 82.25
84 |27.29 52.11 33.06 51.46 59.32 50.5 75.09 57.72 75.51 80.77 63.44 83.94 70.27 85.61 87.7
96 | 31.47 60.02 38 57.96 67.19 55.41 81.39 63.12 81.14 86.22 68.12 88.56 74.86 89.39 91.42
108 | 35.37 67.15 42.8 64.93 75.08 60.5 86.66 67.91 86.81 89.96 73.21 92.73 78.93 93.1 94.39
120 | 40.56 73.12 45.79 70.5 80.29 66.31 90.62 72.54 90.13 92.64 76.85 94.99 83.37 95.59 96.24
LogN(0,1) 4| 1.18 1.18 1.18 0.88 1.37 5.73 5.73 5.72 5.45 6.9 11.64 11.37 11.67 11.03 13.36
8110.03 11.02 5.9 12,96 13.1 21.26 23.49 17.86 25.31 24.21 30.59 33.1 26.67 34.59 37.51
12 | 21.57 28.2 16.51 33.21 34.14 41.23 48.93 38.6 51.5 53.96 52.33 59.14 51.28 61.7 63.96
24| 60.82 79.1 65.62 80.99 80.16 79.32 89.65 82.67 90.67 91.35 86.72 93.45 88.68 93.84 94.73
36 | 84.97 96.06 87.82 96.29 96.08 94.29 98.63 95.79 98.65 98.79 96.92 99.24 97.62 99.36 99.35
48 194.95 99.35 95.84 99.42 99.49 98.71 99.8 99.02 99.85 99.89 99.38 99.92 99.6 99.9 99.93
60| 98.71 99.92 98.98 99.92 99.9 99.71 99.96 99.8 99.99 99.98 99.88 99.99 99.93 99.99 99.99
72199.59 99.97 99.68 99.97 99.98 99.93 99.99 99.98 100 100 99.96 100 99.99 100 100
841 99.93 100 99.91 100 100 99.99 100 99.99 100 100 100 100 100 100 100
96 | 99.98 100 99.98 100 100 100 100 100 100 100 100 100 100 100 100
108 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
120 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

The bold number is the highest power among the five tests for

each sample size.
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Table 3.10: Empirical percentage of powers for the five tests when errors generated from

the alternatives in Group I with Design 4 for a = 0.01,0.05 and 0.1

0.01 0.05 0.1
Alternatives n D D,, D. Dy T, | D D.p D. Dy, T, D D,, D. Dy; T
X2 (1) 4] 129 129 1.25 088 7.09| 578 578 5.8 4.99 8.57 12.56 11.51 12.62 10.47 15.13
8| 949 107 7.91 13.51 16.56| 24.03 26.37 19.89 28.86 27.93 33.28 37.19 29.97 39.52 39

12| 22.6 31.4 19.59 38.61 31.87| 43  52.66 42.71 57.72  54.7 55.81 63.23 56.01 66.42 65.58

24| 67.69 84.79 69.44 85.95 83.01| 852 93.05 86.58 93.86 93.33 91.14 95.87 92.03 96.27 96.59

36 |91.47 97.95 92.03 97.96 97.67| 97.54 99.31 98.08 99.35 99.51 98.91 99.65 99.06 99.76 99.75

48| 98.13 99.72 98.28 99.74 99.74| 99.63 99.94 99.65 99.96 99.97 99.8 99.97 99.87 99.96 99.99

60| 99.59 99.93 99.69 99.97 100 | 99.93 99.99 99.97 100 100 99.98 100 100 100 100

72|99.94 100 99.93 100 100| 100 100 100 100 100 100 100 100 100 100

84(99.99 100 99.99 100 100| 100 100 100 100 100 100 100 100 100 100

96| 100 100 99.99 100 100| 100 100 100 100 100 100 100 100 100 100

108| 100 100 100 100 100| 100 100 100 100 100 100 100 100 100 100

120 100 100 100 100 100| 100 100 100 100 100 100 100 100 100 100

Exp(0,1) 4] 1.1 1.1 1.08 0.83 3.88| 5.84 584 584 525 5.93 11.74 10.91 11.53 10.76 11.77
8| 4.69 5.05 3.61 6.78 9.07| 14.98 16.36 12.48 17.71 18.21 23.16 25.58 20.96 27.13 27.59

12(10.81 14.69 8.95 20.07 17.19| 259 32.34 2544 37.49 36.37 37.25 43.4  37.73 47.16 48.34

24|35.24 61.16 38.96 65.08 57.33| 59.32 78.27 63.23 81.86 77.42 71.31 85.44 74.6 87.57 85.43

36| 60.28 88.33 63.87 89.8 82.76| 80.84 95.15 83.82 96.10 94.04 88.48 97.27 90.55 97.86 96.66

48 | 78.27 97 81.61 97.21 95.24| 92.19 98.97 94.27 99.13 98.79 96.17 99.4  96.99 99.58 99.47

60| 89.29 99.44 90.29 99.40 98.55| 97.41 99.88 98 99.86 99.79 98.94 99.92 99.28  99.9 99.96

72| 95.4 99.92 95.31 99.85 99.74| 99.17 99.98 99.32 99.97 99.95 99.76 99.98 99.77 99.99 99.99

84(98.23 99.98 98.12 99.95 99.9| 99.73 99.99 99.8 100 99.99 99.92 100  99.93 100 100

96 |99.32 99.99 99.09 99.99 99.98 | 99.88 100 99.9 99.99 100 99.96 100  99.98 100 100

108]99.81 100 99.64 100 100 | 99.98 100 100 100 100 100 100 100 100 100

120 | 99.95 100 99.88 100 100 100 100 100 100 100 100 100 100 100 100

X2(3) 4 1.14 1.14 1.13 1.14 2.68 5.40 5.40 5.38 5.67 5.2 10.86 10.95 10.87 10.85 10.74
8| 3.24 350 249 404 6.09| 11.38 11.85 10.14 12.79 18.61 18.63 19.74 17.41 21.54 22.43

12 6.52 8.81 5.08 11.88 11.97 18.76 22.88 17.88 27.16 27.04 28.86 33.48 29.21 37.14 37.66

24| 21.1 40.24 24.12 43.86 40.77| 43.02 61.30 46.59 66.22 63.19 55.71 71.89 59.63 76.03 73.77

36| 38.69 71.90 44.28 74.56 66.18| 62.94 86.59 68.94 88.64 85.03 74.84 91.28 79.05 93.17 90.95

48 |54.84 88.73 61.74 90.09 84.79| 77.14 95.99 82.42 97.02 94.68 86.10 97.94 89.51 98.37 97.32

60 | 67.79 96.58 73.19 96.64 92.97| 87.11 99.03 90.77 99.06 98.25 93.37 99.58 95.18 99.67 99.25

72| 78.80 98.83 81.02 98.74 97.12| 92.86 99.75 94.90 99.87 99.42 96.76 99.95 97.76 99.93 99.79

8486.09 99.68 88.64 99.67 99.09| 96.47 99.97 97.34 99.97 99.80 98.55 99.98 99.09 99.98 99.97

96| 91.24 99.90 92.40 99.89 99.69 | 98.23 99.97 98.71 99.98 99.95 99.28 99.99 99.55 99.98 100

108 | 94.92 99.97 95.54 99.96 99.88| 99.29 99.98 99.54 99.98 99.99 99.80 99.98 99.88 100 100

120 [97.20 100 97.45 100 99.98 | 99.60 100 99.78 100 100 99.91 100  99.96 100 100

X2(4) 4] 099 099 1.00 088 2.21| 5.5 5.15 5.16 5.03 5.66 10.51 10.29 10.50 10.07 10.91
8| 272 284 223 314 4.83| 9.63 9.93 8.52 10.80 11.69 16.34 17.63 15.26 18.33 19.51

12| 505 6.20 3.76 867 8.82| 15.27 17.87 14.77 21.05 21.70 24.16 27.37 23.94 30.22 31.60

2414.99 27.45 17.16 30.48 31.12| 33.03 48.22 36.69 52.94 52.30 45.60 59.89 49.14 64.26 63.82

36 |27.13 53.73 32.39 B7.74 52.65| 50.77 74.29 56.53 78.15 75.19 63.80 83.00 68.54 86.63 83.90

4839.72 75.13 46.68 77.52 71.86| 63.83 89.26 70.34 91.76 88.05 75.62 93.92 80.65 95.31 93.18

60 |51.26 89.13 57.42 89.36 83.53| 75.73 96.31 80.68 97.05 94.98 85.16 97.98 88.79 98.69 97.45

72| 61.84 95.45 66.69 95.50 92.18| 82.68 98.82 87.39 99.10 97.93 90.84 99.47 93.31 99.65 99.27

8470.64 98.14 7578 98.12 96.16| 89.18 99.54 92.18 99.60 99.25 |94.700 99.77 96.38 99.86 99.76

96 | 77.92 99.35 81.15 99.27 98.23| 93.20 99.86 95.17 99.88 99.64 96.81 99.92 97.94 99.94 99.87

108 | 84.31 99.64 86.42 99.58 99.16 | 96.03 99.95 97.16 99.96 99.91 98.21 100  99.02 99.99 99.95

120 [ 89.09 99.90 91.01 99.87 99.64 | 97.47 99.99 98.44 99.98 99.97 98.95 100  99.56 100 99.99

x2(10) 4] 120 1.20 1.21 1.10 1.40| 5.47 547 547 527 5.32 10.48 10.54 10.48 10.45 10.48
8 1.75 1.85 1.47 1.85 2.79 7.02 6.83 6.45 7.31 7.77 12.59 13.11 12.23 13.21 14.37

12| 219 273 1.90 3.30 4.03| 8.66 9.79 851 10.81 12.17 16 16.44 15.81 17.90 19.70

24| 517 759 598 842 11.8| 16.07 20.47 17.67 22.53 26.33 25.34 30.59 27.61 33.08 36.87

36| 9.23 15.66 11.85 16.82 20.18| 23.06 32.7 27.15 36.01 40.96 34.24 45.07 38.53 48.13 52.37

48| 12.86 22.58 17.51 24.35 31.39| 30.22 44.24 36.3 48.35 53.56 42.60 57.10 48.76 59.74 65.74

60| 17.37 33.32 23.33 33.74 40.71| 38.07 57.23 45.14 589 65.05 50.78 69.53 57.92 72.07 74.91

72|21.95 43.81 26.36 43.18 50.81| 43.5 66.94 51.5 69.15 73.11 56.87 77.35 63.26 79.60 82.71

8426.31 51.99 3242 51.68 61.4| 50.19 74.7 57.29 75.61 80.30 63.29 83.88 70.07 85.55 87.68

96 | 30.58 59.46 37.17 58.20 67.94| 56.00 81.28 63.10 81.86 86.20 68.55 88.69 75.18 89.57 91.16

108 | 35.15 66.71 41.07 64.51 73.98| 61.71 86.67 68.80 86.60 89.86 73.73 92.65 79.92 93.14 94.13

120 | 40.36  72.72 47.01 70.57 79.58 | 65.45 90.74 73.29 89.87 92.72 77.35 95.43 83.2 95.65 96.2

LogN (0, 1) 4] 1.18 1.18 1.18 0.88 6.20| 5.73 5.73 572 5.45 6.90 11.64 11.37 11.67 11.03 13.36
8| 8.82 10.04 6.20 11.78 16.07 | 21.62 23.37 17.34 24.84 25.96 30.43 33.24 26.02 35.03 36.92

12(21.19 27.12 16.09 33.04 32.98| 39.33 47.53 37.3 51.84 53.46 51.5 58.08 50.48 61.01 63.28

24|61.79 79.02 64.89 79.96 80.84| 79.95 89.43 82.07 90.59 91.38 86.99 93.47 88.53 93.72 94.75

36| 85.75 96.09 87.76 96.25 96.03| 94.76 98.68 95.50 98.71 98.94 97.18 99.18 97.58 99.30 99.42

48| 95.34  99.30 96.23 99.25 99.46 | 98.68 99.77 99.07 99.83 99.90 99.45 99.90 99.67 99.91 99.93

60| 98.60 99.85 98.99 99.87 99.91| 99.75 99.97 99.84 99.97 99.98 99.90 99.97 99.94 99.98 100

7299.62 99.97 99.61 99.97 99.98| 99.95 100  99.98 99.99 100 99.98 100  99.99 100 100

84(99.93 100 99.90 100 100| 99.99 100 100 100 100 100 100 100 100 100

9699.98 100 99.98 100 100| 100 100 100 100 100 100 100 100 100 100

108| 100 100 100 100 100| 100 100 100 100 100 100 100 100 100 100

120 100 100 100 100 100| 100 100 100 100 100 100 100 100 100 100

The bold number is the highest power among the five tests for each sample size.
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Table 3.11: Empirical percentage of powers for the five tests when errors generated from

the alternatives in Group I with Design 5 for a = 0.01,0.05 and 0.1

0.01 0.05 0.1
Alternatives n D D,, D. Dy, Tn| D D.p D. Dy, T, D D., D. Dy; T,
X2(1) 4] 093 1.01 2.91 1.83 1.88| 5.12 8.62 9.20 7.96 8.834 |12.05 15.27 14.93 15.93 15.55
8| 971 1251 6.62 18.46 17.53| 26.60 32.30 20.04 35.84 33.97 |37.95 43.00 31.75 43.62 43.06

12| 25.58 38.83 20.84 48.03 36.04| 46.86 63.58 45.13 67.86 56.90 |59.51 73.49 58.43 74.89 66.82

24(73.19 95.16 71.67 93.54 83.47| 89.89 99.58 88.87 98.39 93.95 |94.36 99.33 93.93 99.39 97.10

36| 94.8 99.86 91.80 99.51 97.55| 99.07 99.99 98.37 99.95 99.60 |99.62 100  99.44 99.99 99.79

48 99.46 100 98.80 99.98 99.81| 99.98 100  99.90 100 99.96 100 100 99.99 100 100

60 | 99.99 100 99.80 100 100 100 100 100 100 100 100 100 100 100 100

72|99.99 100 99.97 100 100| 100 100 100 100 100 100 100 100 100 100

84| 100 100 100 100 100| 100 100 100 100 100 100 100 100 100 100

96| 100 100 100 100 100| 100 100 100 100 100 100 100 100 100 100

108| 100 100 100 100 100| 100 100 100 100 100 100 100 100 100 100

120 100 100 100 100 100| 100 100 100 100 100 100 100 100 100 100

Exp(0,1) 4| 085 1.04 1.45 1.22 1.17| 514 6.3 6.28 584 6.13 |11.07 12.28 11.88 12.12 12.10
8| 412 4.92 3.08 7.80 8.15| 15.04 18.13 12.37 20.19 21.59 |24.14 27.74 21.33 28.19 30.21

121152 16.07 9.00 22.42 18.88| 26.26 36.4  26.08 42.77 37.13 |38.03 48.7 38.98 52.67 48.82

24 35.53 71.08 39.98 75.836 58.02| 60.32 86.25 64.46 88.65 78.24 |72.84 91.26 75.67 92.63 85.89

36 | 59.55 95.85 62.45 94.92 83.72| 82.57 98.46 83.54 98.47 94.01 |89.71 99.19 90.95 99.19 97.34

48 |79.14 99.55 81.62 98.97 95.54| 93.72 99.83 94.22 99.80 98.91 |97.19 99.92 97.49 99.94 99.68

60|91.36 99.96 90.53 99.80 98.92| 98.17 99.99 97.91 99.98 99.84 [99.29 100  99.42 100 99.96

72|96.98 100 95.50 99.99 99.84| 99.51 100 99.4 100 99.96 | 99.8 100 99.82 100 99.99

84(99.02 100 98.08 100 99.91| 99.9 100 99.8 100 100 [99.98 100 99.97 100 100

96 99.68 100 99.22 100 99.98| 99.99 100  99.95 100 100 100 100 100 100 100

108 [99.95 100 99.76 100 100| 100 100 100 100 100 100 100 100 100 100

120 | 99.97 100 99.9 100 100 100 100 100 100 100 100 100 100 100 100

X2(3) 4 1.04 1.03 0.99 1.09 1.10 5.41 5.48 5.33 5.42 5.48 10.79 11.21 10.76 11.94 11.51
8| 2.80 3.34 242 459 5.49| 11.34 12.9 9.34  14.6 16.02 18.7 21.13 17.47 22.21 28.78

12| 7.03 911 5.36 1247 12.81| 19.55 24.63 18.63 29.23 27.53 |29.15 35.40 30.38 39.66 38.73

2420.66 44.53 24.67 51.29 40.46 | 42.93 67.17 47.13 73.17 62.79 |56.42 76.92 60.34 80.78 74.22

36 |36.84 79.85 42.78 82.74 67.18| 63.29 91.62 68.36 93.65 84.51 |74.94 95.18 79.22 96.00 91.59

48| 53.09 94.87 61.22 94.45 85.56| 77.70 98.44 82.23 98.44 94.72 |87.00 99.14 90.07 99.32 97.58

60 | 68.65 98.81 73.00 98.10 94.07| 87.77 99.74 90.48 99.65 98.42 |93.56 99.92 95.58 99.91 99.29

72| 79.57 99.70 81.49 99.33 97.53| 93.51 99.96 94.95 99.89 99.45 |97.07 99.99 98.05 99.98 99.78

8486.49 99.94 88.43 99.82 99.08| 96.62 100  97.42 99.99 99.85 |98.74 100  99.10 100 99.99

96(92.60 100 92.83 99.97 99.72| 9851 100  98.92 100 99.98 |99.54 100  99.76 100 100

108 |95.55 100 95.94 99.98 99.94| 99.28 100  99.45 100 100 |99.81 100 99.87 100 100

120 |97.72 100 97.18 100 99.98| 99.69 100  99.76 100 100 |99.94 100 99.95 100 100

X2 (4) 4] 1.20 1.05 1.13 1.02 1.06| 545 5.67 5.37 5.60 5.71 |10.53 11.36 10.68 11.32 10.71
8| 2.05 244 1.91 3.32 4.26| 941 1072 7.92 11.62 13.13 |16.66 18.30 14.97 18.64 20.60

12| 533  6.21 4.26 854 9.38| 1568 18.84 14.59 22.15 22.29 |24.71 28.46 24.47 31.81 31.93

24(14.54 29.08 17.9 34.81 29.85| 33.55 51.67 37.97 58.20 52.61 |46.00 63.39 50.38 69.01 64.34

36 |25.79 60.40 31.16 64.83 53.73| 50.91 79.81 55.64 83.77 74.87 |63.26 86.84 68.25 89.63 84.27

48 |37.92 82.76 46.89 84.37 73.34| 63.47 93.09 70.54 94.92 88.44 |76.11 96.29 81.05 97.39 93.69

60 |51.34 93.41 57.79 93.59 85.56| 75.42 98.17 80.97 98.45 95.45 |84.53 99.2  89.14 99.25 97.68

72(61.80 97.68 68.02 97.18 92.98| 83.12 99.57 87.98 99.58 98.27 |90.69 99.85 94.11 99.81 99.34

84|70.43 99.13 75.30 98.80 95.87| 89.14 99.90 92.10 99.98 99.18 |94.75 99.98 96.33 99.98 99.74

96 | 78.85 99.76 82.33 99.61 98.13| 93.08 99.98 95.27 99.98 99.67 |96.91 100  98.26 100 99.92

108 | 84.52 99.92 88.50 99.79 99.27| 95.81 100  97.35 99.99 99.93 |98.63 100  99.06 100 99.99

120 | 89.68 99.99 90.89 99.93 99.75| 97.56 100  98.24 100 99.96 |99.12 100 99.42 100 99.99

x2(10) 4] 1.00 097 098 1.01 1.02| 5.14 546 4.99 5.70 5.66 |10.07 11.02 10.17 10.63 10.37
8 1.30 1.48 1.21 1.73 2.04 6.89 7.19 6.45 7.36 8.09 12.80 13.32 12.09 13.50 14.51

12| 2.65 228 2.01 268 4.14| 8.83 10.07 869 10.74 12.24 |15.86 17.36 16 18.77 19.81

24| 5.16 7.59 6.54 8.95 10.93| 1551 20.54 18.26 23.13 25.96 |24.99 30.6 27.74 34.28 37.30

36| 8.65 15.51 10.93 17.46 20.69| 23.16 33.28 26.97 36.26 40.17 |33.96 44.43 38.80 48.75 53.25

48| 12.47 26.63 17.54 27.48 32.22| 30.43 46.52 36.52 49.61 53.90 |43.41 58.89 49.22 61.67 65.77

60 |17.15 35.30 22.74 36.45 43.23| 36.99 58.69 44.41 61.09 65.24 |49.97 70.28 58.02 73.11 75.53

72 |21.62 44.77 28.32 44.77 52.82| 43.50 68.75 51.69 70.57 74.04 |56.86 79.18 65.02 81.63 82.68

84(25.08 52.97 32.58 52.6 59.67| 49.71 76.60 57.64 77.56 80.65 |63.63 85.01 70.09 86.73 87.79

96 | 31.65 60.55 37.83 61.65 67.45| 55.61 83.14 63.18 83.32 85.69 |68.16 89.90 75.10 91.07 91.51

108 [ 35.36  69.02 42.66 67.46 74.25| 60.66 88.09 68.26 88.25 89.80 |73.13 93.39 79.84 94.30 94.51

120 | 40.77 76.32 45.82 73.74 80.71| 65.33 91.66 72.54 92.30 93.07 |77.33 95.78 82.87 96.39 96.21

LogN (0, 1) 4| 1.11 1.28 1.77 1.44 1.33| 597 6.973 7.21 7.41 7.03 |12.44 13.44 13.58 14.02 13.93
8| 7.80 10.44 4.23 12.76 17.12| 22.84 27.664 15.43 27.95 32.16 |33.26 37.84 26.92 38.31 40.78

12(23.56 30.85 16.27 35.94 34.80| 42.08 52.84 39.44 54.55 53.41 |54.02 62.58 52.52 64.79 63.35

24 |63.58 85.02 65.92 84.19 80.33| 81.23 93.59 82.87 93.33 91.05 |88.42 96.1  89.12 96.37 95.19

36 |86.55 98.11 87.01 97.1 95.9| 95.32 99.51 95.72 99.21 98.72 |97.56 99.75 97.9  99.64 99.51

48 |95.88 99.84 96.35 99.51 99.52| 98.97 99.97 99.04 99.94 99.87 |99.56 99.97 99.6 99.98 99.94

60(99.02 100 99.06 99.99 99.91| 99.83 100  99.85 100 99.98 [99.92 100  99.95 100 99.99

7299.79 100 99.69 100 99.99| 99.99 100  99.95 100 100 100 100 99.99 100 100

84(99.97 100 99.92 100 100| 100 100 100 100 100 100 100 100 100 100

9699.99 100 99.99 100 100| 100 100 100 100 100 100 100 100 100 100

108| 100 100 100 100 100| 100 100 100 100 100 100 100 100 100 100

120/ 100 100 100 100 100| 100 100 100 100 100 100 100 100 100 100

The bold number is the highest power among the five tests for each sample size.
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Table 3.12: Empirical percentage of powers for the five tests when errors generated from

the alternatives in Group I with Design 6 for a = 0.01,0.05 and 0.1

0.01 0.05 0.1
Alternatives n D Dsp D, Dy,; Th D Dsyp D, Dy,; Thn D Dgy D, Dy; Th
X2(1) 4 3.23 3.23 5.12 3.23 3.23 12.90 12.90 13.98 12.90 12.90 22.42 22.42 23.18 22.42 22.42
8| 12.87 14.72 9.28 24.97 20.95 25.80 37.88 28.67 48.74 35.95 38.35 54.82 48.11 60.76 48.23
12 [26.61 51.69 20.01 66.92 39.95 48.61 75.47 55.62 83.17 62.51 61.89 81.86 70.91 89.45 72.78
24| 75.14 99.00 77.03 99.52 85.91 91.29 99.73 92.59 99.88 95.88 95.30 99.85 96.62 99.97 98.06
36 | 96.14 100 94.61 100 98.60 99.52 100 99.18 100 99.77 99.76 100  99.77 100 99.93
48 1 99.75 100 99.12 100 99.89 99.99 100 99.88 100 100 100 100 99.98 100 100
60 100 100 99.87 100 100 100 100 99.99 100 100 100 100 100 100 100
72 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
84 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
96 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
108 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
120 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Ezp(0,1) 4| 1.38 1.38 2.10 1.38 1.38 6.99  6.99 7.46 6.99 6.99 13.33 13.33 13.81 13.33 13.33
8| 6.46 6.58 3.55 9.41 10.51 15.23 19.29 15.02 24.99 23.03 23.55 31.54 28.64 36.01 33.06
12 11.98 19.36 7.81 31.07 21.73 27.57 43.06 29.23 52.59 41.58 39.73 53.38 45.61 63.48 53.10
24 | 36.71 79.07 40.64 85.86 59.82 60.30 91.41 69.11 94.91 80.73 73.03 94.85 80.10 97.13 88.22
36 | 60.57 97.80 66.06 98.62 85.90 83.42 99.49 86.86 99.79 95.36 90.43 99.76 92.66 99.88 97.65
48 [ 81.37 99.86 83.93 99.93 95.94 94.35 99.98 95.59 99.99 99.15 97.33 99.98 98.01 100 99.63
60 | 91.79 100 91.24 100 99.01 98.39 100 98.38 100 99.84 99.47 100 99.46 100 99.97
72 | 96.91 100 96.33 100 99.84 99.61 100 99.47 100 99.96 99.83 100 99.87 100 99.99
84 199.13 100 98.20 100 99.95 99.90 100 99.82 100 100 99.98 100 99.97 100 100
96 | 99.45 100 99.35 100 99.99 99.99 100 99.96 100 100 100 100 100 100 100
108 100 100 99.77 100 100 100 100 100 100 100 100 100 100 100 100
120 100 100 99.89 100 100 100 100 100 100 100 100 100 100 100 100
X2(3) 4 1.06 1.06 1.50 1.06 1.06 5.81 5.81 6.19 5.81 5.81 12.12 12.12 12.48 12.12 12.12
8| 4.30 4.38 2.64 5.36 6.88 11.30 13.25 10.38 16.56 17.13 17.96 23.00 20.92 25.57 25.68
12| 8.15 10.89 4.87 16.81 14.43 20.02 27.59 19.76 34.66 30.75 30.51 38.13 33.14 45.95 41.91
241 22.61 50.33 23.76 60.62 42.00 41.90 71.31 50.28 79.89 65.41 56.15 80.36 64.18 86.91 75.09
36 | 37.28 84.38 44.01 87.61 70.29 63.49 94.23 71.50 96.56 86.83 75.73 96.81 82.07 98.47 92.27
48 | 55.57 96.79 63.27 97.68 85.86 78.39 99.21 84.37 99.58 95.42 87.14 99.61 91.17 99.84 98.04
60 [ 68.70 99.48 73.65 99.63 94.55 87.94 99.94 90.96 99.98 98.44 94.22 99.98 96.17 99.99 99.29
72 [79.56 99.94 83.55 99.97 97.96 93.76 100 95.91 100 99.51 97.22 100 98.36 100 99.82
84 | 87.77 100 88.96 100 99.24 97.02 100 97.87 100 99.91 98.82 100 99.27 100 99.99
96 | 92.72 100 93.38 100 99.72 98.46 100 98.99 100 99.99 99.57 100 99.82 100 100
108 | 95.95 100 96.02 99.99 99.95 99.31 100 99.53 100 100 99.81 100 99.91 100 100
120 | 99.68 100 97.79 100 99.98 99.78 100 99.90 100 100 99.96 100 99.98 100 100
X2 (4) 4| 078 0.78 1.18 0.78 0.78| 5.35 5.35 5.60 535 5.35 |11.52 11.52 11.85 11.52 11.52
8| 3.53 3.56 2.06 3.84 5.07 9.80 10.71 8.83 12.91 14.31 16.12 19.50 17.62 21.29 21.76
12| 6.08 7.58 3.30 11.19 10.81 16.10 20.37 15.56 25.31 24.63 25.77 30.01 26.86 35.68 34.87
24 115.69 32.21 16.10 41.18 31.08 32.36 54.57 39.12 63.49 54.51 45.35 65.47 53.29 73.86 65.71
36 [ 26.29 64.12 32.03 68.84 56.66 50.32 82.49 58.76 87.65 T77.37 63.64 89.08 71.52 93.08 85.16
48 1 39.71 85.16 47.80 87.63 73.67 64.82 94.59 72.14 96.77 89.08 76.38 97.01 82.89 98.61 93.9
60 | 51.47 94.80 57.66 96.26 85.93 75.43 98.87 81.75 99.40 95.55 85.27 99.50 89.80 99.77 97.88
721 62.08 98.44 70.24 99.02 93.15 83.61 99.73 89.34 99.92 98.17 91.68 99.92 94.81 99.97 99.40
84 [ 70.62 99.47 75.57 99.60 96.52 89.76 99.93 92.92 99.98 99.26 94.91 99.98 96.91 100 99.75
96 | 78.57 99.95 82.85 99.95 98.20 93.20 100 95.68 100 99.74 96.94 100 98.36 100 99.96
108 | 86.67 99.99 87.74 100 99.41 95.61 100 97.29 100 99.94 98.27 100  99.09 100 99.99
120 | 90.05 100 91.55 100 99.73 97.56 100 98.58 100 99.96 99.11 100 99.66 100 100
X2(10) 4| 0.73 0.73 0.97 0.73 0.73 4.97  4.97 5.01 4.97 4.97 10.12 10.12 10.22 10.12 10.12
8 2.20 2.21 1.39 2.20 2.56 6.92 7.07 6.15 7.75 8.30 11.67 13.06 12.84 13.98 14.54
12| 2.83 3.11 1.61 3.81 4.62 9.29 10.69 8.76 12.23 13.62 16.91 17.93 16.57 19.93 20.97
24| 5.98 8.09 5.56 10.35 11.18 15.67 21.11 17.75 25.07 27.36 24.77 31.40 28.57 35.07 38.24
36| 9.01 16.43 11.04 17.58 22.38 23.39 35.73 28.04 39.31 42.11 34.66 47.41 40.31 51.12 53.78
48 [ 13.56 26.34 17.60 27.49 31.90 30.70 46.74 36.85 51.22 54.79 42.92 59.33 49.67 63.67 66.48
60 | 17.35 35.45 22.31 37.17 43.44 37.31 59.87 44.86 62.81 65.04 51.17 70.96 58.46 75.10 76.44
72 122,11 45.94 28.25 48.59 52.18 44.05 69.76 52.98 72.71 74.01 57.84 79.68 65.65 82.96 83.05
84| 26.48 54.41 32.03 54.67 61.88 51.23 77.18 58.17 78.92 80.84 64.5 85.44 71.19 87.93 87.95
96 | 31.95 62.39 37.78 63.16 67.91 55.23 83.91 64.06 84.62 85.58 68.11 90.29 75.59 91.99 91.66
108 | 36.56 69.30 41.04 69.80 75.77 60.71 88.55 68.04 89.55 90.16 73.08 93.68 79.80 95.03 94.72
120 | 41.14 76.17 46.68 75.22 80.41 65.78 91.80 73.50 92.44 92.66 77.63 95.96 83.85 96.78 96.31
LogN(0,1) 4 1.42 1.42 2.32 1.42 1.42 7.84 7.84 8.55 7.84 7.84 15.91 1591 16.67 15.91 15.91
8|13.15 13.78 4.02 18.88 20.24 24.51 30.36 18.65 36.63 33.86 33.72 43.11 37.34 47.67 44.73
12 [26.12 37.30 9.54 49.34 39.64 45.28 59.84 42.41 67.10 58.76 56.13 67.93 59.04 74.86 68.05
241 65.44 90.56 66.85 93.89 83.04 82.19 96.20 86.28 97.91 93.15 88.93 97.93 92.36 98.85 96.04
36 | 87.18 99.42 88.92 99.58 97.08 95.63 99.84 96.95 99.89 99.20 97.74 99.91 98.56 99.96 99.62
48 1 96.61 99.97 97.12 99.97 99.71 99.18 99.98 99.40 99.98 99.93 99.68 99.98 99.79 100 99.97
60 | 98.13 100 99.14 100 99.96 99.81 100 99.86 100 99.99 99.94 100 99.96 100 99.99
72 199.19 100 99.77 100 99.99 99.94 100 99.95 100 100 99.98 100 99.99 100 100
84 100 100 99.94 100 100 100 100 100 100 100 100 100 100 100 100
96 100 100 99.99 100 100 100 100 100 100 100 100 100 100 100 100
108 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
120 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

The bold number is the highest power among the five tests for each sample size.
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Table 3.13: Empirical percentage of powers for the five tests when errors generated from

the alternatives in Group II with Design 1 for o = 0.01,0.05 and 0.1

0.01 0.05 0.1

Alternatives n D Dy, D. Dy, T, D Dsp D. Dy, T, D D,, D. Dyi T,
U0, 1) 4| 1.11 1.11 1.11 1.11 1.08| 5.63 5.63 5.63 5.63 554 |10.62 10.61 10.52 10.61 10.61
8| 1.08 1.09 1.71 1.41 0.96| 5.18 527 7.72 599 4.83 | 10.48 10.89 13.94 11.35 9.09
12| 1.24 106 2.88 1.23 0.49| 622 508 10.69 595 270 | 11.87 10.99 18.02 11.91 5.98
24| 1.76 1.86 4.40 3.33 0.12| 8.79 10.37 16.29 15.45 231 16.66 20.32 27.18 27.66  5.53
36| 3.57 6.18 7.90 8.98 0.22| 14.39 23.89 23.71 33.29 3.15 | 25.43 38.49 37.10 50.98 10.00
48| 4.73 14.34 9.54 18.86  0.44| 19.94 42.17 31.47 53.66 6.14 | 33.52 58.84 47.75 70.92 20.04
60| 8.41 30.33 14.28 36.60 1.12| 27.39 62.57 39.87 71.79 14.38 | 43.53 76.63 57.38 84.80 36.94
72(11.29 47.17 16.85 52.34 1.80| 34.85 78.23 48.36 85.24 26.14 | 52.69 87.66 65.11 92.99 55.46
84|16.70 63.84 24.53 69.59 3.83| 44.34 88.53 56.48 92.76 41.92 | 61.60 94.39 73.02 97.35 72.69
96 |19.92 75.81 26.98 79.81 9.12| 51.98 94.31 63.89 96.57 58.35 | 68.10 97.50 79.07 99.04 83.42
108 | 25.96 85.59 33.72 89.01 16.08| 58.45 97.51 70.45 98.50 73.42 | 74.67 98.87 84.68 99.62 91.27
120 [ 30.04 92.60 40.97 94.55 26.43 | 64.98 98.91 76.25 99.49 83.83 | 81.04 99.69 88.48 99.86 95.28
beta(2, 2) 1| 1.22 1.22 1.22 1.22 099| 5.52 5.52 5.52 5.52 4.89 |10.57 1054 1054 10.54 9.83
8| 098 0.96 1.26 0.96 0.90| 4.78 4.73 5.84 4.86  4.42 9.83 9.80 11.29 9.96 8.77
12| 0.80 0.53 1.27 0.78 0.39| 429 392 5.91 4.14 285 8.81 828 11.75 8.57 6.35
24| 091 0.62 1.42 1.09 0.12| 4.68 4.31 7.14 6.37 1.72 9.48 9.38 13.71 12.20 4.37
36| 1.11 1.16 1.85 1.55 0.21| 591 6.36 8.57 8.71 1.69 | 11.77 13.04 16.18 17.22 4.44
48| 1.19 1.69 1.78 2.39 0.10| 6.38 9.31 9.27 13.50 1.73 13.24 17.39 17.68 24.84 5.85
60| 1.70 3.11 2.30 4.18 0.23| 8.09 13.10 11.02 18.35 2.68 | 15.88 22.94 20.70 32.60  8.03
72| 1.79 429 242 5.17 0.21| 9.36 18.10 12.35 24.89  3.70 18.44 29.82 23.04 40.82 11.33
84| 2.60 6.30 2.99 8.07 0.30| 12.29 23.40 15.10 31.87 4.95 | 22.58 38.35 26.95 50.53 16.04
96| 2.88 7.86 3.10 10.07 0.55| 13.27 29.30 16.81 38.11 7.00 | 23.40 45.11 28.94 58.85 21.01
108| 3.50 10.74 3.82 13.64  0.62| 14.95 37.19 18.42 46.68 10.20 | 25.98 52.82 30.89 67.79 27.77
120 | 3.71 15.13 4.12 19.00 0.83 | 16.77 42.48 20.09 54.58 14.22 | 29.25 59.97 34.45 74.60 33.20
beta(2, 5) 1] 0.93 0.93 0.93 0.93 0.93| 5.16 5.16 b5.16 5.16 4.99 10.33 10.07 10.10 10.07 10.34
8| 1.06 1.14 1.36 1.20 1.28| 5.81 5.99 6.01 6.16  6.02 11.43 11.59 11.82 11.77 12.02
12| 1.93 1.80 2.09 1.94 1.75| 7.71 7.46 8.24 8.35 7.85 13.54 14.03 14.60 14.40 14.37
24| 3.38 4.70 3.66 6.52 3.87| 11.30 15.70 13.26 20.35 14.61 19.75 25.08 22.15 30.89 25.38
36| 5.49 11.91 517 14.27 8.52| 17.11 30.00 18.48 86.39 24.95 | 27.66 42.09 30.59 50.16 37.43
48| 6.87 21.26 6.62 24.78 13.34| 21.59 45.07 22.71 53.16 3591 | 33.95 58.22 36.05 66.42 50.91
60|11.01 35.53 9.82 39.13 23.05| 27.70 60.66 29.39 67.40 48.20 | 41.15 72.85 44.16 79.09 62.17
72 [14.14 48.92 12.15 51.21 29.72 | 34.24 73.76 34.47 79.34 5821 | 48.93 83.23 50.03 87.78 72.18
84(19.10 61.31 15.31 64.50 36.51| 41.83 83.69 40.49 87.41 68.05 | 55.35 90.56 56.32 93.79 80.57
96 |21.10 72.23 17.03 73.59 47.78| 45.89 89.88 45.61 92.40 7579 | 60.11 94.97 62.07 96.98 86.36
108 | 25.60 80.46 20.26 82.64 55.05| 52.34 94.65 51.14 96.12 82.37 | 66.44 97.38 67.36 98.67 91.10
120 | 29.36 87.47 24.23 88.92 62.76 | 56.95 96.97 55.62 98.00 86.87 | 71.06 98.67 71.34 99.30 91.38
beta(5,1.5) 1 1.11  1.11 1.11  1.11 1.11| 4.94 4.94 194 494 5.40 0.48 9.22 90.34 9.22 11.30
8| 179 1.81 1.92 2.85 1.79| 7.42 7.78 7.37 8.04 8.76 13.32 13.88 13.69 14.50 15.24
12| 2.89 2.87 297 3.86 3.26| 10.05 10.85 10.77 13.13 11.91 17.03 19.15 18.27 21.00 19.88
24| 6.22 12.27 7.10 16.39 10.01| 18.83 30.12 21.34 37.44 28.51 29.51 42.93 33.44 49.85 42.00
36|12.10 32.59 12.34 36.59 22.00| 30.28 56.66 32.94 63.20 46.45 | 43.72 67.95 47.18 74.68 60.81
48 |17.51 53.79 17.80 57.78 35.94| 39.89 76.35 42.27 81.93 64.56 | 54.80 84.76 58.12 89.08 77.37
60 |26.03 74.24 24.41 77.31 54.68| 51.74 89.69 53.15 91.99 78.80 | 65.92 93.85 68.53 95.85 87.92
72|34.21 87.11 32.62 88.26 65.60| 61.20 96.14 62.90 97.38 87.41 74.48 98.06 77.38 98.92 93.67
84|42.88 94.24 38.80 95.13 75.45| 69.83 98.66 70.58 99.06 92.70 | 81.24 99.37 82.99 99.65 96.99
96 | 48.78 97.50 43.86 97.89 85.89| 76.22 99.60 77.15 99.72 96.51 86.42 99.79 88.21 99.96 98.73
108 | 55.89 98.81 50.52 99.05 89.63| 81.67 99.83 82.44 99.87 98.13 | 90.19 99.89 91.50 99.96 99.30
120 | 62.94 99.63 57.86 99.68 93.91| 86.30 99.97 86.82 99.97 99.12 | 93.10 99.99 93.97 100 99.73
beta(0.5,0.5) 1] 126 1.26 1.26 1.26 1.97| 552 552 552  5.52 7.78 11.65 10.51 11.46 10.51 14.58
8| 2,01 218 4.02 3.40 1.64| 822 9.26 12.96 9.66 6.73 | 15.45 16.29 22.81 15.99 11.56
12| 3.19 275 7.93 432 0.77| 11.97 12.16 21.75 14.06 4.01 20.65 21.84 382.14 22.56 8.56
24| 9.29 14.20 21.90 18.85 0.58| 27.74 37.27 45.77 45.20 525 | 42.39 53.19 60.33 59.84 12.86
36 |22.03 43.18 39.77 49.61 1.77| 49.81 72.30 68.94 77.34 13.84 | 66.68 82.59 81.02 86.35 37.35
48 |34.17 70.56 54.97 74.95 3.73| 67.73 90.13 83.23 92.75 37.84 | 82.12 94.96 91.57 96.35 72.83
60 | 54.59 89.00 72.55 90.89 16.15| 83.22 97.31 92.05 98.06 74.44 | 92.05 98.89 96.97 99.19 92.05
72(68.92 96.12 82.51 96.51 33.99| 90.87 99.19 96.24 99.48 90.90 | 96.41 99.67 98.65 99.77 97.67
84(82.02 98.89 90.76 99.20 58.98| 96.42 99.85 98.88 99.88 97.76 | 99.06 99.94 99.73 99.97 99.65
06 | 88.17 99.57 94.28 99.67 84.90| 98.47 99.96 99.58 99.97 99.43 | 99.65 99.99 99.87 99.99 99.93
108 93.60 99.98 97.34 99.97 93.96| 99.37 100 99.82 100 99.93 | 99.86 100 99.98 100 100
120 | 96.90 99.97 98.93 99.99 98.13| 99.72 100 99.95 100 99.96 | 99.96 100 99.98 100 100
beta(0.5,3) 1| 0.76 0.76 0.76 0.76 8.16| 3.74 3.74 374 3.74 11.47 | 10.61 7.18 9.32 7.18 20.06
8| 7.11 833 6.24 10.95 11.23| 20.39 24.19 17.37 25.46 26.90 | 31.28 35.13 27.56 35.51 36.22
12 16.69 22.79 15.31 27.62 20.41| 35.88 43.54 35.56 47.29 40.38 | 48.08 55.42 48.06 58.01 53.95
24 |47.82 77.62 50.88 81.58 61.28 | 73.27 89.61 75.60 92.04 83.48 | 83.44 93.86 84.99 95.09 90.78
36 |78.03 97.12 77.41 97.35 88.85| 92.29 99.11 92.61 99.18 96.93 | 96.03 99.50 96.46 99.58 99.86
48 (91.99 99.69 90.54 99.74 97.75| 98.23 99.94 98.07 99.97 99.63 | 99.40 99.99 99.32 99.99 100
60| 97.64 99.99 96.85 99.99 99.75| 99.65 100 99.60 100 99.96 | 99.85 100 99.85 100 100
7299.38 100 98.97 100 99.98| 99.94 100 99.88 100 100 | 99.98 100 99.98 100 100
84(99.91 100 99.76 100 100| 100 100 99.99 100 100 100 100 100 100 100
96|99.98 100 99.98 100 100| 100 100 100 100 100 100 100 100 100 100
108 100 100 99.99 100 100| 100 100 100 100 100 100 100 100 100 100
120| 100 100 99.99 100 100| 100 100 100 100 100 100 100 100 100 100
beta(1,2) 1| 1.01 _1.01 1.01 1.0l 1.34| 494 4.94 194 494 6.01 10.17 9.61 9.78 9.61 11.43
8| 1.70 177 2.15 212 1.77| 6.66 7.45 8.08 7.93 7.17 13.11 13.68 14.44 14.09 12.92
12| 2.34 234 304 38.16 1.73| 864 927 10.68 10.90 8.25 15.06 16.44 18.31 18.59 14.36
24| 5.08 10.25 7.14 14.8 4.06| 16.46 27.94 21.04 35.62 16.53 | 26.94 40.29 32.34 48.83 28.76
36|10.42 31.73 11.78 38.08 10.92| 27.25 56.21 31.12 65.28 31.67 | 40.72 68.44 45.82 76.34 48.19
48 |15.72 57.10 17.36 62.37 19.50| 38.48 79.21 41.98 85.03 48.98 | 53.97 86.86 58.42 91.56 66.33
60 |24.61 77.74 25.38 81.20 34.98| 49.19 91.82 53.02 94.37 65.39 | 64.33 95.45 67.84 97.49 79.28
72(31.39 89.86 30.92 91.30 46.59| 59.45 97.28 61.10 98.31 78.07 | 73.84 98.63 76.26 99.36 88.68
84(41.94 95.81 38.94 96.71 58.00| 70.30 99.03 70.75 99.57 87.40 | 81.72 99.71 83.75 99.84 94.72
06 | 48.82 98.43 45.50 98.69 72.42| 76.11 99.69 77.30 99.85 93.01 86.36 99.90 87.92 99.96 97.31
108 | 56.32 99.38 52.59 99.53 80.65| 82.82 99.96 83.16 99.97 96.29 | 91.00 100 92.29 99.99 98.95
120 | 62.87 99.88 59.43 99.89 87.17| 86.62 99.98 87.18 99.99 98.44 | 93.91 99.99 94.34 100 99.45

The bold number is the highest power among the five tests for each sample size.
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Table 3.14: Empirical percentage of powers for the five tests when errors generated from

the alternatives in Group II with Design 2 for a = 0.01,0.05 and 0.1

0.01 0.05 0.1

Alternatives n D D, D. Dy, Tn| D Dsp D. Dy, Tn D D., D. Dy T
U0, 1) 6| 1.00 096 1.9 1.02 007| 4.80 4.69 5.54 4.62 4.44 0.34 9.42 10.57 9.72 8.67
9| 086 0.73 1.86 0.88 0.44| 4.98 4.34 8.63 4.82 3.04 |10.17 9.49 15.06 10.35 6.82

12| 0.90 0.60 2.37 1.10 0.29 5.65 4.78 9.93 5.77  2.26 11.32 10.56 17.35 11.06 5.78
24| 1.77 1.93 4.46 2.90 0.12 8.76  9.96 16.43 14.63 2.16 17.13 19.94 27.01 27.02 5.34
36| 2.96 6.42 7.63 8.56 0.24 14.66 23.92 24.41 32.03 3.56 25.58 39.06 37.63 49.58 9.93
48 | 5.19 15.55 10.38 20.18 0.34 20.89 42.54 31.66 55.02 6.68 34.86 59.77 47.91 72.35 20.41
60| 7.75 30.65 14.30 37.20 0.90 27.80 63.21 40.67 72.32 13.32 43.56 76.66 56.56 84.98 38.43
72| 11.11 47.45 17.96 52.58 2.33 35.00 78.50 47.49 85.61 26.19 52.81 87.81 64.70 93.33 56.34
84 [15.26 59.94 23.69 69.50 4.82 43.01 87.50 57.39 93.07 41.19 60.98 94.10 73.12 97.28 74.19
96 | 20.00 76.57 31.42 79.49 10.77 51.92 93.94 63.85 96.53 59.08 68.63 97.57 79.38 98.91 84.21
108 | 25.14 86.02 33.27 89.55 17.58 58.92 97.17 69.94 98.29 73.37 75.57 98.90 84.81 99.51 91.00
120 [ 29.75 91.37 41.81 94.22 27.24 64.79 98.67 75.93 99.46 82.81 79.64 99.68 88.57 99.82 95.73

beta(2,2) 6| 0.85 0.74 1.05 0.88  0.82 4.60 4.29 5.21 4.35 3.89 8.94 8.96 9.96 9.12  8.50
9| 0.76 0.65 1.12 0.71  0.55 4.31  3.81 5.42 4.09 3.14 8.54 8.28 11.00 8.99 6.70
12| 0.73 0.59 1.34 0.70  0.30 4.32  3.90 6.34 4.41  2.35 9.10 8.42 11.68 8.45 5.73
24| 0.08 0.72 1.79 1.04 0.17 4.76  4.47 7.81 5.86 1.59 10.51 9.54 13.77 11.94 4.25
36| 1.05 0.96 2.06 1.28 0.19 5.70  6.28 8.11 8.80 1.48 11.46 12.91 15.40 17.52 4.37
48 | 1.19 1.78 1.94 2.59 0.13 6.84 9.23 9.66 13.77 1.98 14.26 17.89 18.72 24.97 5.89
60| 1.62 2.75 2,51 3.79 0.23 8.15 12.82 10.71 17.64 2.59 15.62 22.78 20.49 31.88 8.25
72| 1.81 3.95 2.15 4.90 0.25 9.92 17.29 12.58 24.30 4.11 18.03 28.80 23.42 41.35 12.03
84| 2.30 4.97 3.29 7.90 0.38 11.22 21.75 14.95 32.07 5.00 21.60 36.32 25.75 50.84 16.75
96 | 2.57 7.99 3.04 9.40 0.62 12.94 29.16 15.88 38.27 7.44 24.49 45.03 28.40 58.31 21.84
108 | 3.42 11.26 3.71 14.85 0.78 15.41 36.95 18.01 47.06 10.45 27.17 53.01 31.78 67.20 27.52
120 | 4.08 13.38 3.60 18.38 1.00 16.76 42.72 19.51 54.72 13.41 28.79 59.64 33.75 74.16 34.01

beta(2,5) 6| 1.17 1.30 1.23 1.34 1.39 5.61 5.53 5.63 5.66 5.39 10.39 10.24 11.15 10.52 10.44
9| 1.59 1.44 1.61 1.61 1.44 6.61  6.47 6.94 6.82  6.58 12.25 12.54 13.27 12.86 12.42
12| 1.49 1.48 1.71 2.04 1.67 7.62 7.61 8.08 8.05 7.44 13.52 13.67 14.97 14.30 14.06
24| 2.99 4.16 3.80 5.60 3.93 11.74 15.00 13.75 19.83 14.55 20.46 25.24 22.28 31.33 24.97
36| 5.52 12.54 5.77 14.85 8.35 17.55 30.09 18.96 35.34 26.18 27.62 42.17 29.89 49.51 38.99
48 | 7.83 22.39 7.15 26.35 13.04 22.30 46.24 23.30 54.42 36.58 34.58 59.84 37.20 67.67 51.35
60| 11.49 34.92 10.36 39.02 21.57 28.95 61.34 29.71 67.49 48.00 41.38 72.87 44.08 79.63 62.53
72113.69 49.17 11.91 51.20 32.28 33.59 74.56 35.63 79.72 59.33 49.02 83.36 50.47 88.14 72.82
84 |17.71 58.57 15.74 63.80 39.51 41.01 82.4 40.74 87.53 68.31 54.62 89.96 55.29 93.95 81.24
96 | 21.13 73.02 16.30 73.43 49.56 46.65 90.54 44.00 92.88 76.44 60.84 95.03 61.53 96.72 86.73
108 | 24.54 80.98 20.64 83.15 56.19 51.60 94.75 50.74 96.22 82.69 67.03 97.58 67.70 98.52 90.89
1201 29.10 86.78 22.83 89.05 63.34 57.11 96.53 55.64 97.90 86.74 69.99 98.65 70.64 99.30 93.40

beta(5,1.5) 6| 1.32 1.42 1.24 1.48 1.41 5.65 5.64 5.76 5.83 5.92 10.89 11.15 11.00 11.36 11.32
9| 1.94 2.27 2.15 2.61 2.42 7.90 8.43 8.19 9.48 9.28 14.86 15.20 15.18 16.57 16.26
12| 2.84 2.96 2.68 3.74 3.31 10.48 11.21 10.85 12.71 11.63 17.53 19.24 18.90 21.43 19.79
24| 6.91 12.76 7.62 15.97 10.54 19.97 30.86 22.39 37.96 28.49 31.05 43.92 33.80 50.38 41.52
36 | 11.78 32.62 12.73 37.43 21.75 30.76 56.76 33.57 63.53 47.74 43.84 69.13 46.99 75.34 62.34
48 [ 17.80 55.41 18.26 60.03 35.59 40.43 77.30 43.78 82.29 65.2 55.86 85.42 59.04 89.87 77.85
60 |25.70 73.83 26.18 77.11 51.37 51.06 89.38 53.10 91.85 77.47 64.97 93.78 68.41 95.91 87.45
72131.97 86.41 30.57 87.41 68.34 59.98 95.89 62.78 96.76 87.47 74.41 97.94 76.55 98.49 93.74
84 [41.15 92.49 39.14 94.41 77.3 68.96 98.34 69.99 98.83 92.86 80.69 99.24 81.69 99.60 97.11
96 | 48.98 97.06 42.69 97.16 86.79 75.99 99.41 75.74 99.63 96.65 86.83 99.76 87.53 99.90 98.68
108 | 55.65 98.67 50.82 98.88 90.35 81.77 99.80 81.78 99.87 98.21 90.86 99.90 91.43 99.93 99.32
120 | 62.63 99.41 56.25 99.52 94.04 86.18 99.93 86.40 99.97 99.06 92.64 99.98 94.01 100 99.73

beta(0.5,0.5) 6| 1.38 1.32 2.08 1.55 1.40 6.73  6.02 8.46 5.79  4.52 11.04 11.46 14.01 11.45 8.25
9| 1.85 1.62 4.39 2.38 0.86 8.32 7.96 14.27 9.15 4.25 15.11 15.42 23.88 16.49 8.19
12| 2.73 2.46 7.20 3.63 0.6 11.50 10.93 20.53 13  3.31 19.38 20.17 31.14 21.53 7.59

24| 8.64 13.92 21.68 18.03 0.58 28.44 37.46 46.40 45.43 5.31 43.04 53.64 60.05 61.20 12.95
36 |20.14 41.94 39.75 47.02 1.29 49.90 71.48 67.76 76.50 13.72 65.92 82.90 79.90 85.92 37.39
48 | 35.76 70.31 55.23 74.75 3.47 68.80 89.07 83.32 91.96 40.17 82.54 94.58 91.88 95.74 73.76
60 | 52.72 86.56 73.02 88.61 13.20 82.33 96.39 91.63 97.19 73.27 91.29 98.39 96.51 98.84 92.11
72166.85 94.76 81.10 95.32 39.98 91.41 98.90 96.85 99.16 91.45 96.79 99.55 98.85 99.69 97.97
84179.80 98.11 91.25 98.53 65.97 96.04 99.67 98.79 99.84 98.01 98.99 99.91 99.66 99.96 99.69
96 | 88.25 99.32 94.29 99.39 87.12 98.33 99.93 99.49 99.96 99.59 99.56 99.98 99.88 100 99.98
108 [ 93.17 99.87 97.30 99.88 94.87 99.37 99.99 99.82 99.99 99.90 99.83 100 99.94 100 99.97
1201 96.23 99.91 98.65 99.96 98.19 99.75 100 99.87 100 99.98 99.90 100 99.97 100 100

beta(0.5, 3) 6| 4.40 3.76 3.98 4.31 4.14 11.51 11.07 10.39 11.59 10.71 17.25 17.59 16.93 18.67 15.86
9| 8.54 9.98 7.67 13.23 8.23 21.95 25.69 20.67 28.77 26.06 33.01 36.89 31.39 39.92 38.02

12| 15.09 22.30 14.65 27.11 19.27 35.36 43.6 34.65 47.93 39.96 47.36 55.59 47.86 58.17 53.08

24|48.83 74.49 51.26 T7.77 62.03 72.85 87.38 75.61 89.40 83.69 82.76 92.15 84.37 93.50 90.32

36 | 76.83 95.64 77.45 96.03 89.49 92.27 98.52 92.67 98.72 97.33 95.72 99.16 96.38 99.42 98.86

48 191.49 99.37 90.83 99.49 97.88 98.12 99.89  98.22 99.91 99.58 99.32 99.94 99.26 99.96 99.86

60 | 97.51 99.98 97.01 99.98 99.76 99.69 100 99.58 100 99.98 99.92 100 99.89 100 99.99

72199.34 100 98.82 100 99.97 99.92 100 99.96 100 100 99.99 100 99.98 100 100

84 1 99.84 100 99.77 100 100 100 100 99.98 100 100 100 100 99.99 100 100

96 | 99.99 100 99.94 100 100 100 100 100 100 100 100 100 100 100 100

108 100 100 99.99 100 100 100 100 100 100 100 100 100 100 100 100

120 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

beta(1,2) 6| 1.27 1.27  1.52 1.44 1.32 5.47  5.53 6.13 5.65 5.19 10.74 10.79 11.59 11.00 9.92

9| 1.58 1.56 2.29 2.04 1.51 6.94 7.16 8.38 8.30 6.75 13.03 13.67 14.87 15.14 12.38
12| 1.87 2.09 294 3.09 1.83 8.92  9.27 11.05 11.25 7.48 15.70 16.59 18.57 18.61 14.18
24| 5.49 10.02 7.25 14.19 4.11 17.42 28.03 21.68 36.41 16.77 27.80 41.55 33.02 49.95 28.20
36| 9.98 32.67 12.03 38.15 10.20 27.84 56.49 32.42 63.95 31.31 41.48 68.36 45.91 76.06 47.20
48 1 16.55 59.32 17.95 64.54 19.34 39.11 80.29 43.36 85.47 49.93 55.00 87.52 58.86 91.47 66.99
60 |23.99 77.53 26.11 80.71 32.57 50.40 91.02 53.06 93.34 66.06 64.71 94.62 68.02 96.69 80.72
72130.95 89.52 29.95 90.38 49.17 59.49 96.93 62.64 97.79 78.42 73.89 98.32 76.33 99.06 88.58
84 140.09 94.92 40.47 96.28 60.77 69.47 98.80 71.06 99.29 87.72 81.71 99.38 83.43 99.70 95.19
96 | 48.59 98.15 43.73 98.27 74.44 77.29 99.56 76.23 99.71 93.12 87.02 99.83 87.58 99.87 97.49

108 | 54.81 99.34 52.99 99.49 81.41 81.98 99.92 82.70 99.95 96.32 91.49 99.98 92.09 99.98 98.96
120 | 63.06 99.67 56.45 99.80 87.51 87.22 99.97 86.47 100 98.21 93.7 100 94.24 100 99.49

The bold number is the highest power among the five tests for each sample size.
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Table 3.15: Empirical percentage of powers for the five tests when errors generated from

the alternatives in Group II with Design 3 for o = 0.01,0.05 and 0.1

0.01 0.05 0.1
Alternatives n D Dy, D. Dy, Tn| D Dsp D. Dy, Tn D D., D. Dyi T,
U0, 1) 1| 1.04 1.04 1.02 097 1.02| 454 4.54 154 5.41 508 953 9.77 9.52 10.42  9.69
8| 0.86 0.74 1.44 0.83 0.61| 4.6 4.13 6.94 459 3.29 9.45 8.94 13.34 9.64 7.39

12| 0.86 0.61 2.58 0.96 0.37| 563 5.04 10.13 548 2.32 11.31 10.36 17.94 11.57  5.42

24| 1.76 221 4.84 3.33 0.08| 854 10.16 16.67 14.8 2.16 16.5 20.16 27.45 26.7 5.36

36| 2.88 6.45 7.23 10.00 0.23| 14.07 23.79  24.7 33.61 3.68 | 24.34 38.77 37.38 51.83 10.38

48| 5.02 15.66 9.91 20.97 0.42| 20.43 42.27  30.7 55.42 6.9 | 33.94 59.31 47.4  72.33 19.79

60| 8.02 29.81 14.37 36.62 1.05| 27.89 62.23 40.23 73.79 14.11 | 44.12 76.92 57.03 85.98  37.2

72| 11.47 48.31 19.07 53.66 1.64| 34.33 77.88 48.98 85.94 26.06 | 51.29 87.88 65.71 93.28 54.89

84|16.53 64.73 23.7 70.51 5.69| 43.85 88.69 56.56 93.16 43.76 | 61.04 94.77 72.93 97.51 72.67

96 |20.85 76.32 29.4 80.15 7.89| 50.79 94.31  64.1 96.74 59.65 | 67.93 97.6 79.06 99.00 83.08

108 | 27.05 86.05 35.97 88.79 18.82| 58.8 97.16 70.64 98.39 73.62 | 74.97 98.94 83.95 99.44 91.51

120 [ 31.91 92.26 39.53 94.17 28.98| 65.14 98.88  75.6 99.3 82.93 | 80.01 99.59 88.63 99.86 95.75

beta(2, 2) 1] 0.95 095 004 1.09 004 48 438 .79 18 4.87 9.47 9.58  9.47 9.92 9.8
8| 1.00 0.75 1.19 0.83 0.69| 4.34 4.25 5.50 4.51 3.47 8.95 8.79 10.93 8.86 7.52

12| 0.7 055 1.41 0.86 0.39| 4.41 3.94 6.28 4.09 2.7 8.91 823 12.20 8.69 6.1

24| 0.7 066 1.68 098 0.11| 4.32 3.72 6.68 538 1.32 9.45 8.89 13.45 11.09 3.72

36| 1.06 1.00 1.9 181 021| 58 59 8.77 8.92 1.71 11.41 12.24 15.85 17.23  4.65

48| 1.32 1.75 1.97 2.69 0.14| 7.18 9 9.98 13.78 2.04 14.06 17.24 18.68 24.81  5.82

60| 1.55 2.7 221 3.86 0.26| 8 12.18  10.68 18.77 2.58 15.39 22.84 19.92 32.94 8.86

72| 1.74 431 249 5.38 0.29| 9.17 16.91 12.39 24.67 3.68 17.48 29.27 22.86 41.84 11.64

84| 2,70 6.11 3.39 8.09 0.33| 12.3 234 1535 32.21 5.32 | 21.81 38.08 26.49 51.46 15.14

96 | 2.73 8.2 3.54 10.07 0.46| 12.83 29.21 16.43 39.34 7.3 | 23.28 44.99 28.22 58.08 21.51

108 | 3.50 10.64 3.9 13.36 0.96| 14.93 35.81 18.67 47.32 10.24 | 26.15 54.12 31.72 66.53 27.93

120 | 3.99 14.40 4.45 17.70 1.08| 16.53 43.87 20.06 54.27 13.3 28.7 60.51 34.54 74.91 33.52

beta(2, 5) 1| 1.09 1.09 1.04 0096 085 472 4.72 172 5.33 4.84 9.63 9.69 062 10.62 9.75
8| 1.4 1.29 1.4 126 1.29| 585 5.87 6.29 6.13 5.91 11.45 11.62 12.09 11.75 11.52

12| 1.82 1.78 1.75 2.839 2.08| 7.04 7.57 7.92 8.72 7.96 12.85 13.8 14.45 15.04  14.1

24| 32 504 3.89 6.88 3.86| 11.39 1598 13.05 19.95 14.95 19.63 25.61 22.32 30.15 24.73

36| 5.34 11.43 575 15.27 8.48| 17.17 29.56 19.09 36.76 25.66 | 26.82 42.67 29.28 49.86 38.36

48| 7.15 22.06 7.04 26.51 13.81| 22.43 45.16 23.87 54.06 36.39 | 34.36 58.7 36.84 67.16 50.32

60| 10.7 34.63 9.34 39.31 21.21| 29.18 60.53 28.80 68.53 47.89 | 41.88 72.82 43.14 80.35 62.95

72 [ 13.85 49.73 11.99 52.53 31.69| 34.53 73.48 35.03 79.81 58.32 48.3 83.78 50.68 89.01 72.47

84(19.14 62.06 16.74 64.96 37.97| 41.53 83.62 41.46 87.64 68.9 | 55.14 90.47 56.7 94.09 80.15

96 | 21.76 72.35 18.99 74.32 47.05| 44.91 90.59 45.33 92.82 76.42 | 60.34 94.92 61.38 96.57 86.75

108 | 25.83 80.67 21.18 82.39 56.36| 51.84 94.04 51.93 95.93 82.19 | 66.21 97.37 66.97 98.36 90.43

120 | 30.55 82.27 25.2 88.41 63.86| 56.93 96.9  55.65 97.78 86.65 | 69.99 98.58 71.05 99.2 93.29

beta(5,1.5) 1| 1.01__1.01 098 1.08 1.28| 521 5.21 5.18 5.76 5.03 10.38 10.67 10.37 10.91 10.03
8| 1.87 1.81 1.41 2.11 205| 7.24 7.28 7.10 8.14 7.55 13.00 13.64 13.28 14.72 14.18

12| 246 275 235 4.05 3.59| 9.49 11.31  9.73 13.03 12.64 | 16.74 19.3 18.12 21.65 20.94

24| 5.97 13.05 6.96 16.77 10.27| 18.52 30.34 20.53 37.10 28.23 | 29.39 42.86 32.75 49.31 41.20

36|11.40 32.15 12.78 38.90 22.2| 30.67 56.56 33.83 64.16 47.88 | 42.51 68.57 46.75 75.54 61.63

48 |17.62 55.44 17.83 60.99 36.19| 41.03 77.31 43.23 82.69 65.13 | 54.80 85.23 58.55 89.91 76.97

60|25.16 73.08 23.54 77.04 50.40| 51.73 89.23 53.09 92.36 77.53 | 65.03 94.02 68.96 96.01 87.96

72(33.97 86.96 31.43 88.30 67.52| 61.18 95.61  63.2 96.94 87.43 | 74.30 97.76 76.94 98.59 93.57

84(43.28 93.79 41.12 94.44 76.31| 69.77 98.44 71.49 98.97 93.13 | 81.41 99.36 83.05 99.62 96.82

96 | 49.88 97.19 47.34 97.40 85.63| 75.86 99.45 77.05 99.59 96.58 | 86.53 99.78 87.80 99.84 98.70

108 | 56.65 98.53 51.49 98.66 91.21| 81.73 99.84 82.40 99.92 98.13 | 90.58 99.97 91.42 99.97 99.39

120 | 63.79 99.44 60.63 99.44 94.11| 86.08 99.97 87.08 99.99 99.03 | 92.66 99.99 94.06 99.99 99.73
beta(0.5,0.5) 1| 086 0.86 0.84 1.06 1.28| 4.66 4.66 166 5.12 5.77 9.77 9.58  9.81 10.37 10.93
8| 1.60 1.28 3.12 1.54 0.84| 6.51 6.04 11.27 7.06 3.57 | 12,59 12.32 19.46 13.37  7.97

12| 291 263 7.25 435 0.77| 11.52 11.73 20.52 14.11 4.05 | 20.11 21.10 31.82 23.22  8.09

24| 8.61 14.89 22.35 20.00 0.65| 26.95 38.55 45.56 46.63 5.09 | 41.79 54.63 60.01 61.49 12.51

36(20.24 42.59 39.70 50.89 1.71| 49.63 71.11 68.70 77.38 15.13 | 65.16 82.60 79.96 86.18 38.71

48 |34.60 69.94 54.66 74.73 3.89| 67.98 88.87 82.73 92.23 40.76 | 81.61 94.30 91.29 96.08 73.54

60 | 54.01 86.48 70.94 88.88 12.43| 82.25 95.91 92.02 97.13 73.47 | 91.73 98.13 96.67 98.64 92.97

72| 67.56 94.32 81.52 94.96 38.66| 90.48 98.57 96.23 98.96 90.92 | 95.96 99.34 98.43 99.54 97.91

84 (81.89 98.03 91.40 98.33 62.08| 96.54 99.62 98.79 99.70 98.08 | 98.93 99.87 99.67 99.88 99.65

96 | 88.31 99.20 94.83 99.33 84.11| 98.37 99.89 99.55 99.91 99.54 | 99.58 99.97 99.94 99.99 99.95

108 93.51 99.73 97.24 99.76 95.28 | 99.34 99.96 99.81 99.96 99.89 | 99.87 100  99.97 100 99.98

120 | 97.07 99.91 98.98 99.91 98.45| 99.73 99.98 99.91 99.99 99.95 | 99.90 99.99 99.99 100 100

beta(0.5,3) 1| 092 092 095 0094 1.67| 529 529 529 5.14 7.4 | 11.42 10.95 11.44 1032 13.94
8| 7.45 804 540 10.31 8.50| 18.59 20.48 17.14 22.91 18.92 | 27.85 30.53 26.76 32.49 30.99

121523 21.13 14.03 27.89 19.09| 33.82 43.14 33.62 46.97 40.81 | 45.84 54.47 46.94 58.18 53.47

24 |46.29 74.57 51.86 77.81 61.70| 71.19 86.84 73.60 88.99 83.54 | 81.58 91.45 83.75 92.76 90.84

36 |76.05 94.70 77.54 95.70 88.81| 91.84 97.90 92.51 98.16 97.09 | 95.53 98.88 96.22 99.07 98.68

48 |91.08 99.27 90.93 99.31 98.00| 97.97 99.77 98.20 99.81 99.72 | 99.11 99.89 99.16 99.90 99.92

60| 97.58 99.91 96.54 99.92 99.78| 99.69 100 99.68 100 99.98 | 99.87 100  99.89 100 99.99

72 (99.35 99.99 99.09 99.99 99.98| 99.93 100 99.90 100 100 100 100 100 100 100

84(99.83 100 99.79 100 100| 99.99 100 99.98 100 100 | 99.99 100  99.99 100 100

96 99.96 100 99.96 100 100| 100 100 99.99 100 100 100 100 100 100 100

10899.99 100 99.99 100 100| 100 100 100 100 100 100 100 100 100 100

120(99.99 100 100 100 100| 100 100 100 100 100 100 100 100 100 100

beta(l, 2) 1] 1.03 1.03 1.04 096 1.03| 5.02 5.02 198 5.09 5.06 |10.38 10.03 10.37 10.12 10.12
8| 1.46 1.26 1.74 1.54 1.23| 6.48 6.35 7.24 7.00 5.81 11.67 12.28 14.01 12.86 11.63

12| 212  1.82 288 3.11 1.80| 856 9.37  10.66 11.32 7.84 | 15.10 16.69 19.17 19.71 14.56

24| 4.74 10.86 7.29 15.53 3.70| 16.53 28.47 20.57 36.25 15.82 | 27.07 40.97 32.14 48.98 27.72

36 |10.10 32.76 12.50 41.22 10.82| 27.82 58.14 32.55 65.87 33.03 | 40.67 68.90 46.19 76.98 48.52

48 |16.16 57.67 17.55 63.43 19.48| 39.33 78.40 42.93 84.57 49.76 | 53.47 86.05 58.12 90.94 66.31

60 |24.00 77.10 23.45 80.83 32.13| 50.43 91.08 52.79 93.91 66.06 | 64.86 94.89 67.32 96.72 81.17

72(31.12 89.66 30.40 90.93 48.44| 59.7 96.38 61.47 97.94 77.78 73.2 98.30 76.30 99.00 88.62

84|41.75 95.60 41.25 96.16 58.89| 69.88 98.73 71.31 99.12 88.04 | 81.51 99.29 83.45 99.63 94.60

06 | 48.74 98.07 47.57 98.35 71.77| 75.44 99.51 77.13 99.68 93.26 | 86.23 99.77 87.19 99.86 97.44

108 | 56.42 99.24 52.29 99.36 81.58| 82.35 99.89 83.20 99.98 96.1 | 90.63 100  91.83 99.99 98.87

120 | 63.64 99.73 59.72 99.76 87.80| 86.69 99.98 86.70 99.98 98.22 | 93.57 99.99 94.36 100 99.44

The bold number is the highest power among the five tests for each sample size.
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Table 3.16: Empirical percentage of powers for the five tests when errors generated from

the alternatives in Group II with Design 4 for o = 0.01,0.05 and 0.1

0.01 0.05 0.1
Alternatives n D D, D. Dyi Tn| D Dsp D. Dy, T D D,, D. Dy, Th
U(0,1) 4| 1.04 1.04 1.02 0.97 0.93 4.54 4.54 4.54 5.41 5.08 9.53 9.77 9.52 10.42 9.69
8| 0.55 0.58 1.54 0.72 0.42 4.35 3.89 6.66 4.08 2.93 9.39 8.91 12.78 9.22 7.19
12| 0.90 0.47 2.49 0.83 0.33 5.26 4.29 9.84 5.51 2.30 11.08 9.8 17.20 11.04 5.43
24 1.93 1.91 4.40 2.88 0.09 8.74 10.10 16.05 14.47 2.21 17.26 19.79 26.43 26.58 5.35
36| 3.33 6.24 7.28 8.75 0.22 14.27 24.26 24.7 33.70 3.61 25.66 39.71 37.98 51.73 9.98
48 5.65 14.94 11.16 18.48 0.51 20.64 42.39 32.52 55.89 6.5 34.14 59.64 48.13 71.20 20.22
60| 8.29 31.18 14.05 36.76 0.81 27.97 62.92 40.23 72.49 14.08 43.18 76.61 57.42 85.38 37.87
72111.25 47.96 17.31 52.89 1.85 34.63 78.20 47.99 86.42 25.64 51.74 88.37 64.37 93.61 56.93
84 | 14.77 64.21 24.17 71.14 5.48 42.74 88.91 57.27 93.02 42.08 60.87 94.77 73.88 97.31 72.43
96 | 19.94 76.15 27.83 80.29 9.69 50.95 94.39 62.97 97.01 58.74 67.94 97.68 78.51 98.94 82.68
108 | 26.44 86.05 33.88 88.93 16.31 59.49 97.24 70.29 98.29 73.26 75.69 98.95 84.92 99.49 90.97
120 | 30.80 92.09 40.27 94.06 26.5 64.05 98.89 76.11 99.36 83.18 79.63 99.59 88.01 99.85 95.70
beta(2,2) 4| 0.95 0.95 0.94 1.09 0.81 4.80 4.80 4.79 4.80 4.87 9.47 9.58 9.47 9.92 9.80
8| 0.82 0.73 1.34 0.58 0.58 4.65 4.21 5.81 3.91 3.00 8.75 8.61 11.12 8.36 6.87
12| 0.66 0.42 1.27 0.84 0.35 4.14 3.56 6.41 4.12 2.65 8.90 7.64 12.81 8.29 5.64
24| 0.86 0.62 1.61 0.9 0.12 4.60 4.01 7.23 5.29 1.39 10.05 8.49 13.67 11.02 3.59
36 1.15 0.97 1.65 1.52 0.18 5.78  6.07 8.36 8.84 1.58 11.63 12.41 16.06 17.55 4.23
48 1.38 1.85 1.85 2.68 0.16 7.23 8.99 10.32 13.76 1.88 13.86 17.38 18.11 24.09 5.77
60 1.80 2.87 2.37 3.69 0.21 8.21 11.86 11.04 17.63 2.56 15.88 23.62 20.47 32.97 8.28
72 1.76  4.21 2.82 5.26 0.19 9.21 17.11 12.68 25.30 3.69 18.23 29.42 23.55 40.80 12.20
84| 2.29 594 3.26 7.86 0.38 11.80 22.81 15.05 31.43 5.11 22.01 37.45 26.33 50.63 15.42
96 2.47 7.69 3.44 10.47 0.57 13.22 28.49 16.96 39.78 7.03 23.92 44.71 29.12 58.25 20.45
108 | 3.34 11.23 3.63 14.03 0.68 15.59 36.60 18.60 46.62 10.16 26.69 52.90 31.91 66.93 27.42
120 3.62 14.26 4.11 18.35 0.97 16.03 43.28 19.90 53.72 13.53 28.45 60.86 33.93 74.10 33.81
beta(2,5) 4 1.09 1.09 1.04 0.96 1.31 4.72 4.72 4.72 5.33 4.84 9.63 9.69 9.62 10.62 9.75
8 1.38 1.38 1.39 1.51 1.52 5.86 5.64 6.45 6.01 5.75 11.29 11.60 11.97 11.61 11.43
12 1.53 1.43 1.82 2.12 2.04 6.75 6.93 7.53 8.24 7.74 12.01 12.68 14.35 14.23 13.64
24| 3.42 5.08 3.75 6.28 4.23 11.64 15.51 13.44 19.87 15.11 20.18 25.14 23.14 29.85 24.91
36| 6.00 12.36 5.62 15.15 8.31 17.53 30.28 19.85 36.33 26.69 27.77 42.55 31.00 50.28 39.01
48 | 8.02 21.57 7.08 26.10 14.62 22.03 45.11 24.18 54.08 35.65 34.18 58.69 36.25 66.96 50.24
60 |11.08 35.76 10.18 38.97 20.55 28.21 60.35 29.48 68.04 47.80 41.18 72.72 43.47 79.64 62.42
72 |14.06 49.93 12.58 52.63 29.94 34.29 73.39 35.57 79.84 58.14 48.68 83.22 50.29 88.35 73.04
84 [17.65 61.80 15.81 65.04 40.56 40.44 83.33 39.92 87.19 68.15 55.09 90.38 56.05 93.82 80.49
96 | 21.09 72.37 18.39 74.75 48.08 46.00 90.27 45.12 93.21 76.3 60.36 94.84 61.09 96.93 86.18
108 | 26.09 81.21 20.64 82.92 55.22 53.29 94.52 51.21 96.03 82.55 67.38 97.42 67.44 98.59 90.74
120 | 29.28 86.81 23.36 88.87 62.79 55.8 96.87 54.66 97.71 86.82 70.78 98.52 70.66 99.01 93.12
beta(5,1.5) 4 1.01 1.01 0.98 1.08 1.56 5.21 5.21 5.18 5.76 5.03 10.38 10.67 10.37 10.91 10.03
8 1.54 1.75 1.79 1.89 2.26 7.39 7.21 7.57 7.74 7.27 12.81 13.66 13.77 14.31 14.29
12 2.38 2.59 2.41 4.10 3.48 9.2 10.73 10.44 12.85 12.13 16.84 18.11 18.49 20.41 20.10
24 6.24 12.63 6.75 15.74 10.91 19.01 30.21 20.81 37.22 28.68 30.2 42.94 32.75 49.20 41.39
36 | 12.54 33.08 12.29 38.38 22.26 30.62 57.05 33.77 63.93 48.66 43.87 68.63 47.24 75.96 62.30
48 119.17 55.13 17.53 60.42 37.95 41.33 76.95 44.42 82.93 64.28 59.94 85.18 57.99 89.41 76.79
60 | 26.37 75.22 25.14 76.74 49.82 52.03 90.07 53.58 91.85 77.51 65.89 94.31 68.37 96.14 88.21
72133.94 87.21 34.14 88.37 66.02 61.46 95.68 64.62 97.10 87.08 74.55 97.81 77.66 98.51 93.91
84 40.91 93.84 39.99 94.48 77.98 69.03 98.34 70.53 98.74 92.85 80.91 99.24 82.94 99.55 96.94
96 | 49.53 97.07 46.81 97.34 85.99 76.46 99.4 77.31 99.59 96.37 86.61 99.75 88.25 99.87 98.57
108 | 56.02 98.5 51.21 98.53 90.03 82.01 99.78 81.88 99.83 98.17 90.58 99.91 91.57 99.94 99.34
120 | 62.29 99.33 56.29 99.44 93.75 85.75 99.87 86.21 99.98 99.06 92.91 99.96 93.80 99.96 99.63
beta(0.5,0.5) 4| 0.86 0.86 0.84 1.06 1.18 4.66 4.66 4.66 5.12 5.77 9.77 9.58 9.81 10.37 10.93
8| 1.44 1.19 3.05 1.41 0.76 6.8 6.15 11.05 6.49 3.65 12.96 12.67 19.56 12.93 8.00
12 2.58 2.33 6.94 4.04 0.69 10.64 10.64 20.57 14.32 3.75 18.73 20.04 31.70 22.34 7.8
24| 9.42 14.63 21.64 18.63 0.72 27.49 38.23 45.88 46.35 5.15 42.72 53.77 60.74 61.28 12.37
36 | 22.56 42.76 38.84 49.17 1.49 49.94 71.51 68.36 77.73 14.72 66.02 82.75 80.29 86.62 37.36
48 | 37.1 69.09 53.82 73.74 4.47 67.33 89.19 82.33 92.12 39.08 81.26 94.47 90.45 95.76 73.01
60 | 53.28 86.9 72.44 88.25 11.59 83.33 96.17 92.11 97.06 73.7 92.27 98.24 96.57 98.80 92.58
72 67.99 94.43 83.11 95.08 34.69 90.41 98.53 96.32 98.96 90.79 96.08 99.41 98.52 99.46 98.07
84 |80.21 97.92 90.52 98.15 68.41 96.19 99.60 98.73 99.70 97.88 98.86 99.87 99.66 99.89 99.67
96 | 88.08 99.04 94.9 99.17 85.52 98.42 99.85 99.55 99.93 99.62 99.58 99.95 99.90 99.98 99.93
108 [ 93.42 99.75 97.28 99.81 94.46 99.41 99.98 99.82 100 99.88 99.80 100 99.95 100 99.98
120 | 96.79 99.88 98.26 99.90 98.08 99.71 100 99.93 99.99 99.95 99.99 100 99.98 100 100
beta(0.5, 3) 4 0.92 0.92 0.95 0.94 4.12 5.29  5.29 5.29 5.14 7.4 11.42 10.95 11.44 10.32 13.94
8| 6.29 6.85 5.64 9.21 9.75 18.12 19.68 16.85 22.04 19.91 26.65 30.03 26.55 32.43 30.61
12 | 14.18 19.68 13.84 27.53 18.25 31.93 41.06 32.96 46.38 39.95 44.60 52.47 46.05 57.13 52.55
24 147.69 74.48 50.91 76.76 62.97 71.29 86.68 74.63 88.66 83.77 82.29 91.29 83.76 92.50 91.06
36 | 77.18 94.71 76.37 95.49 89.91 91.75 98.07 92.79 98.36 97.54 95.80 98.98 96.40 99.11 98.98
481 91.87 98.94 90.85 99.04 98.14 97.90 99.70 98.07 99.76 99.69 99.13 99.87 99.11 99.91 99.89
60 | 97.65 99.85 96.92 99.91 99.74 99.49 99.97 99.49 99.98 99.99 99.82 100 99.78 100 99.99
72199.29 99.99 99.11 99.98 99.99 99.91 100 99.92 100 100 99.97 100 99.98 100 100
84 | 99.87 100 99.82 99.99 100 100 100 100 100 100 100 100 100 100 100
96 | 99.95 100 99.96 100 100 100 100 100 100 100 100 100 100 100 100
108 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
120 | 99.99 100 99.99 100 100 100 100 100 100 100 100 100 100 100 v100
beta(1,2) 4 1.03 1.03 1.04 0.96 1.12 5.02 5.02 4.98 5.09 5.06 10.38 10.03 10.37 10.12 10.12
8 1.10 1.08 1.69 1.23 1.37 6.1 5.65 7.23 6.60 5.22 11.61 11.82 13.99 12.43 10.54
12 1.94 1.76 2.89 2.86 1.57 8.44  8.60 10.79 10.58 7.53 15.04 16.04 19.00 18.83 13.88
24| 4.81 10.72 6.80 14.54 4.09 16.48 28.14 21.06 36.44 15.93 27.38 40.92 33.02 48.87 27.98
36 | 10.65 33.06 12.03 39.05 10.52 27.92 57.12 32.84 65.17 32.30 40.97 69.01 46.01 77.06 47.25
48 |117.36 56.87 17.45 63.07 20.68 38.99 78.75 43.70 83.69 49.23 53.39 86.28 57.71 90.62 65.89
60 | 24.47 77.84 25.4 80.53 31.16 49.46 91.61 52.90 94.01 65.98 63.89 95.14 67.59 96.81 79.52
72 130.95 89.33 31.62 90.56 46.33 59.19 96.43 61.99 97.62 77.33 73.59 98.22 75.92 98.90 88.98
84 40.18 95.43 39.95 96.10 62.16 69.09 98.71 70.61 99.09 87.55 81.92 99.29 83.37 99.61 94.76
96 | 47.75 97.87 46.99 98.10 72.98 75.95 99.48 77.04 99.66 92.94 86.74 99.78 87.86 99.86 97.28
108 | 56.13 99.21 52.48 99.20 80.49 82.95 99.81 82.77 99.93 96.2 91.56 99.97 92.27 99.98 98.92
120 | 63.38 99.67 58.77 99.69 87.01 87.01 99.97 86.83 100 98.19 94.05 99.98 94.62 99.98 99.35
The bold number is the highest power among the five tests for each sample size.
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Table 3.17: Empirical percentage of powers for the five tests when errors generated from

the alternatives in Group II with Design 5 for a = 0.01,0.05 and 0.1

0.01 0.05 0.1
Alternatives n D D, D. Dy Tn| D Dsp D. Dy, Th D D., D. Dy, Th
U(0,1) 4 1.07 0.98 1.14 1.01 0.97 4.94 5.02 5.40 5.09 5.14 9.86 10.57 10.47 10.47 10.17
8 1.05 0.77 1.68 1.00 0.62 4.90 4.13 7.88 4.56  3.08 9.91 8.67 14.51 9.83 7.56
12 1.10 0.57 2.70 1.07 0.34 5.22 4.40 9.91 5.64 1.87 10.59 9.54 18.16 12.46 5.41
24 1.61 1.92 4.66 3.67 0.12 8.52 10.70 16.95 17.56 1.77 16.75 21.46 28.21 30.81 5.32
36 3.13 8.29 7.24 12.69 0.34 13.90 28.92 24.36 41.27 3.10 24.49 44.42 38.91 59.76 10.68
48 4.70 22.63 11.14 29.12 0.62 19.79 53.64 33.09 67.78 6.28 34.44 70.27 49.51 82.45 21.14
60 7.80 40.79 14.46 48.48 1.04 26.84 74.00 40.41 84.80 14.56 42.49 86.61 57.89 93.62 38.58
72110.89 61.03 18.63 67.62 2.27 34.21 88.69 48.24 93.94 28.03 51.13 95.00 66.22 98.27 57.66
84 | 14.37 77.38 23.67 82.97 4.30 42.33 95.65 55.92 98.09 43.55 60.25 98.47 73.17 99.64 72.46
96 | 20.72 88.51 29.74 93.35 8.79 50.60 98.74 64.54 99.56 60.32 67.40 99.68 79.49 99.91 84.04
108 | 25.30 95.76 36.74 97.04 16.65 58.23 99.67 71.20 99.91 73.19 74.88 99.94 85.08 99.99 91.91
120 | 31.64 98.47 39.05 98.93 30.19 64.14 99.94 75.82 99.98 85.28 79.89 99.99 88.41 100 95.90
beta(2,2) 4 1.02 0.95 0.64 0.95 0.99 4.76  4.80 4.86 4.78 5.02 9.90 9.58 9.74 10.01 9.50
8| 0.85 0.73 1.13 0.80 0.64 4.04 4.21 5.53 3.74 3.34 8.43 8.61 10.73 8.24 7.01
12| 0.75 0.42 1.39 0.48 0.29 4.23  3.56 6.16 3.50 2.08 8.73 7.64 11.89 7.53 5.20
24| 0.73 0.62 1.35 1.01 0.08 4.34 4.01 7.30 5.93 1.32 9.28 8.49 13.84 12.14  3.87
36 | 0.91 0.97 1.65 1.70 0.19 5.74 6.07 8.48 8.33 1.39 11.49 12.41 16.28 16.97 4.33
48 1.27 1.85 2.06 2.79 0.11 6.95 8.99 9.79 13.45 1.83 13.67 17.38 18.43 25.24 5.69
60 1.63 2.87 2.17 3.90 0.21 7.97 13.41 10.8 18.81 2.26 15.45 23.62 20.56 34.12 8.09
72 1.78 4.21 2.64 5.70 0.28 9.22 17.11 12.43 25.57 3.45 17.57 29.42 23.20 43.08 11.49
84| 2.13 5.94 3.05 7.69 0.32 11.03 22.81 15.35 32.90 4.41 21.17 37.45 25.82 52.64 14.69
96 2.73 7.69 3.66 12.48 0.44 12.13 28.49 16.2 40.89 7.20 22.45 44.71 29.08 60.80 20.95
108 3.32 11.23 3.83 14.29 0.94 14.62 36.60 18.56 49.94 9.99 26.41 52.90 31.98 69.63 26.46
120 4.04 14.26 4.22 19.32 0.87 16.05 43.28 20.08 59.72 12.54 28.26 60.86 34.00 78.70 33.54
beta(2,5) 4| 0.83 1.09 1.06 0.81 0.95 4.58 4.72 4.78 4.90 5.20 9.55 9.69 10.08 10.67 10.35
8 1.04 1.38 1.06 1.49 1.46 5.75 5.64 6.08 6.28 6.15 11.01 11.60 11.76 11.48 11.24
12 1.44 1.43 1.72 1.96 1.91 6.27 6.93 7.33 8.07 7.44 12.62 12.68 14.51 14.68 13.72
24| 292 5.08 3.20 6.51 3.90 11.24 15.51 12.97 21.4 15.10 19.51 25.14 22.13 32.88 25.08
36 5.10 12.36 5.35 16.77 8.93 17.82 30.28 18.96 39.75 26.67 27.72 42.55 29.67 53.91 39.18
48 7.18 21.57 7.16 30.09 13.92 21.65 45.11 23.69 58.24 36.54 33.42 58.69 37.28 72.11 51.29
60 | 10.63 35.76 9.14 43.83 22.23 28.15 60.35 29.57 74.09 47.45 40.89 72.72 43.42 85.14 62.37
72114.32 49.93 13.14 58.11 30.63 34.26 73.39 34.82 85.01 58.91 48.22 83.22 49.70 92.58 73.33
84 116.95 61.80 14.71 70.56 36.88 39.47 83.33 39.62 91.74 67.79 54.53 90.38 54.90 96.23 80.12
96 | 21.96 72.37 18.03 82.01 47.38 45.98 90.27 45.66 95.40 75.91 59.95 94.84 61.63 98.26 85.93
108 | 25.44 81.21 20.91 87.83 56.48 51.55 94.52 51.57 97.94 81.94 66.20 97.42 67.03 99.28 90.44
120 | 29.06 86.81 22.93 93.27 62.62 54.78 96.87 54.43 99.15 86.38 69.91 98.52 70.91 99.74 93.33
beta(5, 1.5) 4| 0.76 1.01 1.13 1.01 1.12 5.17 5.21 5.08 5.04 5.77 10.75 10.67 10.58 10.19 11.39
8 1.60 1.75 1.61 2,12 2.22 6.81 7.21 6.78 8.22 8.39 12.77 13.66 13.36 14.53 14.73
12 2.45 2.59 2.57 3.64 3.74 9.47 10.73 10.08 13.30 12.07 16.94 18.11 18.84 21.90 20.67
24 6.39 12.63 6.92 19.46 10.73 18.91 30.21 21.88 43.33 29.51 29.73 42.94 33.84 56.70 42.56
36 |11.16 33.08 13.00 45.12 22.60 30.12 57.05 34.30 71.50 49.25 42.88 68.63 47.98 82.10 63.35
48 [ 17.54 55.13 16.91 70.00 37.03 40.12 76.95 42.21 88.49 65.09 54.88 85.18 58.49 94.20 77.79
60 | 25.51 75.22 24.02 85.65 53.05 50.84 90.07 52.87 96.13 77.91 64.17 94.31 68.42 98.27 87.87
72133.85 87.21 32.64 93.44 67.63 60.91 95.68 62.91 98.77 87.65 74.22 97.81 76.23 99.51 93.86
84 |40.66 93.84 39.77 97.27 75.52 68.40 98.34 70.55 99.49 92.94 80.50 99.24 82.69 99.86 97.09
96 | 48.45 97.07 44.56 98.96 84.93 76.09 99.40 77.06 99.86 96.46 86.16 99.75 87.78 99.97 98.65
108 | 55.87 98.50 50.75 99.42 91.11 81.49 99.78 82.22 99.97 98.39 90.67 99.91 91.25 99.99 99.35
120 | 62.78 99.33 56.04 99.76 93.97 85.74 99.87 86.10 99.99 98.94 93.33 99.96 94.34 100 99.65
beta(0.5,0.5) 4| 0.78 0.86 2.40 1.17 1.22 4.41 4.66 T.74 5.60 5.68 9.45 9.58 12.89 10.74 11.03
8 1.88 1.19 3.35 2.59 1.60 7.58 6.15 13.23 8.23 5.64 14.25 12.67 21.69 14.77 9.31
12 2.87 2.33 7.75 4.76 0.74 10.77 10.64 22.41 16.43 4.29 20.06 20.04 33.92 27.22 8.84
24| 9.21 14.63 24.31 30.94 0.88 28.11 38.23 50.49 64.58 6.13 43.40 53.77 64.13 79.95 14.56
36 | 19.68 42.76 41.71 74.52 1.66 50.36 71.51 71.77 94.30 15.3 66.83 82.75 83.43 97.97 41.30
48 | 34.03 69.09 57.71 94.84 4.29 68.14 89.19 85.62 99.43 42.44 82.37 94.47 93.48 99.83 78.15
60 | 54.02 86.90 72.46 99.05 15.81 82.59 96.17 93.19 99.95 76.25 91.76 98.24 97.53 99.98 95.34
72| 68.67 94.43 84.77 99.92 40.89 91.41 98.53 97.49 100 93.78 96.89 99.41 99.22 100 99.05
84 (80.33 97.92 91.69 99.99 63.14 96.28 99.60 99.10 100 98.76 99.03 99.87 99.79 100 99.89
96 | 89.29 99.04 96.07 100 88.38 98.55 99.85 99.74 100 99.77 99.70 99.95 99.95 100 99.99
108 | 94.18 99.75 97.94 100 96.80 99.52 99.98 99.93 100 99.99 99.91 100 99.988 100 99.99
120 | 97.36 99.88 98.85 100 99.03 99.82 100 99.99 100 100 99.99 100 99.998 100 100
beta(0.5, 3) 4| 093 0.92 2.59 1.61 1.81 4.96  5.29 8.41 7.01 7.62 11.22 10.95 14.11 13.26 13.26
8| 5.87 6.85 5.08 12.40 10.30 19.27 19.68 16.69 26.88 14.10 29.46 30.03 27.03 37.33 33.44
12 [ 15.31 19.68 13.49 34.74 19.50 34.17 41.06 34.45 56.40 41.64 47.37 52.47 47.78 67.13 54.48
24149.36 74.48 50.24 89.42 63.52 75.73 86.68 76.17 96.26 85.00 85.87 91.29 85.71 98.15 92.01
36 | 81.44 94.71 77.60 98.36 90.81 95.61 98.07 93.70 99.69 98.16 98.08 98.98 97.11 99.92 99.24
48 [ 95.45 98.94 91.52 99.93 98.47 99.38 99.70 98.59 99.99 99.81 99.83 99.87 99.60 100 99.98
60 | 99.44 99.85 97.04 100 99.76 99.93 99.97 99.73 100 99.98 99.99 100 99.98 100 100
72199.92 99.99 99.26 100 99.99 99.99 100 99.95 100 100 100 100 99.99 100 100
84 100 100 99.88 100 100 100 100 100 100 100 100 100 100 100 100
96 100 100 99.99 100 100 100 100 100 100 100 100 100 100 100 100
108 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
120 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
beta(l, 2) 4| 0.78 1.03 1.12 1.03 0.84 4.82 5.02 5.27 5.15 5.42 9.73 10.03 10.46 10.43 10.34
8 1.30 1.08 1.60 2.05 1.61 6.62 5.65 7.76 7.08 6.45 12.28 11.82 14.01 13.40 11.49
12 2.09 1.76  2.73 3.16 1.76 8.32 8.60 11.01 12.11 7.59 14.96 16.04 19.39 20.37 14.12
24| 4.63 10.72 6.67 19.44 3.88 15.93 28.14 20.81 44.15 15.91 26.22 40.92 33.096 58.22 27.97
36 9.22 33.06 11.85 51.20 10.26 27.54 57.12 31.41 76.96 32.71 39.86 69.01 46.131 85.96 48.46
48 | 15.68 56.87 17.64 76.83 19.96 38.30 78.75 43.34 92.25 49.69 53.02 86.28 58.608 96.18 67.15
60 | 23.77 77.84 24.09 90.72 34.62 49.79 91.61 53.10 97.84 65.92 64.39 95.14 67.732 99.24 81.01
72 |31.16 89.33 31.17 96.46 48.19 58.78 96.43 61.91 99.52 78.04 72.95 98.22 76.227 99.90 89.70
84 39.60 95.43 38.95 98.52 58.89 68.10 98.71 69.36 99.83 87.69 81.64 99.29 82.554 99.99 94.82
96 | 48.16 97.87 46.29 99.63 72.38 76.08 99.48 77.43 99.98 93.01 86.89 99.78 88.355 100 97.20
108 | 55.80 99.21 53.11 99.83 81.47 82.24 99.81 83.33 100 96.50 91.01 99.97 92.423 100 98.90
120 | 64.85 99.67 58.76 99.94 87.30 87.24 99.97 87.11 100 98.07 94.4 99.98 94.909 100 99.36
The bold number is the highest power among the five tests for each sample size.
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Table 3.18: Empirical percentage of powers for the five tests when errors generated from

the alternatives in Group II with Design 6 for a = 0.01,0.05 and 0.1

0.01 0.05 0.1
Alternatives n D D, D. Dy, Tn| D Dsp D. Dy T D D,, D. Dy, T
U(0,1) 4| 1.20 1.20 1.13 1.02 1.20 5.88 5.88 5.68 5.88 5.88 11.49 11.49 11.51 11.49 11.49
8| 0.52 0.52 2.49 0.62  0.57 2.44 2.70 8.88 3.72 2.73 5.36 6.72 15.59 8.38 6.06
12| 0.22 0.41 3.34 1.04 0.24 2.52 3.40 12.64 5.29 1.84 6.79 T7.41 21.29 11.31 4.66
24 0.10 1.85 6.11 4.39 0.10 5.23 10.41 19.46 19.18 1.85 11.63 20.34 31.60 32.25 4.69
36| 0.28 8.36 8.44 12.32 0.30 10.88 29.46 26.66 43.44 3.06 20.06 46.03 41.07 62.34 8.67
48 | 0.54 22.51 11.67 28.70 0.51 16.94 53.98 33.77 70.02 5.81 29.57 70.77 50.70 84.38 17.68
60| 0.73 40.64 14.86 50.25 0.88 22.73 76.6 41.91 87.31 11.26 39.91 87.93 60.19 94.99 34.04
72 1.81 63.39 18.91 74.44 1.66 31.72 89.97 50.20 95.56 23.79 48.49 95.72 67.53 98.66 53.64
84| 3.88 79.47 23.97 85.49 4.64 41.23 96.31 58.48 98.70 40.20 58.75 98.74 75.55 99.72 69.88
96 | 7.67 90.47 29.30 94.45 7.67 47.43 99.04 65.23 99.75 55.76 65.59 99.78 81.01 99.96 82.47
108 | 17.70 96.13 35.04 97.93 17.40 55.77 99.75 71.67 99.98 72.39 73.05 99.97 85.95 99.99 90.59
120 | 24.88 98.65 41.18 99.34 25.59 62.67 99.97 78.00 100 81.63 78.71 100 90.01 100 95.46
beta(2,2) 4 0.90 0.90 1.01 0.90 0.90 4.84 4.84 4.85 4.84 4.84 10.02 10.02 10.15 10.02 10.02
8| 0.49 0.49 1.47 0.51 0.50 2.92 2.97 6.63 3.41 2.66 6.19 6.79 12.09 7.14 6.13
12| 0.35 0.37 1.45 0.59 0.22 2.34 2.56 7.02 3.28 2.05 6.96 6.38 13.21 7.33 4.59
24| 0.65 0.57 2.22 1.13 0.11 3.14 3.44 8.41 5.98 1.44 7.60 7.56 15.62 11.77 3.83
36| 0.67 0.74 2.48 1.18 0.14 4.17 5.38 10.05 8.73 1.22 8.76 11.62 17.38 17.18 3.69
48 | 0.97 1.80 2.46 2.45 0.11 5.57 8.11 11.10 13.70 1.55 11.23 16.23 19.91 24.85 5.04
60| 0.90 2.60 2.30 3.72 0.14 5.90 12.42 11.32 19.31 2.08 12.91 22.21 21.35 34.28 6.86
72 1.33 4.24 3.05 7.04 0.29 7.53 17.77 13.66 27.12 3.08 15.39 30.15 24.16 44.52 10.03
84 1.62 6.00 3.26 8.22 0.29 9.64 23.37 15.89 34.47 4.12 19.24 37.90 27.24 53.32 12.78
96 2.10 8.56 3.33 12.56 0.43 10.13 30.87 16.73 41.71 5.71 20.02 45.89 29.13 61.51 18.81
108 2.80 10.68 3.93 15.67 0.88 12.66 37.77 18.57 52.22 8.83 23.27 55.19 33.08 70.86 23.67
120 2.83 14.81 4.30 20.37 0.71 14.42  45.45 20.83 58.89 11.38 25.70 62.71 34.98 78.11 30.24
beta(2,5) 4 1.18 1.18 1.24 1.18 1.18 5.12 5.12 5.30 5.12 5.12 10.41 10.41 10.58 10.41 10.41
8 1.36 1.37 1.28 1.37 1.44 4.99 5.20 6.33 5.77 5.93 9.02 10.27 12.99 11.08 11.46
12 1.45 1.45 1.60 1.81 1.64 6.92 6.73 7.60 8.70 7.85 11.84 13.13 14.64 15.00 13.98
24| 3.04 4.70 4.25 7.80 3.82 10.22 16.33 14.90 22.88 15.60 18.51 26.15 24.90 35.15 25.69
36| 4.80 13.21 6.83 16.61 9.19 15.87 33.34 20.95 41.78 26.74 26.58 45.92 32.50 55.54 39.63
48 7.16 25.86 8.45 30.21 15.46 20.66 49.84 25.55 60.41 36.73 32.15 63.05 38.68 73.76 51.31
60| 8.95 38.91 9.94 45.29 21.26 26.56 67.59 31.62 76.30 47.60 39.98 78.62 46.00 86.44 62.58
72 |12.20 55.55 14.71 63.27 31.72 32.91 80.64 37.29 87.34 59.10 47.49 88.76 51.60 93.94 72.98
84 |16.25 68.22 16.89 73.37 38.80 39.02 88.84 42.66 93.30 68.67 53.60 94.16 57.08 97.10 80.32
96 | 20.10 79.28 19.06 83.63 47.69 43.03 94.07 47.49 96.36 75.14 58.18 96.95 63.21 98.59 85.86
108 | 25.02 86.71 22.72 90.14 57.45 49.52 97.35 52.33 98.69 81.75 64.45 98.90 68.31 99.66 90.46
120 | 27.46 92.60 26.02 94.74 63.58 54.95 98.72 57.34 99.41 86.46 69.25 99.50 72.66 99.87 93.07
beta(5,1.5) 4| 0.95 0.95 0.62 0.95 0.95 5.21 5.21 4.95 5.21 5.21 10.86 10.86 10.54 10.86 10.86
8 1.69 1.73 1.73 1.80 2.03 6.34 6.76 8.06 8.42 8.40 11.11 13.98 15.80 15.51 15.18
12 2.59 2.79 2.91 4.72 3.51 5.66 11.58 11.69 15.81 13.42 16.55 19.49 20.73 25.18 21.74
24 6.07 15.14 7.93 23.38 10.62 17.01 36.39 24.44 48.02 30.14 28.08 49.45 37.24 61.14 43.46
36 | 10.45 40.99 14.89 48.19 23.94 28.57 67.33 36.74 76.53 49.99 41.67 78.04 50.85 85.55 63.45
48 117.13 68.27 20.59 73.14 39.39 40.45 86.14 46.60 91.45 65.77 53.89 91.87 60.99 95.89 78.04
60 | 24.05 85.50 25.32 89.14 51.93 49.27 96.15 55.58 97.79 78.10 64.05 97.89 70.21 99.18 88.17
72131.87 94.87 38.30 96.85 68.84 60.17 99.02 67.56 99.54 87.99 74.04 99.59 80.04 99.93 94.23
84 | 39.59 98.46 42.45 98.96 77.37 68.30 99.80 72.61 99.92 93.60 80.49 99.94 84.40 99.97 97.29
96 | 47.09 99.38 46.88 99.66 85.17 74.63 99.96 78.72 100 96.39 85.65 100 88.68 100 98.80
108 | 56.27 99.93 54.18 99.96 91.72 80.54 100 83.37 100 98.36 90.09 100 92.42 100 99.43
120 | 61.08 99.98 60.34 100 94.32 85.42 100 87.98 100 99 92.68 100 94.96 100 99.68
beta(0.5,0.5) 4 2.35 2.35 2.38 2.35 2.35 10.14 10.14 9.84 10.14 10.14 18.03 18.03 18.02 18.03 18.03
8| 0.94 0.99 6.10 2.28 1.56 3.49 5.34 18.29 9.58 4.68 8.62 13.54 29.47 17.65 8.77
12 1.45 2.55 10.63 7.22 0.75 5.45 13.73 29.34 22.42 4.18 12.72 21.34 43.54 34.36 8.44
24| 6.00 26.41 27.93 40.45 0.69 23.17 56.61 55.26 74.80 5.41 36.06 73.89 69.70 87.14 12.93
36 | 17.78 71.07 46.27 79.82 1.66 47.91 93.94 76.16 97.74 13.75 64.00 97.78 86.99 99.31 35.42
48 | 35.05 95.69 61.72 97.49 4.55 68.21 99.57 88.01 99.86 38.30 81.81 99.86 94.34 99.96 74.80
60| 51.41 99.63 73.45 99.81 11.57 82.10 99.97 94.52 99.99 72.81 92.35 99.99 98.10 99.99 94.36
72| 67.07 99.99 87.13 99.99 37.89 91.32 100 97.90 100 92.84 96.77 100 99.31 100 98.97
84 | 80.53 100 92.23 100 64.06 96.76 100 99.32 100 98.76 99.16 100 99.88 100 99.89
96 | 89.41 100 96.44 100 86.10 98.74 100 99.84 100 99.67 99.7 100 99.98 100 99.99
108 | 94.62 100 98.43 100 96.59 99.47 100 99.98 100 99.97 99.92 100 100 100 99.99
120 | 96.87 100 99.34 100 98.81 99.77 100 99.97 100 99.99 99.98 100 99.99 100 100
beta(0.5, 3) 4 2,77 2777 4.45 2,77 277 11.38 11.38 12.17 11.38 11.38 19.30 19.30 19.90 19.30 19.30
8 7.21 8.18 8.24 15.99 12.29 17.36  26.51 25.01 36.51 26.18 28.09 42.85 40.48 49.16 37.83
12 | 14.43 33.57 16.73 51.93 21.88 36.68 63.47 44.05 73.14 47.56 48.70 71.58 59.68 81.27 60.16
24 50.90 96.24 59.09 97.98 66.29 77.54 98.85 82.99 99.52 88.13 87.00 99.41 90.95 99.83 93.97
36 | 84.41 99.97 83.91 99.98 92.76 96.43 99.99 96.10 100 98.54 98.35 100 98.22 100 99.47
48 |1 97.17 100 94.61 100 98.97 99.62 100 99.16 100 99.90 99.92 100 99.77 100 99.97
60 | 99.57 100 97.72 100 99.89 99.98 100 99.81 100 100 100 100 99.95 100 100
72 199.96 100 99.47 100 99.99 99.99 100 99.98 100 100 100 100 100 100 100
84 100 100 99.92 100 100 100 100 100 100 100 100 100 100 100 100
96 100 100 99.99 100 100 100 100 100 100 100 100 100 100 100 100
108 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
120 100 100 100 100 100 100 100 100 v100 100 100 100 100 100 100
beta(1,2) 4 1.07 1.07 1.36 1.07 1.07 5.54 5.54 5.60 5.54 5.54 11.28 11.28 11.59 11.28 11.28
8 1.32 1.32 2.34 1.62 1.66 4.48 5.13 9.67 6.98 6.12 8.85 11.16 16.81 13.38 10.85
12 1.41 1.65 3.65 3.74 1.60 7.51 8.99 13.38 13.81 8.05 12.59 16.22 22.91 22.67 14.63
24| 4.06 15.18 9.51 24.10 4.43 13.20 36.04 25.62 50.17 17.97 22.98 49.69 38.02 63.69 29.75
36 7.56 45.79 15.16 53.28 11.09 23.89 71.00 35.96 80.76 32.66 36.80 81.34 50.20 88.96 47.78
48 114.37 7597 21.84 80.24 21.35 35.95 91.20 47.30 95.12 49.59 50.39 95.16 61.23 97.72 66.91
60 | 20.20 91.41 26.98 93.99 32.43 46.22 98.12 57.01 99.03 65.63 62.42 99.00 72.01 99.66 80.86
72127.27 97.96 35.69 98.85 49.05 57.22  99.69 65.25 99.89 78.17 72.86 99.89 78.60 99.97 89.72
84 | 37.77 99.50 42.24 99.67 60.56 67.90 99.94 73.14 99.97 88.09 81.17 99.97 84.66 99.99 94.81
96 | 45.63 99.93 48.75 99.97 71.83 74.02 100 78.75 100 92.61 86.31 100 89.57 100 97.24
108 | 55.42 99.98 56.23 100 82.31 81.02 100 84.16 100 96.38 90.73 100 93.10 100 98.87
120 | 60.75 100 61.63 100 87.74 86.31 100 88.28 100 98.16 93.71 100 95.55 100 99.54
The bold number is the highest power among the five tests for each sample size.
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Table 3.19: Empirical percentage of powers for the five tests when errors generated from

the alternatives in Group III with Design 1 for a = 0.01,0.05 and 0.1

0.01 0.05 0.1
Alternatives n D Dsp D, Dy; Th D Dsp D, Dy,; Th D Dgsyp D, Dy,; Th
Laplace(0, 1) 4| 1.07 1.07 1.07 1.07 1.27 4.55 4.55 4.55 4.55 6.10 9.48 9.06 9.35 9.06 11.80
8| 2.08 225 1.18 2.29 3.50 8.38 9.47 5.63 8.71 11.24 15.71 16.53 11.22 16.11 18.14
12 4.35 5.15 1.85 4.00 6.29 12.91 14.07 8.40 12.74 17.26 21.05 22.07 14.84 20.07 25.82
24| 8.48 9.30 7.93 4.38 13.80 21.58 22.28 18.92 14.49 29.50 31.69 32.08 27.90 24.51 40.14
36 | 15.07 13.39 15.39 3.49 22.44 31.56 30.73 29.83 14.82 39.64 43.69 41.20 39.96 26.90 51.31
48 | 18.66 15.06 20.57 2.67 28.88 38.54 35.15 38.02 13.43 49.18 51.44 47.54 49.22 26.03 60.05
60 | 25.86 18.64 26.92 2.51 37.90 47.30 40.37 46.48 12.70 57.26 60.41 53.33 58.31 26.04 67.60
72131.08 20.77 32.33 1.62 42.68 54.33 43.68 54.56 11.36 64.31 67.08 58.81 66.47 26.15 74.04
84 |38.24 22,59 38.82 1.44 47.82 62.19 48.44 61.04 10.87 70.35 73.28 63.00 72.44 27.39 80.08
96 | 42.05 23.77 41.58 1.00 55.21 66.84 51.45 66.23 10.26 75.28 77.43 67.00 76.89 27.42 83.75
108 | 47.86 27.07 46.88 0.87 60.39 72.81 58.21 72.15 10.43 80.80 82.10 71.28 82.06 30.10 88.42
120 | 52.78 30.41 53.89 0.98 65.45 76.53 60.34 75.94 10.94 83.67 85.94 74.54 84.67 31.46 90.11
t(1) 4 0.66 0.66 0.66 0.66 3.70 3.14 3.14 3.14 3.14 13.42 10.75 6.45 9.21 6.45 22.66
8116.70 19.69 2.11 19.70 29.51 32.23 36.53 16.44 36.55 42.38 42.26 46.29 27.15 45.77 49.96
12 (39.62 44.43 25.61 40.02 47.48 54.77 57.91 45.87 54.51 61.18 62.85 65.52 54.77 62.71 68.90
24| 77.06 79.09 73.97 67.55 82.47 86.26 87.52 84.20 81.01 90.29 90.35 90.95 88.54 87.13 93.16
36 92.25 91.91 91.53 80.52 95.14 96.02 96.01 95.94 91.45 97.70 97.53 97.50 97.35 95.22 98.57
48 | 97.26 97.07 96.69 86.89 98.41 98.96 98.82 98.72 95.78 99.39 99.48 99.31 99.41 98.07 99.68
60 |99.23 98.91 98.85 92.52 99.67 99.76 99.64 99.72 98.00 99.89 99.88 99.81 99.82 99.16 99.96
72199.81 99.59 99.68 95.18 99.93 99.99 99.97 99.96 98.98 98.98 99.99 99.99 99.98 99.68 100
84199.94 99.84 99.88 97.57 99.93 99.97 99.96 99.95 99.57 99.98 99.97 99.97 99.97 99.87 100
96 199.99 99.92 99.97 98.30 100 100 100 100 99.81 100 100 100 100 99.94 100
108 | 100 99.96 99.98 99.16 100 100 100 100 99.87 100 100 100 100 99.95 100
120 ( 100 100 100 99.49 100 100 100 100 99.95 100 100 100 100 100 100
t(3) 4| 101 1.01 1.01 1.01 0.96 4.60 4.60 4.60 4.60 5.41 8.81 8.70 8.72 8.70 11.95
8| 2.10 2.60 1.11 242 5.50 8.85 10.39 5.33 9.80 13.85 16.28 17.76 11.22 17.33 20.76
12| 6.06 7.62 2.40 6.48 10.88 15.37 17.30 11.13 16.14 22.37 23.62 25.26 18.69 24.09 30.39
24114.62 17.28 17.36 11.74 24.59 27.12 30.24 27.83 24.06 38.91 36.19 39.19 36.34 33.89 47.83
36| 22.34 24.55 29.44 13.22 36.35 38.05 40.48 42.16 27.53 51.49 48.10 50.19 49.86 38.97 60.54
48 |1 27.59 29.24 38.88 14.35 46.11 44.88 46.79 52.38 29.96 61.45 55.42 56.84 60.46 41.81 70.51
60 | 35.59 35.17 47.52 14.90 55.95 53.06 53.85 61.01 31.14 70.02 63.11 63.69 68.81 45.02 76.86
72140.97 38.89 53.96 14.32 61.65 59.04 59.14 68.34 32.55 75.24 69.51 68.78 75.62 46.99 81.60
84| 48.60 43.61 62.91 15.52 67.97 66.52 64.16 75.15 34.64 81.81 75.15 73.86 81.50 50.84 87.36
96 | 53.82 48.35 68.12 15.60 75.39 72.20 69.72 80.46 36.78 86.26 79.86 79.13 86.19 54.28 90.68
108 | 57.38 51.06 71.72 16.68 78.85 75.61 72.75 83.41 38.28 89.09 82.89 81.08 88.39 56.91 92.93
120 | 62.64 54.98 77.01 17.58 83.12 79.44 75.61 87.76 40.94 91.86 86.02 84.37 91.68 59.58 94.71
t(4) 4| 0.90 0.90 0.90 0.90 1.19 4.56  4.56 4.56 4.56 5.49 9.35 891 9.23 8.91 11.27
8 1.60 1.88 1.13 1.70 3.36 7.40 8.36 5.22 7.81 10.51 14.19 15.11 10.52 15.15 17.38
12| 3.91 5.01 1.65 4.18 7.10 11.67 13.08 8.12 12.43 16.91 18.80 20.39 14.77 19.50 24.91
24 7.59 9.88 10.06 6.69 15.43 17.40 20.28 19.18 15.94 28.08 25.97 28.90 26.26 24.71 37.22
36 |11.10 13.01 18.31 6.54 22.57 23.30 25.62 28.55 17.24 36.46 32.59 35.32 36.76 26.98 46.46
48 | 13.85 15.57 25.08 6.76 29.25 28.36 31.04 37.45 18.22 45.32 39.52 41.51 45.73 28.60 55.37
60 | 18.10 18.20 30.54 7.01 36.08 33.76 35.05 44.42 17.92 52.61 44.83 45.69 52.81 28.72 61.40
7221.20 20.69 36.68 6.50 40.76 38.29 39.15 51.26 18.64 58.11 50.20 50.24 60.08 30.23 67.26
84 125.67 22.83 43.37 6.05 45.76 44.15 42.83 57.93 17.57 64.16 55.32 55.01 66.29 31.31 73.03
96 | 27.88 24.30 46.61 5.78 51.94 48.49 45.44 62.46 17.95 68.60 58.85 58.90 70.48 32.40 76.46
108 [ 31.01 26.20 50.76 5.99 55.56 51.24 48.47 66.03 18.69 72.86 63.05 60.33 74.04 33.05 80.37
120 | 34.13 28.27 56.25 5.59 60.52 55.96 51.55 70.41 19.44 76.38 67.12 64.85 T77.63 34.20 82.85
t(6) 4| 091 0.91 091 0.91 1.19 5.23  5.23 5.23 5.23 5.57 10.39 9.98 10.10 9.98 10.90
8| 1.28 1.43 0.97 1.26 2.14 6.38 6.89 5.19 6.75 7.83 12.47 12.97 10.25 12.67 14.50
12| 2.08 2.61 1.04 229 3.53 8.06 8.88 5.99 8.03 10.82 14.67 15.30 11.91 14.42 17.72
24| 3.46 5.02 4.76 349 7.75 11.34 13.03 11.89 10.32 17.73 18.54 20.39 18.66 17.71 26.42
36| 5.13 6.11 8.72 3.22 11.09 13.19 15.19 16.92 10.03 22.74 21.46 23.85 24.07 17.41 31.50
48| 5.58 6.37 12.43 2.69 14.55 15.49 17.46 22.25 9.84 27.33 23.77 26.61 30.26 17.76 37.39
60 6.47 6.91 15.23 2.67 17.24 17.47 18.26 26.08 8.41 31.42 26.63 27.80 34.39 16.08 41.18
72| 7.57 7.38 18.35 2.23 19.61 18.97 20.31 30.56 8.24 34.86 29.14 30.21 38.80 16.12 44.78
84 9.18 7.85 22.36 2.11 20.99 22.77 21.87 34.69 8.20 38.62 32.44 32.75 43.85 16.50 49.26
96| 9.49 7.75 2459 1.72 24.74 23.95 22.21 38.79 7.18 42.27 33.72 34.12 47.85 15.44 53.25
108 |110.28 7.89 27.21 1.58 26.41 25.74 23.78 42.12 6.53 45.01 36.93 34.71 50.89 14.98 56.08
120 (11.77 8.78 31.90 1.43 30.21 27.54 25.09 46.29 6.67 49.18 39.59 37.42 55.23 15.02 59.42
The bold number is the highest power among the five tests for each sample size.
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Table 3.20: Empirical percentage of powers for the five tests when errors generated from

the alternatives in Group III with Design 2 for a = 0.01,0.05 and 0.1

0.01 0.05 0.1
Alternatives n D Dsp D, Dy,; Th D Dsp D, Dy,; Th D Dgyp D, Dy,; Th
Laplace(0, 1) 6 2.08 2.03 1.25 1.97 2.26 7.16 7.21 5.80 6.98 7.46 12.67 12.76 11.10 12.52 13.37
9| 292 3.33 1.62 3.25 3.54 9.66 11.00 6.60 10.26 12.50 17.23 17.57 12.69 17.42 20.16
12 4.05 5.27 1.87 4.24 6.22 13.62 15.02 8.40 12.52 16.78 21.61 22.97 15.07 20.33 25.61
24| 831 9.16 7.99 4.23 14.21 22.63 22.50 19.69 13.79 29.49 33.02 32.81 28.72 24.08 39.87
36 | 14.32 13.70 16.15 3.59 22.07 31.59 30.04 30.31 14.17 40.18 43.83 42.23 40.49 26.50 51.38
48 | 18.86 15.41 21.03 2.56 28.73 39.54 35.25 38.41 13.46 49.59 52.65 48.33 50.36 26.76 60.47
60 | 25.64 18.58 27.01 2.38 36.04 47.40 39.83 46.37 12.04 57.26 59.73 52.95 58.03 26.33 68.31
72130.69 19.72 32.78 1.45 44.52 54.77 44.54 54.77 11.62 64.80 67.29 58.41 66.32 26.45 74.24
84 |36.85 20.29 38.25 1.53 49.80 61.06 49.99 61.66 11.31 70.58 73.09 63.74 73.06 28.13 80.65
96 | 41.22 24.61 45.15 1.04 56.74 66.30 52.31 66.74 9.94 75.80 78.09 66.75 77.51 27.55 84.03
108 | 47.79 27.76 46.86 1.02 61.03 72.65 58.29 71.76 11.15 80.61 82.87 71.96 82.05 29.60 88.21
120 | 53.38 28.20 53.54 0.95 64.99 76.28 61.19 76.09 10.66 83.45 85.08 75.38 84.87 30.06 90.20
t(1) 6 8.68 8.34 6.33 8.40 8.94 14.91 15.11 12.42 15.13 15.89 20.81 20.81 17.45 20.50 20.93
9118.59 21.75 10.97 18.49 23.23 35.07 37.78 19.36 37.54 44.71 45.17 48.64 30.12 47.93 53.97
12 [ 35.64 42.06 18.37 38.33 46.74 53.11 57.64 43.99 53.57 60.54 62.51 64.98 53.89 62.07 68.53
24 (76.96 78.40 73.96 66.62 82.81 86.40 87.32 84.40 80.72 90.18 90.41 91.12 88.55 86.86 93.04
36 91.58 91.81 91.10 79.58 94.46 96.05 95.95 95.44 90.53 97.34 97.50 97.36 96.97 94.46 98.36
48 [ 97.01 97.19 96.82 87.43 98.49 98.97 98.79 98.77 95.82 99.40 99.48 99.31 99.34 98.07 99.62
60 |99.15 98.75 98.78 92.29 99.60 99.68 99.66 99.74 97.81 99.89 99.84 99.83 99.85 99.11 99.97
72199.79 99.66 99.69 94.95 99.93 99.93 99.87 99.99 99.06 99.90 99.96 99.91 99.99 99.64 100
84 199.92 99.85 99.90 97.49 99.94 99.98 99.96 99.95 99.55 99.97 99.99 99.98 99.97 99.86 99.98
96 1 99.98 99.94 99.98 98.14 100 100 100 100 99.76 100 100 100 100 99.95 100
108 [ 99.99 99.96 99.97 99.10 100 100 100 100 99.89 100 100 100 100 99.95 100
120 100 100 100 99.39 100 100 100 100 99.97 100 100 100 100 100 100
t(3) 6| 236 233 1.39 220 2.44 7.58 7.49 6.21 7.64 7.64 12.64 12.81 11.31 12.70 12.81
9| 3.81 4.50 2.09 442 4.97 10.98 12.10 7.35 11.72 15.43 18.38 19.46 13.15 19.24 23.26
12| 5.68 7.79 292 6.63 10.65 15.44 17.46 10.87 12.14 21.48 23.68 25.32 18.22 24.13 29.74
24(14.09 17.32 17.63 11.24 25.02 27.47 30.02 28.74 15.95 39.06 36.82 39.18 36.71 33.90 48.06
36 | 21.23 24.94 31.07 13.15 37.11 36.85 39.88 43.13 23.94 53.07 47.65 50.42 51.13 39.12 61.63
48 [ 28.39 30.21 39.37 14.85 46.02 45.25 47.64 52.88 27.77 62.13 56.6 57.41 61.22 42.58 70.77
60 | 34.32 34.24 47.37 13.94 54.41 52.97 53.45 61.17 30.32 69.68 63.25 63.34 69.02 44.53 76.89
72141.43 38.31 54.04 14.22 63.15 59.95 58.87 68.47 30.5 75.86 68.92 68.83 75.71 47.57 82.03
84 | 47.27 41.81 62.66 15.34 69.41 65.50 62.65 75.59 32.55 82.24 74.89 73.30 81.65 51.89 87.73
96 | 53.57 48.64 69.6 15.28 75.98 72.17 69.10 80.96 35.54 86.44 80.45 78.68 86.35 54.44 90.64
108 | 57.31 51.67 71.67 17.12 79.30 75.70 72.66 82.96 37.11 89.15 83.54 81.24 88.42 55.85 92.69
120 | 62.47 53.57 77.38 17.35 83.27 79.62 75.82 87.52 38.87 91.72 85.76 84.24 91.58 58.71 94.93
t(4) 6| 1.67 1.67 1.15 1.65 1.74 6.11  6.22 5.55 6.48 6.58 11.73 11.74 10.69 11.59 12.16
9 2.64 2.76 1.44 2.77 3.42 8.71 9.13 6.01 9.31 11.77 15.33 15.94 11.39 15.94 18.65
12| 3.35 4.77 1.93 4.33 6.94 10.81 12.98 8.03 11.82 16.28 18.60 20.22 14.21 19.15 24.26
24 7.58 9.54 10.08 5.98 15.74 18.12 20.28 19.32 15.54 28.20 27.05 28.64 26.79 24.58 36.65
36 |11.14 13.21 18.18 6.37 21.69 24.04 25.36 28.69 16.41 36.43 32.99 35.55 36.68 26.19 46.40
48 |1 14.46 16.71 25.05 7.41 29.14 29.17 31.29 37.76 18.79 45.57 40.31 41.78 46.46 29.34 55.53
60 | 18.02 17.80 31.53 6.52 35.29 34.81 35.19 44.94 17.75 52.93 45.24 46.16 53.63 29.06 61.86
7220.52 19.52 37.14 6.48 42.06 37.85 38.22 51.37 18.38 58.73 49.19 49.10 59.86 30.6 67.63
84 124.00 20.77 42.97 6.10 47.37 42,90 41.48 58.45 18.52 64.47 54.92 53.41 66.58 32.00 73.42
96 | 28.12 24.41 48.68 5.37 52.94 47.79 45.65 62.8 18.34 69.01 59.13 58.33 70.67 32.32 76.61
108 | 30.09 26.84 50.70 6.29 56.25 51.21 48.62 65.9 19.06 72.82 63.29 60.93 74.14 32.79 80.15
120 | 33.39 27.17 56.10 5.56 60.92 54.28 51.28 70.19 19.58 76.15 66.75 64.63 77.58 33.70 83.18
t(6) 6| 1.38 1.35 1.03 1.47 1.51 5.80 5.73 5.21 5.65 6.14 10.87 11.21 9.91 11.06 11.53
9| 1.83 213 1.11 2.38 2.60 7.22 7.66 6.00 7.74 9.03 13.94 14.22 11.71 13.74 15.66
12| 2,19 2.85 1.22 245 3.44 8.31 9.05 6.12 8.47 10.23 14.43 15.01 12.06 14.38 17.28
24| 3.36 4.85 4.82 3.33 7.58 11.12 13.12 12.36 10.12 18.08 18.93 20.67 18.84 17.62 26.18
36| 4.42 6.14 9.20 3.20 11.09 13.42 15.59 17.20 9.62 23.17 21.70 24.23 24.57 17.69 32.26
48 | 5.75 6.62 12.35 2.75 14.36 16.62 17.82 22.62 10.53 28.20 24.85 26.99 30.74 18.55 37.66
60 6.57 7.12 16.36 2.55 17.27 17.37 18.26 27.01 9.04 32.14 26.48 27.70 35.35 16.90 41.64
72| 7.15 7.19 18.49 2.08 20.60 18.26 19.86 30.56 8.54 35.13 29.62 29.12 39.09 16.75 45.20
84 8.49 7.21 22.12 2.15 22.08 21.32 20.05 35.20 8.46 38.83 31.66 31.15 43.74 16.57 49.99
96| 9.83 7.85 26.07 1.59 25.50 23.93 22.03 39.19 7.23 43.10 34.62 33.89 48.18 15.65 53.51
108 | 9.76 8.43 27.35 1.66 27.14 24.98 23.88 41.57 6.87 44.73 37.42 35.52 50.79 14.93 55.56
120 [ 10.88 8.06 31.66 1.41 30.50 26.40 24.89 45.88 6.55 48.78 38.15 37.30 55.09 14.99 59.42
The bold number is the highest power among the five tests for each sample size.
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Table 3.21: Empirical percentage of powers for the five tests when errors generated from

the alternatives in Group III with Design 3 for a = 0.01,0.05 and 0.1

0.01 0.05 0.1
Alternatives n D Dsp D, Dy; Th D Dsp D, Dy,; Th D Dsp D, Dy; Th
Laplace(0, 1) 4 1.08 1.08 1.07 0.91 1.23 5.55 5.55 5.54 5.14 5.74 11.33 10.94 11.35 10.33 11.07
8| 276 3.06 1.32 2.97 3.62 8.85 9.45 6.25 9.43 10.23 15.06 15.72 12.08 15.62 17.24
12| 4.37 5.30 1.83 4.64 6.58 13.50 15.08 8.85 12.88 17.05 21.60 22.93 15.62 21.09 26.08
24| 848 9.89 8.49 4.44 14.32 21.41 22.45 19.41 14.06 29.27 31.94 32.66 28.38 23.52 39.83
36 | 14.34 13.48 15.28 4.19 22.88 32.16 30.34 30.79 14.69 40.58 43.00 42.03 40.33 26.60 51.94
48 119.31 15.84 21.47 2.88 28.58 39.55 34.59 38.49 13.48 50.21 52.21 47.55 50.21 26.69 60.95
60 | 25.45 18.22 26.90 2.48 37.13 47.09 39.65 46.71 13.25 57.27 60.12 52.13 58.45 27.38 68.30
72 (31.35 21.16 32.49 1.70 42.59 54.16 44.28 54.83 11.54 64.22 66.65 58.68 66.11 27.60 74.35
84| 38.10 22.59 38.77 1.38 51.32 61.85 50.10 61.39 11.52 70.98 73.55 63.51 72.73 28.46 79.93
96 | 42.09 24.22 42.94 1.06 54.13 66.07 52.77 66.43 10.43 75.63 76.97 66.90 77.43 26.96 83.80
108 | 49.22 27.41 49.50 0.81 61.78 72.37 58.05 72.76 10.83 80.68 82.33 72.48 82.13 29.25 88.33
120 | 53.76 29.53 51.96 0.78 66.43 76.42 60.33 75.64 10.49 83.27 85.29 74.82 84.70 30.95 90.14
t(1) 4 1.25 1.25 1.24 0.79 2.58 6.58 6.58 6.54 4.57 9.10 14.62 12.94 14.60 9.90 15.53
8(16.01 16.86 9.37 16.57 18.01 25.34 26.68 18.97 25.78 24.48 33.38 35.90 25.94 34.41 45.31
12 [ 36.14 41.19 20.77 38.36 46.82 53.28 56.76 44.05 52.98 61.68 62.15 64.73 54.76 62.61 68.64
24| 74.69 77.20 73.11 65.38 81.56 85.25 86.30 83.19 79.10 89.21 89.56 90.09 87.76 85.73 92.47
36 |92.24 92.35 91.52 81.08 95.24 96.52 96.36 96.22 91.48 97.87 97.76 97.73 97.33 95.14 98.64
48 | 97.05 96.73 96.62 87.57 98.23 98.73 98.48 98.56 95.44 99.24 99.11 99.13 99.24 97.62 99.56
60| 99.05 98.64 98.84 92.32 99.59 99.76 99.69 99.74 98.00 99.92 99.86 99.82 99.89 99.10 99.99
72199.79 99.61 99.65 95.15 99.91 99.96 99.94 99.96 99.08 99.99 99.98 99.99 99.99 99.71 99.99
84199.95 99.87 99.89 97.53 99.94 99.98 99.97 99.97 99.58 99.98 99.98 99.98 99.98 99.88 100
96 1 99.99 99.97 99.98 98.15 100 100 100 100 99.77 100 100 100 100 99.97 100
108 100 99.94 99.97 98.82 99.99 100 99.99 100 99.85 100 100 100 100 99.94 100
120 [ 100 99.99 100 99.39 100 100 100 v 100 99.96 100 100 100 100 99.99 100
t(3) 4| 1.13 1.13 1.14 0.86 1.24 5.40 5.40 5.39 4.72  5.61 10.83 10.74 10.79 10.23 11.18
8| 3.37 3.74 1.68 3.76 4.82 9.91 10.59 6.87 10.51 11.67 16.02 16.73 12.63 17.01 19.59
12| 6.38 7.71 3.36 7.16 10.61 15.37 17.79 11.35 16.34 21.89 23.74 25.59 18.85 24.29 30.24
24113.58 17.26 17.58 11.79 24.98 25.99 29.87 28.40 23.49 38.69 35.72 39.46 36.15 33.08 47.74
36 |21.89 23.94 29.52 13.68 36.34 37.44 39.42 42,75 27.13 52.34 47.16 49.49 50.37 38.65 60.84
48| 28.65 30.82 39.63 14.74 46.88 45.98 47.26 53.07 30.84 62.88 56.70 57.65 61.32 43.36 70.62
60 | 34.27 34.02 47.01 14.11 54.33 52.84 52.21 61.35 31.57 69.66 63.04 63.24 69.19 45.47 76.77
72| 40.62 39.00 54.16 14.75 62.58 59.55 58.69 68.25 32.81 75.33 69.29 69.05 75.89 48.26 81.66
84| 48.39 44.15 62.79 15.43 68.36 66.38 64.25 75.57 35.54 82.18 75.29 74.37 81.63 52.27 87.43
96 | 54.10 48.42 68.70 15.43 75.14 71.55 69.67 80.95 37.31 86.43 79.60 78.95 86.04 54.16 90.48
108 | 58.26 50.67 73.52 15.88 79.52 75.81 71.88 84.51 38.13 89.69 83.58 81.98 89.05 55.95 93.16
120 | 63.16 54.67 76.55 17.26 83.39 79.50 76.22 87.33 39.93 91.69 85.58 84.75 91.53 59.32 94.95
t(4) 4| 1.08 1.08 1.08 1.09 1.03 5.74 5.74 5.71 5.27 5.60 11.09 11.03 11.11 10.86 11.36
8| 256 278 1.27 2.78 3.65 8.06 8.81 5.90 8.78 9.55 13.99 14.48 11.55 14.97 16.17
12| 3.55 4.60 1.76 4.25 6.33 11.27 13.11 8.26 12.02 16.20 18.71 20.01 14.67 19.24 24.19
24| 7.23 10.17 10.63 6.60 15.26 18.53 20.99 19.82 15.85 28.52 27.38 30.16 27.60 24.25 37.02
36 |10.93 13.53 18.41 7.36 22.76 23.90 26.05 28.98 17.39 37.48 32.31 35.83 36.40 27.22 46.79
48 | 14.24 16.09 25.12 7.14 28.86 29.39 30.61 37.36 18.21 45.80 39.57 41.07 46.19 29.00 54.62
60| 17.15 17.49 31.22 6.33 34.83 34.23 34.36 44.72 18.20 52.46 44.82 46.33 53.57 29.98 61.78
72|21.34 21.27 37.40 6.81 41.91 38.58 38.58 51.41 18.79 58.04 49.58 50.43 59.41 31.52 67.21
84| 25.67 22.61 43.59 6.12 46.34 44.18 42.64 58.21 18.65 64.75 55.27 55.24 66.63 32.20 72.79
96 | 28.21 24.37 47.32 5.74 51.59 47.48 45.56 62.20 18.31 69.26 58.78 58.23 70.02 32.05 76.42
108 | 30.87 25.87 51.86 6.03 55.80 50.87 48.00 66.86 18.05 72.26 62.49 60.82 74.41 32.51 80.25
120 | 34.86 28.26 55.65 5.57 61.20 55.90 52.35 70.10 19.03 75.90 66.63 65.21 77.81 34.58 83.06
t(6) 4| 1.13 1.13 1.11 0.92 0.90 5.57 5.57 5.57 4.80 5.05 10.77 10.51 10.79 9.88 10.53
8| 1.62 1.79 1.02 1.86 2.29 6.90 7.20 5.26 7.40 7.90 12.33 12.86 10.63 12.83 13.93
12| 2.57 298 1.34 280 3.99 8.53  9.32 6.27 9.06 11.42 14.93 16.02 12.50 15.42 18.78
24| 3.30 5.00 5.21 3.48 7.69 10.87 13.01 12.33 10.44 18.01 18.33 20.94 19.35 17.20 26.31
36| 4.48 5.65 854 3.11 11.05 13.82 14.84 17.70 9.98 23.27 21.15 23.49 25.54 17.44 31.91
48| 5.73 7.07 12.77 3.15 14.34 16.03 17.42 22.80 10.59 28.95 24.87 26.74 31.18 18.93 38.02
60| 6.79 6.88 16.27 2.60 16.83 17.51 18.07 26.90 9.49 32.17 26.79 27.97 35.36 17.65 41.69
72| 7.56 7.51 18.56 2.34 20.39 19.02 19.29 30.94 8.82 35.04 28.56 29.78 38.94 16.97 44.89
84 9.18 7.98 22.37 2.17 21.51 21.90 21.38 34.91 8.42 38.81 32.13 32.21 44.08 16.76 49.43
96| 9.60 7.68 25.24 1.79 24.35 23.10 22.12 38.99 7.46 43.00 34.43 33.69 47.94 15.34 52.91
108 [ 10.05 7.99 28.43 1.57 27.25 25.05 22.55 41.90 6.62 45.53 36.69 35.10 50.86 14.16 56.32
120 | 12.10 8.51 30.90 1.46 30.81 27.46 25.24 45.57 6.32 48.45 38.55 37.45 54.94 15.19 59.52
The bold number is the highest power among the five tests for each sample size.
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Table 3.22: Empirical percentage of powers for the five tests when errors generated from

the alternatives in Group III with Design 4 for a = 0.01,0.05 and 0.1

0.01 0.05 0.1
Alternatives n D Dsp De Dy, Thn D Dsp De Dy, Thn D Dsp De Dy; Ty
Laplace(0, 1) 4 1.08 1.08 1.07 0.91 2.30 5.55 5.55 5.54 5.14 5.74 11.33 10.94 11.35 10.33 11.07
8 2.45 3.06 1.23 2.85 4.41 8.93 9.68 6.26 9.15 10.76 15.44 16.10 11.66 15.87 17.97
12| 4.09 5.37 1.80 4.49 6.59 12.98 14.88 8.64 13.28 16.72 21.38 22.83 15.81 20.68 25.56
24 8.67 9.45 7.93 4.13 14.64 22.15 22.51 19.08 13.77 29.42 33.16 32.34 27.95 24.07 40.28
36 | 15.27 13.47 15.44 3.77 22.64 31.71 30.87 30.92 14.49 40.74 43.48 42.16 40.85 26.87 52.36
48 120.13 15.34 22.34 2.91 30.16 39.85 35.48 39.26 13.40 49.54 52.01 48.02 50.41 26.58 60.57
60 | 25.61 18.22 27.26 2.32 35.24 47.64 39.86 47.27 12.31 57.19 60.00 53.25 59.39 26.40 67.82
72131.55 19.64 32.06 1.67 43.11 54.55 44.36 54.51 11.88 64.27 67.28 58.51 65.70 26.85 74.06
84 | 36.81 22.41 37.54 1.44 50.83 61.05 49.20 60.84 11.17 70.34 73.12 63.33 72.45 27.76 79.76
96 | 41.72 23.44 42.62 1.15 55.47 67.26 52.60 66.34 10.67 75.65 77.52 66.71 77.15 27.43 83.78
108 | 48.27 27.55 47.21 0.87 60.55 73.43 58.12 72.13 11.12 80.44 89.92 72.03 82.18 29.14 88.07
120 | 53.23 29.75 52.59 0.83 65.70 75.95 61.27 76.27 10.17 83.33 85.25 74.93 84.69 29.91 90.03
t(1) 4 1.25 1.25 1.24 0.79 8.85 6.58 6.58 6.54 4.57 9.10 14.62 12.94 14.60 9.90 15.53
8|15.45 16.65 8.32 16.30 26.37 28.59 30.12 19.07 27.79 34.16 37.24 39.20 26.70 38.20 43.14
12 | 34.40 38.57 22.31 34.86 45.30 50.51 54.80 41.04 52.55 60.83 60.68 63.54 52.96 61.25 68.41
24| 75.37 77.01 72.46 64.29 81.69 85.59 86.30 83.24 79.01 89.45 89.89 90.21 87.70 85.55 92.59
36 (91.99 91.73 90.75 79.52 94.56 95.87 95.79 95.43 90.85 97.45 97.42 97.35 97.20 94.63 98.38
48 197.26 96.60 96.79 86.50 98.34 98.66 98.48 98.65 95.44 99.23 99.11 99.10 99.26 97.55 99.56
60 99.16 98.98 98.81 92.36 99.59 99.80 99.72 99.73 97.80 99.93 99.90 99.86 99.89 99.23 100
72199.78 99.64 99.67 95.01 99.90 99.95 99.92 99.96 99.02 99.99 99.98 99.97 99.99 99.64 99.99
84 199.92 99.88 99.91 97.62 99.94 99.98 99.95 100 99.58 99.97 99.98 99.98 99.98 99.88 100
96 [ 99.98 99.96 99.97 98.24 100 100 100 100 99.74 100 100 100 100 99.95 100
108 100 99.95 99.97 99.08 100 100 100 100 99.87 100 100 100 100 99.96 100
120 100 100 100 99.32 100 100 100 100 99.97 100 100 100 100 100 100
t(3) 4 1.13 1.13 1.14 0.86 2.37 5.40 5.40 5.39 4.72 5.61 10.83 10.74 10.79 10.23 11.18
8| 3.17 3.56 1.72 3.79 5.87 10.25 10.59 6.86 10.46 12.80 16.27 17.31 12.51 17.24 19.83
12| 6.00 7.32 3.02 6.86 10.37 15.02 16.94 11.05 16.36 21.73 23.36 24.96 18.75 23.73 29.88
24 14.37 17.19 16.91 11.05 25.32 27.19 30.20 28.15 23.28 39.03 36.98 39.47 36.12 33.18 47.62
36 | 23.17 24.97 30.34 13.62 37.34 37.83 40.68 43.21 28.07 53.51 48.70 50.66 51.29 39.73 61.52
48 | 29.76 30.45 40.39 14.34 47.82 46.73 47.04 53.48 30.98 62.22 56.76 57.63 61.34 42.46 70.75
60 | 35.40 35.12 47.29 13.94 53.82 53.73 53.48 61.57 31.00 69.61 62.95 63.72 69.73 45.19 76.93
72 40.95 38.93 53.48 14.53 62.00 59.33 58.41 68.17 32.96 75.18 69.28 68.58 75.12 47.07 82.15
84 (47.07 43.93 61.91 15.27 69.88 65.71 64.16 74.71 34.73 82.04 75.09 73.78 81.21 51.72 87.54
96 | 53.73 48.11 68.45 15.84 75.51 72.06 69.00 80.85 37.72 86.25 80.10 78.56 86.27 54.20 90.42
108 | 57.44 51.00 71.87 16.46 79.06 75.97 72.51 83.39 38.22 89.09 83.37 80.93 88.55 55.71 92.77
120 | 61.98 53.74 76.94 17.21 83.03 79.05 75.69 87.77 39.57 91.78 86.33 84.15 91.30 57.27 94.55
t(4) 4 1.08 1.08 1.08 1.09 1.83 5.74 5.74 5.71 5.27 5.60 11.09 11.03 11.11 10.86 11.36
8 2.15 2.50 1.36 2.54 3.94 8.54 8.60 6.08 8.40 10.19 14.58 15.23 11.57 15.01 17.19
12| 3.34 4.17 1.62 3.85 6.18 11.04 12.48 7.86 11.99 15.84 18.29 19.70 14.65 19.19 23.24
24 7.98 10.11 10.24 6.05 15.81 18.58 20.94 19.53 15.91 28.55 27.91 29.62 27.11 24.30 37.43
36 [11.63 13.04 17.93 6.54 22.03 23.11 25.45 28.79 16.63 37.01 32.94 35.54 36.67 26.72 46.10
48 | 15.20 15.48 25.36 6.51 29.58 29.13 30.15 37.67 18.17 45.31 39.68 41.31 46.27 27.72 54.74
60 | 18.27 18.28 31.64 6.87 34.47 33.91 35.07 45.33 17.82 52.80 44.91 46.17 54.01 29.25 61.52
7221.37 20.82 36.63 6.72 40.96 38.29 38.17 50.96 18.92 57.79 49.57 49.71 59.17 30.54 67.84
84 (24.19 22.59 42.73 6.27 48.03 43.57 42.45 57.35 17.96 64.44 54.74 54.58 66.25 31.52 T72.88
96 | 27.92 24.31 46.99 5.69 52.17 47.89 45.34 62.31 18.41 68.97 58.68 57.48 69.78 32.13 76.24
108 | 31.17 26.70 50.89 5.90 55.67 52.04 48.81 66.40 18.90 72.85 63.29 61.04 74.32 32.57 80.04
120 | 34.36 27.39 55.90 5.48 60.49 55.55 51.53 70.57 18.71 76.13 66.90 64.45 77.89 32.84 83.32
t(6) 4 1.13 1.13 1.11 0.92 1.14 5.57 b5.57 5.57 4.80 5.05 10.77 10.51 10.79 9.88 10.53
8 1.33 1.43 1.10 1.46 2.58 6.63 6.66 5.28 6.64 7.61 11.89 12.63 10.34 12.78 13.97
12 2.37  2.89 1.15 2.44 3.88 8.48 9.15 6.31 8.83 11.26 14.68 15.75 12.20 15.47 18.25
24 3.46 4.79 4.84 3.22 7.97 11.43 13.27 12.13 10.27 18.11 19.25 20.80 18.90 17.68 26.52
36 5.15 5.99 8.98 3.08 11.55 13.89 15.41 17.40 9.88 23.46 22.12 23.87 24.80 17.83 32.05
48 | 6.07 6.76 13.04 2.92 14.77 15.96 17.27 22.82 10.57 28.50 24.74 26.25 30.80 18.73 38.01
60| 6.55 6.98 16.60 2.52 16.69 17.66 18.06 27.31 9.40 32.25 26.92 27.46 35.75 16.99 41.32
72 7.40 7.47 18.04 2.19 19.63 19.03 19.12 30.41 8.92 34.79 28.83 29.61 38.24 16.72 45.68
84| 827 7.90 21.81 2.20 22.68 21.54 21.10 34.08 8.06 38.40 31.89 31.89 43.34 16.59 49.35
96 9.25 7.57 25.04 1.76 24.74 23.44 21.58 38.71 7.44 42.65 34.47 33.19 47.76 15.27 52.57
108 | 10.52  8.12 27.28 1.48 26.62 26.07 23.46 41.95 6.71 44.55 37.42 35.28 51.15 14.66 55.61
120 |11.14 8.18 31.33 1.30 30.20 26.49 23.87 46.28 6.28 48.57 38.39 35.84 55.00 14.91 59.14

The bold number is the highest power among the five

tests for each sample size.



Chapter 3 Normality Tests for the Residuals from a Linear Regression model 91

Table 3.23: Empirical percentage of powers for the five tests when errors generated from

the alternatives in Group III with Design 5 for a = 0.01,0.05 and 0.1

0.01 0.05 0.1
Alternatives n D D., D. Dy T, | D D.p D. Dy; T D D., D. Dy; T
Laplace(0, 1) 4] 1.04 1.04 099 1.19 1.13| 5.63 5.63 5.03 544 548 |11.39 11.48 10.99 10.86 11.12

8| 2.32 270 1.07 2.65 3.42 9.21 10.02 6.42 9.39 11.62 16.24 16.93 12.47 16.25 18.74
12| 4.57 590 1.72 4.62 6.86 13.69 15.93 8.61 13.67 17.48 22.17 23.54 15.62 22.19 26.67
24 110.12 10.23 8.93 4.93 15.01 24.47 25.06 20.70 15.14 31.03 35.33 34.53 29.42 25.52 42.23
36 |15.49 15.23 16.10 4.16 23.54 34.23 32.15 31.53 15.13 41.95 46.01 43.87 41.94 27.08 53.42
48 120.94 17.14 22.41 3.45 30.94 41.83 37.26 40.37 14.34 51.08 56.64 49.09 51.21 27.49 61.73
60 | 28.05 20.11 27.36 2.63 38.00 49.75 42.14 47.99 13.26 57.99 61.94 55.16 59.83 28.60 69.28
72133.43 21.08 33.68 1.70 45.23 56.18 46.12 55.50 12.72 65.45 68.35 59.98 67.05 29.31 75.66
84 |37.98 25.20 38.01 1.74 48.77 62.72 50.84 61.03 11.81 70.55 74.54 64.56 72.30 29.09 80.49
96 | 44.57 25.28 43.72 1.32 56.28 68.13 54.20 66.68 11.38 76.54 79.20 68.33 T77.72 29.03 84.34

108 | 50.35 29.89 49.71 0.97 62.38 74.02  59.39 72.46 12.30 81.59 83.90 72.99 82.26 31.55 88.44
120 | 55.45 29.39 51.88 0.73 66.61 78.15 60.81 75.64 11.12 84.04 86.76 75.20 85.07 31.21 90.86

t(1) 4| 1.13 244 2.62 240 2.42 5.98 9.02 8.42 9.10 9.27 14.01 15.43 14.93 14.56 15.38
8116.20 22.60 4.16 23.35 28.24 34.65 40.10 17.71 38.66 41.83 44.68 48.39 33.16 45.62 48.43

12| 44.12 45.79 28.96 41.14 46.58 58.59 60.41 48.24 56.26 60.37 66.84 67.83 58.26 65.14 66.71

24179.23 80.81 74.92 69.05 83.27 88.29 88.42 84.76 81.95 90.44 91.93 91.95 88.88 86.96 92.84

36 |93.12 93.42 91.38 82.68 95.37 96.68 96.87 96.02 92.28 97.75 97.88 98.11 97.33 95.13 98.53

48 | 97.63 97.52 97.15 88.99 98.44 99.08 98.78 98.76 95.98 99.30 99.48 99.28 99.40 98.04 99.58

60 |99.42 99.06 99.03 93.13 99.61 99.82 99.74 99.73 98.23 99.94 99.9 99.86 99.90 99.26 99.97

72199.80 99.67 99.74 95.55 99.92 99.95 99.95 99.94 99.06 99.99 99.96 99.99 99.99 99.73 99.99

84199.95 99.89 99.90 97.68 99.94 99.97 99.96 99.97 99.67 99.97 99.99 99.98 100 99.90 99.99

96 [ 99.98 99.96 99.96 98.77 99.99 99.99 99.99 99.99 99.81 99.99 100 99.99 100 99.96 100

108 100 99.96 99.97 98.94 100 100 99.99 100 99.9 100 100 100 100 99.97 100

120 100 99.99 100 99.48 100 100 100 100 99.97 100 100 100 100 100 100

t(3) 4| 098 1.03 0.97 1.19 1.13 5.54 5.87 5.05 5.76 5.76 10.47 11.35 10.17 10.93 10.41

8| 2.54 3.29 1.08 3.59 5.46 10.94 11.63 6.14 11.39 14.20 17.17 18.83 12.60 17.58 21.00
12| 7.12 821 3.05 7.14 11.64 16.66 19.21 11.41 17.53 22.28 24.83 26.88 19.02 25.78 29.99
24116.01 19.00 17.54 12.86 25.79 29.32 32.06 28.58 25.03 39.93 38.51 41.21 36.68 34.46 48.38
36 | 23.53 25.68 30.67 14.79 37.46 39.53 41.35 43.18 28.65 52.28 49.86 50.81 51.68 40.25 62.70
48 [ 30.44 33.58 40.32 15.73 48.59 47.94 49.74  53.32 32.21 63.78 58.51 59.65 61.27 43.56 71.51
60 | 35.92 36.29 46.98 15.08 56.00 54.97 54.23 61.11 32.80 70.85 63.56 65.07 68.71 46.04 77.27
72 |41.72 39.92 54.36 15.40 63.45 62.51 60.18 68.16 34.08 76.31 69.52 70.35 75.84 49.64 82.57
84 |48.24 44.79 62.30 15.99 69.69 68.04 64.87 75.17 36.27 82.36 75.81 74.88 80.99 52.62 87.34
96 | 55.82 48.77 67.95 17.62 75.43 72.53 71.09 79.87 38.51 86.82 80.74 79.72 85.50 55.04 90.73

108 |1 59.33 52.8 73.41 16.62 79.34 76.92 73.54 83.99 39.89 89.81 84.01 82.29 88.65 58.21 93.50
120 | 63.43 57.11 75.02 18.05 83.79 80.56 77.18 86.40 43.05 92.24 86.7 85.48 90.63 58.33 94.56

t(4) 4| 093 1.06 0.87 1.16 1.21 5.33 5.35 4.65 5.21 5.28 10.68 10.49 10.28 10.67 10.81
8| 1.82 236 1.21 270 3.69 8.59 9.31 5.71 9.44 11.33 14.26 16.12 11.30 15.44 17.82
12| 4.17 5.30 1.60 4.65 7.25 12.23 13.92 7.98 12.74 16.69 18.89 21.02 14.89 19.91 23.47
24| 8.83 10.64 10.83 6.90 16.56 19.61 22.19 19.92 17.18 28.89 28.66 30.69 27.18 25.13 38.07
36| 11.44 14.46 18.10 7.76 23.85 25.63 27.61 29.14 18.09 37.04 34.8 36.78 37.64 28.35 47.51
48 [ 15.12 18.38 25.13 7.57 30.99 30.73 32.67 37.36 18.57 46.19 40.84 42.77 45.88 29.02 55.70
60 | 18.50 19.31 31.87 6.84 37.10 35.62 36.72 44.88 18.66 53.79 45.44 48.07 53.85 30.57 62.70
72|22.24 21.58 37.53 6.95 42.59 40.81 40.24 51.40 19.59 59.33 50.28 51.78 59.86 32.65 67.83
84 124.95 23.03 42.92 6.05 47.49 45.44 43.73 57.30 18.86 64.86 55.49 55.92 65.92 32.38 73.24
96 | 28.90 24.70 47.38 6.88 51.81 48.27 46.33 61.62 19.00 68.88 58.85 58.45 69.57 33.00 76.35
108 | 31.52 26.84 51.83 5.97 55.54 52.99 49.03 66.39 18.86 72.48 63.08 61.33 74.10 33.94 80.47
120 | 35.49 30.16 54.70 5.94 62.29 56.57 53.74 70.60 20.62 77.29 67.77 65.99 77.87 33.75 83.41

t(6) 4| 1.02 0.98 0.92 1.04 0.98 5.27 5.20 5.13 5.22 5.37 10.67 10.35 10.13 11.11 10.79
8| 1.21 1.62 0.98 1.66 2.02 6.89 7.37 5.64 7.40 8.17 12.61 13.32 11.12 12.71 14.08
12| 2.79 282 1.34 2.45 3.82 8.52 9.34 6.28 8.99 11.19 16.05 15.88 13.17 15.99 18.27

24| 3.89 5.24 5.24 341 8.23 11.91 13.40 12.19 10.63 18.37 19.03 21.39 18.78 18.67 26.81
36| 5.18 6.36 8.87 3.28 11.64 14.39 16.06 17.98 10.54 22.98 22.35 24.32 24.87 18.43 33.57
48| 5.75 8.01 13.25 3.40 15.72 16.44 19.38 23.21 10.84 29.42 25.50 28.03 30.93 18.43 38.80
60| 7.32 7.65 16.18 2.58 18.14 18.27 19.04 26.69 9.53 32.73 26.79 29.14 35.14 17.62 41.84
72| 7.82 8.07 18.92 2.21 21.00 20.98 20.90 30.63 9.34 36.04 30.41 31.73 39.23 17.87 45.46
84| 8.62 8.15 21.93 2.07 22.08 22.80 21.98 34.37 8.49 39.24 32.30 32.95 43.01 16.85 49.84
96 | 10.26  8.44 24.56 2.05 25.43 24.06 23.78 37.97 7.84 43.00 34.78 35.10 47.72 16.62 52.75
108 [ 10.59 8.40 27.93 1.63 26.79 26.20 23.67 41.40 6.85 45.44 36.76 35.95 50.35 15.30 56.05
120 | 12.18 9.77 29.43 1.49 31.94 28.04 27.04 44.09 7.16 50.28 39.08 39.05 53.55 14.32 59.29

The bold number is the highest power among the five tests for each sample size.
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Table 3.24: Empirical percentage of powers for the five tests when errors generated from

the alternatives in Group III with Design 6 for o = 0.01,0.05 and 0.1

0.01 0.05 0.1
Alternatives n D Dsp D, Dy,; Th D Dsp D, Dy; Th D Dsp D, Dy; Thn
Laplace(0, 1) 4 1.06 1.06 1.08 1.06 1.06 5.24 5.24 5.16 5.24 5.24 10.48 10.48 10.63 10.48 10.48
8 3.92 3.70 0.75  3.75 4.13 12.76 13.19 4.56 12.93 13.09 20.36 21.65 11.73 20.95 20.86
12 6.97  6.56 0.84 6.53 7.29 15.70 18.45 6.39 16.76 19.02 27.53 28.01 13.42 25.31 28.13
24| 13.00 12.86 6.26 5.88 15.72 29.42 28.45 17.72 18.12 33.12 40.44 39.42 28.16 29.66 44.03
36 19.11 16.75 13.69 4.32 25.32 39.29 35.62 29.17 17.46 44.01 51.64 48.16 40.35 30.85 55.11
48 | 26.08 20.12 21.03 3.41 33.10 47.66 41.02 39.42 15.92 53.04 59.74 53.65 51.51 30.90 64.10
60 | 31.00 22.59 25.87 2.81 38.61 54.18 45.88 46.70 15.58 60.04 67.47 59.39 59.11 32.08 70.84
72| 36.44 25.01 32.14 2.37 46.67 60.81 50.84 55.05 15.13 67.15 73.07 63.71 66.90 32.75 77.10
84 | 43.32 27.03 36.46 1.65 51.72 67.90 53.63 61.40 14.26 72.94 78.36 68.32 73.09 32.24 82.02
96 | 48.76 28.60 42.63 1.61 57.26 71.35 57.54 66.82 12.86 77.41 82.01 71.66 78.31 32.15 85.56
108 | 55.02 33.22 48.01 1.17 64.62 76.97 61.69 72.41 14.40 82.56 85.79 75.57 82.63 34.41 89.26
120 | 57.45 35.04 52.56 1.09 68.35 80.65 65.43 76.21 13.10 85.02 88.35 78.63 85.54 35.60 91.55
t(1) 4 2.49 2.49 2.34 2.49 2.49 10.29 10.29 10.19 10.29 10.29 18.03 18.03 18.01 18.03 18.03
8| 30.61 29.95 1.86 30.89 31.76 43.53 45.15 17.11 45.51 44.26 52.26 54.17 38.64 54.07 53.03
12| 50.06 52.47 10.62 49.51 51.11 62.85 64.95 44.88 62.99 64.63 72.65 72.99 57.02 69.84 71.86
24 | 84.63 83.47 72.11 73.64 84.63 90.55 90.40 84.63 85.00 91.85 93.42 93.50 89.73 89.99 94.46
36 | 95.29 93.47 90.37 82.84 95.42 97.32 97.04 95.70 92.90 97.89 98.36 98.27 97.21 95.99 98.68
48 | 98.62 97.72 97.00 89.67 98.55 99.24 98.99 98.76 96.51 99.40 99.57 99.38 99.35 98.41 99.67
60 | 99.63 99.12 98.99 93.80 99.64 99.86 99.77 99.73 98.53 99.94 99.94 99.91 99.87 99.46 99.96
72| 99.96 99.76 99.71 96.67 99.96 99.99 99.95 99.94 99.28 100 100 99.99 99.98 99.83 100
84| 99.96 99.91 99.89 97.98 99.96 99.99 99.98 99.96 99.76 99.98 100 99.98 100 99.92 100
96 | 99.99 99.96 99.96 98.90 99.99 99.99 99.99 100 99.88 100 100 99.99 100 99.97 100
108 100 99.98 99.98 99.10 100 100 99.99 100 99.94 100 100 100 100 99.98 100
120 100 100 100 99.56 100 100 100 100 99.97 100 100 100 100 100 100
t(3) 4 0.99 0.99 0.96 0.99 0.99 5.32 5.32 5.23 5.32 5.32 11.04 11.04 11.09 11.04 11.04
8 5.93  5.61 0.65 5.49 6.51 14.70 15.00 4.58 14.86 15.44 21.18 22.88 12.84 22.37 23.28
12| 12.22 10.51 0.93 9.53 12.95 18.61 21.59 8.54 20.50 23.97 28.87 30.40 17.25 28.78 32.34
24 | 25.98 20.70 15.16 14.23 25.98 32.03 34.05 26.70 27.43 41.76 41.54 43.36 35.69 37.30 50.47
36 | 39.18 27.78 28.39 15.15 39.66 43.55 43.88 41.77 30.85 55.43 52.95 b54.81 50.54 42.62 64.04
48 | 49.63 34.73 39.60 15.77 49.00 52.04 51.53 52.99 33.41 65.09 62.05 61.18 61.27 45.76 72.57
60 | 55.84 36.87 46.11 15.16 56.51 55.78 56.57 60.24 34.45 70.90 66.79 66.51 68.60 48.69 178.48
72| 64.37 41.45 53.44 17.18 64.03 63.10 62.15 67.85 36.27 76.70 72.71 71.63 75.49 52.10 83.52
84 | 70.64 46.09 61.46 16.41 71.45 69.71 66.46 75.13 38.00 83.17 78.10 76.16 81.46 54.12 88.05
96 | 76.28 50.54 67.68 17.93 76.28 74.35 72,26 79.88 39.72 87.15 82.40 80.50 85.81 57.18 91.36
108 | 80.94 53.15 72.61 17.68 80.86 78.28 74.37 83.87 42.33 90.53 85.45 83.15 88.98 59.35 93.87
120 | 83.85 57.02 76.33 18.71 83.98 81.51 78.17 87.49 42,91 92.31 87.30 85.92 91.76 61.98 95.33
t(4) 4 0.92 0.92 0.85 0.92 0.92 4.85 4.85 4.83 4.85 4.85 10.46 10.46 10.56 10.46 10.46
8 3.86 3.88 0.76 3.54 4.29 11.26 11.35 4.42 11.26 12.00 17.95 19.01 11.44 18.06 19.20
12 7.24  6.06 0.74 5.44 7.95 12.73 15.10 6.30 14.73 17.32 22.36 22.93 13.28 21.88 25.10
241 16.66 11.72 8.42 7.92 16.66 22.26 24.23 18.31 18.55 30.01 31.00 33.47 26.60 28.26 39.01
36 | 23.99 14.98 16.40 7.37 24.50 27.98 29.06 28.41 19.38 39.27 37.15 39.60 36.48 29.80 48.42
48 | 31.75 18.88 24.71 7.32  31.13 33.68 33.65 37.38 19.72 47.39 44.18 44.30 46.13 30.75 56.93
60 | 36.57 19.61 30.63 6.91 37.34 37.27 38.40 44.41 19.57 54.18 49.43 49.26  53.27 32.31 63.77
72 | 43.33 22.19 36.61 7.86 42.91 42.08 41.71 51.15 20.80 59.95 53.76 53.61 59.73 33.78 69.04
84 | 48.56 24.12 41.83 6.17 49.68 47.58 44.63 57.27 20.07 65.92 58.86 56.92 66.27 34.00 74.29
96 | 52.92 26.30 46.88 6.91 52.92 50.13 47.64 61.69 19.67 69.37 61.14 59.46 69.75 34.21 77.58
108 | 57.52 27.27 50.52 6.49 57.41 53.86 49.64 65.84 20.16 73.63 65.57 63.04 74.38 35.35 81.14
120 | 62.10 29.72 55.18 6.36 62.30 58.42 54.57 70.66 20.30 77.02 68.93 66.57 77.48 36.29 84.07
t(6) 4 0.86 0.86 0.86 0.86 0.86 4.86 4.86 4.78 4.86 4.86 9.46 9.46 9.53 9.46 9.46
8 2.33 241 0.91 2.07 2.59 8.19 8.31 4.65 8.09 8.40 14.27 15.09 10.44 14.69 15.63
12 4.28 3.72 0.90  3.32 4.69 8.88 10.33 5.48 9.95 11.99 16.95 17.60 11.03 16.97 18.66
24 8.42 5.80 3.96 3.92 8.42 12.85 14.72 10.95 11.93 19.48 20.90 22.76 17.99 19.81 27.92
36| 12.30 6.87 8.02 3.23 12.59 15.83 16.96 16.94 10.90 24.59 24.41 26.60 24.04 19.14 33.75
48 | 16.40 8.42 12.94 3.15 15.92 18.46 19.83 22,91 11.21 30.20 27.67 28.76 30.96 19.69 39.63
60 17.73 7.72 15.57 2.56 18.25 19.26 20.23 25.87 10.40 33.14 30.01 29.89 34.54 18.92 43.24
72| 21.23 8.33 18.04 2.71  21.00 21.51 21.99 30.21 9.69 36.47 32.39 32.46 38.67 18.88 46.95
84 | 22.74 8.61 21.06 2.08 23.73 24.47 22.74 34.39 9.03 40.16 35.34 33.66 43.18 17.36 50.91
96 | 26.18 9.11 24.35 2.05 26.18 25.66 24.79 37.98 8.03 43.38 36.86 36.03 47.44 17.29 54.02
108 | 28.73 8.43 26.95 1.73 28.66 27.41 24.56 40.88 7.54 46.88 39.47 37.05 50.22 15.88 57.14
120 | 31.44 9.24 30.77 1.56 31.62 29.39 27.47 46.28 6.90 49.88 41.29 39.29 55.14 16.59 60.76

The bold number is the highest power among the five tests for each sample size.
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3.6.1 Results on the empirical power comparisons

Comparison of power against the asymmetric distributions with sup-
port (0,00) (Group I)

The results for the alternative distributions from Group I are given in Tables
3.7-3.12. The first thing we notice from these tables is that in most situations, the
performance of the D test is similar to that of the D, test. The power of the D,
test is similar to that of the Dy; and T, tests. Also, the Dy, Dy; and T), tests have
higher power than the D and D, tests. For x2?(10), the Tj, test is the most powerful
test whereas the D test is the least powerful one. However, the power of all tests
for x2(10) seems to be lower in comparison to the power of other distributions in
Group L. It is also notable that the D test is least powerful in almost all sample
sizes, except for n = 8 and 12. For those two sample sizes, the D, test shows the
worst performance. In Group I, we cannot assess which test performs best across
all combinations of n, o and alternatives because the power of the D,,, Dy; and
T), tests are competitive and no test performs consistently higher than the others.
The fact which is observed from Group I is that the power of all tests improves
with the increase of the sample sizes. It is very interesting that there is a slight
difference in power between the Dy; and T, tests which are the graphical test and

the non—graphical test, respectively.

Comparison of power against the distributions with their supports in
(0,1) (Group II)

The results for the alternative distributions from Group II are given in Tables 3.13—
3.18. First, it is obvious that the power study results for beta(2,2) are the most
interesting because almost all tests gave low performance regardless of sample sizes
considered. The power comparison in Group II results in a unified view which is
that the Dy; test is the most powerful test, followed by the Dy, test in all circum-
stances. Similar to Group I, the power of the D test is similar to that of the D,
test for almost all considered distributions, except for U(0, 1) and beta(0.5,0.5). It
is remarkable that there is such a massive difference between the D and D, tests in
all sample sizes for U(0, 1) and beta(0.5,0.5). The T,, test presents low power for
U(0,1) over all situations. It is worth investigating the power of the D, Dy, Dy,

and 7, tests because we may observe the interesting results, in which these tests
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present decreasing powers while the sample sizes increase for U(0, 1), beta(0.5,0.5)

and beta(2,2).

Comparison of power against the symmetric non-normal distributions
with support (oo, —00) (Group IIT)

The results for the alternative distributions from Group III are given in Tables
3.19—3.24. It is also undeniable that the D, test was least powerful for sample sizes
n < 12 but the Dy; test has the worst performance for n > 12 in all designs. But
the D, test is a good choice when n > 12 because it gives higher power among
all graphical tests in most situations. The results of the power comparison of the
D, Dy, and D, tests are similar when sample sizes n > 24. The highest power is
achieved by the T, test across all situations. However, the power of all tests for ¢(6)
seems to be lower in comparison to the power of other distributions in this group,
in particular for the ¢ distribution with higher degrees of freedom. For a Laplace
distribution, the power of the Dy,; test is extremely poor; even for larger sample sizes,
the power still did not increase. Furthermore, the power of the Dy; test decreases as

the sample size increases for t(4) and ¢(6) over all designs.



CHAPTER 4 Tests for the Weibull distribution

4.1 Background

The two most widely used distributions in reliability are the Weibull and exponential
(see, Kimber (1985)). The use of the Weibull distribution in reliability—type studies
began with the paper of Weibull published in 1939. Today, Weibull distribution
is the most popular distribution in reliability and life studies. It has been used
in numerous applications relating to reliability, failure time and aging studies. The
literature on the statistical methods involving the Weibull distribution is considered.

For more than half a century, the Weibull distribution has attracted the attention
of statisticians working on theory and methods as well as those involved in various
fields of applied statistics. According to Rinne (2008), hundreds or perhaps even
thousands of papers have been written on this distribution and the research is ongo-
ing. Together with the normal, exponential, 2, ¢, and F distributions the Weibull
distribution is, without any doubt, the most popular model in modern statistics. It
is of utmost interest to theory—oriented statisticians because of its great number of
special features and to practitioners because of its ability to fit to data from various
fields, ranging from life data to weather data or observations made in economics and
business administration, in hydrology, in biology or in the engineering sciences.

Kimber (1985) used the D, statistic developed by Michael (1983), the Kolmogorov-
Smirnov statistic, and the Shapiro—Wilk statistic to test for the exponential, Gum-
bel, and Weibull distributions. In addition, he used the Downton’s estimates, which
are approximately best linear unbiased (BLUE), for unknown location and scale
parameters based on the Gumbel distribution.

Littell et al. (1979) compared the powers of five tests for the two—parameter
Weibull distribution; these are the Kolmogorov-Smirnov statistic, the Cramér-von
Mises statistic, the Anderson-Darling statistic, Smith and Bain’s statistic, and Fer-
tig’s statistic. The parameters of the first three tests listed above were replaced
by maximum likelihood estimators (MLE). The authors advised that the Anderson-

Darling and Cramér-von Mises statistics were reasonably good for all alternative
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distributions.

Stirling (1982) developed a concentration band following the idea of Quesenberry
and Hales (1980) that F'(Y[y)) is a beta variate with parameters k and n — &k + 1 to
compute a (1—a) confidence interval (A, Bf*) for each F'(Y}). Similar to the 1 —«
confidence interval for Yy, k = 1,...,n, (F71(A®), F~1(B?)) can be displayed on
Q—-Q plots. Due to their lack of advanced computing power, the author failed to
illustrate that their concentration band was a 1 — « simultaneous confidence interval
for the whole probability plot.

Coles (1989) investigated the Dy, statistic and the Dy, statistic for testing the
extreme value distribution of minima with unknown parameters. The parameters
were estimated by using Blom’s procedure (1958), where he showed that due to im-
proved estimation, the D§, statistic has higher power than Kimber’s (1985) proposed
test statistic.

The study of Liao and Shimokawa (1999) introduced a new statistic, Ly, for
testing the goodness-of-fit of type-lI-extreme-value and two-parameter Weibull dis-
tributions with estimated parameters. The author used the maximum likelihood
estimators (MLE) and graphical plotting techniques (GPT) to estimate the popu-
lation parameters from a complete sample. The power comparisons reveal that the
Ly, statistic with GPT is the most powerful test in most situations.

Castro-Kuriss (2011) used the Dy, statistic to test the two—parameter exponen-
tial distribution with unknown parameters based on censored data, and gives an
example by assessing whether all points from a sample fall inside the acceptance
bands by using probability-probability (P—P) plots and stabilised probability (S—P)
plots. Pirouzi-Fard and Holmquist (2013) studied testing the extreme value distri-
bution based on six statistics. Three of the six statistics are the Anderson—Darling
statistic, the statistic proposed by Liao and Shimokawa (1999) and the Dy, statis-
tic by Michael (1983). The authors proposed the approximate expressions of the
means and the variances of the order statistics of the standard extreme value dis-
tribution (see Pirouzi-Fard and Holmquist, 2007, 2008) and used their results to
compute the best linear unbiased estimates (BLUE) of the unknown location and
scale parameters.

Moreover, Estudilo-Martinez et al. (2013a, 2013b) reviewed the key features of
the three main probability plots; Q—Q plots, P-P plots and S—P plots. Moreover, R
script was constructed for the graph S—P plot to make the production of the plots
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easily.

Consequently, the simultaneous probability intervals of the order statistics in a
sample can be easily obtained by replacing the normal distribution function with
the distribution function of interest. Chapter 2 highlights the construction of si-
multaneous probability intervals based on the normal distribution. In this chap-
ter, that study is extended to other distributions in a location-scale family. Al-
though the Weibull distribution is not a member of a location-scale family, the
log-transformation is used to change it into the smallest extreme value distribution
which is one of such a family. This chapter also considers graphical tests for test-
ing the Weibull distribution. We first review the literature on existing tests for the
Weibull distribution and in particular, for the exponential distribution, which is a
special feature of the Weibull. Then, both the graphical and non-graphical tests for
the three—parameter Weibull distribution are investigated. Eventually, the perfor-
mance of graphical tests for the two—parameter exponential distribution is examined
in Chapter 5.

The use of the location—scale family of distributions is popular in applied statis-
tics, thanks to the theoretical and computational simplifications it provides. Proba-
bility plots are therefore often used to assess the validity of such a distribution when
its parameters are usually unspecified.

In probability theory, a location-scale family is a family of univariate probabil-
ity distributions which offers useful interpretations for modeling as well as conve-
nient mathematical properties. We start with its definition from Casella and Berger

(2002).

Definition 4.1.1. Let f(y) be any pdf. Then for any —oco < p < 0o and o > 0,
the family of pdfs L f (%) , indexed by the parameter (u, o), is called the location—
scale family with standard pdf f(y); w is called the location parameter and o is

called the scale parameter.

Note that p is not necessarily the mean and ¢ is not necessarily the standard
deviation of Y which has pdf % f (%), an exception being the normal distribution.
The distributions of Y obtained when p and o taken on all values of their domains
You has pdf f(-) which is

o
free of any parameter. The model under consideration has unspecified parameters;

generate a location—scale family. The random variable
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therefore, the parameter estimation must be considered before calculation.

Let X be a random variable with probability density function

f(zla,b,c) = g(fc ; a>07lexp{ - [aj ; ar}’ z>a,b>0,¢>0 (4.1.1)

with the location parameter a, the scale parameter b, and the shape parameter c.
The distribution of X is known as the Weibull distribution, Wbl(a, b, c).
The cumulative distribution function of Wbi(a, b, c) is given by

r—a

b

F(x\a,b,c)zl—exp{— [ r}, z>a,b>0,¢>0. (4.1.2)

One recognises that the exponential distribution is a special case (with ¢ = 1) of the
Weibull distribution.

Here, we set the transformation of X ~ Whbi(a,b,c) :
Y=InX-a); X >a

As known from (4.1.2),

Fx(tla,b.e) = P(X < 1) =1~ exp] ~ [t =

and we obtain

= 1 — exp[—exp{(t —Inb)c}]

1o e (SR

with the location parameter

w=1Inb (4.1.3)

and the scale parameter

— (4.1.4)



Chapter 4 Tests for the Weibull Distribution 99

In order to derive the additional properties of a log-Weibull distribution, we intro-

duce the variable

g Y-r
with
G,(2) = 1—exp(—exp(2))
9,(2) = G’ (2) = exp(z — exp(2)).
Thus,
fly) = Fly)
d . (y—p
- dyG( o )
1 ry—p
= (")

1 — —
= D (U (YY),
g g g

Likewise, the log-Weibull distribution is the so-called smallest extreme value
(SEV) distribution, which is defined by Y = In(X — a) provided a is known. Its
pdf is given by

1 — —
Fobo) = Lo (22 —exp(125)), —m<y<oe, (L9
g g g

where the location parameter —oo < u < oo and the scale parameter o > 0. Also,

the cumulative distribution function is given by

F(y|p,o) :1—exp<—exp (y;H>), —00 <y < 00. (4.1.6)

In short, Y ~ SEV (p,0). The null hypothesis in this section is
Hy: Xy,...,X, comes from Wbl(a,b,c) where a is known.

The transformed set {X; —a, ..., X, —a} is equivalently generated from Wbl(0, b, c)
under Hy. For testing Hy, the smallest extreme value distribution, SEV (i, o) can
be used instead of the Weibull distribution, Wbl(0,b,c). A test for Hy is made by
testing whether Y, = In(X, — a) for £ = 1,...,n has the smallest extreme value
distribution with the unknown parameters p and o.

Moreover, the ptP quantile of the smallest extreme value distribution of a ran-

dom variable % is given by F~1(p) = In(—In(1 — p)) where 0 < p < 1. Then, we
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obtain
Y = p+oF !(p)
= p+oln(—In(l —p)). (4.1.7)

A probability plot of Y7,...,Y, based on the smallest extreme value distribution

consists of plotting Y} versus In(—1In(1 — py)) where p;, = k;f]"r’, k=1,...,n. Note
that the natural log of the data is used on the horizontal axis rather than the data
value directly for Weibull plotting. Probability plots in their most common form are
used with the location-scale parameter models (Lawless, 1982).

To be emphasised, a Q—Q plot can be constructed as a plot of the ordered sample
observations against the expected values of the standardised null distribution (scale
parameter of one and location parameter of zero). If a given sample follows the null
distribution, the plot will be close to a straight line.

Thus, the model is
Vi = p+oF (pg) (4.1.8)
where F~!(py,) is the quantile corresponding to the null distribution with z = 0 and
o =1 and Y[H’s, k =1,...,n are the ordered sample observations. A practitioner
then has to decide whether the plotted points fall close to a straight line or not
because the probability of a Type I error is not specified, for a detailed description,
see Balakrishnan and Basu (1995).

Hazen (1930) suggested py = £=03

as an alternative. Taking plotting position
P = %, this is unused since it is not possible to plot the largest observation on
Q—-Q plots. Note that pr = % is the mean of the interval % to % and is still
very widely used. Barnett (1975) suggested that for most purposes whatever py is
applied does not cause any problem. However, when the aim is to estimate p and o
from the probability plot, the choice of pr can make a difference.

If the parameter a of the original Weibull distribution is known, then the log—
transformation brings about a distribution of the location—scale family which is easy

to deal with. Therefore, the parameters b and ¢ of Wbl(a,b,c) are estimated using

a log—transformation of the observed Weibull data.

4.2 Parameter estimation

The exact distribution of a test statistic for a composite hypothesis testing is very

difficult to find, but Monte Carlo studies can be used as a good approximation for



Chapter 4 Tests for the Weibull Distribution 101

the null distribution. According to D’Agostino and Stephens (1986), as long as an
appropriate method is applied to estimate the location and scale parameters, the
distribution of the goodness-of-fit statistic does not depend on the true parameters.

Since both the location and scale parameters of SEV (u,o0) are unknown, we
have to estimate them. Three estimators are proposed: the maximum likelihood
estimators (MLE), the best linear unbiased estimators (BLUE) and the best linear
invariant estimators (BLIE). They become the choices for attaining the highest
powers of the tests in the next part of the thesis. Moreover, all estimators must
have the invariant property according to the following definition (see, Lawless (1982)

p.147).

Definition 4.2.1. Under the location—scale transformations, an estimator [ of
the location parameter is called invariant if and only if

'El'erqZ:p_'_q/lZ fOr—OO<p<OO,q>O.

An estimator ¢ of the scale parameter is called invariant if and only if

Oprgz =40, for —oo<p<oo,qg>0.

4.2.1 Maximum likelihood estimators
Let X = (Xi,...,X,) with X b Whbl(a,b,c) for k = 1,...,n and ¥ =
In(X — a) with a specified parameter a. Then Y i SEV (u,0). The corresponding

likelihood function is

L(,U,,O"Yl,...,Yn) = Hf(Yk‘:u’aU)
k=1

1 ~ Y- Yi —p
= EQXP(Z . —;exp< - )) (4.2.1)

Then, the log-likelihood function of the log-transformed Weibull distribution be-

comes
L(p,olY1,...,Yn) = InL(u,o|Y1,...,Y,)
n n
Y. — Y. —
= —nlna—kg ( i ,u)_ exp( k M)
o o
k=1 k=1

with the following system of normal equations:

T - e Eee () 423
“h (et g () e (H) <oz
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With regards to the two parameters of the log-transformed Weibull distribution, we

obtain from (4.2.2) that

() = Fow (%)

k=1
o) = (5o (2))
k=1
i = &l (% Zn:exp (%)) (4.2.4)

Vi n e - Yi\]
S g () S () ()] -
k= k=1 k=1 )
Yk n 1 M k " Yk 1
S Lo (<) [ () n S (B)] -
k= k=1 k=1 i
% BN T . k - Yk 1
v ()i (2) o (B)] - o
k=1 k=1 i
=Y +pu+ _Zn:Ykexp(k>—yzn:exp<n)_ = 0
2271 exXp <%) Tk=1 g k=1 g7
v k=1 Yk €Xp (%)
=Y +pu+ { S . (ﬁ) ul = o
k=1CXP | &
k1 Yeexp (%) .
= 4.
D k=1 €XP <Y7>
Therefore, the maximum likelihood estimators (MLE) of 1 and o are
N N 1 o Y
g, = &,1n (ﬁ Z exp (6—))7 (4.2.5)
k=1 Y
D=1 Yeexp (:k )
o, = —-Y+ . (4.2.6)

Y
> h—1 €XP ( s )

Oy



Chapter 4 Tests for the Weibull Distribution 103

Now, we want to show the invariant property of fi,, and o, where ¢, is MLE of o

from SEV(0,1) and —oo < p < o0, ¢ > 0. Let Y, = p + ¢Z). Consequently,

S h_i(p+qZy) exp (”+qz’“)

—(p+ qZ) e O praz
p+qZk> p+q
Ek 1 ox p( +qZ
) qzk | Zk exp (p+qZk>
—qZ + +aZ &
p+aZy, e
Sk exp (522 )
aea()
74 Zk 1 4k €Xp G praz, _ G prar
_9%k_ ) q
D k—1€XD (o‘ oz
7 <7k> ~
_Z+ Ek 1 “k EXD (@ p+qZ)/q — Op+az
Ek:l exXp ((&p+q2)/q)
Therefore, 6, = %*qu. Also, we need to show i, , =p+qfi,:
_ p +qZk
Pprez = p+qZ ln< ZGX 7))
k=1 Up+qZ
1 p+qZy
= gy (e ()
g0, In nZexp 0,
= qo,In ( Z exp )
. 1
= qaz[ln(n —i—anexp }

Zk
- o § =
p+qaz[ no nkZIeXp((}Z)

— pran [ (Y o))
k=1 z

= p+qj,.

£~ SEV(0,1), let Z} = Yka_“ and Zp = @ for k = 1,...,n. Then,
Y = u+ 02y and

. Y, —
Since &

}/[k]_ﬁy (/~L+UZ[H)_(M+U:&Z)
o, oo,
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Y — i . .
Therefore, %ﬂy has nothing to do with p and o and we can generate the random
Y

sample Y7, ...,Y, from SEV(0,1) instead of SEV (u,0).

4.2.2 Best linear unbiased estimators

Pirouzi-Fard and Holmquist (2013) considered the statistic D), such that the
estimators of p and o in SEV (u, o) are obtained by the generalised least squares

(GLS) regression of the order statistics from SEV (0, 1).
Let Zj) < ... < Zj, be the ordered values from SEV(0,1) with

pe = E(Zp); k=1,...,n (4.2.7)
op = Var(Zy); k=1,...,n. (4.2.8)

Many statisticians have made much effort to compute means and variances of the
order statistics from SEV(0,1). For example, Lieblein and Zelen (1956) calculated
them for n = 1(1)6. Lieblein and Salzer (1957) showed a table of expected values
of order statistics for n = 1(1)10, 15(5)25. Moreover, White (1969) tabulated means
and variances of order statistics for n = 1(1)50,55(5)100. Later on, Balakrishnan
and Chan (1992) presented tables of means, variances and covariances of the order
statistics up to n = 30. To obtain y and o3, Pirouzi-Fard and Holmquist (2007)
proposed

—In(n) — 1, for k =1;

In(—In(1 — [Z;g:ﬁﬁg])), fork=2,..,n

Q

where v & 0.577215665 which is Euler’s constant. Also approximate expressions of
the variances and covariances of the order statistics from SEV(0,1) are given by

Pirouzi-Fard and Holmquist (2008) as

2

) 5 forr=%k=1; ( )
Ok ~ (k—0.469)([n+0.831—k][n+0.073])~ 1 4.2.10
(P w0 frlsrshEn

where 02, = 02, is the covariance of the 7" and k" order statistics of SEV(0,1) and

if r =k, we use a,% as the variance of the k** order statistic. Table 4.1 compares the
expected values and variances of the order statistics from SEV(0,1) when n = 10
proposed by Balakrishnan and Chan (1992), and Pirouzi-Fard and Holmquist (2007,
2008).
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Table 4.1: Expected values and variances of order statistics from SEV(0,1) when n = 10
by Balakrishnan and Chan (1992) and Pirouzi-Fard and Holmquist (2007, 2008)

Balakrishnan and Chan (1992) | Pirouzi-Fard and Holmquist (2007, 2008)
k E(Z[k]) Var(Z[k]) E(Z[k]) Var(Z[k])
1 |-2.8798 1.64449 -2.8798 1.6449
2 | -1.8262 0.64586 -1.8271 0.6540
3 |-1.2672 0.39702 -1.2608 0.4012
4 1 -0.8681 0.28739 -0.8601 0.2910
5 | -0.5436 0.22686 -0.5352 0.2302
6 |-0.2575 0.18958 -0.2491 0.1927
7 | 0.0120 0.16581 0.0203 0.1688
8 | 0.2837 0.15192 0.2916 0.1548
9 | 0.5846 0.14879 0.5920 0.1515
10 | 0.9899 0.17143 1.0008 0.1744

Subsequently, we apply the generalised least squares method to obtain the BLUE.
Let

!/

p = nx lvector of pp = [p1 ... iy

<
Il

n x nmatrix of o2

Y = n X 1vector of ordered values = [Yjyj...Y},| from SEV (u,0).

Then,
Y = ptoZp
E(Yy) = n+0oE(Zy) =p+opy
Var(Yy)) = ool

Define Y},) = E(Y}y)) + . We then have a regression model

Yiy=n+tou+ex ;k=1,...,n (4.2.11)

So, the n points (Y[, ) should be on a straight line. The parameters (y,0) in
(4.2.11) can be estimated by a suitable method with

Var(Yy) = o’op (4.2.12)
COV(YV[T],Y'M) = UchV(Z[T],Z[k]) :020319' (4.2.13)
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Since Y}’s are heteroscedastic and autocorrelated, we have to apply the generalised

least squares (GLS) method to ensure the validity of the Gauss-Markov theorem.

Theorem 4.2.2. Gauss-Markov theorem : If E(Y) = XB and Cou(Y) = o1,
the least squares estimators Bj;j = 1,...,p have the minimum variance among

all unbiased estimators. The resulting minimum variance estimator of ﬁ 18 ,6 =

(X' X)"'X'Y is BLUE of B.

Lloyd (1952) was the first to apply the GLS method for estimating the parameters

of a location—scale distribution. We write (4.2.11) in the matrix form

Y = 1 4] 5 te=XpB+e (4.2.14)

Cov(e) = Cov(Y)=c?V.

For the model in (4.2.14), we obtain the following results:
1. The best linear unbiased estimator (BLUE) of 3

B=XV1X)T'XV1y (4.2.15)

2. The covariance matrix for 3 is

Cov(B) = o}(X'V X)L, (4.2.16)

To prove (4.2.15) and (4.2.16), the following theorem (see Rencher (2000), p.23) is

useful.

Theorem 4.2.3. A symmetric matriz V is a positive definite if and only if there

exists P such that PP' =V
To obtain (4.2.15), let V= PP’ and Y = X3 +¢€. Then, P~'Y = P~!X3+ P~ le.
Thus, E(P~'e) = P 'E(e)=0
Cov(P'e) = P 'Cov(e)(P)
= P a*V)(PTY)
= P Y PP)(PY

= oL

. /
From the Gauss-Markov theorem, the least squares estimators 3 = [g ('7} have

the minimum variance among all linear unbiased estimators. We will have the best
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linear unbiased estimators (BLUE) of 3 as
: -1
B

(PX)/(P7'X)]
— [X/(P/)—lp—lx]—1X/(Pl)—1P—1Y

(P71X) Py

= [X/(PP)'X]'X/(PP)'Y
X'VIX] X VY.

Now, § can be simplified as

B = XV X)) Xvly
1’ -1 |1/
- () e
K Z
71 —
vt v 1'v-1 v
M,V_ll IJ/V_III» H/V_l
_ i [L/V_lu —1,V_1[1/ 1lv—1 v
A —[,L/V_ll ]_/V_l]_ [L,V_l
B 1 (vaflﬂ’)llvfl + (_1/V71“>“’/V71 v
A (_“lvfl:l)l/vfl + (1lvfll)ulvfl
1wV Y AV ipypv-t v
A (v + vyl
1 ({(W'VTipY (Vv
AV - @V
_ 1wVt 1Vt
/\ 1/V—1{1“/ /j,ll}V_l

where A = (1'V=11)(/'Vip) — (1'V—1p)?. Accordingly,

i

e

1'v

>

Also, (4.2.16) can be shown as

Cov(B)

WV Hpl -1} VY

g - p1VhY.

Cov((X'VIX)'X'V1Y)

(4.2.17)

(4.2.18)

(le—lx)—lxlv—l(O_Qv)((le—lx)—lxlv—l)/
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= XV IX)!
2 WVl (V)

g
_ - (4.2.19)
Al-@v-lp) 1V
o | B Erz
= 0
Eip  Eg

Now, we need to show the invariant property of the parameters i and & which
is obtained from the generalised least squares method. Firstly, suppose that p =
[p,...,p]'=p[l,...,1] =pl,—oco <p<ocand ¢ >0

fiprgy = |V H{(pl - 1u’}V’1} [p1 + qY]
'V H{pl — 1u’}V’11] + qfiy

W'V ipl'vo - (u’V_ll)Q} +qjty

>l= Dl D= D=

(V)Y ) — (WY + gy

|
]
>
+
Q
=
w

Il
i

_|_
Q
=
<

Secondly,
oprey = V'V {1 — pl' 3V [pl + Y]

.(1/‘/—11)(”/‘/711) o (1/‘/71“)(1/‘/711) 4 qu

:(ulv—ll)/(llv—ll)/ . (1/V—1“)<1/V—11) 4 qé—Y

AV )@V - V)V + ey,

S Dl Dls D= D=

<

Since it~ SEV(0,1), let Z = %4 and Zyy = 247 for k = 1,...,n. Then
Y =p+oZp) and

}/[k] — [ty _ (N+O_Z[k])_(/‘+aﬂz)
Oy oo,
2l — fiy
= 7&2 ,
Therefore, Y[kjf;uy has nothing to do with p and o and we can generate the random
Y

sample Y71, ...,Y, from SEV(0,1) instead of SEV (u,0).
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4.2.3 Best linear invariant estimators

Although the best linear unbiased estimators (BLUE) have some very nice prop-
erties, they often have larger mean square errors than some other linear estimators
where mean square error is the sum of variance and bias?. Mann (1967) developed
the best linear invariant estimators (BLIE) as an alternative to the BLUE.

The best linear invariant (in the sense of minimum mean squared error and

invariance) estimators (BLIE) ji and & according to Mann (1969) are respectively

. . .( En >
= — 4.2.20
ji 1 0<1+E22 ( )
o
= 4.2.21
14 Ea ( )

where i and ¢ are the BLUE of p and ¢ as in (4.2.17) and (4.2.18), respectively.
The values of Fy1, E12 and Fsy can be obtained from (4.2.19) as

WV 'lu
E, = ——+—
11 A )
1'v-11
E —
22 A )
_1lv—1
B = (AH)

As seen in (4.2.20) and (4.2.21), the best linear invariant estimators (BLIE) which
have minimum mean square errors among all linear estimators result from the best
linear unbiased estimators (BLUE) by a simple linear transformation. Then, the

invariant property for the parameters ji and & are shown as:

. . . Eqp
Hy _'up+qZ - 'u’p+qZ _Up+qZ(1+E22)
) . Eis
- (p+quz)_qaz(1+E22)
) . Eqs
= + — 0
= p+qjiy,
& )
and ¢, =6, =22 = 2 _ qo,.

PraZ 1 4 FByy 1+ By

Since Yi£ ~ SEV(0,1), let Zp = %4 and Zyy = 25 for k = 1,...,n, then,
Yo =+ o2y and

Y[k]_ﬂy _ (M+UZ[k})_(M+UﬂZ)

o go

Y zZ
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Zig) — iy

Oz

Vi —fi . .
Therefore, %‘LY has nothing to do with p and o and we can generate the random
Y

sample Y1, ...,Y, from SEV(0,1) instead of SEV (u,0).

4.3 Graphical tests for the Weibull distribution

As shown earlier, if we consider the three—parameter Weibull distribution, provided
the location parameter is known, and it is not a member of the location—scale fam-
ily, the log-transformation is required. Consequently, the smallest extreme value
distribution is one starting point for the construction of simultaneous probability
intervals of the order statistics from the Weibull distribution. The cumulative dis-
tribution function (cdf) F(-) follows the smallest extreme value distribution as in
(4.1.6). Now, the main objective is to check whether a sample is taken from the
Weibull distribution.

Suppose that Xi,...,X,, are n i.i.d. random variables from Wbl(a,b,c) with a
specified location parameter a. The corresponding order statistics are Xp;) < ... <
X[p)- Then, Yy = In(Xy —a) for k = 1,...,n are random variables from SEV (u, o).
Therefore, we denote that ji and 6 are the estimators of ;4 and o. In the previous
section, the three estimators are introduced, which are MLE (f,6), BLUE (4, 0)
and BLIE (ji,5). The following (f1,5) can therefore be substituted by (i, ), (i, )

or (fi,d).

4.3.1 The Kolmogorov-Smirnov test (The D test)

The Kolmogorov-Smirnov statistic is

F((Yigy — iy )6y ) — (k — 0.5)/n’. (4.3.1)

D = max
1<k<n
Let ¢, be a critical constant so that P{D < ¢, } = 1 — o when the sample follows

the Weibull distribution. This probability statement can be rewritten as
l-a = P{D<ec,}

= P{ max |F((4y — 1)/6,) — (k= 05)/n| <, }
= P{ —cp, <F((Y — fy)/6y) — (k—0.5)/n < ¢, for k=1, ,n}

~

Y

Vi — -
— P{% eI’ 1((k—0.5)/nicD) for k = 1,...,n}
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= P{Y[k] € fiy + 6, In[—In(1—(k—0.5)/nFc,)] for k=1, ,n}

Note that the expression (4.3.1) has nothing to do with the unknown parameters

pand o since Y7 Yozt PiE SRV (0,1). Let Zy = Y4 and Zyy = 147 for

(e

k=1,...,n. Then Yy = p+ oZy) for k=1,...,n. Let us consider

Vi —fy  (ptoZp) —fi,,,,
oy Optoz
(h+0Zpy) — (p+of,)

~

(oXea
Zig) — fiy
——=.

Z

Z

The required critical constant ¢, can be evaluated straightforwardly as the

(1 — av)-quantile of D by using the following simulations:

1. Simulate one D by generating i.i.d. Xi,..., X,, from Wbl(0,1,1) or Ezp(0,1),
and transform by using Y, = In X, for £ = 1,...,n which results in Y7,...,Y,
from SEV(0,1).

2. Calculate fi,., 6, and (Y, ..., Y[,)), and compute D using formula (4.3.1).
3. Simulate a large number R of independent copies of D : Dy, ..., Dg.

4. Use the (1—a) sample quantile of Dy, ..., Dy as an approximation of the critical

constant c,.

From (4.3.1), Y[ should fall in the corresponding interval

fiy + 6y In[—In (1 — (k—0.5)/nFc,)] for k=1,....,n (4.3.2)
with a simultaneous probability 1 — « if the sample follows a Weibull distribution.

4.3.2 The Dy, test

Based on the Dg), test of Michael (1983), the Dy, test for testing Weibull distri-
bution is defined by

2 arcsin \/F((Y[k} —fy)/6y) — 2 arcsin/(k — 0.5)/n ) (4.3.3)

™ ™

D,, = max
P 1<k<n

Let c,, be a critical constant so that P{Dy, < c¢,,} = 1 —a when the sample is

taken from the Weibull population. The critical constant c,, can be computed by
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simulation in a similar way to c,,. This probability statement can be rewritten as
1-a = P{Dy<c,}
2 NN 2
max ‘— arcsin \/F((Ym —fy)/6,) — =arcsiny/(k — 0.5)/n ‘ < csp}
T T

{

= P{ —c,, < %arcsin\/F((Y[k] — iy )/6y) —m <c,, for k= 1,...,n}
{
{

=

W e i (sin? (S(mc,,)) for k=1,...,n)}

Oy

2
where m = — arcsin y/(k — 0.5) /n. The expression (4.3.4) provides the simultaneous
™

intervals for Y|, K =1,...,n. Consequently, the simultaneous interval for Y} is

™

fiy + 6, In[—1In (1 — sin? (arcsin /(k — 0.5)/n £ 5

c,,))] fork=1,...,n

4.3.3 The D, test

From the previous section, the two—parameter Weibull distribution with scale
parameter b and shape parameter c is considered, the logarithmic transformation
converts this scale-shape parameter distribution into a more tractable location—scale
parameter distribution. Thus, we clarify the order statistics Z}y; for k=1,...,n of

Y _
the variate Z = —H having
o
Fz(z) = 1—exp{—exp(z)}, —o0o<z< o0 (4.3.5)

fz(z) = exp{z—exp(2)}, —o00<z< 0. (4.3.6)

Let Z1, ..., Z, be a simple random sample drawn from the standard smallest extreme

value distribution SEV(0,1) and Zp;; < ... < Z}, be the ordered values. The ex-

pected value and variance of Zj) for k =1,...,n are given by
e = E(Zp) (4.3.7)
op = Var(Zy) = E(Z) — i (4.3.8)

where fj(z) is the probability density function of Zy; and is defined by

D) = Gy Pl (= Po@) () =0 <2 <

n!

= D g el D) et ez — o7}




Chapter 4 Tests for the Weibull Distribution 113

RO 1)7!1(!71 i —ee{=e ) en{—(n — k)Y explz —¢7)
~ (k- 1)7!1(!7% i mer=e ) T ep{z — -k + 1)) (43.9)

It is obvious that (Y[y), ..., Y},]) have the same joint distribution as (u+ 02}y, ..., u+

0Zp))- In particular, we have

E(Yp) = nt+om (4.3.10)
Var(Yy) = o’op. (4.3.11)

Specially, we construct the statistic

Vo (i s
Do = max | Uy FOvm)) (4.3.12)
1<k<n Gy 0y

Let ¢, be a critical constant chosen so that all the Y[;’s will be contained in the
corresponding intervals simultaneously with probability 1 — «.

The probability statement can be rewritten as
l—a = P{D€<ce}

Vo (5 a3
_ P{ e T~ (i + Gy )| Sce}

1<k<n Oy 0k

- P{Ym € (fiy + Gy ) £ Gy opc, fork=1,... n} (4.3.13)

. Yy —(fy +6y pg) . . Yy — Y, —u %.4.d.
Consider the term W in (4.3.12). Since £, . o=l " SEV(0,1).

Let Z, = @ and 7)) = @ for k = 1,..,n. Then Y = pu+ oZy for
k=1,...,n and

1/[lc} B (/:Ly + a'yﬂk) _ (N + UZ[k]) - (ﬂu+az + &u+azuk)
0,0 0 pioz0k
(+0Zpy) — (n+ofiy, + 06, 1)
O‘&ZO']C
_ Z[k] = (A, + 6, 1u1) (4.3.14)
508 . 3.

It is clear from (4.3.14) that the simultaneous coverage probability in (4.3.13) only
depends on the sample size and critical constant but has nothing to do with the
unknown parameters p and o. The required critical constants ¢, can be computed

as similar to the computation for c,,.
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4.3.4 The D, test

Y. —
According to Theorem 2.1.1, Uy, = F( L
o

) ~ U(0,1). Consequently, Upy =
Y — 1 . .
F<7> ~ beta(k,n — k + 1) if F(-) is a cdf of the smallest extreme value
o
distribution and we apply the Dy, statistic for testing normality to the Weibull

distribution by the following steps:

e Step 1. Construct p* level highest-density probability interval for Uy;. That
is, [L(p*, k,n),U(p*, k,n)] is the shortest probability interval for Uy among
all the p* level probability intervals for Up,.

e Step 2. Construct simultaneous probability intervals for Y};) < ... < Y[, based

on
Yv[k:] - ﬂy
o

L(p*, k,n) < F( ) <U(p*,k,n) for k=1,...,n, (4.3.15)

Y
where p* is chosen so that

o
K@) = P{F—l(L) < 7R PN YY) for k= 1n} — 1-a

Oy

Vi — &
P{ In[—In(1 - L)] < M <In[—In(1 —-U)] for k = 1,...,n} = 1l—oa

Oy

e Step 3. Such a p* can be found by simulation :
(i) for each p*, find K (p*);
(i) search over p* € (1 — ,1 — a) so that K(p*) =1 — a.
Therefore, the simultaneous probability intervals for Yj;; < ... < Y}, can be

expressed as

[LY + OA’Y hl[— h’l(]_ - L(p*7 ]C,TL))] S Yr[k] S laY + a-Y hl[— 111(1 - U(p*a k?”))} for k = 17 oo

4.3.5 The Dy; test

The Dy, statistic for testing the Weibull distribution can be defined as

D — e VOG0 = fiy)/3y) = (k= 0.5)/n]
b Zk<n V(k=05)(n—k+05)/n3

Let ¢p; be a critical constant so that P{Dbi < cbi} =1 — «; ¢p; can be determined

by simulation as ¢, from the D test. The probability statement for Yj;; < ... <Y,

, M.



Chapter 4 Tests for the Weibull Distribution 115

is given by
l—a = P{Db,»<cbi}
Y — (k—10.5)
= P{ max‘ (( LI )/JY) ( /n‘<cm}
1<ksn \/(k—0.5)(n — k +0.5)/n?
F —(k—0.5
= P{—cbi< (( LI M>/UY) ( )/n<cbif0rk:1,...,n}
V(k—=0.5)(n—k+0.5)/n?
_ (k=05 N Y — Ay (k=05 | B
- P{F ( n dcbz><&y<F ( - +dcbz)f0rk_1,...
. k—0.5
= P{YHGMYJrU In[—1In (1 - F deyi)] fork:zl,...,n}

where d = \/(k—0.5)(n — k +0.5)/n3. Therefore, the simultaneous probability
intervals of Y}) for k=1,...,n are
k—0.5

fiy + 6, In[—In (1 — F cpiy/ (k= 0.5)(n — k +0.5)/n3)]. (4.3.16)
After declaring all graphical tests for the Weibull distribution, the next stage is to

compute power comparisons between the graphical and non—graphical tests.

4.4 Non—graphical tests for the Weibull distribution

Littell et al. (1979) advised that without prior knowledge of the alternative distrib-
utions, the Anderson-Darling and Crarher-von Mises statistics are the most powerful
when the other statistics considered are those of Kolmogorov-Smirnov, Smith and
Bain, and Mann, Scheuer and Fertig. Their powers are good for testing the two—
parameter Weibull distribution over the alternatives logistic(0,1), Laplace(0.1),
N(0,1), Cauchy(0,1), x2(1), and x?(4). Siiriicii (2008) reported the simulation
results for testing normality, exponentiality and the Weibull distribution. For test-
ing the exponential distribution, and the Anderson-Darling statistic is the most
powerful and they have better power than the Shapiro-Wilk statistic. For testing
the extreme value distribution, the statistic based on generalised sample spacings
and the Anderson-Darling statistic provide the most powerful test. Therefore, the
Anderson-Darling and Crarher-von Mises statistics are selected to compare powers

with the graphical tests for testing both an exponential and a Weibull distributions.
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4.4.1 The Anderson—Darling test

The Anderson-Darling test statistic (AD) is

AD = — Zn: |:(2k — 1){ln(Fk) ";ln(l — Fn+1fk)} —n, (4‘4'1)
k=1

where Fj, = 1 — exp ( — exp (@)) The critical constant c,, which satisfies
Y

P{AD < ¢,,} =1 — a can be determined by simulation as the critical constant c,,

for the D test.

4.4.2 The Cramer-von Mises test

The Crarher-von Mises statistic (CvM) is

CVM:zn:[Fk—2k1,]2+ = (4.4.2)
k=1

2n 12n

where Fj, = 1 —exp < — exp (Y[k;;“y» The critical constant c,,, which satisfies
Y
P{CvM < ¢} =1 — a can be determined by simulation as the critical constant

¢, for the D test.
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4.5 Power comparison

To evaluate the power of the tests for a Weibull distribution, the Monte Carlo sim-
ulation is used. The simulation study is undertaken in two parts. In the first part
of the simulation study, the critical values under the two—parameter Weibull distri-
bution, Wbl(0,b,c), are calculated. In the second part, the powers are computed
based on simulating data from several alternative distributions. The many alterna-
tives considered in this power study are selected to be representatives of the various
types of distributions. They are used in many extensive reviews of power studies
for goodness-of-fit tests. These alternative distributions are categorised into three
groups.

The first group (Group I) of seven alternative distributions is asymmetrical on

the support (0, 00) and includes:
o xX*(1);

* X*(10);
e LogN(0,1);
e HN(0,1): If Y is N(0,1), |Y| has a half-normal distribution, denoted by

HN(0,1); see, Stephens (1978).

The second group (Group II) of seven distributions is on the interval (0,1) and

comprises:

e U(0,1);

e beta(2,2);

beta(2,5);

beta(5,1.5);

beta(0.5,0.5);

beta(0.5,3);

e beta(l,2).
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The third group (Group III) of eight distributions lies symmetrical on the support

(—00,00) and comprises:

o Laplace(0,1);

e logistic(0,1);

o Cauchy(0,1);

e N(0,1)

Some of the referred alternative distributions have been used by Littell et al. (1979),
Tiku and Singh (1981), and Castro-Kusiss (2011) as well as Pirouzi-Fard and Holmquist
et al., (2013). The critical values and the powers of our seven tests are computed for
all possible combinations of a = 0.01,0.05 and 0.1, three estimators (MLE, BLUE,
and BLIE), and sample size n = 10,25, 40, 100, 150, 200, 250, 300, 350, 400 and 500
for the alternative distributions from Group I and Group II. For the alternative dis-
tributions from Group III, the considered sample sizes are 5(5)30, 40, 50, 100, 150,
and 200 because the speed of convergence in power against alternatives from Group
III is very fast and reports 100% power at moderate sample sizes (see Tables 4.8,

4.11 and 4.14).

The critical constant (see Tables 4.2-4.4) and power of each test for each sce-
nario are computed based on 300,000 and 100,000 simulations, respectively. As the
observations made from this power comparison study are similar for o = 0.01,0.05
and 0.1 in Tables 4.6-4.14, only the results of powers for o = 0.05 are analysed.
Tables of power comparisons for & = 0.01 and 0.1 are presented at the end of this

chapter in Tables 4.20—4.37.
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Table 4.2: Critical values for testing Weibull distribution of the D, D, D., Dy;, AD and

CvM tests using MLE at o = 0.01,0.05 and 0.1 for several sample sizes n

(a) =0.01
n D D.p D. Du: AD CvM
5 0.2998 0.1957 1.7737 1.4657 0.9018 0.1544
10 0.2505 0.1712 2.4990 2.1217 0.9895 0.1672
15 0.2180 0.1529 2.7654 2.5626 0.9920 0.1686
20 0.1939 0.1411 2.8701 2.8450 1.0055 0.1702
25 0.1778 0.1314 2.9857 3.1409 1.0190 0.1736
30 0.1657 0.1251 3.0529 3.3082 1.0148 0.1710
40 0.1454 0.1141 3.1714 3.6682 1.0308 0.1743
50 0.1327 0.1054 3.2541 3.8933 1.0316 0.1728
100 0.0967 0.0832 3.4808 4.6151 1.0266 0.1728
150 0.0806 0.0720 3.5595 5.0740 1.0330 0.1743
200 0.0703 0.0639 3.6339 5.2773 1.0435 0.1743
250 0.0626 0.0583 3.6712 5.3372 1.0420 0.1741
300 0.0577 0.0545 3.7290 5.559 1.0326 0.1747
350 0.0538 0.0517 3.7570 5.7259 1.0375 0.1732
400 0.0503 0.0484 3.7756 5.5995 1.0464 0.1763
500 0.0453 0.0439 3.7771 5.8770 1.0523 0.1767
(b) o = 0.05
n D Dep D, Dy AD CvM
5 0.2523 0.0533 2.7403 3.7151 0.7533 0.0459
10 0.211 0.0488 2.8239 3.8076 0.7589 0.0431
15 0.1839 0.0454 2.8389 3.9604 0.7524 0.0388
20 0.1644 0.0425 2.8638 3.9677 0.7558 0.1666
25 0.1506 0.0402 2.8905 4.0081 0.7614 0.1454
30 0.1402 0.0367 2.9565 4.0879 0.7594 0.1313
40 0.1244 1.416 1.1868 0.6931 0.1154 0.12
50 0.1132 1.7926 1.6141 0.726 0.1198 0.1117
100 0.0829 1.9704 1.9036 0.7341 0.1213 0.1061
150 0.0689 2.0681 2.1083 0.739 0.1215 0.0962
200 0.0598 2.1394 2.2965 0.7415 0.1221 0.1232
250 0.054 2.2184 2.4337 0.7503 0.1236 0.1238
300 0.0496 2.3043 2.6481 0.7566 0.1237 0.124
350 0.0893 2.3849 2.8059 0.7524 0.1245 0.1237
400 0.0694 2.5878 3.2887 0.7566 0.1236 0.1245
500 0.0598 2.6652 3.5474 0.7571 0.1238 0.1245
(¢) a=0.1
n D D.p D. Do AD CvM
5 0.2275 0.1509 1.2514 1.0627 0.5968 0.0978
10 0.1908 0.1334 1.5382 1.4133 0.6164 0.1001
15 0.1667 0.1199 1.6913 1.6451 0.6212 0.1008
20 0.1496 0.1099 1.7878 1.8116 0.6233 0.101
25 0.1372 0.1027 1.8571 1.9436 0.6259 0.101
30 0.1279 0.0972 1.9177 2.0533 0.6283 0.1013
40 0.1135 0.0881 1.9958 2.2192 0.6297 0.1021
50 0.1032 0.0816 2.0651 2.3576 0.6304 0.1017
100 0.0757 0.0633 2.2343 2.7484 0.6353 0.1023
150 0.0631 0.0545 2.3339 2.9512 0.6338 0.1019
200 0.055 0.0485 2.3915 3.0884 0.6296 0.1008
250 0.0496 0.0445 2.4509 3.172 0.636 0.1023
300 0.0454 0.0413 2.4729 3.2313 0.634 0.1017
350 0.0422 0.0387 2.5058 3.286 0.6344 0.1017
400 0.0396 0.0367 2.5304 3.3129 0.635 0.102
500 0.0356 0.0334 2.5744 3.4007 0.6368 0.102
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Table 4.3: Critical constants for testing Weibull distribution of the D, Ds,, D., Dy;, AD
and CvM tests using BLUE at o = 0.01,0.05 and 0.1 for several sample sizes n

(a) =0.01
n D D., D. Du:i AD CvM
5 0.2960 0.1926 1.3862 1.4772 0.8419 0.1523
10 0.2499 0.1732 2.2015 2.2441 0.9796 0.1668
15 0.2175 0.1557 2.5196 2.7193 0.9908 0.1686
20 0.1941 0.1438 2.6978 3.0109 1.0029 0.1705
25 0.1780 0.1342 2.854 3.3101 1.0151 0.1737
30 0.1654 0.1273 2.9395 3.4984 1.0178 0.1724
40 0.1456 0.1155 3.0473 3.7771 1.0252 0.1750
50 0.1328 0.1068 3.1965 4.0231 1.0374 0.1737
100 0.0970 0.084 3.4273 4.7180 1.0257 0.1731
150 0.0804 0.0726 3.5146 5.1239 1.0292 0.1739
200 0.0703 0.0644 3.6287 5.3158 1.0435 0.1741
250 0.0627 0.0586 3.6557 5.3686 1.0396 0.1747
300 0.0578 0.0547 3.7166 5.6009 1.0343 0.1750
350 0.0539 0.0519 3.7502 5.7573 1.0339 0.1731
400 0.0503 0.0485 3.7460 5.6270 1.0432 0.177
500 0.0454 0.0440 3.7604 5.8640 1.0532 0.1766
(b) o = 0.05
n D Dsp D, Dy AD CvM
5 0.2409 0.1585 1.1456 1.1911 0.6190 0.1090
10 0.2086 0.1460 1.6022 1.7336 0.6948 0.1177
15 0.1825 0.1323 1.8184 2.0321 0.7196 0.1207
20 0.1644 0.1217 1.9443 2.2422 0.7250 0.1211
25 0.1505 0.1133 2.0388 2.4084 0.7351 0.1221
30 0.1401 0.1075 2.1254 2.5372 0.7432 0.1234
40 0.1243 0.0975 2.2243 2.7385 0.7529 0.1240
50 0.1133 0.0904 2.3163 2.8881 0.7499 0.1246
100 0.0829 0.0700 2.5448 3.3544 0.7572 0.1238
150 0.0689 0.0603 2.6247 3.6071 0.7567 0.1239
200 0.0597 0.0537 2.7086 3.7660 0.7551 0.1232
250 0.0539 0.0491 2.7936 3.8528 0.7608 0.1243
300 0.0497 0.0456 2.8097 3.9950 0.7524 0.1240
350 0.0459 0.0427 2.8401 3.9978 0.7552 0.1235
400 0.0431 0.0404 2.8657 4.0456 0.7621 0.1245
500 0.0388 0.0368 2.9361 4.1211 0.7599 0.1247
(¢) a=0.1
" D D.p D. Do AD CvM
5 0.2152 0.1424 1.0233 1.0550 0.5195 0.0911
10 0.1876 0.1324 1.3952 1.5080 0.5820 0.0972
15 0.1654 0.1209 1.5771 1.7626 0.6032 0.0994
20 0.1489 0.1109 1.6886 1.9325 0.6103 0.1003
25 0.1368 0.1039 1.7648 2.0624 0.6147 0.1007
30 0.1275 0.0982 1.8356 2.1646 0.6197 0.1011
40 0.1134 0.0889 1.9184 2.3213 0.6233 0.1019
50 0.1031 0.0824 1.9959 2.4566 0.6264 0.1018
100 0.0756 0.0638 2.1862 2.8202 0.6349 0.1024
150 0.0630 0.0549 2.2883 3.0111 0.6329 0.102
200 0.0550 0.0488 2.3499 3.1406 0.6278 0.1011
250 0.0496 0.0447 2.4187 3.2195 0.6367 0.1025
300 0.0454 0.0415 2.4426 3.2803 0.634 0.1018
350 0.0422 0.0389 2.4774 3.3306 0.6342 0.1019
400 0.0397 0.0368 2.5064 3.3550 0.6359 0.1022

500 0.0356 0.0336 2.5519 3.4395 0.6376 0.1022
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Table 4.4: Critical constants for testing Weibull distribution of the D, Ds, D., Dy;, AD

and CvM tests using BLIE at o = 0.01,0.05 and 0.1 for several sample sizes n

(a) =0.01
n D D.p D. Du: AD CvM
5 0.3176 0.2073 1.8773 1.5497 0.9619 0.1646
10 0.2565 0.1738 2.5415 2.0540 1.0346 0.1726
15 0.2217 0.1537 2.7669 2.4681 1.0224 0.1715
20 0.1961 0.1407 2.8980 2.7676 1.0223 0.1741
25 0.1796 0.1311 3.0113 3.0746 1.0342 0.1764
30 0.1671 0.1243 3.0783 3.2812 1.0308 0.1748
40 0.1459 0.1133 3.1626 3.5933 1.0417 0.1750
50 0.1334 0.1049 3.2847 3.8561 1.0446 0.1749
100 0.0971 0.0830 3.4786 4.6126 1.0335 0.1734
150 0.0809 0.0720 3.5584 5.0312 1.0351 0.1744
200 0.0703 0.0638 3.6638 5.2429 1.0450 0.1748
250 0.0629 0.0582 3.6841 5.3089 1.0386 0.1743
300 0.0579 0.0545 3.7374 5.5449 1.0348 0.1751
350 0.0538 0.0516 3.7680 5.7051 1.0376 0.1740
400 0.0504 0.0483 3.7661 5.5811 1.0456 0.1769
500 0.0454 0.0438 3.7794 5.8298 1.0519 0.1763
(b) o = 0.05
n D Dep D, Dy AD CvM
5 0.2663 0.1772 1.5367 1.2494 0.7282 0.1235
10 0.2163 0.1483 1.8549 1.6128 0.7438 0.1248
15 0.1868 0.1327 2.0140 1.8855 0.7472 0.1244
20 0.1662 0.1207 2.1081 2.0813 0.7503 0.1239
25 0.1523 0.1123 2.1752 2.2581 0.7519 0.1248
30 0.1413 0.1063 2.2487 2.3898 0.7588 0.1255
40 0.1252 0.0961 2.3249 2.6084 0.7628 0.1251
50 0.1139 0.0892 2.4027 2.7689 0.7596 0.1259
100 0.0832 0.0693 2.5958 3.2669 0.7602 0.1246
150 0.0691 0.0598 2.6669 3.5376 0.7587 0.1244
200 0.0598 0.0533 2.7390 3.7080 0.7566 0.1235
250 0.0540 0.0487 2.8223 3.8035 0.7610 0.1243
300 0.0496 0.0453 2.8321 3.9492 0.7534 0.1241
350 0.0459 0.0425 2.8602 3.9563 0.7576 0.1239
400 0.0431 0.0402 2.8838 4.0082 0.7626 0.1244
500 0.0388 0.0367 2.9550 4.0892 0.7598 0.1248
(¢) a=0.1
n D D.p D. Do AD CvM
5 0.2403 0.1617 1.3695 1.1175 0.6181 0.1041
10 0.1961 0.1359 1.6049 1.4243 0.6258 0.1030
15 0.1696 0.1210 1.7421 1.6439 0.6297 0.1031
20 0.1514 0.1108 1.8246 1.8107 0.6297 0.1032
25 0.1388 0.1032 1.8811 1.9376 0.6306 0.1028
30 0.1292 0.0974 1.9432 2.0473 0.6332 0.1028
40 0.1144 0.0882 2.0076 2.208 0.6334 0.1035
50 0.1038 0.0818 2.0731 2.3539 0.6336 0.1029
100 0.0759 0.0633 2.2331 2.7475 0.6382 0.1029
150 0.0632 0.0545 2.3266 2.9505 0.6352 0.1023
200 0.0551 0.0486 2.3813 3.0893 0.6294 0.1012
250 0.0496 0.0445 2.4417 3.1742 0.6381 0.1024
300 0.0454 0.0413 2.4656 3.2395 0.6346 0.1020
350 0.0422 0.0388 2.4962 3.2938 0.6352 0.1021
400 0.0396 0.0367 2.5234 3.3211 0.6360 0.1023
500 0.0356 0.0335 2.5663 3.4114 0.6375 0.1023
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4.5.1 The best choice of parameter estimation

To examine the power of each test with three estimators (MLE, BLUE and
BLIE), plots should be constructed by plotting the power of a test with three differ-
ent estimators in the same plot. Then, we investigate which estimator produces the
highest power under the considered tests. Figures 4.1-4.3 reveal plots of resulting
power based on the D test by comparing powers among three estimators at a = 0.05
against the alternative distributions from Group I, Group II and Group III, respec-
tively. Also, Figures 4.4-4.21 show the power comparisons of the specific test using

the three estimators at o = 0.05 from Group I, IT and III.

Table 4.5: Combination of goodness-of-fit test statistics and the estimators

Estimators

Test statistics MLE BLUE BLIE

D D(1) D(2) D(3)
Dyp Dyp(1)  Dsp(2)  Dyp(3)
D, D.(1) D.(2) D.(3)
Dye Dye(1)  Dpe(2)  Dpe(3)
Dy, Dyi(1)  Dui(2)  Dyi(3)
AD AD(1) AD(2) AD(3)
CvM CvM(1) CvM(2) CvM(3)

From the analysis of the results in Figures 4.1- 4.21, the remarkable results
emerging from these figures are that no substantial noteworthy differences in powers
are found over the alternative distributions from Group I, Group II and Group III
for the D, Dy, Dy, AD and CvM statistics when three different estimators are
used.

Based on Figures 4.7-4.9, the powers of D.(1) are slightly less than the powers
of D.(2) and D.(3) for all alternative distributions. For the Dy, test, there is no
significant difference in powers among three different estimators under the alterna-
tives from Group I. However, the powers of all tests using MLE against Group II
and III are slightly greater than those using BLUE and BLIE. Interestingly, powers
of a test with BLUE are often as good as powers of a test with BLIE.

From the evidence above, we may conclude that all three estimators are likely
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to be used as replacements of the parameters because they cause little difference
in powers for each test. To test the Weibull distribution, the BLUE is chosen as a
representative of the estimators in order to compare powers of the seven tests in the

next section.
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Table 4.6: Powers (in %) of the five graphical tests and the two non-graphical tests by
using MLE at o = 0.05 against the alternative distributions from Group I for several sample

sizes n

Alternatives n D(1) Dsp(l) D.(1) Dy, (1) Dy,; (1) AD(1) CvM(1)
x2(1) 10 5.8 5.64 8.78 5.12 4.25 6.63 5.79
25 7.73 6.28 12.63 5.27 4.13 9.02 7.56

40 8.32 7.23 15.06 6.45 4.83 10.77 9.23

100 14.82 13.37 21.21 13.50 10.06 20.58 17.35

150 17.99 18.81 27.80 18.85 14.41 27.8 22.55

200 24.32 24.75 31.33 26.45 17.18 36.44 29.9

250 28.02 31.73 34.94 33.44 22.11 43.49 35.85

300 33.46 37.42 39.22 39.42 24.91 52.05 43.07

350 39.88 43.94 44.86 46.98 29.56 59.45 50.15

400 42.42 48.36 47.22 51.96 31.16 65.06 55.99

500 52.5 59.16 53.33 61.43 39.58 74.81 65.86

X2 (3) 10 5.20 5.40 4.02 5.22 6.34 5.11 5.33
25 5.37 6.60 3.21 6.62 7.66 5.31 5.55

40 5.61 7.59 3.01 7.74 8.25 6.10 6.12

100 6.46 9.96 3.86 10.36 10.19 7.82 7.30

150 7.70 11.47 5.19 11.59 10.95 9.78 9.02

200 9.06 13.21 5.83 13.44 12.36 11.81 10.65

250 9.42 14.98 5.68 15.34 13.38 12.48 11.32

300 10.66 16.6 6.35 17.11 13.32 14.68 12.65

350 11.92 18.46 7.78 18.54 14.06 17.18 14.83

400 12.44 19.4 8.16 20.40 14.92 18.17 15.66

500 14.89 22.75 8.98 23.16 16.17 22 18.55

x2(4) 10 5.53 5.90 3.07 5.74 7.08 5.28 5.87
25 5.97 8.31 2.50 8.23 9.92 6.58 6.68

40 6.84 10.38 3.00 10.63 12.33 7.56 7.41

100 9.62 16.94 5.13 17.17 16.29 8.77 11.76

150 12.39 21.23 7.91 21.18 19.39 13.2 15.83

200 15.89 26.12 9.65 26.51 21.91 18.22 19.81

250 18.28 30.93 10.84 31.64 25.72 23.51 23.55

300 20.82 35.15 13.30 35.72 26.10 33.53 27.87

350 24.4 37.94 15.70 40.42 28.74 38.04 31.88

400 26.3 42.62 17.94 45.82 31.86 41.76 34.69

500 32.19 49.46 20.60 51.73 36.09 52.09 43.2

x2(6) 10 5.63 5.87 2.62 6.31 7.90 5.54 6.07
25 7.26 10.9 2.44 11.04 13.44 8.42 8.37

40 8.85 14.35 3.43 15.19 16.20 10.97 10.7

100 15.14 28.71 8.89 29.05 28.3 22.83 20.13

150 21.63 38.38 13.58 38.90 34.52 33.73 28.37

200 28.02 48.00 17.96 48.86 40.83 44.25 37.53

250 33.89 56.82 21.12 57.84 46.56 54.49 46.07

300 39.25 63.20 26.92 64.66 50.68 63.64 53.5

350 45.98 69.66 33.2 71.28 55.4 70.64 60.43

400 50.08 75.48 36.54 76.38 60.38 76.02 65.84

500 60.07 83.29 44.99 84.93 68.07 85.34 77.03

X2(10) 10 6.37 6.84 2.30 7.1367 9.64 6.13 6.74
25 8.86 14.58 2.66 14.51 17.91 10.81 10.62

40 12.63 20.33 4.69 21.38 23.45 15.70 14.93

100 23.68 44.82 14.25 45.24 43.13 37.71 32.14

150 33.61 59.47 23.23 59.88 53.75 53.43 45.99

200 44.79 71.35 29.96 72.39 63.52 68.63 59.49

250 53.58 80.83 37.19 81.81 72.16 79.37 70.77

300 61.51 86.93 46.04 87.85 76.42 86.52 78.32

350 69.50 91.64 55.80 91.74 82.1 91.73 85.08

400 75.14 94.56 63.18 94.94 86.74 94.35 89.24

500 84.89 97.87 74.42 98.23 92.45 98.13 95.17

LogN(0,1) 10 9.68 11.30 1.93 11.84 16.19 10.07 11.02
25 19.42 33.52 7.29 34.04 40.56 28.33 26.13

40 29.53 52.31 15.90 52.14 57.70 44.19 39.42

100 65.56 91.97 46.49 91.84 90.79 87.19 80.82

150 83.76 98.51 69.26 98.57 97.85 97.22 94.43

200 93.73 99.83 85.28 99.85 99.45 99.6 98.7

250 97.78 100 93.79 99.98 99.92 99.94 99.75

300 99.14 99.98 98.12 99.98 99.96 99.98 99.94

350 99.72 100 99.54 100 100 99.99 99.97

400 99.82 100 99.88 100 100 100 100

500 99.99 100 99.99 100 100 100 100

HN(0,1) 10 5.96 5.70 9.04 5.05 4.41 6.72 5.87
25 7.15 6.30 12.47 5.18 3.54 8.50 7.32

40 8.51 6.99 14.61 6.07 4.76 10.39 9.31

100 14.12 13.04 21.00 12.23 10.23 19.22 16.14

150 18.72 18.76 27.10 19.36 14.36 28.42 23.42

200 24.74 25.53 31.44 26.72 17.45 36.91 30.52

250 29.75 31.31 34.25 32.45 21.64 44.46 37.12

300 33.90 37.47 39.41 39.74 24.71 53.03 44.13

350 39.80 43.56 43.92 45.89 29.22 59.37 50.72

400 43.66 48.96 47.70 51.36 33.06 64.93 55.62

500 53.25 59.42 53.88 61.16 39.44 75.85 66.57

The bold number is the highest power among the seven tests for each sample size.
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Table 4.7: Powers (in %) of the five graphical tests and the two non-graphical tests by using

MLE at o = 0.05 against the alternative distributions from Group II for several sample sizes

n

Alternatives n D(1) Dsp(1) D.(1) Dy (1) Dy, (1) AD(1) CvM(1)
U(0,1) 10 13.48 13.37 19.85 10.43 7.99 19.50 15.91
25 30.27 36.57 36.47 31.42 44.01 47.30 37.97

40 45.41 72.07 48.22 68.43 81.58 69.24 57.81

100 87.53 100 92.93 99.97 100 99.06 96.27

150  97.67 100 99.93 100 100 100 99.78

200 99.69 100 100 100 100 100 100

250 99.96 100 100 100 100 100 100

300 99.99 100 100 100 100 100 100

350 100 100 100 100 100 100 100

400 100 100 100 100 100 100 100

500 100 100 100 100 100 100 100

beta(2, 2) 10 6.6 6.27 9.68 5.03 3.80 8.03 6.96
25 9.4 8.04 14.08 6.55 5.86 13.28 10.76

40 12.24 12.07 16.64 10.28 13.22 18.10 14.92

100 26.56 50.56 26.07 43.89 60.04 46.71 36.7

150 39.27 79.60 34.49 74.92 86.96 66.49 53.33

200 53.39 94.11 43.21 92.42 97.15 81.80 68.51

250 64.78 98.89 54.17 97.91 99.62 90.81 80.10

300 72.1 99.82 69.82 99.70 99.96 96.12 87.82

350 80.76 99.98 82.74 100 100 98.18 92.9

400 86.44 100 91.30 100 100 99.36 99.06

500 93.14 100 97.66 100 100 99.94 99

beta(2,5) 10 4.82 4.63 4.73 4.10 4.50 4.87 4.95
25 5.18 4.93 5.39 3.87 4.35 5.29 5.33

40 4.62 4.17 4.87 4.32 4.30 4.75 4.87

100 5.45 5.09 3.92 4.46 6.23 5.97 5.87

150 5.64 5.58 3.95 5.52 7.14 6.20 6.10

200 6.19 7.45 4.10 6.60 8.91 7.71 7.05

250 6.7 8.59 3.20 6.98 10.87 8.78 8.14

300 6.68 8.99 3.42 8.51 12.35 9.28 8.23

350 7.61 10.80 3.40 10.50 14.26 10.63 9.39

400 7.74 13.66 3.38 11.26 18.44 11.3 10.16

500 9.5 16.25 2.78 13.40 21.62 13.74 12.3

beta(5,1.5) 10 7.95 7.53 11.90 5.91 4.19 10.36 8.42
25 14.41 13.35 20.80 10.58 12.28 21.76 17.29

40 19.63 25.46 25.57 22.45 32.53 32.22 25.09

100 48.54 89.71 45.88 85.83 94.05 76.59 63.29

150 68.00 99.36 67.67 98.81 99.81 93.05 83.7

200 82.8 99.99 87.84 99.97 100 98.57 94.05

250 91.58 100 96.55 100 100 99.71 97.98

300 96.05 100 99.67 100 100 99.96 99.37

350 98.36 100 99.96 100 100 99.99 99.91

400 99.28 100 100 100 100 100 99.96

500 99.88 100 100 100 100 100 100

beta(0.5,0.5) 10 31.50 31.29 35.31 25.84 28.12 45.25 38.23
25 69.25 88.81 66.10 86.72 94.39 88.36 80.23

40 88.76 99.73 88.72 99.66 99.88 98.72 96.13

100 99.98 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

250 100 100 100 100 100 100 100

300 100 100 100 100 100 100 100

350 100 100 100 100 100 100 100

400 100 100 100 100 100 100 100

500 100 100 100 100 100 100 100

beta (0.5, 3) 10 7.49 7.02 11.57 5.85 4.45 9.12 7.72
25 11.32 9.96 18.34 7.79 6.64 15.41 12.43

40 15.08 14.94 23.65 12.30 13.61 22.35 18.12

100  32.97 48.67 39.53 44.15 51.17 53.11 43.43

150 46.86 71.87 50.84 70.99 75.65 71.54 60.66

200  60.33 88.58 60.77 87.20 90.58 85.66 75.08

250 71.65 96.07 68.92 94.82 97.02 93.22 85.54

300 79.91 98.76 78.68 98.34 99.07 97.12 91.89

350 86.97 99.62 86.63 99.51 100 98.88 95.92

400 91.12 99.88 91.80 99.92 100 99.58 97.52

500 96.36 100 99.88 100 100 99.96 99.40

beta(1, 2) 10 6.90 6.59 10.31 5.12 3.85 8.23 7.12
25 10.84 9.81 17.24 7.80 7.38 15.79 12.54

40 15.44 16.18 21.32 13.29 17.34 22.63 18.5

100 33.16 60.71 34.41 55.27 69.18 56.14 44.85

150 47.68 87.58 47.38 84.56 92.71 76.76 63.68

200  63.85 97.68 60.32 96.41 98.83 89.83 78.41

250 73.67 99.71 70.95 99.54 99.85 95.69 88.08

300 83.42 99.93 84.09 99.90 99.97 98.55 93.81

350 88.76 99.98 92.88 99.99 100 99.49 96.79

400 93.06 100 97.18 100 100 99.94 99.5

500 97.92 100 99.80 100 100 100 99.74

The bold number is the highest power among the seven tests for each sample size.
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Table 4.8: Powers (in %) of the five graphical tests and the two non-graphical tests by using
MLE at a = 0.05 against the alternative distributions from Group III for several sample

sizes n

Alternatives n D(1) Dsp(1) D.(1) Dy (1) Dy, (1) AD(1) CvM(1)
Laplace(0,1) 5 8.89 8.62 5.16 10.06 10.36 7.55 9.23
10 19.11 22.66 7.88 24.46 28.02 21.82 22.82

15 28.93 33.66 12.10 35.97 36.78 34.73 35.36

20 38.68 44.28 22.39 47.19 44.92 45.96 46.02

25  47.90 53.48 32.41 56.38 50.37 56.42 55.98

30 56.62 60.71 41.16 62.60 56.27 65.23 65.06

40 68.72 71.12 53.96 73.66 63.28 77.91 77.43

50 77.99 78.40 65.15 80.12 68.89 85.55 84.91

100  97.25 96.15 92.88 96.73 87.11 98.78 98.70

150 99.74 99.48 98.86 99.50 94.56 99.94 99.92

200 99.98 99.92 99.82 97.70 97.70 99.98 99.98

logistic(0, 1) 5 6.68 6.48 3.18 7.23 7.60 5.36 6.73
10 12.25 15.11 3.65 16.32 21.06 14.16 15.14

15 17.41 22.95 4.73 24.85 29.36 22.36 21.85

20 23.08 32.35 10.52 34.18 37.72 30.85 29.53

25 29.07 40.85 16.96 42.67 43.48 38.85 37.08

30 35.22 47.80 22.86 48.53 49.59 46.76 44.22

40 42.94 57.84 32.16 59.70 57.66 58.81 55.50

50 51.87 66.50 41.99 67.65 64.38 68.04 63.77

100 82.56 90.87 74.16 91.78 85.24 93.56 91.13

150 94.12 97.58 90.36 98.02 93.6 98.87 98.18

200 98.18 99.24 96.58 99.58 96.96 99.82 99.64

Cauchy(0,1) 5 27.65 27.06 23.20 29.19 29.66 27.6 28.42
10 56.61 58.71 47.12 60.44 60.72 59.70 59.89

15 73.75 75.19 64.81 76.56 74.72 77.91 77.50

20 83.98 85.13 78.30 86.60 82.53 87.83 87.72

25 90.62 91.17 87.01 92.48 87.40 93.40 93.33

30 95.11 95.10 92.26 95.48 91.60 96.84 96.66

40 98.22 98.02 96.66 98.30 95.5 99.25 99.22

50 99.36 99.26 99.01 99.39 97.75 99.66 99.67

100 99.99 100 100 100 99.92 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

N(0,1) 5 5.97 5.81 2.66 6.24 6.64 4.77 6.03
10 9.68 11.30 1.93 11.97 16.19 10.07 11.02

15 12.20 17.87 2.02 18.84 24.91 15.74 15.78

20 16.32 25.74 4.38 25.70 33.80 22.06 20.99

25 19.42 33.52 7.29 34.10 40.56 28.33 26.13

30 22.46 40.20 9.73 40.52 46.84 33.60 29.86

40 29.16 52.12 15.70 51.48 58.36 44.19 39.42

50 35.56 63.10 20.95 62.64 67.43 54.80 48.10

100 65.56 91.97 46.49 91.96 90.79 87.19 80.82

150 83.86 98.66 69.66 98.70 97.82 97.22 94.43

200 93.46 99.86 85.26 99.88 99.22 99.60 98.70

t(1) 5 28.11 27.60 23.79 29.31 30.32 28.17 28.95
10 55.70 57.83 47.30 60.40 60.07 59.37 59.92

15 73.62 75.02 65.14 76.76 74.29 77.95 77.79

20 84.22 85.12 78.82 86.59 82.30 87.67 87.46

25 90.71 91.18 87.02 92.15 87.52 93.42 93.33

30 94.50 94.54 91.84 95.38 91.02 96.36 96.30

40 98.06 97.86 96.72 98.36 95.34 99.21 99.2

50  99.56 99.46 99.15 99.50 98.06 99.78 99.77

100 100 99.99 100 99.99 99.97 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(3) 5 9.58 9.16 5.60 10.57 10.94 8.84 10.07
10 20.24 23.42 10.84 24.89 28.33 23.06 23.63

15 29.63 35.3 16.52 37.18 39.46 36.39 35.98

20 39.28 46.54 28.40 48.34 47.60 47.19 46.19

25 45.97 52.91 37.43 55.56 51.98 55.25 53.69

30 54.41 61.15 45.78 63.04 58.63 63.96 62.4

40 65.02 70.84 59.02 74.38 65.78 76.23 75

50  75.26 79.43 69.58 80.65 72.09 84.28 82.79

100 95.65 95.86 93.68 96.54 89.39 98.26 97.93

150 99.32 99.4 98.94 99.64 95.54 99.84 99.78

200 99.90 99.96 99.70 99.96 98.10 99.99 99.99

t(4) 5 8.05 7.84 4.56 8.97 9.10 7.18 8.46
10 16.03 19.24 6.83 20.59 24.40 18.01 18.93

15 24.49 30.55 11.04 31.95 35.77 30.56 30.26

20 31.06 39.65 19.28 41.77 42.39 39.38 38.34

25 37.69 47.84 28.67 49.71 47.96 47.96 46.40

30 45.81 55.54 37.19 56.73 54.37 56.74 54.75

40 55.80 65.38 49.40 66.22 61.90 68.81 66.56

50 66.42 74.06 60.05 75.13 68.64 78.57 76.23

100 91.04 93.41 88.13 94.22 85.65 96.44 95.56

150 98.18 98.62 97.30 98.76 93.94 99.63 99.49

200 99.50 99.56 99.26 99.72 97.44 99.98 99.95

t(6) 5 6.90 6.61 3.63 7.73 7.93 5.97 7.62
10 13.00 16.09 4.39 17.18 21.43 14.59 15.51

15 19.91 26.08 6.62 27.28 31.85 25.15 24.98

20 25.41 34.74 13.04 35.89 38.95 33.18 32.05

25 30.59 42.20 20.08 43.95 44.50 40.90 38.85

30 37.16 49.17 26.76 50.63 50.35 48.70 46.23

40 46.66 61.16 38.08 61.60 59.70 61.19 58.14

50 56.03 68.64 47.47 69.63 65.29 71.00 67.52

100 84.99 91.05 78.86 91.79 84.67 94.26 92.42

150 95.58 97.72 93.36 98.04 93.34 98.99 98.46

200 98.77 99.28 97.84 99.60 96.78 99.86 99.79

The bold number is the highest power among the seven tests for each sample size.
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Table 4.9: Powers (in %) of the five graphical tests and the two non-graphical tests by using

BLUE at a = 0.05 against the alternative distributions from Group I for several sample sizes

n

Alternatives n D(2) DSP(Z) D.(2) Dy, (2) Dy,; (2) AD(2) CvM(2)
x2(1) 10 5.88 5.27 8.26 5.35 3.72 5.96 6.01
25 7.92 5.28  12.20 4.69 3.62 8.90 7.60

40 8.59 6.08 15.10 5.50 4.14 10.54 9.45

100 15.12 11.76  21.55 11.83 8.97 20.02 17.65

150  18.26 17.09 28.31 18.26 13.23 30.18 22.92

200  24.79 23.03 32.11 24.50 15.90 36.20 30.45

250  28.68 29.80 36.00 31.73 20.39 44.26 36.02

300  33.80 35.66 40.64 39.01 23.22 52.24 43.40

350  40.00 42.05 44.83 44.21 27.60 59.38 50.78

400 44.94 48.46 49.11 49.36 31.80 64.56 56.43

500  53.12 57.82 54.76 59.67 37.64 75.64 66.21

x2(3) 10 4.95 5.56 4.26 5.30 6.35 5.22 5.36
25 5.19 6.95 3.49 6.86 7.90 4.90 5.45

40 5.69 8.05 3.41 7.80 8.61 5.22 5.92

100 6.42 10.25 4.15 10.42 10.25 7.72 7.23

150 7.60 11.63 5.42 12.32 10.91 10.08 9.00

200 8.90 13.49 6.17 14.26 12.48 11.82 10.62

250 9.53 15.12 6.08 15.46 13.48 12.28 11.15

300 10.46 16.67 6.61 17.40 13.29 15.54 12.76

350  11.89 18.54 7.58 18.94 14.85 17.26 14.84

400 12.59 19.61 8.46 20.36 15.34 18.60 15.64

500  14.85 23.04 9.59 23.24 16.16 22.08 18.56

X2 (4) 10 5.38 6 3.61 5.94 7.15 5.10 5.78
25 5.86 8.51 3.28 7.82 9.94 5.76 6.65

40 6.52 10.8 3.69 10.56 12.73 7.30 7.25

100 9.46 16.89 5.73 16.46 16.36 12.88 11.57

150  11.94 21.11 8.48 21.04 19.32 18.50 15.73

200  15.81 26.15 10.32 26.42 21.74 22.88 19.73

250 18.3 31.00 11.59 32.24 25.62 26.9 23.20

300  20.29 35.16 14.34 36.96 26.09 34.22 27.74

350  23.49 39.30 15.93 40.20 29.91 38.24 31.85

400  25.85 42.15 18.41 45.44 30.54 42.80 34.45

500 31.83 49.39 21.69 52.28 35.57 51.98 42.92

x2(6) 10 5.27 6.31 3.25 7.16 8.16 5.64 6.11
25 6.89 11.60 3.55 10.16 13.83 8.02 8.22

40 8.68 14.66 4.67 14.64 16.47 10.06 10.47

100 14.87 28.75 9.88 27.98 27.93 22.66 19.81

150  20.91 38.06 15.08 39.04 33.85 34.52 28

200 27.7 47.71 19.75 48.26 40.11 43.62 37.24

250  33.44 56.15 23.16 56.50 45.65 52.74 45.45

300  38.48 62.91 28.89 65.20 49.38 64.00 53.22

350  44.89 69.20 33.12 71.16 55.36 69.82 60.17

400  49.49 74.85 39.38 75.80 59.42 76.5 65.55

500  59.44 82.92 46.73 84.48 66.89 85.54 76.69

x2(10) 10 6.05 7.42 3.25 7.62 9.90 6.58 6.94
25 8.45 15.36 4.53 15.18 18.09 10.70 10.44

40 12.10 20.96 6.79 20.46 23.40 15.80 14.34

100 22.95 44.68 16.41 43.98 42.34 37.64 31.43

150  32.45 58.86 25.65 60.14 52.66 54.08 45.41

200  43.97 70.82 32.42 72.00 62.19 68.92 58.92

250  52.61 80.28 40.01 81.68 70.69 78.58 69.77

300  60.13 86.40 49.10 87.44 75.20 86.82 77.76

350  69.08 91.21 57.34 91.68 81.42 91.76 84.74

400  74.35 94.05 65.87 94.66 85.55 94.38 88.95

500  84.01 97.62 76.72 98.10 91.39 98.30 95.04

LogN(0,1) 10 9.34 12.40 3.97 12.43 16.88 10.36 11.25
25  18.62 34.49 11.94 33.89 40.13 28.40 25.46

40  28.12 52.20 20.64 51.58 56.83 43.92 38.57

100  63.39 91.66 51.29 91.59 90.10 86.94 79.81

150  81.86 98.38 73.18 98.48 97.35 97.18 94.17

200  93.03 99.80 87.30 99.80 99.33 99.56 98.54

250  97.35 100 94.65 99.98 99.89 99.90 99.74

300 98.93 99.98 98.58 99.98 99.95 99.98 99.94

350  99.71 99.99 99.60 99.99 100 99.98 99.97

400  99.88 100 99.88 100 100 100 100

500  99.99 100 99.99 100 100 100 100

HN(0, 1) 10 5.93 5.43 8.56 5.25 2.00 6.62 5.99
25 7.15 5.28  12.18 4.51 3.05 8.64 7.45

40 8.75 591  14.58 5.38 4.06 10.40 9.28

100  14.39 11.21  21.20 10.78 9.02 19.24 16.33

150  18.87 17.01 27.84 17.83 13.15 28.12 23.71

200 25.35 23.58 32.23 25.03 16.05 36.26 31.01

250  30.30 29.43 35.25 30.53 20.49 43.74 37.25

300  34.27 35.62 40.75 38.35 23.16 52.94 44.61

350  40.56 41.92 45.11 44.39 27.38 59.48 51.30

400  44.67 47.59 48.83 49.75 30.69 65.56 56.10

500  53.89 58.04 55.33 59.65 37.40 75.70 66.90

The bold number is the highest power among the seven tests for each sample size.
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Table 4.10: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLUE at o = 0.05 against the alternative distributions from Group II for several

sample sizes n

Alternatives n D(2) Dsp(2) D (2) Dy (2) Dy; (2) AD(2) CvM(2)
U(0,1) 10 14.21 12.00 20.92 9.97 5.44 19.68 15.94
25 32.05 31.54 42.77 25.61 36.30 48.62 39.43

40 49.17 66.52 57.26 60.33 77.42 72.12 60.46

100 91.16 99.99 92.79 99.93 100 99.32 97.21

150 98.66 100 99.86 100 100 100 99.89

200 99.88 100 100 100 100 100 100

250 100 100 100 100 100 100 100

300 100 100 100 100 100 100 100

350 100 100 100 100 100 100 100

400 100 100 100 100 100 100 100

500 100 100 100 100 100 100 100

beta(2,2) 10 6.59 5.50 9.59 180 3.14 752 6.88
25 9.56 6.47 14.47 5.53 4.15 13.38 10.62

40 12.84 9.65 18.01 8.36 10.64 18.16 15.15

100 28.22 46.57 29.62 39.38 56.22 49.62 38.56

150  41.99 76.58 39.77 70.98 84.94 70.94 56.61

200 56.74 92.79 47.98 90.94 96.39 83.74 71.93

250  68.90 98.58 57.59 97.30 99.50 92.04 82.95

300 75.78 99.76 70.69 99.55 99.92 97.06 90.43

350  84.35 99.98 81.58 99.89 99.99 98.90 94.79

400 89.27 100 89.49 99.99 100 99.46 97.29

500 94.82 100 97.48 100 100 99.96 99.25

beta(2,5) 10 4.62 4.41 4.78 4.28 4.39 4.86 4.85
25 5.20 4.62 5.16 3.64 4.27 4.34 5.10

40 4.57 3.98 4.56 3.96 4.30 4.54 4.65

100 5.37 4.85 3.94 4.23 6.14 5.50 5.64

150 5.67 5.27 4.07 5.30 6.67 7.26 6.04

200 6.24 6.88 4.16 6.22 8.42 7.28 7.01

250 6.71 8.16 3.29 6.39 10.59 8.06 7.99

300 6.57 8.53 3.49 8.11 11.78 9.66 8.18

350 7.58 10.32 3.54 9.15 14.76 10.70 9.57

400 8.96 12.58 3.90 10.45 16.46 11.28 10.85

500 9.14 15.62 3.29 12.60 20.97 14.32 11.99

beta(5,1.5) 10 8.01 6.43 11.80 5.54 3.14 9.92 8.34
25 15.01 11.07 22.14 8.52 8.50 21.30 17.66

40 20.65 21.21 29.10 17.81 27.54 35.22 26.04

100 52.08 87.37 52.56 82.54 92.98 79.70 66.78

150 72.15 99.11 70.78 98.45 99.75 94.98 86.69

200 86.56 99.98 86.87 99.96 100 99.22 95.78

250 93.99 100 95.62 100 100 99.78 98.62

300 97.42 100 98.47 100 100 100 99.68

350 99.16 100 99.93 100 100 100 99.93

400 99.59 100 100 100 100 100 99.98

500 99.96 100 100 100 100 100 100

beta(0.5,0.5) 10 33.39 30.47 42.47 25.68 19.10 46.44 38.96
25 73.77 85.45 79.02 80.91 92.48 90.24 82.42

40 92.10 99.60 93.11 99.37 99.84 99.30 97.09

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

250 100 100 100 100 100 100 100

300 100 100 100 100 100 100 100

350 100 100 100 100 100 100 100

400 100 100 100 100 100 100 100

500 100 100 100 100 100 100 100

beta(0.5, 3) 10 7.64 6.09 10.92 5.59 3.40 8.78 7.67
25 11.56 8.25 18.65 6.62 4.76 17.96 12.59

40 15.57 12.17 24.85 10.12 10.80 21.82 18.44

100 34.31 44.73 43.08 40.37 46.97 53.34 44.78

150 48.78 68.59 55.84 67.44 72.02 74.86 62.26

200 62.84 86.65 65.45 85.04 88.69 86.86 76.82

250 74.08 95.30 73.12 93.69 96.18 93.42 87.03

300  81.81 98.42 81.59 97.86 98.85 97.84 93.06

350 88.79 99.57 88.39 99.41 99.71 98.88 96.52

400  92.53 99.81 92.62 99.82 99.94 99.74 98.00

500 97.01 100 97.31 99.97 100 99.98 99.68

beta(l,2) 10 6.89 5.53 10.12 4.95 3.19 9.56 6.88
25 11.17 8.10 17.98 6.36 5.07 15.70 12.68

40 15.92 12.97 23.00 10.83 13.73 22.46 18.94

100 35.17 56.25 39.37 50.40 65.34 57.34 46.89

150 50.68 84.91 53.03 81.43 91.37 79.70 66.85

200 67.18 97.10 64.43 95.51 98.58 90.42 81.10

250 T7.27 99.60 72.79 99.35 99.83 96.64 89.98

300  86.15 99.93 84.35 99.88 99.96 98.92 95.14

350 90.96 100 92.33 99.99 100 99.66 97.74

400 94.92 100 97.08 100 100 99.96 99.07

500 98.28 100 99.71 100 100 99.98 99.89

The bold number is the highest power among the seven tests for each sample size.
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Table 4.11: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLUE at a = 0.05 against the alternative distributions from Group III for sample

sizes n

Alternatives n D(2) Dsp(2) D.(2) Dy (2) Dy, (2) AD(2) CvM(2)
Laplace(0,1) 5 9.73 9.71 8.24 10.60 11.44 8.42 9.82
10 19.56 24.02 12.10 24.88 27.00 23.03 24.12

15 28.93 34.3 21.59 35.23 34.12 35.57 35.92

20 37.33 43.57 32.12 46.18 41.05 47.03 46.43

25 46.92 52.22 40.26 54.51 46.24 57.06 56.08

30 55.42 58.61 48.28 60.53 51.40 65.73 65.04

40 67.43 68.97 61.76 70.24 57.72 78.08 76.93

50 76.62 75.98 71.28 77.85 62.10 85.56 84.58

100  96.73 95.10 94.00 95.95 79.88 98.80 98.60

150 99.68 98.97 98.98 99.27 89.72 99.93 99.91

200 99.91 99.84 99.84 99.91 95.01 99.98 99.98

logistic(0, 1) 5 6.92 6.96 6.11 7.49 8.39 6.00 6.92
10 12.14 16.66 6.23 16.95 21.01 15.21 15.6

15 17.08 24.35 11.14 24.59 28.35 22.95 22.02

20 21.99 32.40 17.64 33.89 36.11 31.65 29.29

25 27.67 40.51 23.56 41.59 41.50 39.05 36.56

30 33.29 46.99 29.12 47.51 46.99 47.12 43.69

40 41.67 57.45 39.37 57.19 55.02 58.72 54.4

50 49.23 64.32 47.57 65.94 60.65 67.92 62.79

100 80.52 89.51 77.33 90.48 81.39 93.46 90.59

150 93.54 96.73 92.68 97.40 91.26 98.8 98.01

200 98.02 99.20 97.08 99.43 95.98 99.8 99.58

Cauchy(0, 1) 5 29.08 29.11 26.82 30.47 31.18 28.53 30.07
10 57.8 59.99 51.95 60.90 58.71 61.20 61.36

15 74.67 75.52 71.1 76.32 72.27 78.68 78.78

20 84.26 84.86 82.86 86.39 80.08 88.66 88.40

25 90.94 90.79 89.62 92.15 85.79 93.77 93.73

30 95.14 94.82 93.96 95.26 90.04 97.01 96.83

40 98.28 98.12 98.01 98.04 94.80 99.30 99.24

50 99.33 99.22 99.15 99.33 97.02 99.67 99.68

100 99.99 100 100 100 99.89 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

N(0,1) 5 6.12 6.14 5.35 6.35 7.10 5.19 6.33
10 9.34 12.40 3.97 12.31 16.88 10.66 11.25

15 11.99 19.50 6.00 19.18 25.58 15.97 15.54

20 15.08 26.60 9.04 26.15 33.13 22.62 20.79

25 18.62 34.49 11.94 34.17 40.13 28.44 25.46

30 21.20 40.80 14.26 40.64 46.48 33.81 29.35

40 28.12 52.20 20.64 51.58 56.83 44.20 38.57

50 34.00 63.23 25.66 62.38 66.57 54.84 47.11

100 63.39 91.66 51.29 91.65 90.10 87.06 79.81

150 81.86 98.38 73.18 98.48 97.35 97.11 94.17

200 93.03 99.80 87.30 99.80 99.33 99.59 98.54

t(1) 5 29.51 29.54 27.90 30.42 31.14 29.09 30.53
10 57.46 59.16 52.82 60.89 58.12 60.83 61.63

15 74.7 75.48 71.96 76.67 72.05 78.63 78.87

20 84.57 84.78 82.93 86.41 79.99 88.29 88.27

25 90.87 90.96 89.64 91.88 85.82 93.61 93.57

30 94.48 94.24 94.23 98.23 89.47 96.59 96.57

40 98.48 98.15 98.16 98.04 95.13 99.24 99.25

50  99.55 99.39 99.17 99.46 97.38 99.82 99.81

100 99.99 99.99 99.99 99.99 99.95 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(3) 5 10.22 10.22 9.11 11.07 11.78 9.47 10.68
10 20.44 24.62 14.82 25.56 26.67 24.35 24.79

15 29.91 35.99 25.70 36.78 37.79 37.32 36.57

20  38.28 46.30 36.23 47.67 44.65 48.31 46.71

25 44.87 52.07 44.71 54.12 48.93 55.70 53.75

30 53.21 59.70 51.88 61.79 55.00 64.49 62.31

40 65.06 70.69 65.83 71.58 61.89 76.47 74.48

50  73.21 77.30 73.89 78.96 67.17 84.37 82.35

100 94.82 94.91 95.01 95.87 84.33 98.24 97.79

150 99.17 99.05 99.08 99.25 92.34 99.81 99.78

200 99.90 99.82 99.79 99.91 96.78 99.99 99.99

t(4) 5 8.42 8.34 7.19 9.38 10.01 7.86 9.03
10 16.23 20.52 10.06 21.19 24.02 19.26 19.71

15 24.30 31.57 18.27 31.69 34.57 31.35 30.48

20 29.66 39.30 27.64 41.26 39.82 40.30 38.41

25 36.57 46.94 34.70 48.43 44.96 48.65 46.28

30 43.92 54.04 42.72 55.34 50.89 57.18 54.20

40 54.16 63.65 55.10 65.51 57.76 68.83 65.64

50 63.98 71.89 64.72 73.25 63.75 78.45 75.41

100 89.52 92.18 90.06 93.15 80.28 96.31 95.22

150 97.67 98.05 97.77 98.56 89.32 99.62 99.50

200 99.71 99.67 99.44 99.69 95.12 99.98 99.94

t(6) 5 7.36 7.44 6.39 8.06 8.94 6.60 8.00
10 13.12 17.30 7.71 17.84 21.37 15.56 16.08

15 19.79 27.33 13.72 27.05 31.09 25.84 25.03

20 24.37 34.85 20.20 35.55 37.02 34.02 32.06

25 28.99 41.57 25.69 42.88 42.01 41.23 38.45

30 35.57 48.13 32.68 49.40 47.53 48.97 45.51

40 45.09 59.16 44.56 60.42 55.11 61.44 57.07

50 52.67 66.73 53.43 67.79 60.94 70.89 66.24

100 82.40 89.59 81.38 90.57 80.02 94.11 91.83

150 94.14 96.94 94.13 97.61 89.50 98.94 98.26

200 98.59 99.17 98.32 99.32 94.79 99.84 99.74

The bold number is the highest power among the seven tests for each sample size.
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Table 4.12: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLIE at a = 0.05 against the alternative distributions from Group I for sample sizes

n

Alternatives n D(3) DSP(B) D.(3) Dy, (3) Dy,; (3) AD(3) CvM(3)
X2(1) 10 5.04 5.68 8.28 77 4.04 6.12 5.08
25 6.22 6.10 12.80 5.01 3.85 8.71 6.75

40 6.58 6.34 14.92 6.03 4.43 10.51 8.78

100 13.44 14.02 22.66 12.87 9.14 20.47 16.61

150 18.12 18.54 28.44 19.21 13.32 27.75 21.80

200 24.00 24.46 32.32 25.66 15.94 36.24 29.57

250 29.16 31.20 36.22 32.77 20.40 43.50 35.35

300 33.25 37.90 42.84 40.05 23.25 52.24 42.75

350 38.97 43.34 46.38 45.23 27.63 59.49 49.78

400 44.13 47.26 48.44 50.33 31.85 65.26 55.73

500 52.46 58.20 54.44 60.33 37.62 74.83 65.63

X2 (3) 10 4.98 5.48 3.48 5.70 6.03 5.31 5.45
25 5.74 6.52 3.24 6.52 7.68 5.42 5.66

40 5.76 6.70 3.00 7.13 8.43 6.08 6.41

100 6.94 9.84 3.32 10.10 10.18 7.72 7.39

150 7.78 11.22 5.68 11.99 10.9 9.63 9.21

200 8.38 13.10 5.86 13.68 12.47 11.74 10.87

250 9.60 14.74 6.08 15.09 13.48 12.58 11.54

300 11.12 16.34 7.32 16.91 13.30 14.74 13.19

350 12.28 18.62 8.16 19.25 14.86 17.22 15.05

400 13.17 19.08 8.48 20.17 15.34 18.27 16.02

500 15.49 22.30 8.96 22.92 16.16 22.08 18.93

X2<4) 10 5.96 6.26 3.18 6.09 6.98 5.49 6.26
25 7.16 8.1 3.42 8.68 9.67 6.59 7.08

40 7.86 10.02 3.58 9.98 12.37 7.56 777

100 9.86 17.28 5.42 16.48 16.28 13.15 12.00

150 12.64 21.04 8.90 21.18 19.28 18.09 16.00

200 15.48 25.02 10.80 26.71 21.71 23.29 20.30

250 18.82 29.40 11.46 30.58 25.57 27.91 23.90

300 21.44 33.84 15.08 35.50 26.07 33.57 28.29

350 24.40 37.68 16.52 40.21 29.93 38.22 32.41

400 27.02 42.14 18.72 43.48 30.56 41.70 35.21

500 32.85 49.46 20.40 50.29 35.61 52.11 43.54

X2 (6) 10 6.5 6.64  2.60 6.76 8.01 5.83 6.53
25 8.28 10.04 3.60 10.85 13.44 8.46 8.76

40 9.32 13.70 4.40 14.01 16.17 10.99 11.11

100 15.32 27.52 9.38 27.99 27.75 22.74 20.39

150 21.64 38.48 15.20 38.84 33.85 33.71 28.79

200 27.26 46.42 19.00 48.45 40.08 44.08 38.07

250 34.00 54.48 23.20 56.47 45.62 54.44 46.52

300 39.82 63.58 30.5 65.02 49.41 63.57 54.09

350 45.96 69.08 34.78 70.93 55.42 70.66 60.85

400 50.70 74.80 37.68 75.30 59.44 75.93 66.51

500 60.56 82.32 46.60 83.40 66.92 85.25 77.28

x2(10) 10 6.94 6.96 2.48 7.86 9.40 6.73 7.36
25 10.16 13.26 3.62 13.63 17.57 10.89 11.11

40 12.76 20.3 6.02 20.07 23.04 15.64 15.29

100 22.68 43.24 14.42 43.37 42.24 37.38 32.46

150 33.92 59.18 25.02 59.11 52.62 53.48 46.27

200 45.47 70.18 32.18 72.19 62.21 68.31 59.83

250 53.75 80.16 39.94 80.84 70.67 79.34 70.73

300 61.47 86.32 50.72 87.15 75.21 86.66 78.48

350 69.93 91.16 57.82 91.57 81.46 91.69 85.24

400 75.18 94.36 64.28 94.73 85.57 94.39 89.34

500 84.65 97.40 75.86 97.66 91.41 98.14 95.21

LogN(0,1) 10 12.18 11.82 2.32 12.93 16.07 10.60 12.02
25 20.95 31.68 11.16 32.25 39.08 28.46 26.90

40 30.20 50.20 19.70 50.18 56.32 43.84 40.34

100 64.55 91.30 49.18 91.31 90.09 86.74 79.98

150 82.23 98.46 72.44 98.46 97.35 97.14 94.52

200 93.51 99.82 86.26 99.79 99.33 99.48 98.36

250 97.35 100 94.38 99.98 99.89 99.92 99.74

300 99.02 99.98 98.70 99.98 99.95 99.98 99.90

350 99.74 100 99.60 99.99 100 99.98 99.94

400 99.88 100 99.86 100 100 100 100

500 99.99 100 99.98 100 100 100 100

HN(0,1) 10 5.14 5.24 8.98 4.41 3.95 6.12 4.78
25 6.12 6.02 12.96 4.79 3.26 8.36 6.60

40 7.70 6.66 13.92 5.80 4.34 10.04 8.56

100 13.42 12.42 20.80 12.24 9.19 18.9 15.58

150 17.79 18.06 28.16 18.88 13.22 27.86 22.58

200 24.27 23.40 31.46 26.06 16.08 35.44 28.78

250 29.17 29.48 35.68 31.53 20.51 44.00 35.96

300 33.52 35.84 41.56 39.21 23.18 52.70 43.62

350 39.38 43.36 45.32 45.09 27.41 59.70 50.56

400 43.90 47.98 48.78 50.84 30.70 65.60 55.94

500 53.14 57.50 54.54 60.45 37.41 76.18 66.96

The bold number is the highest power among the seven tests for each sample size.
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Table 4.13: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLIE at @ = 0.05 against the alternative distributions from Group II for several

sample sizes n

Alternatives n D(3) Dsp(3) D.(3) Dy (3) Dy;(3) AD(3) CvM(3)
U(0,1) 10 10.71 12.18 21.74 9.00 6.40 18.50 13.50
25 29.31 33.27 41.46 27.32 39.05 49.08 38.02

40 46.61 67.25 57.94 61.43 78.62 73.52 60.42

100 90.42 99.99 90.28 99.93 100 99.26 96.70

150 98.59 100 99.88 100 100 100 99.82

200 99.86 100 99.98 100 100 100 100

250 100 100 100 100 100 100 100

300 100 100 100 100 100 100 100

350 100 100 100 100 100 100 100

400 100 100 100 100 100 100 100

500 100 100 100 100 100 100 100

beta(2,2) 10 5.50 5.68 10.03 4.49 3.30 7.60 5.95
25 8.47 7.80 14.74 6.23 4.80 13.56 9.99

40 11.65 11.38 18.16 9.52 11.38 18.96 14.75

100 26.95 45.76 29.89 40.89 56.67 49.54 38.02

150 41.00 76.54 39.65 71.12 85.00 69.93 56.21

200 56.17 93.10 47.96 90.97 96.41 84.54 71.64

250  68.24 98.26 56.83 97.35 99.50 92.92 82.98

300 75.76 99.68 69.64 99.56 99.92 97.27 90.51

350  84.20 99.94 80.45 99.89 99.99 98.70 94.69

400 89.19 100 88.24 99.99 100 99.57 97.34

500 94.75 100 97.19 100 100 99.96 99.21

beta(2,5) 10 4.91 4.76 4.91 4.33 4.27 4.93 4.81
25 5.20 4.36 5.23 3.93 4.28 5.22 5.10

40 4.71 4.38 4.66 4.16 4.25 4.85 5.00

100 5.32 4.78 3.98 4.51 6.16 6.20 5.83

150 5.71 6.04 4.06 5.34 6.71 6.61 6.33

200 6.36 6.80 4.19 6.26 8.42 8.10 7.16

250 6.93 7.02 3.32 6.41 10.59 9.20 8.40

300 6.90 9.38 3.51 8.16 11.79 9.74 8.43

350 7.71 10.12 3.58 9.12 14.77 11.12 9.85

400 9.13 12.86 3.89 10.56 16.49 12.64 11.21

500 9.17 15.02 3.26 12.64 20.96 14.26 12.33

beta(5,1.5) 10 6.24 6.96 12.50 5.19 3.33 10.09 7.40
25 13.13 12.24 22.61 9.83 9.72 22.2 16.40

40 19.03 23.56 29.14 19.62 28.82 33.93 25.37

100 50.62 87.34 52.62 83.08 93.11 79.90 66.46

150 71.27 99.22 69.35 98.42 99.77 94.74 86.47

200 86.31 99.96 85.47 99.98 100 99.20 95.75

250 93.85 100 94.79 100 100 99.81 98.63

300 97.43 100 99.32 100 100 99.97 99.68

350 99.15 100 99.91 100 100 100 99.93

400 99.59 100 99.97 100 100 100 99.97

500 99.96 100 100 100 100 100 100

beta(0.5,0.5) 10 28.16 30.76 42.39 24.17 22.46 45.96 35.41
25 71.15 85.94 78.40 81.43 93.26 90.25 81.40

40 91.49 99.68 92.43 99.34 99.86 99.06 96.82

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

250 100 100 100 100 100 100 100

300 100 100 100 100 100 100 100

350 100 100 100 100 100 100 100

400 100 100 100 100 100 100 100

500 100 100 100 100 100 100 100

beta (0.5, 3) 10 5.96 6.80 11.56 5.29 3.94 8.66 6.53
25 9.92 9.82 18.86 7.33 5.36 15.11 11.50

40 14.01 14.08 25.04 11.48 11.45 22.56 17.42

100 32.50 45.48 43.33 42.25 47.28 54.49 43.66

150 47.25 71.66 55.89 68.20 72.16 73.25 61.51

200 61.82 87.86 65.53 85.27 88.73 87.10 76.27

250 73.19 94.98 72.93 93.78 96.19 94.17 86.74

300  81.58 98.30 81.47 97.89 98.86 97.63 93.01

350 88.46 99.56 88.16 99.41 99.70 99.14 96.48

400  92.25 99.81 92.39 99.83 99.94 99.59 97.94

500 96.92 100 97.18 99.97 100 99.91 99.67

beta(l, 2) 10 5.67 5.58 10.64 4.59 3.32 8.06 5.98
25 9.60 8.86 18.14 7.30 5.69 16.03 11.80

40 14.44 14.66 23.16 12.09 14.62 23.50 18.23

100  33.91 56.38 39.59 51.58 65.73 58.91 45.99

150 49.39 86.74 52.86 81.62 91.43 79.38 66.29

200  66.43 96.86 63.92 95.49 98.59 91.50 80.92

250 76.64 99.58 72.06 99.34 99.83 96.73 89.86

300  85.94 99.92 83.45 99.87 99.96 99.08 95.14

350 90.73 99.98 91.63 99.99 100 99.67 97.68

400 94.81 100 96.65 100 100 99.95 99.07

500 98.25 100 99.58 100 100 99.99 99.88

The bold number is the highest power among the seven tests for each sample size.
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Table 4.14: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLIE at o = 0.05 against the alternative distributions from Group III for sample sizes

n

Alternatives n D(3) Dsp(3) D.(3) Dy (3) Dy, (3) AD(3) CvM(3)
Laplace(0,1) 5 11.37 10.50 5.81 12.33 12.63 8.81 11.26
10 21.69 23.17 9.58 25.46 28.25 22.74 24.21

15 30.35 32.97 19.97 35.75 36.08 35.22 35.97

20 39.61 42.92 29.35 47.47 43.34 45.88 46.35

25  47.85 51.67 38.35 54.68 48.17 56.26 55.77

30 56.52 58.60 46.97 60.45 53.31 64.90 64.84

40  68.06 69.29 60.59 70.74 59.34 77.52 76.79

50 77.12 76.52 70.04 78.48 63.38 85.03 84.22

100  96.74 95.38 94.41 95.90 80.64 98.74 98.58

150 99.69 99.02 98.93 99.27 90.34 99.92 99.91

200 99.91 99.88 99.84 99.92 95.41 99.98 99.98

logistic(0, 1) 5 8.62 8.16 3.84 9.38 9.45 6.46 8.22
10 14.64 15.42 4.68 16.73 20.35 15.14 16.37

15 18.73 22.26 10.01 23.34 28.13 23.03 22.58

20 24.26 30.66 16.26 33.69 36.44 31.08 30.18

25 29.04 38.62 22.10 40.07 41.64 38.73 37.17

30 35.23 45.33 28.35 45.00 47.11 46.56 44.18

40 43.26 56.39 38.55 56.17 55.07 58.25 55.12

50 50.26 63.72 46.96 65.11 60.63 67.41 62.90

100 80.65 89.24 77.40 90.07 81.51 93.29 90.76

150 93.73 96.70 92.29 97.36 91.38 98.76 98.05

200 98.05 99.20 96.98 99.43 95.98 99.81 99.60

Cauchy(0,1) 5 28.71 27.64 23.88 30.30 30.22 28.11 29.73
10 56.61 58.14 49.78 59.96 60.88 59.66 59.72

15 73.38 74.71 69.66 76.32 74.57 77.62 77.22

20 83.48 84.52 81.46 86.75 81.95 87.54 87.32

25 89.96 90.41 88.83 91.49 87.04 93.24 93.04

30 94.70 94.71 93.29 95.01 91.03 96.69 96.49

40 98.22 98.13 97.87 97.99 95.37 99.21 99.10

50 99.27 99.18 99.18 99.34 97.32 99.63 99.63

100 99.99 100 100 99.99 99.89 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

N(0,1) 5 7.99 7.73 3.58 8.37 8.55 5.67 7.86
10 12.18 11.82 2.66 12.93 16.07 10.98 12.35

15 14.34 16.92 5.00 17.26 24.09 16.42 17.16

20 17.90 24.29 8.11 25.71 32.60 22.36 22.42

25 20.95 31.94 11.16 32.25 39.08 28.40 26.72

30 23.72 38.04 13.53 38.14 45.98 33.64 30.69

40 30.20 50.59 19.91 50.18 56.32 44.29 40.29

50 35.71 61.55 24.93 60.66 66.25 54.77 48.31

100 64.55 91.43 50.54 91.31 90.09 87.14 80.73

150 82.23 98.32 71.55 98.46 97.35 97.13 94.42

200 93.51 99.80 86.28 99.79 99.33 99.61 98.62

t(1) 5 29.31 28.42 24.78 29.56 30.62 28.77 30.05
10 56.14 57.48 49.37 59.86 60.06 59.22 59.47

15 73.01 74.35 70.19 75.71 74.06 77.61 77.36

20 83.71 84.37 81.82 86.56 81.88 87.28 87.15

25 90.25 90.73 88.81 92.01 87.27 93.18 93.14

30 94.08 94.21 93.02 95.02 90.63 96.21 96.05

40 98.34 98.13 97.93 98.11 95.63 99.16 99.13

50  99.52 99.41 99.31 99.47 97.69 99.78 99.76

100 99.99 99.99 100 100 99.95 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(3) 5 11.72 11.06 6.36 12.32 12.53 9.79 11.98
10 22.08 23.25 12.49 25.28 27.93 23.76 24.56

15 30.59 34.28 24.26 36.01 38.31 36.83 36.56

20 39.22 45.04 34.81 47.28 46.08 47.03 46.2

25 45.04 51.15 42.77 54.16 50.04 54.75 53.14

30 53.52 58.77 51.00 61.04 56.29 63.60 61.72

40 64.91 70.50 65.24 71.19 62.88 75.65 74.23

50 73.25 77.11 73.07 79.13 67.96 83.71 81.99

100 94.73 95.03 94.59 95.73 84.74 98.15 97.71

150 99.16 99.09 99.05 99.24 92.57 99.81 99.78

200 99.88 99.8 99.79 99.91 96.84 99.99 99.99

t(4) 5 10.1 9.45 5.3 11.08 10.95 8.24 10.11
10 17.8 19.58 8.41 20.9 24.48 18.95 20.07

15 25.55 29.47 18.51 29.92 34.55 31.19 31.07

20 31.27 37.87 25.56 41.38 40.71 39.51 38.46

25 37.42 45.20 33.98 47.07 45.53 47.75 45.88

30 44.97 52.94 42.69 54.45 51.77 56.19 54.06

40 54.81 63.57 54.32 65.06 58.60 68.33 65.46

50 64.09 71.60 64.32 72.75 64.17 77.82 75.04

100 89.62 92.09 89.75 93.09 80.66 96.18 95.20

150 97.69 98.09 97.67 98.55 89.51 99.61 99.50

200 99.70 99.66 99.43 99.70 95.27 99.98 99.94

t(6) 5 9.05 8.44 4.23 10.08 9.96 7.20 9.34
10 15.14 16.14 5.81 17.28 20.79 15.64 16.94

15 21.25 24.98 12.46 25.71 30.83 25.82 25.92

20 26.43 33.08 18.87 35.59 37.54 33.39 32.89

25 30.46 39.78 25.17 41.65 42.28 40.67 38.85

30 36.97 46.39 31.76 47.19 47.76 48.20 45.85

40 46.16 58.44 43.86 59.64 55.57 60.87 57.43

50 53.52 66.17 52.15 68.13 61.32 70.27 66.47

100 82.72 89.50 81.51 90.39 80.35 93.90 91.95

150 94.14 96.84 93.95 97.59 89.58 98.91 98.28

200 98.66 99.13 98.22 99.28 94.93 99.84 99.84

The bold number is the highest power among the seven tests for each sample size.
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Figure 4.1: Power comparison of the D statistic by using three different estimators (MLE,
BLUE, BLIE) at a = 0.05 against the alternative distributions from Group I for several

sample sizes n
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Figure 4.2: Power comparison of the D statistic by using three different estimators (MLE,
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Figure 4.17: Power comparison of the AD statistic by using three different estimators
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Figure 4.18: Power comparison of the AD statistic by using three different estimators
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Figure 4.19: Power comparison of the CvM statistic by using three different estimators

(MLE, BLUE, BLIE) at o = 0.05 against the alternative distributions from Group I for

several sample sizes n
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Figure 4.20: Power comparison of the CvM statistic by using three different estimators
(MLE, BLUE, BLIE) at o« = 0.05 against the alternative distributions from Group II for
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Figure 4.21: Power comparison of the CvM statistic by using three different estimators
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4.5.2 Results on power

After the BLUE is chosen as the estimators of the location and scale parameters

from SEV(0,1), the powers of the seven tests are compared.

From the power results given in Table 4.9 and Figure 4.22 for the first group
of alternative distributions, the following observations can be made. It emerges that
the Dy, test provides superior power against the alternative distribution in Group I,
except for x?(1) and HN(0,1). In addition, the Dy, test has greater powers than the
non-graphical AD and CvM tests. Moreover, the D, test is the best choice against
x%(1) and HN(0,1) when n < 150. When n > 150, the AD test is generally the
best against x?(1) and HN(0,1), followed by the CvM test. Also, the Dy; test has
the worst powers against x?(1) and HN(0,1). It can also be observed from this
simulation study that the powers of the Dy, test are similar to those of the Dy, test
against all alternative distributions from Group I. Overall, the D, test has the worst

powers among all tests on most occasions, and is even worse than the D test.

From the power results given in Table 4.10 and Figure 4.23 for the second
group of alternative distributions, the Dp; test has often the best powers whereas
the D and D, tests generally have least powers. However, when n < 50, D, seems
to have greater powers than all the other tests. Additionally, the powers of Ds, and
Dy, are close to each other, but the powers of Dy, are slightly higher than those
of the Dy test. All tests have almost no power in detecting the departure of the
Weibull distribution under beta(2,5). Also, the Dy; test is more powerful than the

non-graphical AD and CvM tests on most occasions.

From the power results given in Table 4.11 and Figure 4.24 for the third group
of alternative distributions, when considering all the tests for alternative distribu-
tions for Group III, the AD and CvM tests are more powerful than the other tests.
Nonetheless, for N (0, 1), the Dy; test is more powerful than the AD and CvM tests.
It can be seen that the D, D, and Dy; tests show low power over the distributions
in Group III and the powers of the Dy; test are less than those of the D and D,
tests for the larger sample sizes. In terms of graphical tests, the Dy, and Dy, tests
appear to be the best choices when the whole range of sample sizes is considered.
Obviously, the two non-graphical AD and CvM tests are the most powerful tests

over the distributions in this group.
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by using BLUE at o = 0.05 against the alternative distributions from Group I for several

sample sizes n
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Figure 4.23: Power comparison of the five graphical tests and the two non-graphical tests

by using BLUE at o = 0.05 against the alternative distributions from Group II for several

sample sizes n
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4.6 Simultaneous intervals

The null hypothesis is Hy : a random sample Xy, ..., X, is from the Weibull dis-
tribution Wbl(a,b,c) where a is known. The a is equal to zero, without loss of
generality, so we assume that
Hj : arandom sample X1, ..., X, comes from the Weibull distribution Wbl(0, b, ¢).
If a is not equal to zero then we consider X1 — a, ..., X,, — a instead of the original
X1,...,X,. Define Yy, = In(Xg), k = 1,...,n. Then each Y} has the smallest ex-
1

treme value distribution, SEV (u,0), with y = Inb and ¢ = -, as discussed above.

Hence a test of Hy is equivalent to a test of Hy: Y1,...,Y, i SEV (u,0). Any of

the five graphical tests can then be used to test this Hp in the following way.

1. Choose a significance level o and choose the graphical test.

2. Calculate Y, = In Xy, £k = 1,...,n and compute the BLUE of the unknown
parameters pu and o of SEV (u,0), say 1 and . Also, calculate the critical

constant, which depends on «, sample size n and the number of simulations.

3. Sort the Y}'s in ascending order Y};j < ... < Y}, and plot the points (In(—In(1—
Pk)); Yi) for k=1,...,n where p, = k=05 This produces the Q-Q plot.

n

4. For each k, plot the vertical interval based on the graphical test considered.

5. Join the upper limits of the k vertical intervals and join the lower limits of the

k vertical intervals to obtain a band.

6. Reject the null hypothesis Hy at level « if at least one point

(In(=1In(1 — pg)), Yj) falls outside the corresponding vertical interval.

Table 4.15 gives the k simultaneous vertical intervals corresponding to each of

the five graphical tests D, Dy, D¢, Dy and Dy,.

These simultaneous intervals have nothing to do with the alternative distribu-
tions because they depend only on k = 1,...,n and their critical constants of each

test.
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Table 4.15: Simultaneous intervals for testing Weibull distribution based on the five graph-
ical tests by using BLUE as the estimators

Graphical tests Simultaneous intervals of Y for k =1,...,n

D fr+¢n[—In (1 - (k—05)/nFc,)]

Dy, ft+ ¢ In[—In (1 — sin? (arcsin\/mj:csp))}

De (£ + o) £ Goge,

Dy, (fp+ocIn[—In(1 — L)], i+ ¢ In[—In(1 — U))])

Dy; i+ on[—In (1 — 592 £ oy /(k—0.5)(n — k + 0.5)/n3)]
Example 1

An illustrative example is presented to apply the simultaneous probability
intervals associated with the five graphical tests D, Dg,, D., Dy, and Dy; for testing
the Weibull distribution at significance level a = 0.05. Figure 4.25 shows the Q-
Q plots constructed from the observations simulated from LogN(0,1) with n =
40 and their corresponding probability intervals for the five graphical tests of the
ordered observations. Therefore, the blue triangles represent the pairs (In(—In(1 —
Pk)); Yjr)) and the straight line results from plotting i + ¢ In(—In(1 — px)) against
In(—In(1—pg)). In each plot, the simultaneous probability intervals are constructed

corresponding to the considered graphical test.

From Figure 4.25, the first ordered observation based on Dy; lies outside the cor-
responding vertical interval. Furthermore, there exists one point from the plot of the
Dy, and Dy, tests which seems to fall outside its corresponding vertical interval, but
it is rather subjective to judge that both points fall outside their corresponding in-
tervals. Therefore, the numerical comparison must be used to assess whether points
lie within their corresponding intervals whenever points cannot be distinguished by
eye. Table 4.17 illustrates 40 ordered observations generated from LogN (0, 1) and
log of these observations, as well as the corresponding probability intervals. This
table will be helpful when any points cannot be assessed by eye. Based on the D,
test, the probability interval of the 15¢ ordered observation is [—5.3681, —1.8762].
Comparing the 1% ordered value, (Y1) = —1.8088), with its interval, we can observe
that the corresponding interval does not cover the 1% ordered value. Therefore,

these data do not follow the Weibull distribution based on the Dy, test. Similarly,
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the probability interval of the 1% ordered value from the Dy, test is [—oo, —1.8374]
but the point goes beyond the corresponding interval. Therefore, this sample is not
taken from the Weibull distribution based on the Dy, test.

All observations fall inside the bands based on the D and D, tests. Therefore,
we can claim that this sample is taken from a Weibull distribution when the D and
D, tests are considered.

For the non-graphical tests, the test statistics of AD and CvM tests computed
by (4.4.1) and (4.4.2) are 0.5111 and 0.0783, respectively. Also, the corresponding
critical values of AD and CvM statistics are 0.7529 and 0.1240, respectively. Then,
comparing the test statistics with their critical values, it can be concluded that the
hypothesis is not rejected at a = 0.05 under AD and CvM statistics since the test
statistic of each test is less than its corresponding critical value. Therefore, the
findings support the conclusion that such a dataset follows a Weibull distribution
by the AD and CvM tests.

It can be observed that the null hypothesis is rejected according to the Dy, Dy
and Dy; tests, but not according to the D, D., AD and CvM tests. Interestingly,
even though the AD and CvM tests are non—graphical tests, they cannot detect the
non-Weibull data in this case. Table 4.16 summarises the results when seven tests

are applied to assess whether the dataset follows the Weibull distribution.

Table 4.16: Test results for Example 1

Test Inference

D Does not reject Hy
Dy, Rejects Hy

D, Does not reject Hy
Dpe Rejects Hy

Dy; Rejects Hy

AD Does not reject H

CvM Does not reject Hy
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Table 4.17: Data generated from Lognormal(0,1) with sample size 40 and the corresponding

probability intervals for testing the Weibull distribution based on the five graphical tests
using BLUE (D, Dy, De, Dy and Dy;) at o = 0.05

D Dsp D. Dy Dy,

Xy Yjg) =In(X})) Quantiless LB UB LB UB LB UB LB UB LB UB
0.1638  -1.8088 -4.3757  NaN -1.1979 -5.3681 -1.8762 -6.0585 -0.7279  -co -1.8374 NaN -1.9975
0.176 -1.7375 -3.2644 NaN -1.0278 -5.3452 -1.3601 -4.1167 -0.7897 -5.6592 -1.3885 NaN -1.3313
0.2208  -1.5104 -2.7405 NaN -0.8798 -3.7183 -1.0659 -3.2675 -0.6667 -3.8551 -1.0964 NaN -0.9936
0.2697  -1.3105 -2.3907 NaN -0.7485 -2.9856 -0.8517 -2.7454 -0.5382 -3.0618 -0.8785 NaN -0.7583
0.2872  -1.2477 -2.1257  NaN -0.6298 -2.5166 -0.6805 -2.3707 -0.4194 -2.5652 -0.7036 NaN -0.5744
0.2976 -1.212 -1.9111 -3.4463 -0.5212 -2.1728 -0.5362 -2.0792 -0.3111 -2.2062 -0.5563 NaN -0.4216
0.3782  -0.9723 -1.7297 -2.4403 -0.4208 -1.9015 -0.4105 -1.8404 -0.2118 -1.9255 -0.4281 -4.9098 -0.2897
0.3851  -0.9542 -1.572  -1.9575 -0.327 -1.6772 -0.2984 -1.638 -0.1201 -1.6947 -0.314 -3.1267 -0.1727
0.4464  -0.8066 -1.4317 -1.6335 -0.2388 -1.4856 -0.1967 -1.462 -0.0346 -1.4985 -0.2105 -2.5129 -0.0669
0.4934  -0.7064 -1.3051 -1.3876 -0.1553 -1.318 -0.1031 -1.306 0.0457 -1.3275 -0.1154 -2.1222 0.0302
0.4946 -0.704 -1.1891 -1.188 -0.0756 -1.1687 -0.016 -1.1656 0.1215 -1.1755 -0.027 -1.8311 0.1205
0.5341  -0.6272 -1.0818 -1.0193 0.0007 -1.0338 0.0658 -1.0377 0.1937 -1.0384 0.0559 -1.5969 0.2052
0.5413  -0.6138 -0.9816 -0.8724 0.0742 -0.9103 0.1431 -0.9199 0.2627 -0.9132 0.1342 -1.3997 0.2855
0.6063  -0.5004 -0.8874 -0.7418 0.1453 -0.7961 0.2168 -0.8105 0.3291 -0.7976 0.2088 -1.2283 0.3621
0.631 -0.4605 -0.7981 -0.6237 0.2144 -0.6898 0.2874 -0.708 0.3932 -0.69 0.2803 -1.076 0.4357
0.6395  -0.4471 -0.7129 -0.5156 0.2818 -0.5898 0.3554 -0.6115 0.4554 -0.589 0.3491 -0.9383 0.5069
0.8083  -0.2128 -0.6313 -0.4156 0.3479 -0.4954 0.4213 -0.5199 0.516 -0.4937 0.4158 -0.8123 0.5761
0.829 -0.1875 -0.5528 -0.3222 0.413 -0.4056 0.4855 -0.4327 0.5753 -0.403 0.4806 -0.6955 0.6438
0.9798  -0.0204 -0.4767 -0.2342 0.4772 -0.3197 0.5481 -0.3491 0.6335 -0.3164 0.5439 -0.5862 0.7104
1.0765 0.0737 -0.4028 -0.1509 0.541 -0.2372 0.6096 -0.2687 0.6908 -0.2332 0.6061 -0.4832 0.7761
1.2162 0.1957 -0.3306 -0.0714 0.6045 -0.1575 0.6703 -0.191 0.7475 -0.1529 0.6673 -0.3854 0.8415
1.2174 0.1967 -0.2599  0.0047 0.6681 -0.0802 0.7303 -0.1156 0.8038 -0.0751 0.7279 -0.2919 0.9069
1.5189 0.418 -0.1903  0.0781 0.732 -0.0049 0.7899 -0.0421 0.8599 0.0008 0.7882 -0.202 0.9726
1.539 0.4312 -0.1216  0.1491 0.7967 0.0687 0.8494 0.0299 0.916 0.0749 0.8483 -0.1149 1.0391
1.7137 0.5387 -0.0534 0.2181 0.8624 0.141 0.9091 0.1005 0.9723 0.1478 0.9086 -0.0303 1.1069
1.7962 0.5857 0.0146 0.2854 0.9298 0.2124 0.9692 0.1701 1.0292 0.2196 0.9694 0.0525 1.1766
2.1652 0.7725 0.0827 0.3515 0.9994 0.2831 1.0301 0.2391 1.0868 0.2908 1.0309 0.1338 1.2491
2.4304 0.8881 0.1511 0.4165 1.0719 0.3535 1.0921 0.3076 1.1454 0.3617 1.0937 0.2143 1.3254
2.445 0.894 0.2204 0.4807 1.1484 0.424 1.1557 0.3761 1.2055 0.4327 1.158  0.2944 1.407
2.6073 0.9583 0.2908 0.5444 1.2304 0.4948 1.2213 0.4448 1.2675 0.5041 1.2245 0.3745 1.4964
2.772 1.0196 0.363  0.6079 1.3202 0.5666 1.2897 0.5141 1.3319 0.5765 1.2939 0.4552 1.5978
2.8333 1.0415 0.4375 0.6715 1.4215 0.6398 1.3617 0.5846 1.3995 0.6503 1.3671 0.5373 1.7198
2.9133 1.0693 0.5152  0.7355 1.5417 0.715 1.4385 0.6566 1.4711 0.7262 1.4453 0.6214 1.8854
3.1765 1.1558 0.5972  0.8002 1.6982 0.7932 1.5219 0.7309 1.5481 0.8051 1.5304 0.7088 2.2494
3.6735 1.3011 0.6852  0.866 1.9617 0.8755 1.6145 0.8084 1.6324 0.8882 1.6253 0.8007 NaN
4.2328 1.4429 0.7815 0.9335 NaN  0.9638 1.7208 0.8903 1.727 0.9773 1.735 0.8996 NaN
4.3731 1.4755 0.8904 1.0032 NaN  1.0607 1.8498 0.9785 1.8371 1.0752 1.8692 1.0088 NaN
4.4028 1.4822 1.0198 1.0759 NaN  1.1716 2.0222 1.0761 1.9727 1.1866 2.0512 1.1354 NaN
4.5422 1.5134 1.1889 1.1527 NaN  1.3082 2.3205 1.1888 2.1581 1.3206 2.3686 1.2956 NaN
7.4225 2.0045 1.4775 1235 NaN 15128 2.324 1.3309 2.4876 1.4987 oo 1.5556 NaN

NaN stands for Not a Number representing an undefined value.
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Figure 4.25: Simultaneous probability intervals of the data generated from LogN (0, 1) with
n = 40 for testing the Weibull distribution based on the five graphical tests (D, D, De,
Dye and Dy;) by using BLUE at a = 0.05
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Example 2

The following data are failure times of the air conditioning system of an air-
plane (see Linhart and Zucchini, 1986): 23, 261, 87, 7, 120, 14, 62, 47, 225, 71, 246,
21, 42, 20, 5, 12, 120, 11, 3, 14, 71, 11, 14, 11, 16, 90, 1, 16, 52, and 95. Table 4.19
shows the data in ascending order, and the upper and lower bounds of each obser-
vation from the five graphical tests using BLUE at o = 0.05. Figure 4.26 illustrates
the Q-Q plots which are plotted using the data from Table 4.19. Undoubtedly, all
points fall inside their corresponding probability intervals simultaneously based on
the D, Dy, De, Dy and Dy; tests; therefore, this dataset follows a Weibull distrib-
ution under the five graphical tests. For the non-graphical tests, the test statistics
AD and CvM are 0.5352 and 0.0945, respectively. The critical values at a = 0.05
with sample size 30 of the AD and CvM tests are 0.7432 and 0.1234, respectively.
Thus, the conclusion is that we cannot reject the null hypothesis at o = 0.05 un-
der AD and CvM tests because the test statistics are less than their critical values.

Therefore, these data follow a Weibull distribution under all tests.

Table 4.18: Test results for Example 2

Test Inference

D Does not reject Hy
Dy, Does not reject Hy
D, Does not reject Hy
Dy, Does not reject Hy
Dy; Does not reject Hy
AD Does not reject Hy

CvM Does not reject Hy




164

Chapter 4 Tests for the Weibull Distribution

Table 4.19: Failure times of the air conditioning system of an airplane and their correspond-

ing probability intervals for testing the Weibull distribution based on the five graphical tests
using BLUE (D, Dy, De, Dy and Dy;) at o = 0.05

D Dsp D. Dype Dy,
Xk Yk = In(X[x)) Quantiles LB  UB LB UB LB UB LB UB LB UB
1 0 -4.086  NaN 1.8909 -3.7374 1.1303 -4.0225 2.5100 —oo 1.1727 NaN 0.9694
3 1.0986 -2.9702  NaN 2.1453 -2.8694 1.8131 -1.5856 2.4960 -3.4286 1.7717 NaN 1.8419
5 1.6094 -2.4417  NaN 2.3631 -0.9895 2.2032 -0.5114 2.6796 -1.2074 2.1627 NaN 2.2879
7 1.9459 -2.0870 NaN 2.5549 -0.0962 2.4882 0.1529 2.8613 -0.2162 2.4545 NaN 2.6012
11 2.3979 -1.8170 -1.5092 2.7272 0.4869 2.7175 0.6321 3.0270 0.4104 2.6896 NaN 2.848
11 2.3979 -1.5969  0.2743 2.8846 0.9198 2.9118 1.0071 3.1777 0.8672 2.8887 -2.5756 3.0548
11 2.3979 -1.4098  0.9798 3.0303 1.2648 3.0823 1.316 3.3161 1.2272 3.063 -0.3546 3.2350
12 2.4849 -1.2459  1.4343 3.1667 1.5527 3.2355 1.5793 3.4444 1.5252 3.2194 0.4374 3.3965
14 2.6391 -1.0992 1774 3.2957 1.8007 3.3757 1.8098 3.5647 1.7806 3.3624 0.9467 3.5441
14 2.6391 -0.9656  2.0477 3.4188 2.0195 3.5059 2.0155 3.6784 2.005 3.4949 1.3292 3.6813
14 2.6391 -0.8422 2.2788 3.5371 2.2163 3.6283 2.202 3.7868 2.2061 3.6194 1.6392 3.8106
16 2.7726 -0.7269 2.4801 3.6517 2.3958 3.7446 2.3733 3.8910 2.3891 3.7375 1.9023 3.9339
16 2.7726 -0.618  2.6596 3.7635 2.5617 3.856 2.5325 3.9919 2.5580 3.8507 2.1328 4.0528
20 2.9957 -0.5144 2.8225 3.8735 2.7168 3.9637 2.6818 4.0901 2.7155 3.9600 2.3395 4.1686
21 3.0445 -0.415 29726 3.9823 2.8630 4.0686 2.823 4.1864 2.8639 4.0664 2.5281 4.2825
23 3.1355 -0.3188 3.1126 4.0910 3.0022 4.1715 2.9577 4.2814 3.005 4.1708 2.7029 4.3957
42 3.7377 -0.2250 3.2444 4.2003 3.1357 4.2732 3.0871 4.3757 3.1403 4.2741 2.8670 4.5094
47 3.8501 -0.1330 3.3697 4.3114 3.2648 4.3746 3.2123 4.4700 3.271 4.3769 3.0228 4.6250
52 3.9512 -0.0420 3.4808 4.4255 3.3905 4.4763 3.3342 4.5649 3.3982 4.4803 3.1722 4.7443
62 4.1271 0.0486  3.6058 4.5443 3.5140 4.5794 3.4538 4.6612 3.5231 4.5850 3.3170 4.8694
71 4.2627 0.1397 3.7186 4.6702 3.6361 4.6848 3.572 4.7597 3.6467 4.6923 3.4587 5.0039
71 4.2627 0.2320 3.8292 4.8067 3.7581 4.7939 3.6897 4.8615 3.7701 4.8035 3.5989 5.1536
87 4.4659 0.3266  3.9384 4.9598 3.881 4.9083 3.8079 4.9678 3.8946 4.9204 3.7392 5.3301
90 4.4998 0.4249  4.0470 5.1413 4.0064 5.0303 3.9278 5.0806 4.0216 5.0455 3.8814 5.5641
95 4.5539 0.5285 4.1560 5.3819 4.1361 5.1636 4.0509 5.2024 4.1529 5.1828 4.0280 6.0531
120 4.7875 0.6403 4.2662 5.8423 4.2727 5.3139 4.179 5.3373 4.2914 5.3388 4.1822 NaN
120 4.7875 0.7647 4.3789 NaN  4.4205 5.4924 4.3152 5.4922 4.4411 5.5262 4.3494 NaN
225 5.4161 0.9102 4.4956 NaN  4.5867 5.7248 4.4641 5.6802 4.6089 5.7754 4.5391 NaN
246 5.5053 1.0972 4.6183 NaN  4.7879 6.1053 4.6346 5.9335 4.8078 6.1988 4.7740 NaN
261 5.5645 1.4096 4.7499 NaN  5.0838 6.2475 4.8499 6.3751 5.0672 oo  5.1452 NaN

NaN stands for Not a Number representing an undefined value.
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Figure 4.26: Simultaneous probability intervals of failure times of the air conditioning
system of an airplane for testing the Weibull distribution based on the five graphical tests

(D, Dsp, De, Dy and Dy;) using BLUE at o = 0.05
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Table 4.20: Powers (in %) of the five graphical tests and the two non-graphical tests by

using MLE at o = 0.01 against the alternative distributions from Group I for several sample

s1zes n

Alternatives n D(1) Dsp(l) D.(1) Dy, (1) Dy,; (1) AD(1) CvM(1)
21 10 1.38 1.10 2.15 1.37 0.58 1.49 1.31
25 1.64 1.11 3.6 1.06 0.62 2.29 1.80

40 2.29 1.18 4.81 1.3 0.68 3.10 2.24

100 4.58 2.77 6.98 3.83 2.06 8.10 5.93

150 6.29 4.30 9.61 7.47 3.41 12.3 8.99

200 8.81 6.99 10.73 9.27 4.98 16.81 12.78

250 11.84 9.46 12.81 13.52 7.46 22.75 17.29

300 15.07 12.40 13.58 15.98 8.69 29.92 22.3

350 18.90 14.14 17.26 18.79 9.84 35.81 27.72

400 22.86 18.32 18.94 23.03 11.86 41.38 33.44

500 27.60 27.07 22.57 32.25 15.44 52.78 42.44

X2(3) 10 1.05 1.11 0.81 1.24 1.21 0.97 1.11
25 1.17 1.80 0.39 1.54 1.88 1.10 1.11

40 1.29 2.3 0.37 1.77 2.28 1.51 1.46

100 1.59 3.04 0.38 3.42 2.82 2.14 1.97

150 1.67 3.50 0.61 4.09 3.08 2.91 2.44

200 2.14 4.19 0.80 4.37 3.23 3.52 3.07

250 2.58 5.08 0.99 5.07 4.24 3.94 3.47

300 3.19 5.51 0.96 4.62 3.97 5.14 4.01

350 3.3 4.78 1.26 5.03 3.50 6.10 4.96

400 3.82 6.56 1.74 6.50 4.24 6.28 5.42

500 4.34 8.02 1.89 8.12 4.73 8.58 6.82

X2(4) 10 1.08 1.32 0.42 1.34 1.69 1.10 1.23
25 1.21 2.26 0.31 2.52 2.52 1.34 1.46

40 1.70 3.35 0.19 2.76 3.52 2.10 1.91

100 2.50 5.95 0.52 5.65 5.66 2.31 2.16

150 3.69 7.76 1.25 8.73 6.39 4.26 3.62

200 4.76 10.41 1.62 10.02 7.94 6.85 5.51

250 6.18 13.47 2.07 13.23 9.91 9.15 7.54

300 7.49 14.46 2.58 14.23 10.05 15.66 11.78

350 9.18 15.12 3.52 16.85 10.54 18.17 14.10

400 10.72 19.44 3.70 19.36 11.96 21.40 17.20

500 12.84 24.33 4.91 26.55 13.43 28.74 21.90

X2(6) 10 1.14 1.30 0.26 1.55 1.81 1.03 1.35
25 1.69 3.70 0.15 3.32 4.37 2.12 2.12

40 2.37 5.27 0.10 4.73 5.60 3.47 3.10

100 4.87 12.64 1.19 12.45 10.90 9.88 7.87

150 7.37 18.15 2.48 20.30 14.48 16.31 12.52

200 10.21 24.83 3.55 25.10 17.80 23.49 18.01

250 14.42 30.99 5.28 32.40 21.47 30.73 23.88

300 17.26 37.12 6.5 37.91 25.59 40.15 30.23

350 22.24 41.24 8.32 43.94 26.22 47.84 37.91

400 27.06 49.5 9.84 50.01 30.46 53.08 44.2

500 33.43 60.05 12.88 62.66 35.47 68.08 55.86

X2(10) 10 1.33 1.7 0.2 1.8 2.45 1.3 1.64
25 2.39 5.12 0.08 4.84 5.71 3.25 2.97

40 3.48 8.30 0.08 7.05 9.13 5.65 4.91

100 9.10 23.06 2.51 22.94 19.89 19.24 15.03

150 13.97 34.31 5.06 37.12 27.06 32.3 24.74

200 20.39 47.09 7.70 47.43 34.59 45.44 36.33

250 28.72 58.82 11.15 59.7 43.37 58.69 47.16

300 35.45 65.83 13.31 67.19 47.59 70.27 57.48

350 43.66 72.24 17.88 75.09 51.58 78.98 67.29

400 51.54 80.32 21.46 81.52 57.94 85.00 74.96

500 62.15 89.14 29.06 90.95 66.48 93.12 85.12

LogN(0,1) 10 2.27 3.31 0.02 3.60 5.31 2.34 2.94
25 6.68 17.52 0.06 16.26 19.75 12.18 10.58

40 12.53 31.46 1.35 28.14 33.17 23.96 20.21

100 39.76 78.58 14.19 78.71 73.59 72.40 62.72

150 60.92 93.08 27.31 94.18 88.04 91.69 84.08

200 78.41 98.53 39.20 98.63 95.55 97.77 94.59

250 89.91 99.75 53.04 99.79 98.49 99.67 98.58

300 94.89 99.94 64.74 99.95 99.43 99.91 99.56

350 97.76 99.98 80.84 99.96 99.80 99.98 99.86

400 99.08 100 88.82 100 99.88 100 99.98

500 99.88 100 97.84 100 100 100 100

HN(0,1) 10 1.41 1.10 2.37 1.29 0.64 1.67 1.34
25 1.86 1.06 3.33 1.28 0.52 2.11 1.69

40 2.31 1.11 4.30 1.10 0.65 3.25 2.41

100 4.49 2.61 6.86 3.74 2.21 7.65 5.76

150 6.83 4.22 9.01 6.94 3.39 12.49 9.52

200 9.63 6.66 10.99 8.99 4.87 17.55 13.65

250 12.32 9.82 13.27 12.99 6.95 23.34 17.78

300 15.35 12.45 14.59 15.60 8.55 30.14 22.75

350 18.14 14.28 17.54 18.92 8.86 36.38 28.26

400 23.22 18.04 19.22 23.43 11.2 42.02 32.19

500 27.85 26.85 23.39 33.16 15.39 52.97 42.26

The bold number is the highest power among the seven tests for each sample size.
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Table 4.21: Powers (in %) of the five graphical tests and the two non-graphical tests by
using MLE at o = 0.01 against the alternative distributions from Group II for several sample

sizes n

Alternatives n D(1) Dsp(1) D.(1) Dy (1) Dy, (1) AD(1) CvM(1)
U(0,1) 10 4.25 3.38 6.06 3.46 1.03 6.78 4.89
25 12.72 12.76 13.94 10.94 14.54 23.96 17.18

40 22.93 42.06 20.00 33.93 50.38 44.49 32.70

100 68.26 99.86 43.37 99.38 99.92 95.55 86.85

150 89.21 100 70.52 100 100 99.82 98.17

200 97.15 100 94.33 100 100 100 99.85

250 99.65 100 99.62 100 100 100 99.98

300 99.93 100 100 100 100 100 99.99

350 100 100 100 100 100 100 100

400 100 100 100 100 100 100 100

500 100 100 100 100 100 100 100

beta(2,2) 10 1.69 1.13 2.4 1.31 0.47 1.75 1.48
25 2.45 1.35 3.61 1.52 0.67 3.58 2.71

40 3.55 1.93 4.37 1.90 2.07 6.24 4.31

100 10.37 20.42 7.42 17.30 25.51 23.42 16.11

150 17.14 48.20 10.12 44.95 55.34 40.61 28.19

200 25.65 76.63 11.37 68.70 81.05 57.85 42.93

250 37.22 92.63 14.63 87.90 95.09 73.76 57.39

300 45.53 97.98 17.16 95.54 98.82 84.40 68.21

350 54.07 99.39 20.03 98.64 99.66 91.50 78.18

400 63.60 99.98 25.52 99.71 99.98 99.56 86.52

500 76.89 100 44.42 100 100 99.98 93.70

beta(2,5) 10 T.04 0.03 0.83 1.08 0.66 1,03 1.03
25 1.12 1.08 1.10 0.74 0.89 0.97 0.88

40 0.99 0.61 0.97 0.57 0.79 0.9 0.83

100 1.01 0.98 0.84 0.81 1.07 1.26 1.19

150 1.12 1.06 0.83 1.12 1.24 1.38 1.30

200 1.13 1.46 0.72 1.10 1.58 1.65 1.59

250 1.35 1.82 0.66 1.30 2.46 1.94 1.76

300 1.49 1.95 0.67 1.45 2.75 2.41 1.97

350 1.55 2.59 0.57 1.77 3.26 2.64 2.33

400 2.05 3.26 0.79 2.05 4.70 2.84 2.84

500 2.03 4.81 0.61 3.12 5.68 3.74 3.12

beta(5,1.5) 10 1.71 1.37 2.88 1.56 0.54 2.63 1.96
25 4.43 2.64 6.04 2.54 1.84 7.61 5.49

40 6.98 6.5 7.67 5.1 8.2 13.54 9.19

100 24.05 65.86 15.07 60.42 73.02 53.46 38.71

150 40.64 94.84 20.7 93.17 96.69 79.10 62.08

200 58.59 99.69 27.59 99.39 99.85 92.54 80.66

250 73.35 99.97 38.13 99.98 99.97 98.00 91.15

300 83.34 100 51.74 100 100 99.48 96.39

350 90.39 100 71.30 100 100 99.89 98.85

400 94.70 100 87.70 100 100 100 99.64

500 98.39 100 99.35 100 100 100 99.96

beta(0.5,0.5) 10 14.31 12.19 13.63 11.26 7.40 23.67 18.56
25 45.24 70.14 31.01 64.83 77.98 71.44 60.22

40 72.03 98.30 47.42 96.93 99.13 94.14 86.81

100 99.74 100 98.73 100 100 100 99.99

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

250 100 100 100 100 100 100 100

300 100 100 100 100 100 100 100

350 100 100 100 100 100 100 100

400 100 100 100 100 100 100 100

500 100 100 100 100 100 100 100

beta(0.5, 3) 10 1.98 1.38 3.31 1.46 0.56 2.4 1.77
25 3.31 1.82 5.51 2.10 0.91 5.00 3.49

40 5.31 2.89 7.7 2.93 2.60 8.22 6.05

100 13.85 18.89 14.72 18.65 20.39 30.32 21.61

150 22.67 39.03 19.41 41.76 41.00 49.35 36.50

200 33.67 63.95 25.23 60.55 65.30 66.30 51.7

250 46.96 81.55 32.13 78.58 82.94 80.20 66.42

300 56.00 91.14 36.13 87.9 91.89 89.22 77.08

350 65.25 96.10 43.00 94.54 96.25 94.66 86.12

400 73.17 98.56 49.23 97.77 98.91 95.94 91.52

500 85.46 99.9 64.71 99.77 99.87 98.58 96.58

beta(l,2) 10 1.62 1.26 2.61 1.28 0.60 2.18 1.63
25 3.11 1.71 4.71 2.04 0.96 4.62 3.08

40 5.25 3.06 6.02 2.78 3.35 8.46 5.92

100 13.57 28.46 11.15 25.15 33.97 31.47 21.86

150 23.30 61.06 15.98 58.78 66.53 52.5 37.75

200 35.81 87.02 19.73 80.86 89.87 70.99 55.04

250 48.40 96.91 24.32 94.87 98.15 84.52 69.48

300 59.43 99.31 28.50 98.48 99.61 92.55 80.79

350 67.57 99.89 35.24 99.67 99.94 96.52 90.68

400 76.91 99.99 44.26 99.95 100 99.92 93.76

500 87.34 100 68.26 100 100 100 97.92

The bold number is the highest power among the seven tests for each sample size.
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Table 4.22: Powers (in %) of the five graphical tests and the two non-graphical tests by
using MLE at a = 0.01 against the alternative distributions from Group III for several

sample sizes n

Alternatives n D(1) Dsp(1) D.(1) Dy (1) Dy, (1) AD(1) CvM(1)
Laplace(0, 1) 5 2.26 2.22 0.69 2.1867 2.31 1.52 2.54
10 7.91 10.85 0.68 10.86 13.08 9.60 11.21

15 14.35 20.25 0.81 20.72 19.22 21.9 20.99

20 22.07 28.44 1.53 30.20 25.44 31.52 30.72

25 29.79 36.39 2.19 38.26 29.49 40.46 39.76

30 37.02 43.71 6.51 44.78 35.13 52.08 50.69

40 49.98 51.86 15.48 53.30 33.78 64.92 63.96

50 62.19 62.56 27.25 65.25 45.23 74.42 74.84

100 92.46 88.5 67.85 90.9867 65.78 97.06 97.07

150 98.82 97.08 89.30 98.20 77.84 99.78 99.80

200 99.86 99.36 96.06 99.54 86.28 100 99.94

logistic(0, 1) 5 1.34 1.26 0.33 1.3433 1.37 0.86 1.58
10 3.92 5.76 0.18 5.7467 8.36 4.66 5.50

15 6.47 11.99 0.17 11.60 13.38 11.56 10.49

20 9.59 17.98 0.22 18.13 19.72 16.64 15.21

25 12.87 24.54 0.32 24.22 24.33 22.06 21.00

30 16.95 30.62 1.96 29.65 29.62 30.32 27.78

40 24.08 37.90 5.70 36.54 34.84 40.72 36.95

50 31.58 48.20 12.85 49.03 41.51 49.02 47.36

100 65.38 77.86 41.26 80.15 65.28 86.66 82.15

150 84.62 92.32 65.68 94.06 78.86 96.56 94.99

200 93.42 96.90 77.06 97.86 86.56 99.18 98.67

Cauchy(0, 1) 5 16.12 15.98 8.04 15.91 16.42 15.69 17.37
10 43.03 46.09 24.17 46.44 45.19 47.40 48.26

15 62.57 66.12 38.87 66.61 59.01 68.71 69.01

20 74.63 76.75 52.48 78.83 68.7 80.96 80.79

25 83.95 84.77 63.51 86.69 74.79 88.42 88.27

30 90.52 90.24 74.68 91.59 81.49 93.97 94.04

40 96.14 95.42 86.52 95.78 87.32 98.16 98.1

50 98.56 98.02 94.31 98.60 92.48 99.29 99.31

100 99.99 99.94 99.91 99.99 99.48 100 100

150 100 100 100 100 99.98 100 100

200 100 100 100 100 100 100 100

N(0,1) 5 1.06 1.02 0.29 1.0867 1.08 0.73 1.19
10 2.27 3.31 0.02 3.19 5.31 2.34 2.94

15 3.52 7.46 0.05 6.77 10.19 5.66 5.54

20 5.11 12.12 0.05 10.7967 15.25 8.62 8.06

25 6.68 17.52 0.06 15.5367 19.75 12.18 10.58

30 7.47 21.73 0.14 20.0633 25.19 16.24 14.40

40 12.18 30.92 0.90 27.26 33.18 23.96 20.21

50 15.60 41.82 3 40.44 41.49 33.12 27.71

100 39.76 78.58 14.19 78.4967 73.59 72.40 62.72

150 61.88 94.04 28.60 94.62 88.74 91.69 84.08

200 77.58 98.60 36.24 98.78 95.76 97.77 94.59

t(1) 5 17.02 16.87 8.19 16.54 17.20 16.16 18.02
10 41.92 44.76 24.15 46.20 43.70 46.02 46.95

15 62.06 65.61 40.06 66.79 59.14 68.81 68.59

20 75.38 76.92 52.63 78.80 68.76 81.11 81.13

25 84.28 85.16 63.78 86.50 74.87 89.09 88.75

30 89.67 89.59 74.23 91.36 80.09 93.53 93.37

40 96.24 95.24 86.56 96.26 86.96 98.27 98.21

50 98.97 98.55 94.59 98.77 92.53 99.53 99.51

100 99.99 99.98 99.93 99.99 99.49 100 99.99

150 100 100 100 100 99.98 100 100

200 100 100 100 100 100 100 100

t(3) 5 2.77 2.63 0.96 2.68 2.83 2.26 3.24
10 9.21 12.54 2.08 12.39 14.94 11.98 12.74

15 16.46 23.92 3.65 23.52 23.71 23.37 23.16

20 24.13 32.80 5.86 32.90 31.15 34.33 33.12

25 30.33 39.57 8.37 40.53 34.25 41.27 39.54

30 37.75 47.39 16.07 48.09 40.64 51.55 49.70

40 44.58 56.70 27.18 58.48 46.26 65.21 62.93

50 60.45 66.61 40.36 68.46 53.26 74.96 73.05

100 90.21 89.99 78.79 92.01 74.31 96.17 95.62

150 98.12 97.48 93.80 98.62 84.94 99.60 99.38

200 99.60 99.38 97.60 99.62 91.58 99.95 99.91

t(4) 5 1.93 1.87 0.66 1.9933 1.96 1.43 2.13
10 6.16 9.32 0.96 9.09 11.66 8.19 9.13

15 11.60 19.27 1.57 17.88 20.39 18.30 17.78

20 16.44 25.49 2.42 25.83 25.29 25.38 24.33

25 21.97 32.62 3.72 33.11 28.96 33.25 31.09

30 28.60 39.93 9.11 40.31 36.36 42.89 40.72

40 38.54 49.32 19.02 47.60 41.28 54.60 51.41

50 49.66 59.89 29.97 60.86 49.41 66.88 64.08

100 81.25 84.05 65.95 86.95 67.86 92.92 90.93

150 94.90 95.8 86.46 96.48 80.34 98.96 98.45

200 98.54 98.32 93.90 99.10 88.24 99.86 99.79

t(6) 5 1.60 1.55 0.55 1.47 1.62 1.14 1.85
10 4.66 6.86 0.36 6.43 9.24 5.89 6.58

15 7.75 14.54 0.48 13.78 16.21 13.13 12.61

20 11.58 20.71 0.87 20.12 22.38 19.19 18.22

25 15.10 26.68 1.09 26.5267 25.49 25.11 22.87

30 20.29 32.62 4.37 32.57 30.98 33.5 31.25

40 27.48 42.10 10.20 40.32 37.34 44.77 41.26

50 36.16 51.05 18.46 52.25 43.73 55.61 51.58

100 69.57 79.43 50.14 81.75 65.35 88.04 84.44

150 87.86 93.30 74.88 94.44 78.50 97.34 95.84

200 95.66 97.56 84.20 97.96 86.86 99.48 99.19

The bold number is the highest power among the seven tests for each sample size.
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Table 4.23: Powers (in %) of the five graphical tests and the two non-graphical tests by

using BLUE at o = 0.01 against the alternative distributions from Group I for several

sample sizes n

Alternatives n D(2) DSP(Q) D.(2) Dy (2) Dy,; (2) AD(2) CvM(2)
XZ(I) 10 1.5 1.17 2.22 1.46 0.60 1.52 1.10
25 1.81 0.99 3.64 0.88 0.31 2.54 2.04

40 2.55 0.96 4.99 1.07 0.36 3.38 2.74

100 4.82 2.01 7.14 3.31 1.44 8.12 5.82

150 6.73 3.21 10.12 6.57 2.56 13.60 10.36

200 9.25 5.83 10.73 8.28 3.98 17.72 13.48

250 12.44 7.99 13.12 12.00 6.20 24.00 18.68

300 15.61 10.69 14.04 14.96 7.24 30.66 23.28

350 17.89 12.87 16.36 17.61 8.68 37.18 29.22

400 22.26 17.65 19.54 21.93 12.15 41.94 33.04

500 28.49 25.19 23.85 31.54 13.91 54.08 44.40

X2(3) 10 1.03 1.03 0.75 1.21 1.38 0.86 0.94
25 1.12 1.71 0.40 1.41 1.83 0.94 0.80

40 1.29 2.37 0.48 1.67 2.36 1.16 1.10

100 1.47 3.02 0.54 3.55 2.82 2.20 2.06

150 1.57 3.52 0.90 4.12 3.11 2.62 2.26

200 2.01 4.16 0.97 4.48 3.37 3.32 3.00

250 2.51 5.08 1.14 5.02 4.30 3.72 3.02

300 3.02 5.56 1.19 4.89 4.07 5.16 4.38

350 3.21 5.60 1.24 5.15 4.24 6.16 4.86

400 3.61 6.19 1.49 6.56 4.92 6.18 5.16

500 4.23 8.07 2.04 8.39 4.81 8.10 6.38

X2(4) 10 1.02 1.31 0.47 1.34 1.78 0.92 1.02
25 1.14 2.16 0.39 2.37 2.46 1.06 0.96

40 1.54 3.39 0.39 2.64 3.59 1.92 1.66

100 2.3 5.94 0.97 5.86 5.52 4.22 3.26

150 3.66 7.66 1.78 8.69 6.39 6.40 5.08

200 4.51 10.22 2.06 10.27 8.05 9.00 7.38

250 5.96 13.36 2.53 12.94 9.98 11.56 8.66

300 7.18 14.28 3.05 14.37 9.82 14.94 11.14

350 8.1 16.05 3.36 16.76 10.95 18.16 13.94

400 9.54 18.62 4.04 19.19 12.15 21.02 15.90

500 12.41 24.13 5.66 26.86 13.38 27.88 20.90

X2(6) 10 0.97 1.27 0.30 1.55 1.86 1.20 1.18
25 1.51 3.67 0.33 3.10 3.98 2.24 1.90

40 2.07 5.25 0.58 4.28 5.51 3.42 2.80

100 4.38 12.16 2.07 12.63 10.45 8.64 6.32

150 7.11 17.43 3.56 20.06 14.35 15.54 11.08

200 9.77 23.91 4.66 24.78 17.50 23.26 17.92

250 13.85 29.96 6.49 31.11 21.08 30.12 22.72

300 16.52 36.27 7.76 37.68 24.84 38.70 28.64

350 19.94 40.90 9.15 43.02 25.88 47.80 37.06

400 24.53 47.33 11.41 49.23 30.92 53.20 41.66

500 32.24 58.65 14.95 62.51 34.72 66.74 54.22

X2(10) 10 1.12 1.74 0.21 1.62 2.45 1.22 1.34
25 2.11 5.00 0.31 4.39 5.43 2.98 2.40

40 3.1 8.14 1.02 6.45 8.67 5.48 4.42

100 8.27 22.03 3.88 22.63 18.95 17.82 13.40

150 13.27 32.70 7.18 36.29 26.17 32.18 23.60

200 19.4 44.99 9.94 46.64 33.09 44.24 34.26

250 27.45 56.99 13.73 57.97 41.89 57.12 44.8

300 33.74 64.20 16.25 66.23 45.90 68.66 55.96

350 40.75 71.33 19.80 73.85 50.84 77.88 65.52

400 47.09 79.44 24.18 80.53 59.12 83.52 72.60

500 60.28 88.00 33.07 90.66 64.87 92.96 85.04

LogN(0,1) 10 1.92 3.21 0.08 3.33 5.30 2.30 2.56
25 5.73 16.48 2.04 14.85 17.97 11.34 9.40

40 10.73 30.26 5.37 26.02 31.55 23.76 18.36

100 35.38 76.54 21.65 78.01 70.18 70.26 58.46

150 57.03 92.25 36.42 93.71 86.07 91.48 82.74

200 74.70 98.23 47.38 98.45 94.44 97.52 94.12

250 87.76 99.73 60.82 99.72 97.94 99.64 98.20

300 93.74 99.94 71.26 99.93 99.26 99.88 99.48

350 96.98 99.96 81.62 99.95 99.69 99.94 99.82

400 98.82 100 90.34 100 99.91 100 99.94

500 99.83 100 98.18 100 99.99 100 100

HN(0,1) 10 1.61 1.17 2.34 1.41 0.68 1.74 1.46
25 1.93 0.89 3.29 1.15 0.36 2.34 1.86

40 2.58 0.87 4.39 0.96 0.36 3.86 3.08

100 4.64 2.03 7.08 3.35 1.31 7.66 5.82

150 7.31 3.26 9.37 6.12 2.45 12.52 9.56

200 10.07 5.38 10.96 8.14 3.92 17.94 14.04

250 12.89 8.42 13.57 11.46 5.74 23.66 18.10

300 15.87 10.87 15.02 14.72 7.22 30.66 23.54

350 18.60 12.72 16.70 17.71 7.97 36.98 28.68

400 22.11 16.95 19.62 22.05 11.07 41.98 33.20

500 28.88 25.03 24.59 32.04 13.95 53.04 43.38

The bold number is the highest power among the seven tests for each sample size.
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Table 4.24: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLUE at o = 0.01 against the alternative distributions from Group II for several

sample sizes n

Alternatives n D(2) Dsp(2) D.(2) Dy (2) Dy; (2) AD(2) CvM(2)
U(0,1) 10 4.9 3.57 7.29 3.75 0.68 7.50 5.82
25 14.83 8.47 17.15 8.77 4.42 26.72 20.02

40 26.87 29.54 26.96 22.96 34.8 50.52 38.28

100 75.08 99.62 58.72 99.04 99.83 97.04 89.82

150 93.57 100 78.44 100 100 99.92 99.16

200 98.67 100 91.21 100 100 100 99.92

250 99.83 100 98.79 100 100 100 100

300 99.95 100 99.91 100 100 100 100

350 100 100 100 100 100 100 100

400 100 100 100 100 100 100 100

500 100 100 100 100 100 100 100

beta(2,2) 10 1.68 1.23 2.4 1.33 0.50 1.90 1.52
25 2.72 1.08 3.8 1.4 0.20 4.94 3.54

40 3.92 1.39 5.11 1.67 0.81 7.58 5.54

100 11.46 14.45 8.92 13.03 18.23 26.00 17.72

150 19.77 39.33 12.33 37.32 47.08 46.10 32.66

200 29.22 69.90 14.12 62.10 75.97 63.96 48.38

250 41.89 89.82 19.00 83.20 93.25 76.98 60.88

300 50.31 96.92 22.09 93.44 98.23 88.72 74.12

350 59.36 99.13 26.24 97.94 99.51 94.16 83.88

400 69.32 99.92 31.87 99.49 99.98 96.54 88.48

500 81.82 100 45.29 99.99 100 99.4 96.14

beta(2,5) 10 1.02 0.84 0.87 1.09 0.71 0.98 0.92
25 1.08 0.98 0.99 0.67 0.87 0.88 0.82

40 0.98 0.69 0.98 0.57 0.77 0.88 0.76

100 0.94 0.87 0.82 0.77 0.89 1.36 1.16

150 1.18 0.94 0.83 1.01 1.07 1.40 1.2

200 1.17 1.21 0.68 0.96 1.36 1.76 1.78

250 1.36 1.49 0.65 1.03 2.15 1.9 1.64

300 1.53 1.70 0.68 1.30 2.48 2.80 2.28

350 1.60 2.21 0.57 1.49 2.95 3.02 2.56

400 2.14 2.84 0.82 1.74 4.30 2.72 2.44

500 2.10 4.24 0.61 2.86 5.33 3.94 3.32

beta(5,1.5) 10 2.04 1.36 3.30 1.71 0.54 2.94 2.2
25 5.11 2.09 6.84 2.50 0.31 8.60 6.12

40 7.81 3.94 9.41 3.90 3.32 16.82 11.54

100 27.49 56.61 19.61 51.52 63.92 58.02 42.4

150 46.88 92.19 28.41 90.14 94.98 83.96 69.08

200 65.14 99.45 37.10 98.86 99.71 94.9 85.64

250 79.59 99.97 47.28 99.97 99.97 98.78 93.64

300 88.31 100 56.34 100 100 99.8 97.76

350 93.84 100 68.07 100 100 99.94 99.32

400 96.99 100 82.48 100 100 100 99.72

500 99.34 100 97.98 100 100 100 99.98

beta(0.5,0.5) 10 16.83 13.81 19.83 13.27 3.18 25.72 20.1
25 52.73 54.51 45.49 50.06 59.59 77.28 66.5

40 79.99 96.36 68.19 92.83 97.96 96.22 91.00

100 99.92 100 97.92 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

250 100 100 100 100 100 100 100

300 100 100 100 100 100 100 100

350 100 100 100 100 100 100 100

400 100 100 100 100 100 100 100

500 100 100 100 100 100 100 100

beta(0.5, 3) 10 2.28 1.52 3.51 1.71 0.45 2.36 1.84
25 3.62 1.53 5.73 1.81 0.26 5.40 4.18

40 5.84 1.91 8.61 2.36 1.02 8.84 6.78

100 14.95 14.03 16.64 15.84 14.78 31.58 22.24

150 24.82 32.03 22.81 36.17 34.49 52.46 39.20

200 36.28 56.83 28.49 54.82 58.43 69.44 55.56

250 49.96 76.36 36.99 73.25 78.26 81.20 68.20

300 59.47 88 42.23 84.89 88.44 91.78 80.54

350 68.55 94.48 49.83 92.54 94.35 95.62 87.88

400 76.62 97.9 56.92 96.75 98.16 97.5 92.52

500 87.79 99.8 71.15 99.63 99.81 99.62 97.38

beta(l,2) 10 1.79 1.34 2.86 1.44 0.58 2.46 1.78
25 3.47 1.22 5.10 1.81 0.27 5.64 4.16

40 5.74 2.13 7.17 2.24 1.26 9.26 6.50

100 15.15 21.49 13.40 20.26 25.50 34.26 23.64

150 26.44 52.55 19.77 51.18 59.27 56.94 42.46

200 39.65 82.09 24.01 75.30 86.39 75.06 59.84

250 53.17 95.31 30.61 92.03 97.24 87.74 73.96

300 64.02 98.90 35.98 97.71 99.40 94.70 85.00

350 72.33 99.78 43.21 99.46 99.91 98.16 91.86

400 81.72 99.98 51.48 99.90 100 99.10 94.68

500 90.59 100 68.56 100 100 99.94 98.90

The bold number is the highest power among the seven tests for each sample size.
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Table 4.25: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLUE at o = 0.01 against the alternative distributions from Group III for several

sample sizes n

Alternatives n D(2) Dsp(2) D.(2) Dy (2) Dy (2) AD(2) CvM(2)
Laplace(0, 1) 5 1.74 1.76 2.07 1.70 2.17 1.78 2.37
10 7.13 10.37 1.10 10.42 12.03 9.97 10.83

15 13.09 18.08 5.14 18.70 15.83 20.08 19.64

20 19.75 24.83 10.77 27.02 20.79 30.02 28.88

25 26.81 32.05 15.76 34.30 23.49 39.69 37.68

30 33.82 38.33 22.31 40.06 27.19 49.91 47.87

40 46.45 47.25 34.19 47.82 31.60 63.82 61.49

50 57.53 55.8 42.50 59.70 34.45 73.81 72.58

100 90.65 83.17 78.04 88.16 49.23 97.01 96.56

150 98.66 94.29 93.84 96.97 59.80 99.8 99.75

200 99.75 98.4 97.91 99.44 69.82 99.95 99.94

logistic(0, 1) 5 1.07 1.07 1.33 1.0567 1.24 1.00 1.41
10 3.36 5.67 0.30 5.36 7.82 4.56 5.19

15 5.65 11.02 1.81 10.46 11.86 10.36 9.6

20 8.03 16.13 4.57 16.25 17.08 15.65 13.69

25 11.02 22.04 7.7 21.60 20.90 22.04 18.71

30 14.75 27.06 10.75 26.43 24.70 29.07 24.95

40 20.93 35.76 17.51 33.01 31.08 39.64 33.32

50 27.26 43.18 23.16 44.40 35.39 49.46 44.12

100 59.39 72.26 52.90 76.51 56.14 85.05 79.99

150 80.21 88.06 74.11 91.81 69.74 96.54 94

200 91.39 95.25 85.74 96.99 79.62 99.13 98.39

Cauchy(0, 1) 5 15.38 15.35 15.69 15.25 16.37 15.99 17.31
10 42.88 45.94 30.09 46.71 42.99 47.65 48.69

15 62.27 64.68 51 65.69 55.02 68.80 69.27

20 74.1 75.26 66.82 77.61 63.96 81.08 80.8

25 83.23 83.18 76.54 85.80 70.03 88.52 88.31

30 89.95 88.96 84.23 90.66 76.24 93.93 93.95

40 96.23 95.15 93.11 95.29 84.62 98.17 98.06

50 98.43 97.69 96.49 98.33 89.21 99.27 99.29

100 99.99 99.92 99.97 99.98 98.80 100 100

150 100 100 100 100 99.89 100 100

200 100 100 100 100 100 100 100

N(0,1) 5 0.8 0.81 0.81 0.84 1.03 0.82 1.12
10 1.92 3.21 0.08 2.98 5.3 2.34 2.59

15 2.92 7.30 0.37 6.38 9.30 5.26 4.90

20 4.25 11.64 1.18 10.21 13.95 8.02 7.19

25 5.73 16.48 2.04 14.67 17.97 11.35 9.18

30 6.47 20.30 2.87 18.80 22.59 15.27 12.57

40 10.73 30.26 5.37 26.02 31.55 22.97 18.11

50 13.20 40.08 7.57 38.50 38.94 31.30 25.19

100 35.38 76.54 21.65 77.07 70.18 71.40 60.13

150 57.03 92.25 36.42 93.71 86.07 91.44 82.60

200 74.70 98.23 47.38 98.45 94.44 97.58 94.03

t(1) 5 16.04 15.94 16 15.6667 17 16.3 17.83
10 42.04 44.79 30.14 46.47 41.43 46.31 47.62

15 62.14 64.55 51.45 65.85 55.29 68.81 37.37

20 74.69 75.41 66.84 77.74 63.94 81.06 81.16

25 83.57 83.73 76.3 85.51 69.9 89.20 88.96

30 89.09 88.27 84.7 90.46 74.62 93.48 93.36

40 96.42 95.41 93.51 95.25 84.85 98.32 98.21

50 98.76 98.08 96.91 98.51 89.4 99.54 99.52

100 99.99 99.99 99.98 99.99 98.89 99.99 99.99

150 100 100 100 100 99.9 100 100

200 100 100 100 100 99.99 100 100

t(3) 5 2.29 2.27 2.24 2.1967 2.74 2.42 3.05
10 8.56 12.35 3.15 12.08 13.70 12.11 12.42

15 15 22.12 9.9 21.79 20.75 23.01 22.18

20 21.87 29.74 17.13 30.28 26.58 33.78 31.62

25 27.19 35.64 23.84 37.14 28.66 40.42 37.61

30 34.36 42.85 31.24 44.24 33.41 50.13 47.38

40 46.23 52.86 45.23 53.48 39.32 64.01 60.07

50 55.68 61.02 54.29 63.73 43.4 73.55 70.38

100 87.10 86.17 85.30 89.64 60.08 95.90 94.94

150 97.14 95.39 95.71 97.60 69.98 99.58 99.27

200 99.42 98.77 98.72 99.36 80.19 99.95 99.91

t(4) 5 1.47 1.48 1.63 1.59 1.91 1.48 1.98
10 5.66 8.99 1.34 8.78 10.61 8.28 8.61

15 10.54 17.87 5.55 16.55 17.66 17.67 16.81

20 14.64 23.09 11.62 23.45 21.50 24.63 22.53

25 19.14 28.84 15.83 30.04 24.63 32.15 28.98

30 25.09 35.99 22.17 36.54 29.80 41.15 37.92

40 34.61 44.99 33.49 44.95 34.61 53.15 48.30

50 43.90 53.99 42.44 55.78 40.24 64.92 60.79

100 76.63 78.80 75.46 83.78 54.98 92.10 89.42

150 93.03 91.69 90.73 95.53 66.10 98.87 98.05

200 98.05 97.44 96.48 98.49 76.15 99.84 99.74

t(6) 5 1.27 1.28 1.26 1.2067 1.57 1.24 1.69
10 3.93 6.80 0.56 6.2467 8.77 5.80 6.21

15 6.86 13.51 3.02 12.6167 14.29 12.55 11.54

20 9.69 18.87 6.43 18.22 19.17 18.34 16.49

25 12.93 23.64 9.40 23.86 21.64 24.05 20.72

30 17.31 29.35 14.65 29.1167 25.83 31.93 28.21

40 24.17 38.36 22.86 37.77 32.59 43.12 37.97

50 31.02 45.86 29.51 47.5467 36.65 53.32 47.96

100 63.10 74.43 61.06 78.11 55.54 87.05 82.12

150 84.23 88.28 79.97 92.86 67.41 97.02 95.04

200 93.59 95.61 89.97 97.14 76.99 99.42 98.99

The bold number is the highest power among the seven tests for each sample size.
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Table 4.26: Powers (in %) of the five graphical tests and the two non-graphical tests by

using BLIE at « = 0.01 against the alternative distributions from Group I for several sample

s1zes n

Alternatives n D(3) Dsp(3) D.(3) Dy, (3) Dy,; (3) AD(3) CvM(3)
21 10 1.42 1.09 1.96 112 0.56 1.24 1.10
25 1.74 1.13 3.34 1.03 0.39 2.42 2.04

40 1.78 1.27 4.34 1.38 0.43 3.28 2.74

100 4.10 2.45 6.62 3.86 1.49 7.96 5.82

150 6.28 3.69 9.00 7.30 2.67 13.34 10.36

200 7.96 6.37 10.04 8.89 4.04 17.74 13.48

250 12.34 8.69 13.02 12.93 6.22 24.08 18.68

300 15.78 11.27 14.66 15.68 7.25 30.56 23.28

350 18.90 13.38 16.22 18.26 8.68 37.40 29.22

400 22.44 18.18 19.4 22.99 12.15 42.16 33.04

500 28.28 26.05 23.02 32.11 13.85 54.22 44.40

X2(3) 10 0.76 1.2 0.52 1.19 1.27 0.96 0.94
25 0.96 1.72 0.5 1.39 1.83 0.94 0.80

40 1.12 2.22 0.52 1.69 2.34 1.24 1.1

100 1.68 2.94 0.56 3.44 2.78 2.22 2.06

150 1.76 3.40 0.90 4.06 3.11 2.6 2.26

200 2.04 4.16 0.92 4.39 3.37 3.4 3.00

250 2.46 5.05 1.08 4.94 4.25 3.84 3.02

300 2.90 5.45 1.18 4.85 4.06 5.18 4.38

350 3.42 5.51 1.56 4.99 4.24 6.36 4.86

400 3.86 6.16 1.62 6.53 4.92 6.28 5.16

500 4.74 7.99 2.16 8.15 4.81 8.18 6.38

X2(4) 10 1.16 1.27 0.50 1.26 1.63 1.00 1.02
25 1.58 2.06 0.44 2.34 2.46 1.12 0.96

40 1.82 3.22 0.56 2.55 3.60 1.82 1.66

100 2.38 5.68 0.94 5.58 5.46 4.06 3.26

150 3.40 7.51 1.76 8.59 6.4 6.32 5.08

200 4.60 10.20 2.12 9.87 8.04 9.02 7.38

250 6.06 13.29 2.56 12.74 9.97 11.62 8.66

300 7.80 14.15 3.06 14.19 9.83 15.00 11.14

350 9.20 15.89 3.44 16.42 10.96 18.34 13.94

400 10.82 19.60 4.52 19.02 12.15 21.22 15.90

500 13.40 23.88 5.7 26.34 13.31 28.10 20.90

2(6) 10 1.28 1.36 0.26 1.74 1.71 1.32 1.18
25 1.8 3.48 0.18 2.88 4.06 2.34 1.90

40 2.32 4.44 0.44 4.05 5.48 3.22 2.80

100 4.76 11.3 1.88 12.14 10.38 8.70 6.32

150 7.26 17.8 3.56 19.77 14.35 15.48 11.08

200 9.94 23.6 4.60 24.32 17.49 23.28 17.92

250 14.34 29.44 6.16 30.76 21.03 30.36 22.72

300 18.36 36.8 7.02 37.22 24.86 38.94 28.64

350 22 40.28 9.16 42.58 25.86 48.06 37.06

400 27.04 46.72 11.38 49.18 30.93 53.72 41.66

500 34.34 58.14 15.24 61.85 34.67 67.04 54.22

X2(10) 10 1.46 1.50 0.10 1.82 2.36 1.22 1.34
25 2.48 5.02 0.24 4.23 5.48 3.02 2.40

40 3.3 7.82 0.90 6.27 8.62 5.36 4.42

100 8.00 21.62 3.52 21.91 18.80 17.80 13.40

150 13.68 33.96 7.46 35.95 26.20 32.08 23.60

200 19.58 45.30 10.10 45.59 33.05 44.30 34.26

250 28.64 55.76 12.70 57.67 41.84 57.50 44.80

300 34.67 64.96 16.44 65.83 45.91 68.72 55.96

350 42.01 71.18 19.18 73.52 50.84 78.00 65.52

400 47.62 78.48 23.96 80.39 59.14 83.82 72.60

500 60.99 88.06 88.06 90.38 64.83 93.10 85.04

LogN(0,1) 10 2.90 3.3 0.02 3.56 4.92 2.45 2.56
25 6.74 16.32 2.00 13.62 18.10 11.40 9.40

40 12.55 28.04 5.31 25.24 31.51 22.58 18.36

100 36.97 75.54 21.73 36.19 70.02 71.11 58.46

150 57.19 92.92 36.30 77.20 86.13 91.39 82.74

200 47.25 98.38 47.25 93.57 94.46 97.61 94.12

250 87.97 99.58 60.47 98.31 97.95 99.65 98.20

300 93.87 99.92 70.90 99.70 99.27 99.90 99.48

350 97.13 99.98 81.11 99.93 99.69 99.97 99.82

400 98.82 100 89.89 99.95 99.91 100 99.94

500 99.83 100 98.01 100 99.99 100 100

HN(0,1) 10 1.19 1.20 2.35 1.17 0.71 1.54 1.46
25 1.63 1.54 3.37 1.24 0.41 2.04 1.86

40 2.14 1.02 4.42 1.21 0.41 3.78 3.08

100 4.25 2.18 7.13 3.85 1.33 7.26 5.82

150 6.48 4.16 9.38 6.85 2.49 12.22 9.56

200 9.63 5.40 10.96 8.64 3.95 17.30 14.04

250 11.96 8.54 13.61 12.25 5.75 24.70 18.10

300 15.13 10.14 15.20 15.38 7.24 30.56 23.54

350 18.00 13.10 16.80 18.35 7.99 38.00 28.68

400 21.05 16.5 19.70 23.08 11.07 42.30 33.20

500 28.07 25.82 24.63 32.92 13.9 53.32 43.38

The bold number is the highest power among the seven tests for each sample size.
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Table 4.27: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLIE at @ = 0.01 against the alternative distributions from Group II for several

sample sizes n

Alternatives n D(3) Dsp(3) D.(3) Dy, (3) Dy,; (3) AD(3) CvM(3)
U(0,1) 10 3.51 3.49 7.33 2.97 1.13 6.96 5.82
25 12.99 11.00 17.43 10.13 6.84 27.14 20.02

40 25.34 31.71 27.1 25.79 38.61 49.78 38.28

100 74.17 99.64 59.25 99.04 99.84 97.09 89.82

150 93.02 100 78.52 100 100 99.94 99.16

200 98.64 100 90.47 100 100 100 99.92

250 99.81 100 98.47 100 100 100 100

300 99.95 100 99.9 100 100 100 100

350 100 100 99.99 100 100 100 100

400 100 100 100 100 100 100 100

500 100 100 100 100 100 100 100

beta(2,2) 10 1.32 1.2 2.39 1.12 0.5 1.78 1.52
25 2.23 1.36 3.87 1.58 0.31 4.12 3.54

40 3.45 1.76 5.14 2.17 1.00 7.22 5.54

100 10.93 14.6 9.07 13.86 18.69 26.55 17.72

150 18.49 43.26 12.36 38.25 47.65 45.59 32.66

200 28.52 69.76 14.19 62.04 76.13 63.56 48.38

250 40.87 88.88 19.19 83.34 93.25 78.85 60.88

300 49.68 95.88 22.51 93.34 98.23 88.47 74.12

350 59.02 99.04 26.54 97.95 99.52 94.22 83.88

400 68.35 99.9 32.03 99.52 99.98 97.22 88.48

500 81.51 100 44.83 99.99 100 99.45 96.14

beta(2,5) 10 1.01 1.08 0.87 1.04 0.69 1.08 0.92
25 1.1 0.9 1.04 0.73 0.88 1.05 0.82

40 0.96 0.66 0.99 0.57 0.79 1.01 0.76

100 0.98 0.84 0.84 0.81 0.89 1.49 1.16

150 1.16 0.84 0.82 1.15 1.10 1.52 1.20

200 1.16 1.32 0.68 0.96 1.36 1.90 1.78

250 1.36 1.14 0.65 1.08 2.15 2.24 1.64

300 1.49 1.64 0.69 1.32 2.46 2.66 2.28

350 1.58 1.98 0.59 1.48 2.97 2.99 2.56

400 2.10 2.48 0.82 1.78 4.3 3.7 2.44

500 2.09 3.88 0.61 2.81 5.3 4.06 3.32

beta(5, 1.5) 10 1.38 1.70 3.3 1.27 0.59 2.55 2.20
25 4.28 3.08 6.95 2.88 0.65 8.47 6.12

40 7.10 4.96 9.44 5.19 4.36 15.5 11.54

100 26.55 57.66 19.87 52.29 64.5 58.72 42.40

150 45.10 93.72 28.63 90.32 95.13 84.08 69.08

200 64.47 99.58 37.33 98.82 99.71 94.97 85.64

250 78.84 99.98 47.54 99.97 99.97 98.94 93.64

300 87.95 100 56.62 100 100 99.74 97.76

350 93.76 100 67.73 100 100 99.98 99.32

400 96.84 100 81.27 100 100 99.99 99.72

500 99.31 100 97.56 100 100 100 99.98

beta(0.5,0.5) 10 13.64 13.98 19.89 11.61 4.76 25.37 20.1
25 50.13 60.52 45.91 52.5 66.26 76.81 66.5

40 78.99 96.18 68.12 93.65 98.36 96.16 91

100 99.90 100 97.74 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

250 100 100 100 100 100 100 100

300 100 100 100 100 100 100 100

350 100 100 100 100 100 100 100

400 100 100 100 100 100 100 100

500 100 100 100 100 100 100 100

beta(0.5, 3) 10 1.48 1.4 3.52 1.13 0.57 2.3 1.84
25 2.88 2.08 5.83 2.10 0.37 5.15 4.18

40 5.10 2.74 5.10 2.91 1.28 9.06 6.78

100 13.96 15.28 16.91 16.98 15.15 32.44 22.24

150 23.23 38.44 22.87 37.87 34.98 52.11 39.20

200 35.34 57.14 28.59 55.29 58.59 69.15 55.56

250 48.52 76.16 37.24 73.87 78.27 83.05 68.20

300 58.68 86.9 42.55 85.06 88.49 91.18 80.54

350 68.03 93.82 50.3 92.69 94.36 95.9 87.88

400 75.62 97.48 57.15 96.87 98.16 97.8 92.52

500 87.45 99.74 71.11 99.62 99.8 99.66 97.38

beta(l,2) 10 1.19 1.1 2.86 1.01 0.62 2.08 1.78
25 2.79 2.50 5.18 2.13 0.34 5.03 4.16

40 5.23 2.86 7.21 3.03 1.66 9.48 6.50

100 14.30 22.08 13.60 21.33 26.04 35.11 23.64

150 24.91 57.18 19.80 52.33 59.79 57.67 42.46

200 38.91 81.10 24.16 75.40 86.45 75.71 59.84

250 51.86 95.20 30.76 92.17 97.24 88.01 73.96

300 63.21 98.86 36.29 97.69 99.41 94.51 85.00

350 71.98 99.80 43.66 99.49 99.91 97.73 91.86

400 81.16 99.98 51.65 99.90 100 99.20 94.68

500 90.35 100 68.01 100 100 99.94 98.90

The bold number is the highest power among the seven tests for each sample size.
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Table 4.28: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLIE at o = 0.01 against the alternative distributions from Group III for sample sizes

n

Alternatives n D(3) Dsp(3) Dc(3) Dy (3) Dy, (3) AD(3) CvM(3)
Laplace(0, 1) 5 3.3 3.29 0.77 3.24 3.30 2.14 3.29
10 8.67 10.26 0.78 11.00 12.62 10.02 11.38

15 14.26 18.56 4.50 19.86 17.56 19.85 20.14

20 21.57 26.10 10.37 28.35 22.39 29.70 28.60

25 28.43 33.23 15.58 34.77 24.76 38.99 37.47

30 34.93 39.38 22.36 40.44 28.53 49.21 47.53

40 48.25 48.29 33.71 49.61 32.38 62.88 61.73

50 58.49 56.96 43.1 60.17 35.20 73.25 72.22

100 90.92 84.10 78.8 88.51 49.53 96.91 96.49

150 98.63 94.74 93.78 97.10 60.3 99.79 99.75

200 99.76 98.54 97.87 99.46 70.24 99.95 99.94

logistic(0, 1) 5 2.01 2.03 0.46 1.93 2.01 1.25 2.17
10 4.39 5.33 0.20 5.70 7.81 4.75 5.62

15 6.59 10.33 1.37 10.99 12.19 10.30 10.18

20 9.17 15.44 4.14 16.8 17.35 15.57 13.94

25 12.16 21.18 7.03 20.88 21.29 21.76 18.90

30 15.49 26.9 10.61 25.28 25.05 28.58 25.21

40 22.53 35.18 17.30 32.92 31.22 38.86 34.17

50 28.23 42.84 23.37 43.21 35.60 49.15 44.18

100 60.46 72.07 52.66 76.99 55.99 84.70 80.13

150 80.01 87.83 74.01 91.87 69.89 96.46 94.00

200 91.72 95.33 85.69 96.95 79.73 99.13 98.41

Cauchy(0,1) 5 17.24 16.96 10.64 17.01 17.24 16.57 18.28
10 42.89 45.42 27.33 46.3 45.69 46.78 47.80

15 61.26 64.75 49.76 65.86 59.13 67.90 68.25

20 73.19 75.35 65.33 78.65 67.31 80.26 79.37

25 82.83 83.45 75.86 85.65 72.90 87.78 87.41

30 89.26 89.46 83.86 90.92 78.40 93.38 93.38

40 96.02 95.46 92.97 95.39 85.99 97.99 97.84

50 98.29 97.75 96.72 98.37 90.18 99.22 99.21

100 99.99 99.92 99.96 99.99 98.88 100 100

150 100 100 100 100 99.9 100 100

200 100 100 100 100 100 100 100

N(0,1) 5 1.80 1.75 0.37 1.70 1.80 1.05 1.77
10 2.90 3.19 0.02 3.56 4.92 2.45 3.23

15 3.75 6.14 0.31 5.92 9.32 5.38 5.70

20 5.50 10.57 1.07 10.31 13.97 8.16 7.62

25 6.74 15.54 2 13.62 18.10 11.40 10.00

30 7.54 19.24 2.8 17.22 22.65 15.31 13.26

40 12.55 28.99 5.31 25.24 31.51 22.58 19.39

50 14.85 38.86 7.6 36.19 38.98 31.38 26.19

100 36.97 75.98 21.73 77.20 70.02 71.11 61.24

150 57.19 91.99 36.30 93.57 86.13 91.39 83.21

200 75.53 98.24 47.25 98.31 94.46 97.61 94.12

t(1) 5 18.14 17.93 10.93 17.54 18.14 16.83 18.99
10 42.09 44.31 27.03 46.32 44.48 45.38 46.57

15 61.04 64.28 51.06 64.8 59.15 67.60 67.57

20 73.85 76.02 65.96 78.22 67.17 80.32 79.8

25 82.73 84.05 76.13 85.54 72.59 88.40 87.96

30 88.25 88.48 83.31 90.71 77.06 93.07 92.73

40 96.24 95.58 93.35 95.36 86.26 98.09 98.03

50 98.63 98.20 96.62 98.21 90.44 99.50 99.46

100 99.99 99.99 99.97 100 99.02 99.99 99.99

150 100 100 100 100 99.92 100 100

200 100 100 100 100 99.99 100 100

t(3) 5 3.64 3.61 1.09 3.57 3.64 2.85 3.85
10 9.91 11.70 2.29 12.71 14.36 12.04 12.84

15 15.95 21.51 9.35 22.02 22.22 22.83 22.42

20 22.82 30.03 17.21 30.48 28.08 33.24 31.10

25 27.52 35.63 23.26 37.32 29.81 39.69 36.94

30 34.68 43.34 31.15 44.33 34.67 49.43 46.70

40 46.75 53.27 44.97 53.84 40.32 63.02 59.96

50 55.93 61.21 53.35 63.98 44.10 72.92 69.94

100 87.09 86.35 85.60 89.49 60.48 95.68 94.85

150 96.97 95.42 95.68 97.65 70.45 99.55 99.26

200 99.42 98.83 98.70 99.35 80.5 99.95 99.91

t(4) 5 2.94 2.92 0.73 2.71 2.94 1.92 3.05
10 6.82 8.67 1.12 8.77 11.21 8.24 9.09

15 11.45 16.80 5.62 16.03 18.91 17.56 17.18

20 15.52 22.61 10.37 24.71 22.61 24.36 22.24

25 20.17 28.75 16.03 29.54 25.34 31.55 28.73

30 25.53 35.72 22.78 36.31 30.63 40.48 37.59

40 35.38 45.05 33.25 45.24 35.14 52.01 48.51

50 44.33 54.09 43.14 54.67 40.78 64.34 60.66

100 76.85 78.87 74.97 84.42 55.17 91.88 89.40

150 92.76 91.62 90.71 95.55 66.34 98.77 98.02

200 98.07 97.54 96.45 98.50 76.28 99.83 99.74

t(6) 5 2.29 2.28 0.64 2.48 2.29 1.57 2.47
10 5.26 6.18 0.45 6.40 8.74 5.90 6.73

15 7.79 12.53 2.76 11.86 15.09 12.48 12.07

20 10.84 18.06 6.03 18.62 19.81 18.09 16.49

25 13.92 23.12 9.70 23.14 22.01 23.60 20.95

30 17.95 28.89 14.5 28.42 26.33 31.58 28.32

40 25.61 38.01 22.63 37.49 32.86 42.32 38.57

50 31.88 45.37 29.92 47.37 36.86 52.88 48.10

100 63.87 74.29 60.89 78.64 55.56 86.67 82.38

150 83.74 88.22 79.95 92.84 67.62 96.89 95.04

200 93.81 95.64 89.89 97.17 77.07 99.41 98.99

The bold number is the highest power among the seven tests for each sample size.
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Table 4.29: Powers (in %) of the five graphical tests and the two non-graphical tests by
using MLE at o = 0.1 against the alternative distributions from Group I for several sample

sizes n

Alternatives n D(1) Dsp(l) D.(1) Dy (1) Dy,; (1) AD(1) CvM(1)
X2(1) 10 10.92 10.6 15.30 10.32 9.04 12.09 11.34
25 13.8 12.35 19.94 10.21 9.23 16.03 13.84

40 15.1 13.84 23.79 12.05 10.15 18.57 15.16

100 23.75 24.28 33.20 22.73 17.92 31.16 26.04

150 27.85 31.51 40.04 30.95 24.09 39.57 34.36

200 35.4 39.39 45.59 39.05 28.37 49.03 42.50

250 40.11 46.46 50.73 47.55 34.2 55.93 49.82

300 46.5 53.57 55.57 54.93 39.54 63.62 56.18

350 53.88 61.68 61.06 61.17 44.62 70.43 63.18

400 55.72 64.42 64.08 64.14 46.48 76.24 67.18

500 66.44 74.18 71.43 75.21 54.89 83.58 76.76

X2(3) 10 10.58 10.32 8.85 10.83 11.51 9.99 9.92
25 10.47 11.78 7.85 11.87 13.71 10.62 11.18

40 11.18 13.21 7.56 13.23 14.99 11.65 10.36

100 12.48 16.63 9.34 17.1 17.23 13.89 13.30

150 13.86 18.91 10.49 19.41 18.77 16.63 14.98

200 15.66 21.47 12.46 22.00 20.35 19.27 17.10

250 16.75 23.37 12.14 24.36 21.62 20.68 17.90

300 18.53 25.38 13.83 26.59 22.91 23.30 20.94

350 20.36 29.1 16.12 30.17 24.16 26.31 23.84

400 22.04 29.64 17.22 29.86 25.82 28.43 25.36

500 24.44 33.6 19.07 33.90 27.00 33.12 28.68

X2(4) 10 10.76 10.96 7.91 11.56 12.60 10.53 10.98
25 11.44 13.84 7.31 14.95 16.29 12.33 12.48

40 12.63 17.16 8.17 17.29 19.66 14.00 13.74

100 17.3 25.62 12.15 25.97 25.91 21.56 19.26

150 20.52 31.09 16.16 32.10 30.99 27.97 23.98

200 24.98 37.49 19.06 38.21 33.78 34.09 29.2

250 28.32 43.11 22.04 43.78 37.99 40.07 33.84

300 32.04 47.79 25.55 48.83 41.44 45.61 39.44

350 35.74 52.84 29.34 54.60 43.62 50.19 44.12

400 38.06 56.12 33.94 58.66 46.40 54.76 47.20

500 44.92 63.88 38.59 57.04 51.57 63.90 55.98

X2(6) 10 10.92 11.07 7.34 12.64 14.03 10.76 11.18
25 13.08 17.40 7.59 18.44 21.57 14.82 14.80

40 15.83 21.69 9.91 23.14 26.03 18.85 17.74

100 25.11 39.63 18.85 40.60 40.33 33.92 29.44

150 32.85 50.71 25.83 51.95 48.28 46.26 40.36

200 40.50 60.79 32.49 61.29 56.20 57.04 48.70

250 47.12 68.96 39.34 70.06 61.98 66.68 56.70

300 54.06 74.99 47.21 76.64 67.53 73.63 66.12

350 60.14 80.72 54.32 82.19 72.82 80.21 72.92

400 64.10 84.12 59.76 84.56 76.06 84.55 76.64

500 73.55 90.51 69.77 91.26 82.53 91.39 86

X2(10) 10 11.84 12.04 6.67 13.90 15.64 11.37 12.46
25 15.88 21.6 8.68 22.68 27.42 18.68 18.34

40 20.98 29.64 12.66 31.54 35.12 25.17 23.72

100 35.91 56.14 28.06 56.99 56.88 49.39 42.44

150 46.87 70.49 39.84 71.72 68.02 65.58 59.12

200 58.13 81.81 50.35 82.69 77.54 79.03 70.52

250 67.58 88.57 60.44 89.44 84.10 86.93 79.76

300 75.32 92.78 70.01 93.16 88.79 92.10 86.3

350 82.10 96.08 78.44 95.95 91.90 95.66 91.56

400 85.62 97.30 84.60 97.68 94.80 97.29 94.66

500 92.06 99.30 91.97 99.17 97.39 99.13 98.02

LogN(0,1) 10 16.87 18.6 7.24 21.04 24.48 17.04 18.06
25 30.19 43.63 19.26 45.41 52.55 39.52 37.18

40 42.15 62.91 31.24 64.09 70.16 56.58 52.28

100 77.75 95.65 68.58 95.7 95.80 92.62 87.30

150 91.17 99.32 87.19 99.40 99.14 98.77 97.00

200 97.07 99.94 96.26 99.94 99.91 99.86 99.22

250 99.11 100 98.96 100 100 99.99 99.88

300 99.79 99.98 99.79 99.98 99.99 99.99 99.96

350 99.92 100 99.98 100 100 100 99.98

400 99.98 100 100 100 100 100 100

500 100 100 100 100 100 100 100

HN(0,1) 10 11.15 10.87 16.00 9.97 9.27 12.76 11.18
25 13.21 11.91 19.93 9.95 8.31 15.18 14.34

40 15.27 13.92 23.00 11.95 10.51 18.16 15.66

100 22.89 23.57 32.89 21.74 17.94 29.48 24.76

150 28.90 31.63 39.26 30.87 23.59 39.54 32.98

200 35.68 40.03 45.70 38.76 28.38 49.54 41.32

250 41.75 46.42 50.53 47.08 34.14 57.02 48.30

300 47.25 54.05 55.95 54.18 39.11 64.57 56.76

350 54.02 60.3 60.18 60.93 44.54 70.84 64.54

400 57.48 65.42 64.86 65.4 47.62 76.04 68.86

500 66.53 75.17 71.93 75.3 55.04 84.06 77.44

The bold number is the highest power among the seven tests for each sample size.
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Table 4.30: Powers (in %) of the five graphical tests and the two non-graphical tests by

using MLE at o = 0.1 against the alternative distributions from Group II for several sample

sizes n

Alternatives n D(1) Dsp(1) D.(1) Dy (1) Dy (1) AD(1) CvM(1)
U(0,1) 10 22.21 21.87 31.21 17.54 15.83 29.92 25.36
25 42.34 51.04 51.05 46.18 59.42 60.06 50.47

40 59.44 82.4 66.09 81.21 90.34 81.33 70.69

100 93.77 100 99.16 99.99 100 99.71 98.34

150 99.19 100 99.99 100 100 100 99.95

200 99.95 100 100 100 100 100 100

250 100 100 100 100 100 100 100

300 100 100 100 100 100 100 100

350 100 100 100 100 100 100 100

400 100 100 100 100 100 100 100

500 100 100 100 100 100 100 100

beta(2,2) 10 12.45 11.70 17.05 10.35 8.50 14.63 13.40
25 16.97 15.34 23.15 12.11 12.81 21.51 18.28

40 21.18 22.3 27.42 19.67 24.63 29.56 23.98

100 39.60 65.99 42.99 61.59 75.40 60.37 48.24

150 53.55 89.17 55.84 86.91 94.49 78.71 67.26

200 66.78 97.72 71.27 96.94 99.14 89.87 79.06

250 77.42 99.6 83.47 99.41 99.91 95.44 87.86

300 84.09 99.98 93.06 99.95 100 98.37 93.9

350 89.90 99.99 97.5 100 100 99.4 96.78

400 93.48 100 99.18 100 100 99.86 98.48

500 96.92 100 99.94 100 100 99.98 99.62

beta(2,5) 10 9.74 9.09 10.21 9.03 8.94 9.63 9.78
25 9.93 9.66 10.24 8.11 8.78 10.19 9.78

40 9.82 8.78 9.44 8.36 9.33 10.53 10.10

100 10.87 10.64 8.35 9.29 12.60 11.59 10.58

150 11.34 11.36 8.03 10.97 14.82 12.71 12.38

200 12.32 13.86 8.26 12.41 17.46 14.53 13.08

250 12.81 15.92 7.44 14.16 20.11 16.20 13.52

300 13.42 17.41 7.81 16.50 23.12 16.84 16.90

350 14.29 20.01 7.81 18.85 26.55 18.56 18.44

400 15.91 22.93 8.06 20.65 29.85 20.88 18.62

500 16.54 27.17 7.73 24.23 34.86 23.32 20.80

beta(5, 1.5) 10 14.89 14.05 20.32 11.75 9.78 18.23 15.46
25 24.09 23.41 31.3 19.19 24.11 32.83 27.02

40 31 40.41 38.64 36.3 48.68 46.77 37.52

100 63.14 94.87 69.87 93.26 97.81 86.18 75.34

150 80.55 99.84 90.01 99.62 99.95 96.97 91.44

200 90.76 100 98.48 99.99 100 99.64 97.26

250 96.16 100 99.76 100 100 99.89 98.90

300 98.46 100 100 100 100 99.99 99.86

350 99.53 100 100 100 100 100 99.94

400 99.74 100 100 100 100 100 99.96

500 99.97 100 100 100 100 100 100

beta(0.5,0.5) 10 42.93 43.65 50.03 37.38 41.44 57.12 49.36
25 79.68 93.77 82.41 93.28 97.52 93.61 89.78

40 94.36 99.84 97.51 99.9 99.99 99.41 98.54

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

250 100 100 100 100 100 100 100

300 100 100 100 100 100 100 100

350 100 100 100 100 100 100 100

400 100 100 100 100 100 100 100

500 100 100 100 100 100 100 100

beta(0.5, 3) 10 13.32 12.69 19.14 10.97 9.45 16.08 13.9
25 18.8 18.47 28.24 14.32 14.13 24.83 21.28

40 24.49 25.41 35.53 21.74 24.17 33.76 28.62

100 46.66 64.15 56.28 60.55 66.70 66.04 54.78

150 60.86 83.33 68.9 83.53 87.04 81.9 74.04

200 72.75 94.87 79.87 93.79 96.19 92.24 85.7

250 82.42 98.51 87.2 98.07 99.15 96.76 91.4

300 88.88 99.71 93.63 99.56 99.85 98.8 95.64

350 93.29 99.96 97.02 99.89 99.96 99.59 98.06

400 95.87 99.99 98.65 99.97 100 99.84 99.06

500 98.7 100 99.8 100 100 99.96 99.78

beta(l,2) 10 13.05 12.16 17.78 9.96 8.95 14.68 13.58
25 18.8 18.21 26.54 14.71 15.16 25.24 21.12

40 24.86 27.33 33.16 23.61 29.84 35.39 28.94

100 47.09 74.33 53.26 71.2 82.38 69.02 56.32

150 62.31 94.35 69.02 92.85 97.30 86.49 76.90

200 75.94 99.13 83.52 98.73 99.67 94.94 87.24

250 84.51 99.88 92.97 99.85 99.95 98.20 94.00

300 91.23 99.99 97.42 99.99 100 99.48 96.82

350 94.64 100 99.47 100 100 99.83 99.00

400 97.05 100 99.79 100 100 100 99.50

500 99.16 100 100 100 100 100 100

The bold number is the highest power among the seven tests for each sample size.
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Table 4.31: Powers (in %) of the five graphical tests and the two non-graphical tests by

using MLE at a = 0.1 against the alternative distributions from Group III for several sample

s1zes n

Alternatives n D(1) Dsp(1) D.(1) Dy (1) Dy, (1) AD(1) CvM(1)
Laplace(0, 1) 5 15.46 14.96 10.4 17.0433 17.30 14.92 16.18
10 28.36 30.57 16.71 34.01 37.43 30.08 31.70

15 38.92 42.66 28.08 46.40 47.10 44.42 43.55

20 48.34 52.54 39.17 56.96 55.15 55.20 54.65

25 57.89 62.12 49.27 65.33 62.25 65.50 64.48

30 66.13 69.17 58.11 71.36 68.05 73.52 72.66

40 77.5 79 69.92 80.12 74.14 82.80 83.19

50 84.93 84.99 79.1 86.43 79.82 89.58 89.22

100 98.47 98.12 97.38 98.29 94.22 99.32 99.24

150 99.84 99.8 99.68 99.72 98.24 99.96 99.95

200 100 100 99.98 99.98 99.52 100 99.99

logistic(0, 1) 5 12.23 12.02 7.65 13.3733 13.43 10.68 12.65
10 19.9 22.41 10.13 25.18 29.10 21.76 22.74

15 26.45 31.85 15.8 34.88 38.70 30.67 30.81

20 32.98 41.97 23.71 44.91 47.59 39.96 38.62

25 39.72 49.36 30.8 52.76 54.81 48.31 46.52

30 45.99 56.95 38.21 58.99 61.03 56.17 54.25

40 54.44 66.64 48.54 69.04 68.62 67.78 64.87

50 63.5 75.11 58.03 76.78 75.37 75.94 72.84

100 89.33 94.66 86.84 95.12 92.07 95.12 94.29

150 97.04 98.8 95.82 99.2 97.02 99.41 99.1

200 99.1 99.72 99.28 99.76 99.04 99.91 99.85

Cauchy(0,1) 5 35.48 34.97 31.29 37.7667 38.11 35.83 36.89
10 63.78 64.83 57.97 67.58 67.75 66.31 65.99

15 78.99 79.88 75.88 81.82 80.54 82.41 81.9

20 88.12 88.87 86.03 90.17 87.9 90.84 90.52

25 93.41 93.56 91.98 94.54 92.11 95.24 95.18

30 96.51 96.9 95.98 96.88 95.23 97.80 97.59

40 99.78 98.74 98.38 98.92 97.62 99.51 99.49

50 99.61 99.53 99.60 99.64 99.04 99.81 99.75

100 100 100 100 100 99.98 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

N(0,1) 5 11.55 11.34 7.2 12.12 12.59 10.14 12.02
10 16.87 18.6 7.24 20.74 24.48 17.04 18.7

15 21.2 26.45 9.99 29.06 34.93 24.3 24.49

20 26.26 35.66 14.55 37.40 44.21 31.67 30.47

25 30.19 43.63 19.26 45.32 52.55 39.52 36.72

30 33.57 50.39 22.74 52.39 59.03 44.78 41.63

40 41.72 62.7 31.36 63.64 69.96 56.58 51.91

50 49.18 73.25 37.68 74.10 78.22 66.58 60.78

100 77.75 95.65 68.58 95.71 95.80 92.62 87.78

150 91.02 99.44 87.78 99.46 99.2 98.77 97.02

200 96.86 99.94 96.58 99.94 99.9 99.86 99.37

t(1) 5 35.81 35.21 31.82 37.55 37.84 35.42 36.47
10 63.34 64.29 57.62 67.75 67.4 65.87 65.62

15 79.26 80.19 76.14 81.96 80.65 82.52 82.06

20 88.29 88.88 86.41 89.98 87.81 90.69 90.41

25 93.54 93.41 92.04 94.33 92.07 95.03 94.91

30 96.34 96.19 95.62 96.85 94.70 97.49 97.43

40 98.8 98.58 98.42 98.90 97.68 99.46 99.41

50 99.8 99.75 99.65 99.74 99.25 99.91 99.90

100 100 100 100 99.9967 99.99 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(3) 5 16.11 15.81 11.31 17.68 14.46 15.08 17.1
10 28.2 30.35 19.18 34.05 36.82 30.77 31.38

15 38.89 43.49 31.08 46.83 48.55 44.43 43.67

20 48.19 54.33 43.34 57.32 57.36 55.52 54.19

25 55.19 60.55 51.29 63.73 62 62.44 61.42

30 62.9 67.94 59.63 70.76 67.45 70.4 69.44

40 73.36 77.08 71.5 81.04 74.6 81.95 80.47

50 82 85.27 80.29 86.20 81.32 88.19 87.03

100 97.35 97.5 97.16 97.97 94.34 98.84 98.71

150 99.68 99.66 99.6 99.82 98.26 99.89 99.87

200 99.92 99.98 99.94 100 99.58 100 100

t(4) 5 14.54 14.13 9.45 15.72 15.77 13.61 15.31
10 23.79 26.26 14.41 29.66 32.35 25.72 26.74

15 33.28 39.12 24.32 41.63 45.06 39.05 38.53

20 40.30 48.12 33.76 51.46 51.93 47.75 46.92

25 48.06 55.71 42.78 58.80 59.18 56.17 54.78

30 55.24 63.63 51.90 65.64 65.15 65.03 63.17

40 65.70 72.96 63.20 74.72 71.28 75.82 73.63

50 74.90 80.60 72.73 82.06 77.98 84.18 82.30

100 94.46 96.09 93.97 96.37 92.26 97.59 97.03

150 99.12 99.18 99.04 99.30 97.74 99.79 99.73

200 99.74 99.78 99.80 99.80 99.20 99.98 99.98

t(6) 5 12.79 12.43 8.19 14.15 14.24 11.81 13.80
10 20.39 22.65 11.42 26.17 28.87 22.23 23.07

15 28.96 34.87 18.29 37.09 41.04 33.74 33.63

20 34.83 43.50 26.25 46.22 48.87 41.97 41.12

25 40.88 50.61 33.97 53.68 55.15 50.07 48.30

30 47.78 57.93 41.73 60.54 61.11 57.94 55.91

40 57.82 68.82 52.84 70.66 69.44 69.71 66.85

50 66.42 76.72 62.80 77.94 75.87 78.34 75.50

100 90.77 94.55 89.09 95.00 91.51 96.25 95.00

150 92.22 98.90 97.36 98.96 96.90 99.46 99.16

200 99.44 99.70 99.32 99.86 98.80 99.91 99.88

The bold number is the highest power among the seven tests for each sample size.
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Table 4.32: Powers (in %) of the five graphical tests and the two non-graphical tests by

using BLUE at a = 0.1 against the alternative distributions from Group I for several sample

s1zes n

Alternatives n D(2) DSP(Z) D.(2) Dy, (2) Dy,; (2) AD(2) CvM(2)
XZ(I) 10 10.9 9.99 14.22 10.10 8.76 11.74 10.94
25 13.65 10.98 19.57 9.48 8.69 15.24 14.16

40 15.23 12.34 23.72 10.69 9.52 17.66 15.96

100 24.06 22.49 33.55 21.27 17.05 29.74 26.77

150 28.3 29.57 41.13 29.09 22.98 41.44 33.90

200 35.49 37.56 47.01 37.54 27.08 49.04 42.43

250 40.61 45.04 51.84 46.13 33.03 56.80 48.33

300 46.95 52.20 57.00 53.47 37.83 63.40 56.07

350 53.08 58.63 61.70 59.6 42.42 70.28 62.70

400 57.88 64.56 65.52 62.99 46.75 75.36 68.30

500 66.63 73.06 72.60 74.02 53.14 83.88 76.85

X2(3) 10 10.59 10.78 9.29 11.25 11.89 9.68 10.52
25 10.35 12.41 8.36 12.13 13.77 10.62 10.60

40 11.01 13.84 8.16 13.68 15.08 11.32 11.45

100 12.64 16.99 9.61 17.50 17.42 13.56 13.28

150 14.01 19.26 10.81 19.70 18.67 16.90 15.59

200 15.49 21.96 12.94 22.43 20.32 19.64 18.17

250 16.79 23.81 12.55 25.10 20.42 20.70 18.83

300 18.65 25.77 14.29 27.15 21.52 23.64 21.15

350 19.83 28.78 16.03 30.35 22.79 26.16 23.04

400 20.89 30.18 17.40 30.46 24.15 28.36 24.96

500 24.48 33.82 19.53 34.05 25.27 32.94 28.93

X2(4) 10 10.9 11.58 8.63 11.86 12.98 10.4 11.18
25 11.42 14.56 8.31 15.59 16.58 11.82 12.32

40 12.53 18.11 8.80 17.78 19.77 14.22 13.53

100 17.33 26.41 12.63 26.76 25.88 21.26 20

150 20.56 31.48 16.95 32.45 30.59 28.3 24.64

200 24.89 37.78 20.12 38.45 33.37 34.36 29.75

250 28.36 43.52 22.95 44.34 37.66 38.2 34.71

300 32.06 47.97 26.85 49.14 40.62 45.22 39.75

350 34.71 52.35 30.26 54.63 44.26 50.26 43.32

400 37.98 55.88 33.53 57.26 45.50 56.26 47.32

500 44.73 63.78 39.92 64.18 50.66 64.34 56.36

X2(6) 10 11.28 12.36 8.44 12.96 15.02 11.04 11.86
25 12.99 18.47 8.74 18.78 21.77 15.34 14.84

40 15.78 22.8 11.04 23.83 25.82 18.46 17.76

100 25.08 40.19 19.84 41.09 39.76 32.82 30.15

150 32.69 50.99 27.61 52.18 47.4 47.00 40.06

200 40.00 60.91 34.7 61.33 55.11 56.76 49.79

250 46.71 68.97 41.24 70.23 60.87 64.88 58.49

300 53.76 75.07 49.10 76.67 66.36 74.02 65.68

350 59.36 80.24 55.20 82.09 71.36 79.94 72.17

400 63.88 84.58 61.75 84.59 75.93 85.18 77.20

500 73.07 90.31 71.53 91.05 81.47 91.52 85.61

X2(10) 10 11.94 13.64 8.29 14.49 16.63 11.70 12.77
25 15.94 23.09 10.53 23.42 27.30 19.14 18.00

40 20.80 31.20 14.30 32.26 34.56 25.68 23.54

100 35.61 56.82 29.93 57.47 55.91 49.46 43.68

150 46.37 70.27 42.34 71.31 66.89 66.94 58.24

200 57.15 81.79 53.02 82.61 76.41 79.68 71.52

250 66.93 88.36 63.01 89.34 82.93 86.5 79.91

300 74.48 92.61 72.44 93.15 87.84 92.54 86.55

350 80.40 95.65 79.74 95.96 91.59 95.6 91.39

400 84.71 97.37 85.76 97.64 93.96 97.46 93.72

500 91.57 99.25 92.9 99.16 96.94 99.08 97.53

LogN(0,1) 10 17.07 21.00 10.73 22.37 25.97 17.70 19.29
25 29.86 45.30 22.61 45.99 52.08 40.12 36.96

40 40.99 64.47 34.38 64.65 69.46 57.62 51.87

100 76.59 95.63 71.86 95.66 95.27 92.50 87.53

150 90.27 99.33 89.41 99.38 99.05 98.82 96.91

200 96.65 99.94 97.08 99.95 99.85 99.84 99.34

250 98.94 100 99.28 100 99.99 99.98 99.88

300 99.72 99.98 99.87 99.98 99.99 100 99.97

350 99.92 100 99.97 100 100 100 99.99

400 99.98 100 100 100 100 100 100

500 100 100 100 100 100 100 100

HN(0,1) 10 11.24 10.29 14.77 9.77 8.74 12.74 11.39
25 12.97 10.42 19.56 8.8 7.71 15.40 13.51

40 15.15 12.55 23.18 11.09 9.89 17.46 16.09

100 23.07 22.01 33.22 20.42 17.02 29.44 25.11

150 29.38 30.02 40.61 28.94 22.58 39 34.04

200 35.93 38.04 46.93 37.07 27.16 48.36 43.06

250 42.03 45.06 51.56 45.65 32.78 55.98 49.37

300 47.70 52.50 57.19 52.84 37.64 64.26 57.13

350 53.82 58.41 61.61 59.37 41.79 71.22 63.47

400 57.74 64.21 65.71 64.22 46.00 76.48 68.21

500 66.89 74.05 73.13 74.46 53.21 83.94 77.38

The bold number is the highest power among the seven tests for each sample size.
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Table 4.33: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLUE at o = 0.1 against the alternative distributions from Group II for several sample

sizes n

Alternatives n D(2) Dsp(2) D.(2) Dy (2) Dy, (2) AD(2) CvM(2)
U(0,1) 10 22.43 19.91 31.47 17.54 12.86 29.13 24.42
25 43.87 47.10 57.29 46.18 55.62 60.52 50.91

40 62.16 80.66 73.28 81.21 89.23 82.51 72.33

100 95.71 100 99.28 99.99 100 99.82 98.81

150 99.56 100 100 100 100 100 99.97

200 99.97 100 100 100 100 100 100

250 100 100 100 100 100 100 100

300 100 100 100 100 100 100 100

350 100 100 100 100 100 100 100

400 100 100 100 100 100 100 100

500 100 100 100 100 100 100 100

beta(2,2) 10 12.41 10.48 16.20 9.50 7.41 14 12.62
25 16.96 12.94 23.80 10.35 11.25 21.84 17.81

40 21.31 19.80 29.29 16.5 22.41 28.32 24.48

100 41.49 63.64 47.66 58.56 73.42 62.5 51.44

150 56.02 87.87 60.62 85.09 93.69 81.36 68.86

200 69.69 97.30 74.01 96.28 98.99 91.36 81.86

250 80.03 99.58 84.15 99.27 99.91 96.38 89.98

300 86.87 99.96 93.21 99.93 99.99 98.58 95.21

350 91.93 99.99 97.39 100 100 99.56 97.46

400 94.93 100 99.13 100 100 99.84 98.86

500 98.06 100 99.93 100 100 99.98 99.77

beta(2,5) 10 9.73 9.37 10.00 9.04 8.74 9.94 9.47
25 9.8 9.27 10.28 7.82 8.75 9.36 9.69

40 9.48 8.68 9.4 8.33 9.32 9.64 9.65

100 10.78 10.30 8.5 8.94 12.41 10.90 10.75

150 11.09 10.82 8.37 10.42 14.30 14.04 11.69

200 12.10 13.19 8.64 11.93 17.15 14.36 13.29

250 12.79 15.36 7.69 13.73 19.73 14.44 14.62

300 13.34 16.95 8.13 15.89 22.52 16.88 15.01

350 14.28 19.36 8.22 18.24 26.18 18.58 16.93

400 15.85 22.35 8.35 20.02 29.13 19.14 18.82

500 16.70 26.54 7.95 23.24 34.18 23.46 20.64

beta(5,1.5) 10 14.58 12.58 19.69 10.29 8 16.92 15.24
25 24.27 20.33 33.51 15.88 20.93 31.84 27.11

40 31.78 36.92 43.20 32.21 45.72 48.10 37.81

100 66.36 94.37 73.84 92.14 97.44 87.38 77.18

150 83.52 99.80 90.99 99.59 99.94 97.88 92.84

200 92.99 100 98.57 99.99 100 99.72 98.11

250 97.21 100 99.73 100 100 99.94 99.55

300 99.22 100 100 100 100 100 99.88

350 99.80 100 100 100 100 100 99.98

400 99.84 100 100 100 100 100 99.99

500 99.99 100 100 100 100 100 100

beta(0.5,0.5) 10 43.67 41.64 55.28 34.34 36.66 57.86 50.05
25 82.24 92.82 89.47 91.06 96.95 94.72 89.01

40 96.12 99.82 98.26 99.82 99.99 99.64 98.72

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

250 100 100 100 100 100 100 100

300 100 100 100 100 100 100 100

350 100 100 100 100 100 100 100

400 100 100 100 100 100 100 100

500 100 100 100 100 100 100 100

beta(0.5, 3) 10 13.32 11.77 17.67 10.4 8.26 15.00 13.58
25 19.02 15.73 28.62 12.22 12.07 29.36 20.63

40 24.71 22.71 37.13 18.89 22.08 33.10 27.67

100 48.05 62.05 59.93 57.86 64.19 65.22 56.92

150 62.36 81.86 72.39 81.31 85.63 84.12 73.48

200 74.43 94.14 82.69 92.86 95.58 93.02 85.82

250 84.19 98.37 89.00 97.83 98.92 96.48 92.72

300 90.21 99.65 94.61 99.46 99.78 99.06 96.77

350 94.24 99.92 97.37 99.87 99.96 99.66 98.33

400 96.48 99.99 98.80 99.97 100 99.92 99.31

500 98.99 100 99.79 100 100 100 99.87

beta(l,2) 10 12.73 11.1 16.78 9.33 7.70 16 12.52
25 18.59 15.45 27.67 12.20 13.16 25.14 20.72

40 25.21 24.75 35.82 20.40 27.22 33.22 28.88

100 49.18 72.07 58.23 68.69 80.84 69.62 59.73

150 65.04 93.61 72.38 91.42 96.86 87.52 77.72

200 78.30 98.99 85.21 98.39 99.62 95.30 89.46

250 86.86 99.87 93.22 99.80 99.95 98.44 94.84

300 93.01 99.98 97.43 99.99 100 99.56 97.78

350 95.94 100 99.39 100 100 99.92 99.08

400 97.94 100 99.82 100 100 99.98 99.72

500 99.55 100 100 100 100 100 99.99

The bold number is the highest power among the seven tests for each sample size.
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Table 4.34: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLUE at o = 0.1 against the alternative distributions from Group III for several

sample sizes n

Alternatives n D(2) Dsp(2) D.(2) Dy (2) Dy, (2) AD(2) CvM(2)
Laplace(0, 1) 5 16.72 17.10 14.37 18.70 19.31 16.03 17.31
10 30.33 33.95 22.24 35.64 37.13 32.31 33.98

15 40.19 43.85 33.86 46.61 45.13 44.96 45.67

20 48.98 53.46 44.81 56.58 52.91 55.99 56.17

25 58.06 62.07 54.12 64.85 58.82 66.07 65.58

30 66.27 68.71 61.50 70.33 64.35 74.02 73.59

40 77.11 77.81 74.11 79.09 71.14 84.24 83.67

50 84.23 83.95 81.87 85.40 75.33 89.87 89.36

100 98.27 97.71 97.58 97.96 91.19 99.31 99.31

150 99.85 99.67 99.78 99.71 96.88 99.95 99.95

200 99.95 99.96 99.96 99.99 98.82 99.98 99.99

logistic(0, 1) 5 12.89 13.15 11.53 14.58 15.54 12.12 13.60
10 20.55 25.57 13.98 26.92 30.48 23.16 24.31

15 26.69 33.71 20.57 35.58 38.57 32.01 31.85

20 32.59 43.67 28.44 45.1267 46.64 41.01 39.45

25 38.95 50.55 35.3 52.93 53.15 49.47 47.10

30 45.39 57.63 41.4 58.75 59.38 57.60 54.54

40 53.99 67.84 53.36 68.52 67.28 68.64 64.98

50 62.15 74.58 61.45 75.77 72.77 76.45 72.51

100 88.33 94.31 87.99 94.64 90.05 95.90 94.13

150 96.67 98.72 96.83 98.80 96.39 99.44 99.07

200 99.2 99.68 99.14 99.72 98.51 99.92 99.84

Cauchy(0, 1) 5 37.27 37.87 34.64 39.4567 39.49 37.5 38.37
10 65.53 67.04 61.80 68.45 67.23 67.95 68.79

15 80.27 80.71 78.39 82.03 79.23 83.28 83.28

20 88.88 89.10 88.23 90.17 86.6 91.47 91.23

25 93.81 93.69 93.69 94.45 90.76 95.65 95.67

30 96.84 96.85 96.45 96.88 94.34 97.96 98.00

40 99.12 98.93 99.08 98.86 97.66 99.57 99.60

50 99.62 99.54 99.61 99.62 98.70 99.81 99.82

100 100 100 100 100 99.94 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

N(0,1) 5 12.05 12.36 10.65 12.8733 13.60 11.05 12.14
10 17.07 21.00 10.73 21.99 25.97 18.12 19.29

15 20.95 28.89 13.64 30.13 35.48 25.25 25.26

20 25.85 38.08 18.13 38.26 44.55 32.67 30.79

25 29.86 45.30 22.61 46.33 52.08 40.45 36.96

30 32.94 52.35 25.85 53.13 58.58 45.68 41.55

40 40.99 64.47 34.38 64.65 69.46 57.46 51.87

50 47.83 73.87 41.32 74.06 77.08 67.09 60.65

100 76.59 95.63 71.86 95.59 95.27 92.64 87.53

150 90.27 99.33 89.41 99.38 99.05 98.79 96.91

200 96.65 99.94 97.08 99.95 99.85 99.86 99.34

t(1) 5 37.34 37.81 35.17 39.24 39.53 36.94 38.27
10 65.45 66.61 62.28 68.71 66.66 67.75 68.30

15 80.55 80.93 79.41 82.25 79.18 83.50 83.61

20 88.94 89.28 88.42 89.97 86.38 91.34 91.28

25 93.80 93.50 93.41 94.35 91.08 95.44 95.32

30 96.62 96.20 96.98 96.83 93.94 97.7 97.75

40 99.09 98.83 98.96 98.78 97.55 99.47 99.47

50 99.82 99.74 99.58 99.72 98.97 99.94 99.92

100 100 100 100 99.9967 99.99 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(3) 5 16.96 17.06 15.27 19.13 19.39 16.53 17.7
10 29.66 33.3 24.1 35.55 37.22 32.56 33.43

15 39.58 45.14 36.35 47.46 47.44 45.81 45.49

20 48.61 55.21 46.71 57.28 55.39 57.01 55.69

25 55.19 60.97 55.42 63.62 59.61 63.67 62.22

30 62.78 67.91 62.8 70.26 64.96 71.43 70.11

40 74.00 78.37 75.39 79.43 73.34 82.67 80.83

50 81.24 84.4 82.58 85.31 7.7 88.73 87.12

100 97.04 97.23 97.62 97.66 92.02 98.93 98.65

150 99.69 99.61 99.67 99.63 97.32 99.89 99.87

200 99.97 99.93 99.95 99.97 99.23 100 100

t(4) 5 15.2 15.44 13.45 17.1567 17.70 14.78 15.92
10 25.02 29.10 18.95 31.33 33.28 27.49 28.63

15 33.96 40.77 28.65 42.32 44.36 40.52 40.24

20 40.80 49.00 38.36 51.46 50.71 49.41 48.39

25 47.75 56.37 46.13 58.73 56.78 57.61 55.54

30 54.96 63.90 54.47 65.27 62.44 66.44 63.78

40 65.37 73.10 66.82 74.40 69.58 76.65 73.78

50 73.73 79.95 75.28 81.06 74.56 84.73 82.34

100 93.81 95.53 94.82 96.02 89.37 97.60 97.04

150 98.89 99.13 99.03 99.22 96 99.79 99.71

200 99.92 99.87 99.82 99.83 98.64 99.98 99.98

t(6) 5 13.54 13.94 11.73 15.54 16.17 13.26 14.42
10 21.19 25.55 15.88 27.57 30.05 23.61 24.57

15 29.35 36.32 23.24 37.82 40.63 34.89 35.07

20 34.89 45.18 30.50 46.45 47.96 43.43 42.01

25 40.63 51.36 37.50 53.71 53.78 51.48 48.83

30 47.21 58.09 45.03 60.22 59.03 58.90 56.16

40 57.06 68.76 57.31 70.76 67.26 70.30 67.09

50 64.83 75.91 66.38 76.98 72.74 78.82 75.29

100 89.71 94.01 90.17 94.48 89.28 96.25 94.85

150 97.15 98.56 97.64 98.80 95.61 99.47 99.08

200 99.44 99.76 99.50 99.72 98.34 99.92 99.84

The bold number is the highest power among the seven tests for each sample size.
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Table 4.35: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLIE at a = 0.1 against the alternative distributions from Group I for several sample

sizes n

Alternatives n D(3) Dsp(3) D.(3) Dy (3) Dy,; (3) AD(3) CvM(3)
x2(1) 10 9.54 10.10 15.01 9.44 8.36 11.68 10.09
25 11.16 11.42 19.96 9.48 8.94 15.46 13.30

40 12.32 12.68 24.09 11.29 10.08 17.97 14.88

100 21.56 24.34 33.90 22.25 17.19 30.38 25.41

150 27.96 31.24 41.34 30.42 23.12 39.08 32.79

200 34.92 39.86 47.05 38.51 27.09 48.68 41.6

250 41.36 46.54 52.04 46.95 33.11 55.49 47.45

300 45.83 53.46 57.18 54.42 37.93 63.29 55.15

350 52.09 61.02 61.92 60.43 42.50 70.26 61.92

400 56.93 64.12 65.55 63.75 46.80 76.02 67.57

500 65.78 74.64 72.66 74.54 53.11 83.50 76.30

X2(3) 10 10.82 10.78 9.01 11.15 11.72 10.15 10.58
25 11.32 11.36 8.12 11.69 13.75 10.88 11.32

40 10.94 12.74 7.85 13.36 15.13 12.10 11.68

100 13.36 16.12 9.46 16.93 17.20 13.91 13.87

150 14.24 18.48 10.49 19.46 18.59 16.78 16.05

200 15.76 21.18 12.72 22.11 20.29 19.65 18.64

250 17.20 23.48 12.39 24.65 21.51 20.96 19.24

300 19.31 25.72 14.06 26.58 22.80 23.67 21.68

350 20.47 29.14 15.84 30.13 24.17 26.66 23.40

400 21.80 29.72 17.13 29.99 25.28 28.67 25.60

500 24.98 33.44 19.33 33.70 26.76 33.39 29.38

X2(4) 10 11.54 11.66 8.60 11.85 12.84 10.91 11.84
25 12.66 13.78 7.80 14.72 16.43 12.76 13.23

40 13.46 16.38 8.44 17.18 19.76 14.19 14.25

100 18.06 25.68 12.36 25.97 25.73 21.82 20.61

150 21.66 31.04 16.62 31.83 30.53 28.39 25.51

200 24.44 37.46 19.66 37.76 33.29 34.5 30.67

250 28.30 42.20 22.58 43.80 37.68 40.27 35.83

300 33.24 46.74 26.23 48.55 40.64 46.00 40.48

350 35.74 52.42 29.77 54.27 44.30 50.55 44.03

400 39.45 55.84 32.83 56.84 45.50 55.13 48.05

500 45.55 63.36 39.26 63.76 50.65 64.11 57.16

X2(6) 10 11.98 12.04 7.98 13.09 14.13 11.42 12.93
25 14.70 16.5 8.31 17.90 21.67 15.37 15.75

40 16.70 22.14 10.59 22.86 25.52 19.22 18.6

100 25.04 38.96 19.42 40.13 39.54 34.33 31.13

150 33.30 50.14 26.81 51.37 47.35 46.54 41.24

200 39.46 59.78 33.74 60.90 55.10 57.89 51.07

250 47.00 68.5 40.36 69.73 60.88 66.78 59.58

300 54.80 74.58 48.12 76.17 66.4 73.91 66.49

350 60.66 80.46 54.04 81.76 71.39 80.53 72.78

400 65.19 83.90 60.75 84.31 75.97 84.64 77.78

500 73.64 90.50 70.76 90.80 81.48 91.45 86.07

X2(10) 10 12.94 13.10 7.40 14.78 16.02 12.31 14.23
25 17.82 20.88 9.87 22.09 27.16 19.49 19.45

40 20.98 29.68 13.6 31.01 34.33 25.58 24.8

100 36 54.98 29.21 56.20 55.73 49.96 44.79

150 48.36 70.88 41.11 71.03 66.89 66.01 59.39

200 58.06 81.40 51.80 82.15 76.38 79.48 72.6

250 67.56 87.98 61.85 89.04 82.94 87.03 80.76

300 75.33 92.88 70.99 92.92 87.86 92.26 87.11

350 81.18 95.88 78.49 95.85 91.59 95.72 91.73

400 85.39 97.14 84.85 97.57 93.99 97.31 94.02

500 91.86 99.08 92.35 99.13 96.94 99.14 97.65

LogN(0,1) 10 19.91 19.86 9.23 22.16 25.07 18.06 21.72
25 32.49 42.38 21.48 44.26 51.47 40.8 38.67

40 43.38 61.82 33.3 62.85 69.23 57.68 53.52

100 77.47 95.18 69.99 72.65 95.23 92.54 88.2

150 90.46 99.36 87.94 95.39 99.03 98.84 97.15

200 96.81 99.94 96.53 99.36 99.85 99.84 99.38

250 99.02 100 99.07 99.94 99.99 99.98 99.88

300 99.75 99.98 99.84 100 99.99 100 99.97

350 99.92 100 99.97 99.98 100 100 99.99

400 99.98 100 100 100 100 100 100

500 100 100 100 100 100 100 100

HN(0,1) 10 9.61 10.48 15.54 9.40 8.81 12.20 10.20
25 11.35 11.50 19.95 9.18 7.94 15.34 12.23

40 13.70 13.60 23.44 11.48 10.32 17.30 14.76

100 21.39 22.24 33.57 21.39 17.12 28.98 24.16

150 27.81 32.04 40.76 30.26 22.66 38.46 33.00

200 34.97 37.94 46.98 38.21 27.23 47.64 42.12

250 40.78 45.94 51.76 46.64 32.84 55.94 48.54

300 46.36 52.72 57.22 53.57 37.68 63.98 56.20

350 52.83 59.84 61.70 60.19 41.87 71.68 62.49

400 56.87 64.96 65.88 65.08 46.07 76.80 67.49

500 65.97 73.24 73.19 74.97 53.26 84.08 77.04

The bold number is the highest power among the seven tests for each sample size.
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Table 4.36: Powers (in %) of the five graphical tests and the two non-graphical tests by

using BLIE at a = 0.1 against the alternative distributions from Group II for several sample

sizes n

Alternatives n D(3) Dsp(3) D.(3) Dy (3) Dy; (3) AD(3) CvM(3)
U(0,1) 10 17.98 19.81 32.62 14.70 13.61 28.74 22.03
25 40.53 48.60 57.27 40.95 57.28 60.79 49.06

40 59.85 80.37 72.67 77.8 89.59 82.91 71.02

100 95.43 100 98.86 90.67 100 99.85 98.76

150 99.53 100 99.99 99.99 100 100 99.96

200 99.96 100 100 100 100 100 100

250 100 100 100 100 100 100 100

300 100 100 100 100 100 100 100

350 100 100 100 100 100 100 100

400 100 100 100 100 100 100 100

500 100 100 100 100 100 100 100

beta(2,2) 10 10.04 11.52 16.92 9.26 7.94 13.92 11.81
25 14.89 14.74 24.37 11.14 11.55 21.37 17.13

40 19.85 21.4 29.71 17.79 22.97 29.93 23.83

100 40.23 63.36 47.46 58.66 73.50 62.58 51.44

150 54.82 88 59.75 85.3 93.70 81 68.58

200 68.86 97.48 72.59 96.23 98.99 91.68 81.87

250 79.60 99.54 83.11 99.27 99.91 96.28 90.1

300 86.59 99.94 92.39 99.93 99.99 98.81 95.21

350 91.75 100 96.93 100 100 99.63 97.41

400 94.84 100 98.97 100 100 99.87 98.85

500 97.99 100 99.92 100 100 99.99 99.77

beta(2,5) 10 9.58 9.98 10.37 9.16 9.02 9.83 9.6
25 9.93 8.70 10.33 7.82 8.65 10.17 9.84

40 9.62 8.96 9.51 8.26 9.29 10.68 9.98

100 10.75 9.20 8.57 9.20 12.45 11.67 11.16

150 11.00 11.26 8.39 10.68 14.29 12.91 12.06

200 12.36 13.26 8.61 12.06 17.14 14.91 13.87

250 12.90 14.24 7.76 13.92 19.76 16.34 15.16

300 13.07 17.68 8.16 15.97 22.52 17.34 15.48

350 14.59 19.58 8.24 18.47 26.17 19.08 17.45

400 16.04 22.90 8.43 19.85 29.14 21.52 19.23

500 16.90 25.88 7.91 23.18 34.10 23.92 21.18

beta(5, 1.5) 10 11.41 12.90 20.72 9.70 8.59 17.24 13.44
25 21.54 21.68 34 17.04 22.01 32.89 25.80

40 29.52 37.26 43.30 33.17 46.48 47.83 36.85

100 65.20 93.76 73.03 91.96 97.45 88.04 76.92

150 82.79 99.78 89.36 99.58 99.94 97.75 92.69

200 92.76 99.98 98.14 99.99 100 99.78 98.14

250 97.14 100 99.66 100 100 99.92 99.54

300 99.19 100 100 100 100 99.99 99.88

350 99.79 100 100 100 100 100 99.98

400 99.83 100 100 100 100 100 99.99

500 99.99 100 100 100 100 100 100

beta(0.5,0.5) 10 37.58 41.22 55.23 33.76 37.64 57.81 47.01
25 80.07 93.36 88.89 90.84 97.18 94.61 88.14

40 95.54 99.88 97.74 99.83 99.99 99.6 98.6

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

250 100 100 100 100 100 100 100

300 100 100 100 100 100 100 100

350 100 100 100 100 100 100 100

400 100 100 100 100 100 100 100

500 100 100 100 100 100 100 100

beta(0.5, 3) 10 11.12 11.72 18.96 9.49 8.54 15.01 12.24
25 16.46 17.20 29.39 13.06 12.92 24.01 18.69

40 22.4 25.18 37.29 20.27 22.78 33.49 26.21

100 45.98 62.16 60.14 58.63 64.28 66.65 55.76

150 60.74 84.00 72.34 81.92 85.69 82.93 72.79

200 73.82 94.44 82.32 92.86 95.60 92.88 85.52

250 83.63 98.28 88.72 97.88 98.93 97.14 92.57

300 89.89 99.58 94.26 99.49 99.78 98.96 96.67

350 94.00 99.92 97.14 99.88 99.96 99.71 98.31

400 96.35 99.98 98.70 99.97 100 99.83 99.31

500 98.96 100 99.77 100 100 99.98 99.87

beta(l,2) 10 10.52 11.26 17.90 9.07 8.11 14.14 11.73
25 16.41 16.66 28.33 12.88 13.58 24.82 19.88

40 23.15 26.24 35.94 21.62 28.10 35.62 27.77

100 47.71 72.46 58.10 68.64 80.91 70.73 59.04

150 63.72 93.66 71.51 91.62 96.86 88.19 77.34

200 7771 98.78 83.87 98.32 99.62 95.85 89.40

250 86.55 99.90 92.52 99.8 99.95 98.63 94.86

300 92.75 100 97.10 99.99 100 99.62 97.72

350 95.80 100 99.21 100 100 99.92 99.09

400 97.91 100 99.82 100 100 100 99.72

500 99.49 100 100 100 100 100 99.99

The bold number is the highest power among the seven tests for each sample size.
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Table 4.37: Powers (in %) of the five graphical tests and the two non-graphical tests by

using BLIE at o = 0.1 against the alternative distributions from Group III for sample sizes

n

Alternatives n D(3) Dsp(3) D.(3) Dy (3) Dy,; (3) AD(3) CvM(3)
Laplace(0, 1) 5 18.63 17.44 11.68 20.91 19.94 15.89 18.96
10 32.15 32.34 19.69 36.03 38.46 31.95 34.51

15 41.51 43.16 32.09 47.05 47.25 44.19 45.57

20 50.13 52.27 42.29 57.75 54.48 55.18 55.84

25 58.48 61.68 52.1 64.39 61.05 65.01 65.26

30 66.37 68.43 60.55 70.36 66.01 73.35 73.26

40 77.55 77.80 73.08 78.86 72.95 83.60 83.28

50 84.48 84.01 80.56 85.46 76.73 89.60 89.08

100 98.25 97.82 97.61 97.71 91.80 99.27 99.31

150 99.86 99.67 99.74 99.71 97.09 99.95 99.95

200 99.95 99.95 99.96 99.98 98.91 99.98 99.99

logistic(0, 1) 5 15.77 14.63 8.82 17.09 16.29 12.67 15.73
10 23.30 23.45 12.35 26.71 30.21 23.31 25.73

15 28.72 31.84 19.44 34.87 38.75 32.03 33.13

20 35.01 41.27 26.41 44.83 46.71 41.10 40.56

25 41.15 49.02 33.24 50.83 53.52 49.13 48.24

30 46.74 56.12 40.70 57.36 59.62 57.36 55.49

40 55.14 66.48 52.35 67.42 67.75 68.30 65.37

50 63.17 73.53 60.41 75.23 72.92 76.25 73.07

100 88.66 94.19 87.89 94.25 90.11 95.81 94.26

150 96.77 98.6 96.64 98.69 96.42 99.41 99.09

200 99.22 99.69 99.01 99.71 98.53 99.91 99.86

Cauchy(0, 1) 5 36.43 34.97 32.45 38.93 37.73 36.49 37.57
10 64.02 64.54 59.84 67.68 67.61 66.52 66.85

15 78.96 79.88 77.59 81.57 80.45 82.31 81.76

20 87.81 88.43 87.19 90.37 87.81 90.73 90.31

25 93.20 93.32 92.56 93.82 91.65 95.27 95.15

30 96.37 96.68 96.26 96.73 95.01 97.72 97.57

40 99.01 98.98 98.92 98.85 97.84 99.50 99.49

50 99.55 99.49 99.59 99.69 98.83 99.80 99.76

100 100 100 100 99.99 99.94 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

N(0,1) 5 14.89 13.99 8.56 15.65 15.21 11.70 14.60
10 19.91 19.69 9.23 22.16 25.07 18.80 21.72

15 23.97 26.9 12.29 28.64 34.60 25.85 27.24

20 28.45 34.61 17.02 36.97 43.46 33.07 32.68

25 32.49 43.04 21.48 44.26 51.47 40.74 38.67

30 35.48 49.48 24.77 51.10 57.62 45.77 43.42

40 43.38 62.05 33.30 62.85 69.23 57.55 53.52

50 50.12 72.03 40.08 72.65 76.75 67.29 62.13

100 77.47 95.39 69.99 95.39 95.23 92.71 88.20

150 90.46 99.24 87.94 99.36 99.03 98.81 97.15

200 96.81 99.94 96.53 99.94 99.85 99.86 99.38

t(1) 5 36.65 35.38 32.59 38.37 37.9 36.25 37.57
10 63.54 64.04 59.85 67.70 67.73 66.18 66.33

15 79.30 79.85 77.87 81.79 80.62 82.44 82.24

20 87.87 88.45 87.34 90.19 87.62 90.59 90.25

25 93.19 93.20 92.62 94.14 92.02 94.97 94.78

30 96.06 95.96 96.04 96.86 94.53 97.47 97.35

40 98.97 98.83 98.94 98.70 97.86 99.45 99.43

50 99.79 99.73 99.70 99.69 99.13 99.91 99.9

100 100 100 100 100 99.99 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(3) 5 19.22 18.12 12.22 20.7 19.84 16.82 19.36
10 30.77 31.49 22.38 34.81 37.22 32.19 34.09

15 40.92 43.48 35.02 46.21 48.71 45.2 45.61

20 49.26 53.55 46.07 56.54 56.25 56 55.18

25 55.27 59.39 53.75 62.75 60.79 62.75 61.66

30 62.71 67.17 61.45 69.75 65.99 70.72 69.96

40 73.82 77.68 74.64 78.78 74.49 82.05 80.51

50 80.99 84.06 81.75 85.10 78.49 88.24 86.76

100 96.98 97.26 97.38 97.67 92.31 98.87 98.62

150 99.69 99.58 99.66 99.6 97.45 99.89 99.87

200 99.97 99.93 99.94 99.97 99.28 100 100

t(4) 5 17.36 16.16 10.85 18.74 18.37 15.05 17.82
10 26.72 27.05 17.3 30.90 33.41 27.36 29.34

15 35.41 38.74 28.12 40.86 44.96 40.07 40.67

20 42.00 47.10 36.52 51.60 51.11 48.85 48.73

25 48.51 54.74 45.58 56.84 57.36 56.61 55.57

30 55.86 62.49 54.31 64.71 63.16 65.44 63.68

40 65.63 72.33 65.83 73.82 70.17 76.09 73.69

50 73.88 79.23 74.52 80.88 75.02 84.30 82.11

100 93.93 95.48 94.53 96.14 89.64 97.51 96.90

150 98.85 99.08 98.96 99.21 96.14 99.79 99.71

200 99.92 99.87 99.79 99.81 98.68 99.98 99.98

t(6) 5 16.31 15.12 9.3 17.93 17.16 13.65 16.57
10 23.40 23.98 13.72 26.85 29.70 23.69 25.89

15 31.60 34.99 22.00 36.89 40.97 34.87 35.93

20 36.77 42.60 29.14 46.46 48.05 43.12 42.72

25 41.80 49.61 36.58 51.80 53.97 51.06 49.42

30 48.73 56.60 43.81 59.14 59.28 58.54 56.92

40 58.05 67.48 56.29 69.90 67.74 69.92 67.41

50 65.62 74.95 64.91 77.16 73.01 78.43 75.65

100 89.93 93.94 89.90 94.26 89.36 96.12 94.93

150 97.06 98.52 97.48 98.82 95.64 99.46 99.09

200 99.43 99.74 99.46 99.71 98.36 99.91 99.84

The bold number is the highest power among the seven tests for each sample size.






CHAPTER 5 Tests of the exponential distribution

5.1 Background

The probability density function (pdf) of the two-parameter exponential distribution

with the location parameter p and the scale parameter o is given by

1 y—p
flylp, o) = — exp ( - T) y>p,o>0, (5.1.1)

and cumulative distribution function

F(y|lp,0) =1—exp < — u) y >, o> 0. (5.1.2)
o

It is referred to as Exp(u, o). Also, the notation Y ~ Exp(0, 1) is used for the stan-
dard exponential random variable. As mentioned above, the exponential distribution
is one of the location-scale distributions as a normal distribution.

Ify,..Y, i Exp(p, o), then Yj;) < Yjg < ... <Y, are their ordered values.
Let the pt? quantile of the distribution of a random variable Y, denoted by Yp, be

defined as follows. If Y is continuous, then the unique y, is defined by

P(Y <) = p. (5.1.3)

Specifically, the pt* quantile of a random variable Y ~ Exp(u, o) is given by

F7Y(p)=pu—oln(l —p). (5.1.4)

In particular, F~!(p) = —In(1 —p) is the p!* quantile of the random variable % ~
Exp(0,1).
Now we describe each graphical test which provides a set of simultaneous inter-

vals for Y (k= 1,...,n) in the Q-Q plot.
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5.2 Parameter estimation

The three estimators MLE, BLUE and BLIE (as described in Chapter 4) are again

investigated in order to find the best estimator which establish good powers.

5.2.1 Maximum likelihood estimators

IfYy,...,Y, are i.i.d. Exp(u,o), then the likelihood function is

n

1 1
Lip oY1, Ya) = —exp [ = = 3 (Vi — ) |10y = w) (5.2.1)
k=1

and the log-likelihood function is

L(p,olY1,...,Yn) = InL(p,o|Y1,...,Y,)
1 n
= [=nmo = =3 -] 10y = ).
k=1

For any fixed o > 0, the log-likelihood function is maximised by maximising u.

Therefore, ft = Y};;. Then, the profile log-likelihood which is

n

1
L(o[¥py) = —nlno -~ > (Vi = Yp) (5.2.2)
k=1

is maximised by ¢ = 1 >0 | (Y, — Y[y)). Thus, the maximum likelihood estimators
- 1 ¢ _
(18) = (Vi 2oV = Ya)) = (Yiu, ¥ = Yiy). (5.2.3)
k=1

Now, we want to show the invariant property of fi,, and ¢, where ¢, is MLE of o

if Z ~ Exp(0,1) and —0o < p < o0, ¢ > 0. Let Y = p + qZ;. Consequently,

/lp+qZ = p+qZ[1} :p+qﬁz
Gpraz = +a2)—(p+aZp) =a(Z - Zp) = ¢5,.
Then,
Y-y  (p+oZpyy)—(p+ofiy)
G, B oG,
_ Py
P

z

Yig — it . .
Therefore, %ﬂy has nothing to do with p and o and we can generate the random
Y

sample Y7, ...,Y, from Fzp(0,1) instead of Fxp(u,o).
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5.2.2 Best linear unbiased estimators

Let Zp < ... < Zj,,) be the ordered sample from Exp(0,1) with
k

1
=1
d 1
=1
u 1
=1

where 0%, = o} is the covariance of the rh and k™ order statistics of Exp(0,1)
(see Ahsanullah and Hamedani, 2010). Similarly, we can use the generalised least
squares method based on the Weibull distribution from obtaining BLUE (4, ¢) of
Exp(u, o). Let

= n x Lvector of g = [u1, ..., in)

= 7 x nmatrix of 02,

n x 1vector of ordered values = [Yjyj, ..., Y] from Exp(u,o)

H < < =
I

= [1 p] where1=[1...1]

Ixn*

Therefore, B has the simple closed form (see, Sarhan (1954)) as

i

B _ — (leflx)flxlvle
o
- Yl
1 n?-1 -1 --- -1 U
n(n—1) —nn—1) n n
L 2Xn Y:
"] nx1
B 1 n*Yy) — 2oy Yk
= .
P | Yy e Vi
nY[l]fY
_ n—1
n(Yjy—Y)
n—1

Consequently, the best linear unbiased estimators of the location and scale parame-
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ters pu and o are respectively

Lo MY 5.2.7
=1 (5:27)
and
. (Y —Y)
= 2.
o F— (5.2.8)
Also, (4.2.16) can be shown as
Cov(B) = Cov((X'V X)) 1X'V71Y)
— (le—lx)—lxlv—l(0_2v)((le—lx)—lxlv—l)/
— O_Z(x/v—lx)—l
2 lvfl _ 1IV71
_ JZ KV p ( ©) (5.2.9)
~'v-tp) 1vh
2 1 -1
n(n—1) 1 n
o, B Enz
= 0
E1s Ex
Therefore, on simplification we get
1
E = — 5.2.10
1 n(n—1) ( )
1
E = 2.11
n = (5:211)
1
E = ——. 212
12 n(n —1) (5 )

Now, we need to show that 1 and ¢ are invariant:
n(p+qZp) — (p+q2)

/lp-&-qZ =

n—1 B
. (n—l)p—l—an[l]—qZ
a n—1
nZm — 2
— p+g— =
n—1
= p+ap,
. nl(p+qZp)) — (p+q2)]
Op+ez =

n—1
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(n(Zp) — 2))]
9 n—1

= qu.

Then,
Y[k]_ﬂy _ (M""O-Z[k})_(ﬂ_'_o-ﬂz)

oy oo,
i) — fiy
o, )

Y — . .
Therefore, [ki_ %Y has nothing to do with i and ¢ and we can generate the random
Y

sample Y7, ...,Y, from Exp(0,1) instead of Exzp(u, o).

5.2.3 Best linear invariant estimators

The best linear invariant (in the sense of minimum mean squared error and
invariance) estimators (BLIE) /i and & according to Mann (1969) are

E1s )
14 B/’

= o
o
1+ Ea

where 1 and ¢ are the BLUE of p and ¢ obtained from (5.2.7) and (5.2.8), respec-
tively

Using E12 and Fas obtained from (5.2.10), (5.2.11) and (5.2.12), BLIE become

Y
n

. 1
i = (14 —)V - (5.2.13)

o= Y-V (5.2.14)

Thus, the invariant property for the estimators is shown as:

. 1 p+qZ
Hptqz = (1+n)(P+qZ[1])—(n)
1 Z
- 14+ )2y — 2
pta((L+ )7y - )

= p+yai,
Gprqz = W0+aZ)—(p+aZp)

= o(Z - Zp)

= qo,.
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Then, Yy = p+ o0 Z) and

Y[k]_ﬂy _ (N+UZ[k]>_(M+JﬂZ)

o [exe)

Y zZ

) — iy

0z

Y —fi . .
Therefore, %ﬂy has nothing to do with u and o and we can generate the random
Y

sample Y7, ...,Y, from Ezp(0,1) instead of Exzp(u,o).

5.3 Graphical tests for the exponential distribution

In this section, we continue to investigate the graphical tests for the exponential
distribution which are generalised from the graphical tests for normality. Note that

(f1,6) can be replaced by (i1, 5), (i, ) and (i, 5).

5.3.1 The Kolmogorov-Smirnov test (The D test)

The Kolmogorov-Smirnov statistic is

D= max ‘F((Y[k] —iy))6y) — (k- O.5)/n’. (5.3.1)

Let c,, be a critical constant so that P{D < ¢, } =1 — a when a sample follows an
exponential distribution Ezp(u, o). This probability statement can be rewritten as
l-a = P{D<c,}
= P{ max |F((Y —i1)/0,) — (k= 05)/n| <c, }
- P{ — ¢, < F((Yjy — f1y)/6,) — (k—0.5)/n < c, for k=1, n}
Voo — i
= P{M € F_l((k‘ —0.5)/n+c,) for k=1, ,n}
Y

g
- P{YW €fiy —6,In(1—(k—05)/nFcy) for k=1, n} (5.3.2)

Note that the expression (5.3.2) has nothing to do with the unknown parameters g

Y1 — Yo — i Y. — Y —
and o since —-—t TR pop0.1), Let Zy = £ and Zpy = 2L
o o
for k =1,...,n. Using the invariant property, then
Y —ny _ (wtoZy) —(n+opy,)
Oy oo,

Zig) — fiy

Oz
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Therefore, T’”LY has nothing to do with p and o and we can generate the random
sample Y7, ...,Y, from Ezp(0,1) instead of Exp(u,o) in order to find the critical
constant c,.

The required critical constant ¢, can be evaluated straightforwardly as the (1 — «)-

quantile of D by using the following simulations:
1. Simulate one D by generating i.i.d. Y1,...,Y,. from Exp(0,1).
2. Calculate fi,,,, and (Y, ..., Y},)), and compute D using formula (5.3.1).
3. Simulate a large number R of independent copies of D : Dy, ..., Dg.

4. Use the (1—a«) sample quantile of Dy, ..., Dr as an approximation of the critical

constant c.

From (5.3.2), Y[y should fall in the corresponding interval

fiy —6,In(1—(k—=05)/nFc,) fork=1,..,n (5.3.3)

with a simultaneous probability 1 — « if the sample follows an exponential distribu-

tion.

5.3.2 The Dy, test

Based on the Dy, test of Michael (1983), the statistic D, for testing exponen-
tiality is defined by

- arcsm \/F /6y) — 2 arcsin y/(k — 0.5)/n ) (5.3.4)

™

D,, = max
1<k<n

Let cgp be a critical constant so that P{Ds, < ¢sp} = 1 —a when the sample follows
an exponential distribution. The critical constant ¢y, can be computed by simulation

in a similar way as is the case with c¢,,. This probability statement can be rewritten

as
l—-a = P{Dsp < csp}
- P{ max —arcsm\/F Vi — fiy)/6 )—%arcsinm’ <c5p}
= P{-cy< amm VE(Vig — fy)/6,) —m < g fork=1,... n}
- P{Y 1(sin2(g(mi csp))) for k=1,... n}
- P{Y € fiy — 6y In (1 81n2(g(m:|:08p))) for k=1,... n} (5.3.5)
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where m = 2 arcsin \/(k — 0.5) /n. The expression (5.3.5) provides the simultaneous

intervals for Y|y, k =1,...,n. Consequently, the simultaneous interval for Y[ is
fiy — 6y In[1 —sin? (arcsin \/(k — 0.5)/n £ Zcgp)| for k=1,...,n

5.3.3 The D, test

Let Z1,..., Z, be a simple random sample drawn from the standard exponential

distribution Exp(0,1) and Zp; < ... < Zp, be their ordered values. Then, the

expected value and variance of Z for k =1,...,n are given by
S
pe = E(Zy) =) - (5.3.6)
i=1
k
2
op = Var(Zy) = Z (5.3.7)
— (n—i+1

where fi(z) is the probability density function of Zj) and is defined as

fe(z) =

n!

(k—1)(n—k)!

Note that F(z) and f(z) are the cdf and pdf of Exp(0,1), respectively. Since the
Y)’s are taken from the distribution Fxp(u, o), it is clear that (Ym, - Y[n]) have the

F)F )1 =FR)" ", —o<z<o0.  (538)

same joint distribution as (u + o Zpy, ..., st + 0 Z,)). In particular, we have
A
EYg) = ptoup=p+ a; S| and (5.3.9)
i 1
Var(Yy) = o’op=o0" Z; Tyt (5.3.10)

Specially, we construct the D, statistic as

Yoy — (i +6
Do = max = Uy FOvim)] (5.3.11)
1<k<n G0

Let ce be a critical constant chosen so that all the Y};;’s will be contained in the corre-
sponding intervals simultaneously with probability 1 —a. The probability statement

can be rewritten as

l—a = P{De<ce}

Y — (i, +0
_ P{ e Yk (fty v i) §ce}
1<k<n Gy 0k

- P{Ym € (fiy + 6, ) £ &Yakce}. (5.3.12)
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Y[k] - (ﬂy +6y .u'k) .

Consider the term &, 0% in (5.3.12), where fi, and &, are the estimators of

the location and scale parameters, respectively. Since %, ey % i Exp(0,1).

Let Z = @ and Zp = @ for k = 1,..,n. Then Y = pu+ oZy for
k=1,..,n and

Yv[k} - ('ay + a-yﬂk) _ (:u + UZ[k]) - (:u + O-a-z + O-a-z:uk:)
&Yo'k- Ua.ZO-k‘
Zng— (L, +6
_ D= (g Oamm) (5.3.13)
6,0k

It is clear from (5.3.13) that the simultaneous coverage probability in (5.3.12) de-
pends only on the sample size and the critical constant, and has nothing to do with
the unknown parameters p and o. Furthermore, the critical constant c. can be

estimated in a similar way as was the case with c,,.

5.3.4 The Dy, test
According to Theorem 2.1.1, U = F(@) ~ U(0,1). Consequently, Uy =

Vi —

F(M) ~ beta(k,n — k + 1) if F(-) is a cdf of exponential distribution. We
o

apply the Dy, statistic for testing normality to exponentiality by the following steps:

e Step 1. Construct p* level highest-density probability interval for Uy;. That
is, [L(p*,k,n),U(p", k,n)] is the shortest probability interval for Uy, among
all the p* level probability intervals for Up,.

e Step 2. Construct simultaneous probability intervals for Yj;; < ... < Y},

based on
Vi — &
L(p* k,n) < F(M> <U@p* k,n) fork=1,...n,
UY
where p* is chosen so that
Vi — 4
K(p*) = P{Fﬁl(L(p*, k,n)) < [HTMY < F~YU(p* k,n)) for k =1, ,n}
Y
Vi — 4
P{ —In(1 = L(p*, k,n)) < M < —In(1-U(p*,k,n)) for k =1, ,n}
UY

e Step 3. Such a p* can be found by simulation :
(i) for each p*, find K(p*);
(ii) search over p* € (1 — 9,1 — ) so that K(p*) =1 — a.

Therefore, the simultaneous probability intervals for Yj;; < ... < Y}, can be
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expressed as

fi =6y In(1 = L) <V <fiy, =6, In(1-U) for k=1,...,n. (53.14)

5.3.5 The Dy, test

Similar to the Dy; statistic for testing normality, the statistic Dy; for testing

exponential distribution can be defined as

o |F (Y — f1y,)/6y) — (k — 0.5)/n]
B = Y (o [y e P (5.3.15)

Let ¢,; be a critical constant so that P {Dbi < cbl} = 1—a; ¢,, can be determined by
simulation as was ¢, from the D test. The probability statement for Y| < ... <Y,

is given by
l-a« = P Dbi<Cbi}

- |F((Yigy = ity)/6y) = (k = 0.5)/n] . }

1<k<n \/(k —0.5)(n — k +0.5) /n3 "

F((Yj — f1y)/6y) — (k= 0.5)/n
)

< <ec, fork=1,...,
" V(k=0.5)(n -k + 0.5)/n3 o 1O n}
_ _1(k—05 Yy — iy . /k—05
= PJF ( - dcbi) < Y <F ( - —l—dcbi>}
k—0.5

Il
g
— = —
\
)

IchM) forkzl,...,n}

where d = /(k — 0.5)(n — k + 0.5)/n3. Therefore, the simultaneous interval of Y
is

k — 0.
ﬂy—&yln(l— 05

Fe,V/(k—05)(n—k+05)/n3) for k=1,...,n. (5.3.16)

5.4 Non-graphical tests for the exponential distribution

The selected non-graphical tests for testing an exponential distribution are the
Anderson-Darling and the Cramer von Mises tests which are similar to the non-

graphical tests used for testing a Weibull distribution.
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5.4.1 The Anderson-Darling test

The Anderson-Darling test statistic (AD) is

AD = — z’ﬂ: |:(2k — 1){ln<Fk) + ln(l — Fn+1fk)}] —n, (5_4'1)

n
k=1

Y —i .. . .
where Fj, =1 —exp ( - %W) The critical constant c,,, which satisfies P{AD <
Y
Cap} =1 — o can be determined by simulation as was the critical constant ¢, from

the D test.

5.4.2 The Crarmer-von Mises test

The Crarher-von Mises statistic (CvM) is

n k—
CvM = ; [Fk _2 - 1]2 + ﬁ (5.4.2)

Yir — by
6—Y

where Fj, = 1—exp <— ) The critical constant ¢, which satisfies P{CvM <
Coum} = 1 — a can be determined by simulation as was the critical constant ¢,, from

the D test.

5.5 Power comparison

To estimate powers of the tests for the exponential distribution, the Monte Carlo
simulation is applied. In the first part of the simulation study, the critical values
under the two-parameter exponential distribution are computed. In the second part,
the powers are estimated based on simulation data from 23 alternative distributions.
They are used in many power studies for goodness-of-fit tests. These alternative
distributions are still categorised into three groups.

The first group (Group I) of nine distributions is asymmetrical on the support

(0,00) and includes:
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LogN(0,1);

e HN(0,1);

Wi(0,0.5,0.5);

Wl (0,2,2).

The second group (Group II) of seven distributions is on the interval (0,1) and

consists of:

e U(0,1);

beta(2,2);

beta(2,5);

beta(5,1.5);

beta(0.5,0.5);

beta(0.5,3);
o beta(l,2).

The third group (Group III) of eight distributions is symmetrical on the support

(—00,00) and includes:

Laplace(0,1);

logistic(0,1);

Cauchy(0,1);
e N(0,1);

e t(1);

).
3);
)
)

[ ]
~~

[
~

4);

e £(6).

(
(
(
(
Some of the referred alternative distributions have been used by Kimber (1985) and
Stiriicii (2008). The critical values and powers of the seven tests are computed for all

possible combinations of a = 0.01, 0.05 and 0.1, three estimators (MLE, BLUE and
BLIE), and sample sizes n = 5(5)30, 40, 50, 100, 150 and 200. The largest selected
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sample size is 200 at which the power against almost all alternative distributions
reaches 100%. The goodness-of-fit tests investigated are the combinations of the
test statistics and parameter estimators listed in Table 5.1. Before carrying out the
power study, the critical values of the test statistics with the exception of the Dy,
statistic using three estimators are computed based on 300,000 simulations drawn
from the standard exponential distribution for each sample size under consideration
(see Tables 5.2 - 5.4). The powers of each test for each circumstance are calculated
based on 100,000 simulations. As the observations made from this power comparison
study are similar for o = 0.01, 0.05 and 0.1, only the power for o = 0.05 is analysed
here in Tables 5.5 — 5.13. The corresponding tables for power comparison considering
significance levels a = 0.01 and 0.1 are available at the end of this chapter in Tables

5.19 — 5.27 and Tables 5.28 — 5.30, respectively.

Table 5.1: Combination of goodness-of-fit test statistics and the estimators

Estimators

Test statistics MLE BLUE BLIE

D D(1) D(2) D(3)
Dip Dyp(1) Dyp(2) Dyp(3)
D. Dc(1)  De(2)  De(3)
Dpe Dye(1)  Dpe(2)  Dre(3)
Dy, Dyi(1)  Dyi(2)  Dyi(3)
AD AD(1) AD(2) AD(3)

CvM CvM(1) CvM(2) CvM(3)
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Table 5.2: Critical values for testing exponential distribution of the D, D, D¢, Dy;, AD
and CvM tests by using MLE at o = 0.01,0.05 and 0.1 for several sample sizes

(a) «=0.01
n D(1) Dgp(1) D(1) Dy, (1) AD(1) CvM(1)
5 0.4409 0.3450 1.8271 2.0460 1.9165 0.3526
10 0.3405 0.2570 2.5282 2.4175 1.9523 0.3506
15 0.2868 0.2186 2.8129 2.7170 1.9508 0.3488
20 0.2550 0.1945 2.9712 2.9352 1.9643 0.3463
25 0.2315 0.1786 3.1068 3.1416 1.9704 0.3450
30 0.2140 0.1652 3.2134 3.2596 1.993 0.346
40 0.1881 0.1436 3.2821 3.5385 1.9648 0.3442
50 0.1686 0.1324 3.3920 3.7668 1.9773 0.3393
100 0.1235 0.0972 3.5935 4.3471 1.9719 0.3448
150 0.1005 0.0807 3.6869 4.5253 1.9182 0.3334
200 0.0879 0.0718 3.7643 4.8550 1.9458 0.3398
(b) a =0.05
n D(1) Dop(1) D.(1) Du(1) AD(1) CeM(1)
5 0.3515 0.2926 1.5291 1.6360 1.4621 0.2336
10 0.2785 0.2215 1.9421 1.9410 1.3944 0.2271
15 0.2364 0.1876 2.1357 2.1360 1.3722 0.2225
20 0.2104 0.1658 2.2708 2.2958 1.3648 0.2237
25 0.1930 0.1515 2.3502 2.3985 1.3613 0.2265
30 0.1775 0.1397 2.4194 2.5002 1.3518 0.2220
40 0.1569 0.1234 2.4900 2.6396 1.3462 0.2247
50 0.1416 0.1127 2.5656 2.7928 1.3410 0.2229
100 0.1030 0.0835 2.7538 3.1105 1.3334 0.2231
150 0.0851 0.0700 2.8333 3.2746 1.3167 0.2210
200 0.0737 0.0615 2.9068 3.3824 1.3307 0.2240
(¢) a=0.1
n D(1) D.p(1) D.(1) Dui(1) AD(1) CeM(1)
5 0.3012 0.2566 1.3956 1.4427 1.2433 0.1819
10 0.2469 0.2012 1.7167 1.7301 1.1492 0.1795
15 0.2121 0.1713 1.8793 1.8936 1.1224 0.1769
20 0.1891 0.1526 1.9870 2.0251 1.1088 0.1767
25 0.1731 0.1393 2.0494 2.1160 1.0982 0.1775
30 0.1598 0.1285 2.1067 2.1969 1.0935 0.1763
40 0.141 0.1136 2.1900 2.2970 1.0893 0.1761
50 0.1273 0.1032 2.2524 2.3962 1.0867 0.1758
100 0.0928 0.0768 2.4127 2.6307 1.0711 0.1755
150 0.0769 0.0642 2.5098 2.7692 1.0690 0.1748
200 0.0669 0.0565 2.5633 2.8377 1.0696 0.1747
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Table 5.3: Critical values for testing exponential distribution of the D, D, D, Dy;, AD
and CvM tests using BLUE at o = 0.01,0.05 and 0.1 for several sample sizes

(a) «=0.01
n D(2) Dyp(2) D.(2) Dy, (2) AD(2) CvM(2)
5 0.3449 0.2246 1.6935 1.6832 0.9838 0.1960
10 0.3103 0.2109 2.4551 2.4579 1.3397 0.2612
15 0.2726 0.1905 2.8168 2.9110 1.4733 0.2856
20 0.2449 0.1756 3.0484 3.1963 1.5874 0.2975
25 0.2245 0.1646 3.2326 3.4526 1.6386 0.3035
30 0.2083 0.1532 3.3305 3.5633 1.7018 0.3103
40 0.1841 0.1369 3.3955 3.8211 1.7424 0.3176
50 0.1663 0.1267 3.5310 4.0456 1.7715 0.3203
100 0.1224 0.0954 3.7490 4.5665 1.8727 0.3323
150 0.0998 0.0800 3.8591 4.7378 1.8384 0.3244
200 0.0875 0.0709 3.9295 5.0245 1.8978 0.3321
(b) a = 0.05
n D) Dop(2) D.(2) Dui(2) AD(2) CeM(2)
5 0.2863 0.1879 1.2870 1.3823 0.7360 0.1420
10 0.2559 0.1746 1.8752 1.9501 0.9308 0.1769
15 0.2254 0.1577 2.1398 2.2560 1.0225 0.1914
20 0.2041 0.1455 2.3098 2.4693 1.0771 0.1992
25 0.1872 0.1351 2.4021 2.5957 1.1185 0.2047
30 0.1739 0.1266 2.4790 2.7217 1.1386 0.2064
40 0.1541 0.1143 2.5800 2.8657 1.1755 0.2107
50 0.1396 0.1055 2.6806 3.0425 1.1961 0.2143
100 0.1023 0.0801 2.8511 3.3564 1.2487 0.2170
150 0.0847 0.0677 2.9553 3.4836 1.2629 0.2164
200 0.0736 0.0599 3.0123 3.5975 1.2842 0.2198
(b) a=0.1
n D) Dop(2) D.(2) Dui(2) AD(2) CeM(2)
5 0.2540 0.1669 1.1345 1.2057 0.6212 0.1162
10 0.2292 0.1561 1.6251 1.7080 0.7654 0.1426
15 0.2022 0.1420 1.8495 1.9617 0.8269 0.1510
20 0.1829 0.1307 1.9898 2.1331 0.8680 0.1576
25 0.1683 0.1217 2.0721 2.2499 0.9005 0.1621
30 0.1558 0.1145 2.1447 2.3472 0.9142 0.1632
40 0.1388 0.1036 2.2400 2.4707 0.9427 0.1658
50 0.1258 0.0958 2.3121 2.5789 0.9671 0.1681
100 0.0922 0.0727 2.4889 2.8282 1.0028 0.1709
150 0.0766 0.0617 2.5959 2.9628 1.0187 0.1719
200 0.0667 0.0545 2.6445 3.0116 1.0316 0.1733
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Table 5.4: Critical values for testing exponential distribution of the D, D, D¢, Dy;, AD

and CvM tests using BLIE at o = 0.01,0.05 and 0.1 for several sample sizes

(a) «=0.01
n D(3) Dsp(3) D.(3) Dy (3) AD(3) CvM(3)
5 0.3975 0.2602 2.3136 1.9394 1.2168 0.2507
10 0.3285 0.2235 2.8737 2.6455 1.4542 0.2967
15 0.284 0.1984 3.1335 3.0082 1.5618 0.3124
20 0.2518 0.1814 3.2929 3.2414 1.6247 0.3169
25 0.2308 0.1679 3.4455 3.4467 1.6814 0.3238
30 0.2127 0.1566 3.5041 3.5692 1.7351 0.3272
40 0.1863 0.1386 3.5429 3.7632 1.7702 0.3307
50 0.1684 0.1278 3.6597 3.9588 1.804 0.3294
100 0.1231 0.0953 3.8198 4.4788 1.8677 0.3404
150 0.1001 0.0801 3.903 4.6847 1.8492 0.3269
200 0.0876 0.0708 3.9692 4.9646 1.8964 0.3375
(a) & =0.05
n D(3) D.p(3) D.(3) Dyi(3) AD(3) CvM(3)
5 0.3336 0.2197 1.8840 1.6261 0.9427 0.1885
10 0.2753 0.1866 2.2580 2.0770 1.0558 0.2073
15 0.2361 0.1639 2.4292 2.3167 1.1074 0.2136
20 0.2113 0.1496 2.5378 2.4796 1.1427 0.2166
25 0.1920 0.1377 2.5998 2.5907 1.1664 0.2180
30 0.1775 0.1286 2.6459 2.6890 1.1857 0.2189
40 0.1567 0.1153 2.7151 2.8344 1.2088 0.2198
50 0.1416 0.1060 2.7940 3.0026 1.2248 0.2226
100 0.1027 0.0800 2.9223 3.3090 1.2631 0.2203
150 0.0851 0.0677 3.0022 3.4491 1.2718 0.2196
200 0.0739 0.0599 3.0498 3.5663 1.2916 0.2219
(b) a=0.1
n D) D.,(3) D.(3) Dui(3) AD(3) M)
5 0.2999 0.1989 1.6946 1.4159 0.8215 0.1569
10 0.2475 0.1678 1.9899 1.7993 0.8783 0.1693
15 0.2127 0.1480 2.1196 1.9982 0.9052 0.1702
20 0.1896 0.1343 2.2119 2.1350 0.9331 0.1742
25 0.1729 0.1238 2.2573 2.2336 0.9500 0.1734
30 0.1596 0.1161 2.3093 2.3245 0.9622 0.1735
40 0.1411 0.1045 2.3700 2.4445 0.9785 0.1742
50 0.1280 0.0959 2.4178 2.5426 0.9913 0.1747
100 0.0928 0.0727 2.5523 2.8017 1.0137 0.1746
150 0.0770 0.0616 2.6381 2.9377 1.0292 0.1741
200 0.0670 0.0545 2.6798 2.9924 1.0344 0.1753
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5.5.1 The best choice of parameter estimation

As previously outlined, the three estimators (MLE, BLUE and BLIE) are derived
in detail. The objective of this section is to find the best choice of the parameter
estimation which gives the highest powers of the tests. Then, the selected estimator
will be used in order to construct the simultaneous probability intervals for the
ordered data associated with a considered test in the next section. Figures 5.1-5.3
illustrate plots of power comparisons for the D test using three estimators against
the alternative distributions from Groups I, II and III, respectively. These figures
are produced by using the powers of the D test in Tables 5.5-5.13. Also, plots of
power comparisons for the other tests using three estimators are shown in Figures
5.4-5.21. From Figures 5.1-5.21, one can identify the best choice of the estimators
that gives the highest power.

e For the D test (see Figures 5.1-5.3), in most situations over the alternative
distributions considered, the powers of D(3) are larger than those of D(1) and
D(2). However, for some distributions (x?(1), LogN (0, 1), Wbl(0,0.5,0.5) and
beta(0.5,3)), D(1) gives the most power out of all sample sizes.

e For the Dy, test (see Figures 5.4-5.6), it can be seen that Djy(3) provides
superior power compared to Dsy(1) and Dgp(2) in most cases under Group
I. However, Ds,(1) has higher power than Dg,(2) and Dgy,(3) against x*(1),
Wbl(0,0.5,0.5) and beta(0.5,3). Also Dg,(2) is the best choice against LogN (0, 1).
Generally, Dgy(3) for small sample sizes appears to have larger power than
Dy (1) and Dg,(2) over the alternatives from Group II and Group III, but the

powers of all tests grow closer to one another as n increases.

e For the D, test (see Figures 5.7-5.9), among the alternative distributions
from Group I, D.(1) seems to be the most powerful for yx?(1), LogN(0,1),
Wbi(0,0.5,0.5) and beta(0.5,0.5). Evidently, D.(2) has larger power than
D.(1) and D.(3); however, the power of D,(2) is slightly greater than that of
D.(3) by less than 1%.

e For the Dy test (see Figures 5.10-5.12), the Dy (3) provides superior power
when compared with Dy (1) and Dy (2) in most cases under Group 1. However,
Dye(1) has more power than Dy (2) and Dy (3) against x%(1), Wbl(0,0.5,0.5)
and beta(0.5,3). Also Dy (2) is the best choice against LogN (0, 1). Generally,
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Dy (3) for small sample sizes (n = 5,10, 15 and 20) appears to have greater
power than Dp(1) and Ds(2) over the alternatives from Group II and Group
III, but it can be observed that the powers of all tests are close to one another

when n increases.

For the Dy; test (see Figures 5.13-5.15), the results suggest that Dy;(2) and
Dy,;(3) are the most powerful in most situations when all distributions are con-
sidered. Nonetheless, Dy (1) has greater power than D.(2) and D,(3) against
x2(1), Wbi(0,0.5,0.5), beta(0.5,3) and LogN(0,1).

For the AD test (see Figures 5.16-5.18), it can be seen that Dy;(2) and Dy;(3)
are the most powerful in most situations when all distributions are considered.
On the other hand, AD(1) has more power than AD(2) and AD(3) against
x2(1), Wbl(0,0.5,0.5), beta(0.5,3) and LogN(0,1).

For the CvM test (see Figures 5.19-5.21), CvM(1) seems to have the most
power for x2(1), LogN (0,1), Wbl(0,0.5,0.5) and logistic(0,1). For small sam-
ple sizes (n = 5,10, 15 and 20), the powers of CvM(1) are substantially less
than that of CvM(2) and CvM(3). In general, CvM(3) provides better power

than CvM(1) and CvM(2) in most cases when all distributions are considered.

Based on the simulation study and the observations above, the following conclu-

sions can be drawn.

1. MLE results in the highest power when the considered alternative distributions

are x2(1), LogN(0,1), Wbl(0,0.5,0.5) and beta(0.5, 3).

2. In many cases, the BLUE and BLIE produce little difference in power.

3. For most alternative distributions, a test using BLIE is the most powerful test.

Overall, BLIE should therefore be used as the best estimator for testing the expo-

nential distribution.
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Table 5.5: Powers (in %) of the five graphical tests and the two non-graphical tests by

using MLE at o = 0.05 against the alternative distributions from Group I for several sample

sizes n

Alternatives n D(1) Dsp (1) D.(1) Dy (1) Dy,; (1) AD(I) CvM(1)
Xz(l) 5 14.24 15.85 11.34 16.30 13.64 9.58 15.17
10 27.36 31.98 18.05 32.79 22.71 23.45 30.18

15 38.42 45.63 24.08 42.77 27.9 37.88 42.69

20 48.52 57.75 30.36 55.95 32.35 50.94 53.56

25 56.31 65.92 37.13 65.62 36.96 61.87 62.69

30 65.01 73.8 43.21 74.25 41.78 70.85 71.06

40 77.23 85.57 60.14 85.2 53.4 84.4 82.61

50 86.34 92.31 71.3 91.72 60.05 92.18 90.26

100 99.15 99.75 97.47 99.7 91.91 99.81 99.58

150 99.92 100 99.84 99.99 98.65 99.99 99.95

200 100 100 100 100 99.94 100 100

2(3) 5 3.19 3.34 1.56 3 3.54 5.90 2.84
10 4.02 2.72 5.83 3.17 6.15 7.76 2.99

15 5.09 3.26 7.57 2.71 10.2 10.50 4.65

20 6.25 3.81 8.61 3.4 12.28 12.24 6.17

25 7.7 5.26 10.94 4.16 16.20 14.72 7.65

30 9.9 7.47 13.26 6.06 20.08 18.5 10.72

40 13.79 11.88 19.16 9.47 26.46 25.43 15.83

50 19.79 17.04 24.92 12.54 30.98 32.61 22.3

100 46.11 46.33 52.9 41.71 54.16 65.83 53.91

150 69.81 70.7 74.65 64.1 72.41 86.05 78.29

200 85.04 85.81 87.47 82.11 83.77 94.99 90.63

X2(4) 5 2.44 2.93 4.2 2.53 2.85 6.43 1.94
10 4.48 2.47 7.76 2.54 8.08 11.61 3.38

15 8 4.11 11.63 3.01 15.7 17.25 7.56

20 12.06 7.48 16.2 5.93 22.58 23.27 12.01

25 16.5 11.75 22.59 9.58 30.68 30.95 17.97

30 22.8 18.09 28.68 14.57 37.74 38.80 25.66

40 34.7 30.89 42.54 24.33 50.59 53.60 39.62

50 47.47 43.97 54.82 35.35 60.01 67.66 54.6

100 87.63 86.93 89.01 83.87 89.44 96.04 92.69

150 98.19 97.88 98.2 96.87 97.76 99.77 99.38

200 99.75 99.67 99.7 99.63 99.57 99.97 99.92

X2(6) 5 2.25 2.18 4.93 2.14 2.99 7.58 1.57
10 6.81 3.04 10.96 2.83 12.22 17.46 5.68

15 13.93 7.55 19.67 5.58 25.68 29.18 14.73

20 23.89 15.93 30.3 12.48 38.87 42.53 25.79

25 33.63 25.46 41.12 20.87 50.96 54.14 37.36

30 45 37.47 51.74 31.67 61.08 65.30 50.82

40 64.2 59.32 70.74 51.56 76.54 82.28 71.95

50 78.68 74.68 81.61 67.22 84.88 90.88 85.33

100 99.08 98.75 98.9 98.12 98.93 99.80 99.63

150 99.98 99.98 99.99 99.97 99.98 100 100

200 100 100 100 100 100 100 100

~2(10) 5 2.28 2 5.25 2.05 3.12 8.89 1.33
10 9.67 3.92 15.43 3.67 17.61 25.12 8.61

15 23.17 12.68 30.47 10.06 37.97 43.42 24.99

20 37.99 27.01 45.03 22.29 53.84 59.77 42.5

25 51.84 42.58 58.62 35.87 67.37 72.48 58.2

30 65.47 57.54 69.64 51.01 77.28 82.44 72.99

40 83.11 78.72 85.75 72.95 89.53 93.47 89.06

50 93.21 90.56 93.93 85.85 95.4 97.93 96.23

100 99.92 99.84 99.89 99.83 99.9 100 99.99

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

LogN(0,1) 5 7.96 6.42 6.97 6.25 7.87 5.75 8.26
10 11.15 8.13 12.34 8.17 11.02 8.34 12.3

15 13.21 8.84 16.24 7.94 11.53 10.13 15.22

20 14.87 9.87 19.74 8.72 12.21 11.79 16.75

25 15.89 10.15 23.15 9.3 12.25 12.94 17.95

30 17.44 11.2 25.81 10.26 12.15 15.12 20.39

40 20.62 13.27 31.88 11.4 13.73 18.65 23.05

50 23.14 13.9 36.87 11.52 13.84 21.75 26.12

100 38.11 26.82 59.87 25.12 22.15 41.06 42.9

150 51.2 44.8 76.54 41.14 35.01 62.06 58.78

200 64.74 62.51 86.76 59.74 47.73 78.08 72.09

HN(0,1) 5 2.46 3.3 4.1 3.13 2.85 6.37 2.08
10 4.26 2.92 6.79 3.11 6.97 10.54 3.3

15 6.79 3.69 9.34 3.06 12.79 14.09 6.37

20 9.4 5.24 11.8 4.46 18.01 18.18 9.4

25 12.42 7.39 14.6 6.02 24.00 21.9 12.88

30 16.27 9.86 17.47 7.85 29.50 27.11 17.86

40 22.76 16.11 22.75 11.61 40.71 37.12 26.67

50 30.39 22.62 27.72 14.84 49.00 46.38 36.81

100 63.49 59.05 50.24 48.66 78.34 79.91 74.47

150 83.42 82.37 68.83 72.61 91.85 94.06 92.08

200 93.9 93.58 81.13 88.87 96.76 98.30 97.57

Wbl(0, 2,2) 5 2.16 1.75 5.61 1.45 3.04 9.63 1.18
10 10.14 4.07 16.69 3.73 18.35 26.48 9.2

15 24.2 13.05 31.1 10.25 38.23 44.79 26.36

20 38.81 26.12 44.72 21.54 57.2 61.79 44.39

25 52.52 40.86 58.35 34.59 71.4 75.17 61.27

30 67.25 57.52 70.29 48.86 82.21 85.29 76.41

40 83.9 79.04 84.84 71.64 92.52 94.83 90.95

50 93.14 90.61 92.81 84.71 97.01 98.48 96.96

100 99.97 99.95 99.93 99.93 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

Wbl(0,0.5,0.5) 5 28.88 30.07 24.85 30.8 27.83 20.85 31.27
10 58.29 61.29 45.32 60.64 53.35 54.66 62.56

15 76.02 79.36 62.61 T7.87 67.53 76.83 80.63

20 87.07 89.48 74.66 88.96 77.4 88.95 90.81

25 92.64 94.98 84.28 94.56 84.51 95 95.20

30 96.5 97.95 90.55 97.43 89.95 97.99 97.92

40 99.06 99.51 97.35 99.48 96.02 99.61 99.51

50 99.83 99.95 99.13 99.9 98.2 99.97 99.93

100 100 100 100 100 99.99 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

The bold number is the highest power among the seven tests for each sample size.
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Table 5.6: Powers (in %) of the five graphical tests and the two non-graphical tests by using
MLE at o = 0.05 against the alternative distributions from Group II for several sample sizes

n

Alternatives n D(1) Dsp(1) D.(1) Dy (1) Dy, (1) AD(1) CvM(1)
U(0,1) 5 3.34 2.13 8.57 2.08 4.72 14.57 1.71
10 13.71 5.08 21.51 4.93 23.16 33.40 14.24

15 27.09 11.64 33.08 9.15 57.40 51.09 32.61

20 40.16 28.51 42.75 17.66 83.24 66.25 50.47

25 51.58 53.84 52.61 31.15 95.15 77.99 64.41

30 63.78 77.88 61.28 54.51 98.92 86.6 77.54

40 79.29 97.3 75.66 88.25 99.94 95.93 91.35

50 89.95 99.78 84.6 98.08 100 98.91 97.3

100 99.91 100 99.15 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(2,2) 5 2.78 1.56 8.56 1.47 4.15 14.91 1.24
10 18.06 6.99 26.94 6.26 29.08 42.15 18.1

15 39.81 21.22 47.28 16.75 63.61 66.60 46.68

20 59.63 43.91 63.53 33.87 86.44 83.94 70.59

25 73.73 67.42 76.51 54.14 96.46 92.43 84.61

30 85.33 85.49 85.14 72.62 99.07 96.87 93.39

40 95.52 98.35 94.9 94.44 99.97 99.58 98.99

50 99.19 99.89 98.82 99.32 99.99 99.96 99.87

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(2,5) 5 1.99 1.94 5.08 1.88 2.81 8.72 1.11
10 8.3 3.53 13.59 3.01 14.92 21.40 7.21

15 17.68 8.99 23.58 7.5 30.98 36.82 19.59

20 30.31 18.74 36.03 14.98 49.74 53.45 34.55

25 42.91 31.28 48.63 24.56 65.37 67.45 50.51

30 55.16 44.97 58.76 36.81 75.67 77.30 65.03

40 74.04 68.26 75.77 58.18 89.6 90.93 83.61

50 86.12 83.87 85.85 73.83 95.69 96.36 92.98

100 99.7 99.88 99.61 99.71 99.99 99.99 99.95

150 99.99 100 99.99 100 100 100 100

200 100 100 100 100 100 100 100

beta(5,1.5) 5 6.37 1.19 17.2 1.01 9.58 28.60 1.96
10 44.24 22.48 55.62 21.12 61.17 73.92 50.36

15 77.36 58.82 81.76 50.37 94.37 93.43 85.74

20 91.82 89.12 92.96 79.7 99.52 98.64 96.54

25 97.51 98.36 97.51 94.74 99.99 99.79 99.4

30 99.41 99.85 99.26 99.12 100 99.96 99.9

40 99.98 100 99.99 100 100 100 100

50 100 100 100 100 100 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(0.5,0.5) 5 6.43 5.41 13.05 5.26 7.68 17.45 4.63
10 14.49 11.61 22.35 12.2 23.46 30.64 17.42

15 24.4 19.22 28.81 16.55 55.14 44.16 31.87

20 33.67 38.17 35.19 25.5 78.87 56.5 44.33

25 41.41 60.23 41.9 41.61 91.07 67.87 54.9

30 52.12 80.99 48.54 63.36 96.55 78.59 68.51

40 66.92 97.18 61.82 90.15 99.70 90.8 81.93

50 80.18 99.75 72.65 98.06 99.98 96.97 92.39

100 99.32 100 97.1 100 100 100 99.94

150 100 100 99.99 100 100 100 100

200 100 100 100 100 100 100 100

beta(0.5, 3) 5 11.51 13.78 9.18 12.48 11.03 8.84 12.16
10 18.12 24.33 8.99 25.02 14.23 15.99 19.99

15 25.12 35.13 11.25 33.86 16.58 25.71 28.23

20 31.75 44.36 12.53 44.66 18.47 34.07 35.13

25 36.89 51.46 15.28 52.67 21 42.93 40.91

30 44.76 60.8 19.81 61.69 24.74 52.96 50.21

40 56.29 73.86 30.71 73.67 31.66 67.43 61.26

50 66.2 82.35 41.23 81.14 36.69 78.33 71.4

100 92.9 98.24 83.93 98.50 71.39 97.9 94.63

150 98.9 99.83 97.44 99.88 91.77 99.85 99.36

200 99.83 99.97 99.69 100 98.23 99.99 99.88

beta(l,2) 5 2.74 2.98 4.78 2.8 3.16 7.47 2.15
10 4.87 3.16 7.99 3.56 8.13 12.73 4.09

15 8.8 4.81 11.88 3.95 17.38 18.39 9.13

20 12.56 6.62 14.85 5.54 28.08 24.43 13.53

25 16 9.29 17.74 7.68 41.05 30.52 18.22

30 22.27 14.91 21.73 9.98 53.90 37.36 26.41

40 30.53 29.25 28.3 16.31 74.56 49.41 37.89

50 38.91 45.5 32.75 25.2 87.08 59.52 49.24

100 75.93 98 58.81 91.27 99.95 92.35 87.8

150 93.31 100 78.84 99.85 100 99.22 98.48

200 98.49 100 90.58 100 100 99.94 99.91

The bold number is the highest power among the seven tests for each sample size.
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Table 5.7: Powers (in %) of the five graphical tests and the two non-graphical tests by using
MLE at a = 0.05 against the alternative distributions from Group III for several sample

sizes n

Alternatives n D(1) Dsp(1) D.(1) Dy (1) Dy; (1) AD(1) CvM(1)
Laplace(0, 1) 5 5.7 1.39 13.77 1.31 8.49 22.23 2.28
10 40.73 24.68 49.58 22.96 51.66 60.76 41.16

15 72.89 59.64 77.3 53.86 79.8 84.67 75.28

20 88.48 81.08 90.11 78.01 91.12 94.04 90.27

25 94.92 91.27 95.94 90.31 96.24 97.90 96.3

30 98 96.49 98.1 95.95 98.27 99.23 98.71

40 99.81 99.58 99.77 99.38 99.77 99.95 99.9

50 99.98 99.96 99.97 99.93 99.98 99.99 99.98

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

logistic(0, 1) 5 3.98 1.47 10.89 1.36 6.16 18.50 1.61
10 31.84 16.9 41.19 15.46 43.76 54.96 67.43

15 62.41 47.33 68.33 41.19 73.72 80.07 85.83

20 81.67 70.86 84.01 66.58 87.98 91.67 93.88

25 90.46 85.26 91.61 82.71 94.56 96.72 97.64

30 95.86 93.45 96.21 91.81 97.53 98.63 99.80

40 99.52 98.91 99.45 98.35 99.65 99.86 99.98

50 99.94 99.82 99.93 99.68 99.92 99.98 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

Cauchy(0,1) 5 21.57 5.01 29.66 4.88 25.17 35.30 15.57
10 62.45 50.65 68.29 49.45 70 71.57 62.44

15 85.22 79.88 88.49 76.38 89.4 89.73 86.38

20 94.23 92.07 95.77 90.39 96.02 96.35 95

25 97.6 96.71 98.4 96.24 98.48 98.91 98.23

30 98.98 98.66 99.39 98.71 99.29 99.59 99.36

40 99.89 99.87 99.92 99.76 99.9 99.97 99.94

50 99.98 99.96 99.98 99.95 99.97 99.99 99.98

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

N(0,1) 5 3.38 1.33 9.46 1.24 5.16 16.55 1.07
10 26 11.82 35.9 10.93 38.75 51.48 27.58

15 55.1 37.89 61.61 32.52 70.72 76.74 61.41

20 76.43 64.34 79.74 57.58 87.52 90.61 82.9

25 88.01 80.91 89.52 75.85 94.61 96.20 92.66

30 94.97 91.4 94.94 88.05 98.02 98.74 97.48

40 99.11 98.64 99.15 97.54 99.84 99.84 99.69

50 99.82 99.76 99.69 99.5 99.96 99.99 99.94

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(1) 5 21.98 5.4 30.37 4.98 25.69 35.07 15.99
10 62.93 50.39 68.64 49.67 70.29 71.54 62.93

15 85.29 79.6 88.39 76.39 89.77 89.75 86.46

20 94.07 91.89 95.54 90.41 95.85 96.12 95.11

25 97.43 96.76 98.24 96.16 98.3 98.60 97.96

30 99.16 98.88 99.47 98.58 99.42 99.69 99.41

40 99.91 99.83 99.94 99.8 99.91 99.96 99.95

50 100 100 100 99.99 100 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(3) 5 5.94 1.52 14.26 1.44 8.67 21.95 2.39
10 38.77 24.25 47.49 23.38 49.36 58.65 39.45

15 68.02 55.85 73.13 51.67 76.51 80.97 71.11

20 85.43 78.61 87.49 74.95 89.23 92.39 87.72

25 93.38 90.31 94.67 87.61 95.5 97.01 95.06

30 97.27 95.72 97.62 94.51 97.8 98.87 98.06

40 99.57 99.32 99.64 98.93 99.62 99.84 99.77

50 99.89 99.83 99.84 99.78 99.86 99.95 99.92

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(4) 5 4.79 1.23 12.32 1.23 7.11 19.68 1.91
10 36.12 21.07 45.4 20.39 47.53 57.34 37.11

15 65.31 51.92 70.54 47.43 75.01 79.72 68.79

20 83.65 75.91 85.7 72.04 88.65 91.50 86.81

25 92.83 88.48 94.02 85.73 95.2 96.93 94.74

30 96.81 94.54 97.14 93.56 97.66 98.86 97.94

40 99.41 99.03 99.48 98.65 99.52 99.87 99.73

50 99.95 99.85 99.94 99.8 99.94 100 99.99

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

(6) 5 3.92 T.24 11.06 1.26 500  18.88 1.9
10 33.15 17.83 42.26 17.11 44.7 55.41 34

15 62.78 47.27 68.42 41.6 73.35 79.34 67.04

20 81.33 71.93 84.07 67.82 88.01 91.43 85.39

25 91.69 86.58 93.05 83.23 94.82 96.80 94.19

30 96.55 94.02 96.81 91.82 97.73 98.75 97.81

40 99.49 99.02 99.46 98.5 99.58 99.83 99.69

50 99.97 99.88 99.96 99.64 99.94 99.99 99.98

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

The bold number is the highest power among the seven tests for each sample size.
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Table 5.8: Powers (in %) of the five graphical tests and the two non-graphical tests by using
BLUE at a = 0.05 against the alternative distributions from Group I for several sample sizes

n

Alternatives n D(2) Dsp(2) D.(2) Dy, (2) Dy, (2) AD(2) CvM(2)
Xz(l) 5 7.91 8.35 4.63 8.19 6.71 10.00 8.26
10 17.34 17.84 10.46 16.29 10.36 23.07 19.25

15 26.92 27.68 14.92 25.05 11.34 36.48 30.68

20 37.12 38.32 19.34 35.13 12.77 49.26 41.48

25 45.64 47.45 23.98 47.36 15.46 59.83 51.36

30 54.96 57.54 29.28 58.18 17.71 69.49 61.07

40 70.09 73.98 41.24 72.41 26.44 83.52 75.64

50 80.96 83.8 52.3 83.58 32.21 91.50 85.55

100 98.66 99.28 92.86 99.31 76.52 99.77 99.29

150 99.82 99.95 99.24 99.99 95.53 99.98 99.95

200 100 100 100 100 99.66 100 100

X2(3) 5 5.59 5.42 6.42 5.77 5.83 5.33 5.74
10 7.41 7.76 8.68 8 9.24 6.77 7.59

15 9.18 10.38 10.86 10.49 12.99 9.25 10.16

20 10.27 11.79 11.9 12.23 14.43 10.43 11.73

25 12.49 14.8 14.76 15.56 18.18 12.97 14.13

30 14.45 18.81 18.57 18.84 21.95 16.17 17.56

40 19.65 25.07 24.29 24.7 28.30 23.07 23.94

50 25.72 31.48 29.89 31.14 31.86 29.95 29.78

100 52.33 60.67 57.72 61.24 53.84 63.67 61.94

150 73.88 80.45 77.32 80.28 72.66 84.75 82.56

200 87.58 91.06 88.73 91.36 83.27 94.44 93.05

X2(4) 5 5.91 5.59 7.44 6.69 6.17 5.35 6.12
10 9.87 10.45 11.53 10.42 12.26 9.55 11.31

15 14.66 16.32 17.06 16.98 19.62 14.68 16.36

20 19.19 21.67 22.13 22.71 25.72 20.64 22.42

25 24.64 29.05 29.14 29.39 33.80 27.78 29.36

30 31.06 36.25 35.65 37.22 39.32 35.75 37.27

40 43.19 49.77 48.58 49.65 51.97 50.41 51.1

50 55.93 61.83 59.84 61.64 60.02 64.87 64.27

100 90.76 92.41 90.97 92.92 88.85 95.48 95.06

150 98.67 98.98 98.34 98.9 97.57 99.71 99.62

200 99.83 99.86 99.7 99.87 99.46 99.97 99.94

X2(6) 5 7.07 6.81 8.55 7.67 7.25 6.56 7.32
10 14.83 15.36 17.13 15.77 18.36 14.81 16.89

15 23.9 26.42 27.22 27.22 30.93 25.58 27.98

20 34.27 37.38 37.61 36.93 41.80 38.41 40.93

25 44.62 49.03 48.93 48.86 53.30 50.52 52.39

30 54.8 59.9 58.66 59.7 61.97 62.18 63.69

40 72.63 76.28 75.14 74.95 76.73 80.16 80.70

50 83.9 86.01 84.1 85.35 84.36 89.59 89.86

100 99.39 99.37 99.08 99.33 98.75 99.74 99.75

150 99.99 99.99 99.99 99.99 99.95 100 100

200 100 100 100 100 100 100 100

X2(10) 5 8.42 8.06 10.32 8.86 8.86 7.55 8.55
10 20.65 21.31 23.28 22.2 25.10 21.37 24.11

15 35.74 37.56 38.7 38.33 42.65 39.46 42.04

20 50.19 52.42 52.71 52.02 56.78 56.08 58.20

25 63.13 65.89 65.28 65.36 69.11 69.56 71.19

30 73.78 76.06 74.74 76.25 77.79 80.27 81.47

40 88.01 88.94 87.92 88.44 89.34 92.68 93.07

50 95.23 95.79 94.83 95.3 95.04 97.60 97.58

100 99.95 99.95 99.91 99.98 99.88 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

LogN(0,1) 5 6.41 6.34 4.97 6.63 6.51 6.67 6.32
10 9.84 9.38 9.92 9.31 8.16 11.56 10.69

15 11.83 11.01 13.34 11.17 8.97 13.57 12.75

20 13.48 12.77 17.45 12.75 9.74 15.64 15.17

25 15.06 13.66 20.56 13.85 9.99 17.31 16.73

30 16.65 15.03 23.45 15.36 10.2 19.37 18.88

40 19.8 17.74 29.71 17.82 11.73 22.62 22.59

50 22.76 19.97 34.63 20.49 12.36 25.67 25.32

100 37.93 37.18 60.02 39.64 22.02 45.03 43.9

150 51.55 56.12 76.62 57.98 36.96 64.12 60.73

200 65.26 71.8 87.64 74.84 49.14 79.44 74.33

HN(0,1) 5 5.72 5.51 7.15 6.1 5.99 5.36 5.99
10 9.12 9.05 10.43 9.5 10.68 8.75 10.04

15 11.93 12.09 12.99 12.45 15.69 11.88 13.42

20 14.78 15.16 15.42 14.92 20.20 15.87 17.43

25 18.36 18.76 18.18 18.4 25.02 19.37 21.67

30 22.07 22.8 21.08 22.27 29.73 24.4 26.78

40 29.15 29.65 25.74 27.5 39.73 34.01 36.35

50 36.9 37.38 29.6 34.93 46.25 43.45 45.37

100 67.84 70.17 51.62 67.85 75.48 77.99 79.35

150 85.65 88.24 68.05 85.67 90.48 93.15 93.84

200 94.63 95.89 80.03 95.08 95.68 98.05 98.13

Wbl(0, 2,2) 5 9.13 8.61 11.43 10.1 9.65 7.97 9.59
10 21.59 22.29 24.73 22.87 26.39 22.96 25.65

15 36.51 37.51 38.75 37.95 43.36 40.56 43.44

20 50.63 52.51 51.92 52.52 59.58 58.31 60.06

25 63.85 65.68 64.1 65.58 72.51 72.28 73.98

30 75.48 T7.71 75.21 76.33 82.06 83.52 84.28

40 88.71 89.8 87.07 88.65 92.14 94.15 94.36

50 95.32 95.95 93.51 95.39 96.35 98.07 98.19

100 99.97 100 99.95 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

Wbl(0,0.5,0.5) 5 18.23 19.24 10.1 18.03 15.07 22.11 18.72
10 45.8 46.82 32.72 43.59 33.6 55.01 49.86

15 66.65 67.14 49.41 65.16 45.92 76.44 71.7

20 80.9 81.41 61.54 80.56 55.88 89.07 85.08

25 88.97 89.54 73.4 89.63 65.53 94.82 92.16

30 94.23 95.2 81.71 94.76 73.93 97.91 96.2

40 98.45 98.82 93.07 98.8 87.25 99.55 99.16

50 99.64 99.72 97.78 99.77 93 99.96 99.82

100 100 100 100 100 99.96 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

The bold number is the highest power among the seven tests for each sample size.
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Table 5.9: Powers (in %) of the five graphical tests and the two non-graphical tests by using
BLUE at a = 0.05 against the alternative distributions from Group II for several sample

sizes n

Alternatives n D(2) Dsp(2) D.(2) Dy (2) Dy (2) AD(2) CvM(2)
U(0,1) 5 12.07 11.69 15.41 13.04 12.54 12.58 13.74
10 25.21 23.8 27.91 23.33 31.89 30.55 31.82

15 38.09 38.7 37.72 35.6 61.99 48.25 49.02

20 49.02 60.02 46.2 51.95 84.12 63.8 63.76

25 59.92 80.01 55.04 71.66 95.11 76.03 75.42

30 70.35 91.99 62.93 86.93 98.78 85.24 84.43

40 83.57 99.17 75.52 97.93 99.93 95.26 94.49

50 92.22 99.96 83.27 99.83 100 98.76 98.17

100 99.92 100 98.98 100 100 100 99.99

150 100 100 99.99 100 100 100 100

200 100 100 100 100 100 100 100

beta(2,2) 5 13.51 12.79 17.04 13.66 14.13 12.65 14.52
10 32.98 31.74 35.9 32.54 38.03 38.3 40.62

15 53.16 53.42 54.13 51.81 67.93 63.57 64.87

20 69.38 73.19 68.5 70.02 87.26 81.85 82.39

25 81.26 87.72 79.86 84.83 96.28 91.33 91.7

30 89.82 95.64 87.36 93.51 99.01 96.26 96.23

40 97.16 99.7 95.34 99.09 99.96 99.54 99.51

50 99.49 99.98 98.84 99.98 99.99 99.95 99.91

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(2,5) 5 8.63 8.17 10.86 9.31 9.17 7.29 8.49
10 18.05 18.45 20.53 18.78 21.67 18.46 20.96

15 28.75 29.2 30.92 31.36 36.07 32.95 34.99

20 41.3 43.8 43.44 43.11 52.46 49.61 51.6

25 54.02 57.02 54.97 55.76 66.90 63.67 65.22

30 64.55 68.24 64.6 67.16 75.40 74.45 75.31

40 80.2 84.02 78.77 82.16 89.11 89.37 89.66

50 89.99 92.39 87.17 91.48 95.08 95.60 95.48

100 99.83 99.93 99.61 99.96 99.97 99.99 99.99

150 99.99 100 99.99 100 100 100 100

200 100 100 100 100 100 100 100

beta(5,1.5) 5 24.61 23.77 28.64 25.49 25.49 25.82 27.94
10 61.11 59.47 64.07 59.89 70.79 71.3 72.56

15 85.39 87.24 85.29 85.21 95.49 92.48 92.68

20 94.81 97.7 94.14 96.54 99.53 98.39 98.38

25 98.5 99.74 97.91 99.51 99.99 99.75 99.72

30 99.68 99.97 99.38 99.94 100 99.96 99.96

40 99.99 100 99.97 100 100 100 100

50 100 100 100 100 100 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(0.5,0.5) 5 12.81 12.61 17.79 12.68 12.94 14.88 15.29
10 20.78 18.85 23.68 18.43 28.80 27.62 26.73

15 28.77 33.46 28 27.64 56.65 40.79 37.25

20 36.1 54.73 32.07 43.92 78.27 52.79 47.7

25 44.55 74.29 37.4 64.17 90.14 64.42 57.95

30 53.7 87.74 43.72 80.9 95.90 75.6 68.57

40 68.07 98.07 54.26 96.06 99.56 89.11 82.31

50 81.21 99.79 64.4 99.49 99.97 96.34 91.65

100 99.36 100 95.21 100 100 100 99.93

150 100 100 99.85 100 100 100 100

200 100 100 100 100 100 100 100

beta(0.5, 3) 5 6.98 7.44 4.66 6.85 5.86 8.19 6.56
10 10.59 10.81 4.83 9.89 5.49 14.12 11.61

15 15.78 16.58 5.86 15.66 5.37 22.33 17.37

20 21.02 22.99 5.7 22.23 5.29 30.81 23.64

25 26.62 30.2 6.77 29.41 6.39 38.73 30.21

30 33.9 39.61 8.72 38.66 7.72 49.06 38.56

40 46.3 53.7 13.5 53.18 11.28 63.49 51.16

50 57.26 65.61 19.25 65.31 13.3 75.12 62.14

100 89.68 95.72 67.81 96.03 44.7 97.31 92.64

150 98.3 99.42 92.67 99.65 78.16 99.84 99.05

200 99.77 99.95 99.02 99.99 93.85 99.99 99.85

beta(l,2) 5 6.99 6.73 8.62 7.66 7.35 6.35 7.11
10 10.38 10.17 12.1 10.46 12.33 10.93 11.98

15 14.8 14.36 15.55 14.55 20.33 16.19 17.31

20 18.4 18.43 17.97 18.01 29.81 21.52 23.22

25 22.35 24.24 20.9 23.16 41.54 27.27 28.86

30 28.52 32.71 25.35 27.93 52.72 34.36 35.8

40 37.13 48.47 30.3 38.97 73.08 46.14 47.1

50 45.09 62.78 33.66 54.54 85.34 56.36 56.81

100 78.89 99.16 58.43 97.47 99.94 91.3 90.47

150 94.36 100 76.52 99.98 100 99.11 98.83

200 98.8 100 88.94 100 100 99.94 99.91

The bold number is the highest power among the seven tests for each sample size.
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Table 5.10: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLUE at o = 0.05 against the alternative distributions from Group III for several

sample sizes n

Alternatives n D(2) Dsp(2) D.(2) Dy (2) Dy,; (2) AD(2) CvM(2)
Laplace(0, 1) 5 20.9 20.07 23.74 21.88 21.61 20.01 21.97
10 55.55 55.94 58.29 57.09 58.99 58.21 60.71

15 80.83 80.8 81.9 80.54 81.85 82.88 84.91

20 91.95 91.85 92.02 91.69 91.7 93.43 94.04

25 96.66 96.75 96.79 96.85 96.28 97.52 97.87

30 98.66 98.61 98.57 98.9 98.15 99.14 99.27

40 99.9 99.86 99.86 99.81 99.73 99.94 99.94

50 99.98 99.97 99.97 99.98 99.97 99.99 99.99

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

logistic(0, 1) 5 17.27 16.57 20.00 18.18 17.92 16.42 18.36
10 47.54 47.48 50.46 48.56 51.9 51.79 54.29

15 73.09 72.65 73.42 72.46 76.46 78.13 79.62

20 86.75 86.99 86.96 86.58 88.55 90.46 91.31

25 93.82 93.8 93.39 94.07 94.69 96.22 96.53

30 97.12 97.29 96.89 97.46 94.69 98.43 98.58

40 99.66 99.61 99.52 99.51 97.41 99.85 99.90

50 99.96 99.94 99.9 99.95 99.65 99.98 99.98

100 100 100 100 100 99.91 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

Cauchy(0,1) 5 35.49 34.81 35.93 36.66 36.11 35.45 36.75
10 71.47 72.01 72.37 72.43 73.72 72.07 73.61

15 88.99 90.05 90.12 89.97 90.24 90.34 90.93

20 95.88 96.24 96.23 96.06 96.14 96.65 96.87

25 98.4 98.58 98.63 98.55 98.39 99.03 99.07

30 99.29 99.47 99.56 99.58 99.25 99.61 99.65

40 99.92 99.93 99.93 99.91 99.9 99.96 99.99

50 99.98 99.97 99.98 99.99 99.95 99.99 99.99

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

N(0,1) 5 15.64 15.03 18.65 16.49 16.37 14.28 16.16
10 43.02 42.65 46.11 43.33 47.56 47.92 50.30

15 67.41 67.1 68.27 67.03 73.8 74.01 75.65

20 83.69 84.07 83.45 83.41 88.11 89.14 89.95

25 91.97 92.63 91.57 92.16 94.76 95.54 95.93

30 96.59 96.91 96.01 96.61 97.87 98.5 98.71

40 99.44 99.59 99.34 99.5 99.81 99.81 99.83

50 99.87 99.94 99.74 99.91 99.97 99.96 99.99

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(1) 5 35.69 35.19 35.99 36.27 36.4 35.39 36.61
10 71.62 72.16 72.36 73.06 73.99 72.14 73.95

15 89.29 90.1 89.74 89.19 90.37 90.46 90.85

20 95.74 96.08 96.03 96 95.76 96.38 96.58

25 98.13 98.48 98.45 98.53 98.32 98.71 98.79

30 99.44 99.54 99.56 99.55 99.36 99.70 99.68

40 99.94 99.94 99.94 99.93 99.88 99.96 99.96

50 100 100 100 99.99 100 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(3) 5 20.66 19 23.40 21.6 21.48 19.81 21.69
10 53.44 53.4 56.05 55.29 57.15 55.8 58.53

15 76.47 77.15 77.9 77.52 78.98 79.28 81.09

20 89.6 89.69 89.88 89.19 89.73 91.68 92.49

25 95.43 95.61 95.69 95.82 95.62 96.74 97.05

30 98.12 98.11 98 97.93 97.73 98.72 98.91

40 99.76 99.73 99.69 99.66 99.55 99.83 99.87

50 99.91 99.9 99.86 99.95 99.87 99.94 99.96

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(4) 5 18.7 18.03 21.61 20.54 19.58 17.45 19.55
10 51.77 51.6 54.76 51.66 55.21 54.34 57.10

15 74.57 74.8 75.83 75.57 77.49 77.91 79.33

20 88.11 88.14 88.1 87.78 89.12 90.73 91.53

25 95.07 95.25 95.35 95.02 95.31 96.62 96.98

30 97.82 97.78 97.56 98.01 97.49 98.65 98.88

40 99.62 99.6 99.54 99.53 99.48 99.86 99.87

50 99.99 99.97 99.94 99.93 99.93 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(6) 5 17.72 17.07 20.79 18.49 18.61 16.3 18.71
10 48.97 48.83 51.84 49.4 52.58 51.82 54.66

15 73.02 72.89 73.94 72.55 76.13 76.9 78.69

20 87.16 87.1 86.66 88.51 90.47 91.27

25 94.55 94.47 94.45 94.41 94.82 96.39 96.74

30 97.7 97.77 97.53 97.36 97.56 98.52 98.76

40 99.65 99.59 99.5 99.64 99.53 99.79 99.82

50 99.98 99.96 99.94 99.93 99.92 99.99 99.99

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

The bold number is the highest power among the seven tests for each sample size.
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Table 5.11: Powers (in %) of the five graphical tests and the two non-graphical tests by

using BLIE at o = 0.05 against the alternative distributions from Group I for several sample

sizes n

Alternatives n D(3) Dsp(3) D.(3) Dy (3) Dy,; (3) AD(3) CvM(3)
Xz(l) 5 3.88 3.93 6.43 4.22 3.92 6.91 4.38
10 10.66 10.95 11.78 10.29 5.98 17.95 12.18

15 19.85 21.14 15.45 19.33 8.04 31.62 22.77

20 29.58 31.39 19.63 29.14 10.39 44.49 34.35

25 39.12 42.05 23.29 41.13 13.56 55.70 44.23

30 48.89 52.44 28.02 52.94 16.41 66.29 55.15

40 65.77 70.48 38.14 68.94 25.37 81.21 71.65

50 77.49 81.98 47.76 81.63 32.17 90.29 82.33

100 98.44 99.19 91.11 99.25 77.25 99.76 99.16

150 99.8 99.95 99.04 99.98 95.65 99.97 99.95

200 100 100 100 100 100 100 100

X2(3) 5 6.71 6.68 6.03 6.5 6.72 6.55 7.13
10 9.14 9.38 8.09 9.31 9.99 8.35 9.85

15 11.41 12.33 10.13 12 13.27 11.11 12.82

20 12.79 13.49 11.58 14.08 15.26 12.9 14.53

25 14.86 16.54 14.33 17.05 18.98 15.67 17.36

30 17.48 20.55 18.15 20.5 23.20 19.07 20.93

40 22.36 27.02 23.75 26.2 29.30 26.17 27.44

50 28.63 33.3 29.57 33.12 32.83 32.79 33.31

100 55.11 62.31 57.49 62.72 55.78 66.06 64.9

150 75.82 81.42 77.27 80.94 73.85 85.92 84.15

200 88.34 91.63 88.78 91.78 84.15 94.96 93.84

X2(4) 5 7.53 7.52 6.83 8.40 7.55 7.31 8.38
10 12.49 12.71 10.84 12.52 13.65 12.47 14.34

15 17.87 18.81 15.87 19.37 20.18 18.21 20.34

20 22.79 24.45 21.38 25.45 26.9 24.29 27.25

25 28.83 31.47 28.2 31.62 34.64 32.04 34.48

30 35.45 38.87 35 39.77 41.44 39.55 42.07

40 47.26 52.1 48.1 52 53.31 54.19 55.67

50 59.32 64.21 59.55 63.68 62.12 67.96 68.35

100 91.96 93.2 90.83 93.39 89.79 96.13 95.92

150 98.9 99.05 98.33 98.97 97.78 99.76 99.67

200 99.86 99.85 99.71 99.88 99.48 99.97 99.94

X2(6) 5 9.01 8.76 7.76 9.82 9.09 8.82 9.91
10 18.46 18.81 15.91 18.81 20.24 18.83 21.69

15 28.86 29.97 25.94 30.47 31.66 30.47 33.50

20 39.04 40.25 36.76 40.41 42.5 43.67 46.71

25 49.3 52.05 47.95 51.09 54.19 55.2 57.70

30 59.48 62.14 58.25 62.56 63.71 66.24 68.38

40 75.66 78.24 74.9 76.43 78 82.77 83.69

50 86.15 86.82 83.99 86.31 85.44 91.07 91.42

100 99.54 99.47 99.07 99.45 98.92 99.8 99.81

150 99.99 99.99 99.99 100 99.96 100 100

200 100 100 100 100 100 100 100

X2(10) 5 11.25 10.8 9.24 11.59 11.31 10.15 11.63
10 25.03 25.23 21.74 25.71 26.69 26.66 29.69

15 40.73 41.76 37.59 42.23 42.87 45.36 48.66

20 55.33 55.86 51.79 55.47 57.69 61.25 63.83

25 67.44 68.15 64.6 67.48 69.71 73.69 75.90

30 77.25 77.87 74.37 78.26 78.83 83.11 84.53

40 89.81 89.72 87.86 89.06 89.67 93.82 94.33

50 95.93 96.11 94.85 95.74 95.32 98.07 98.18

100 99.97 99.96 99.91 99.98 99.89 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

LogN(0,1) 5 4.94 4.86 5.46 5.07 4.92 5.60 4.98
10 6.6 6.45 10.54 6.48 6.05 8.55 7.11

15 8.41 8.25 13.68 8.24 7.28 10.84 9.22

20 9.98 9.73 17.84 9.63 8.53 12.6 11.09

25 11.5 10.76 20.89 10.67 8.9 13.91 12.43

30 13.09 12.49 23.86 12.69 10.04 16.17 14.93

40 16.56 15.92 29.88 15.67 11.7 19.52 18.62

50 19.22 18.29 34.85 18.23 12.62 22.86 21.12

100 34.56 36.09 59.85 38.55 23.17 41.63 40.03

150 48.77 55.58 76.67 57.09 37.67 62.01 57.11

200 62.53 71.6 87.66 74.74 50.32 77.89 71.49

HN(0,1) 5 7.71 7.56 6.47 8.05 7.73 7.14 8.01
10 11.95 11.51 9.81 11.89 11.87 11.56 13.63

15 15.4 14.68 12.49 14.9 15.01 15.28 17.56

20 18.66 17.42 15.07 17.37 19.53 19.5 21.97

25 22.44 20.66 17.79 20.32 23.72 23.84 26.89

30 26.36 24.34 20.92 24.39 28.17 28.53 31.49

40 33.68 31.05 25.74 29.35 37.97 38.52 42.03

50 41.27 38.31 29.78 35.99 44.46 47.83 50.45

100 71.14 70.53 51.8 68.05 74.89 80.67 82.66

150 87.36 87.97 68.69 85.55 90.08 94.22 94.95

200 95.33 95.82 80.58 95.21 95.53 98.39 98.51

Wbl(0, 2,2) 5 12.13 11.97 10.16 13.08 12.18 11.35 13.10
10 26.38 26.68 23.32 27.15 27.95 28.51 31.66

15 42 41.66 37.49 42.47 42.88 46.8 49.91

20 56.21 55.18 51.39 56.12 58.68 63.61 66.42

25 69.1 67.8 63.63 68.26 71.4 76.72 78.60

30 79.46 78.94 75.08 78.38 81.81 86.19 87.49

40 90.65 90.41 86.89 89.52 92.1 95.26 95.75

50 96.17 96.11 93.6 95.57 96.25 98.61 98.75

100 99.99 100 99.95 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

Wbl(0,0.5,0.5) 5 8.09 8.08 14.47 8.58 8.09 15.83 9.42
10 34.64 35.48 33.86 33.55 23.84 48.41 38.89

15 58.36 59.64 48.38 57.67 39.07 72.17 64.11

20 75.35 76.39 59.78 75.66 51.32 86.42 80

25 85.75 86.82 70.47 86.84 62.04 93.62 89.27

30 92.51 93.55 79.13 93.13 72.78 97.25 94.6

40 97.97 98.55 91.08 98.43 86.55 99.45 98.89

50 99.52 99.64 97.03 99.67 93.63 99.93 99.71

100 100 100 100 100 99.96 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

The bold number is the highest power among the seven tests for each sample size.
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Table 5.12: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLIE at @ = 0.05 against the alternative distributions from Group II for several

sample sizes n

Alternatives n D(3) Dsp(3) D.(3) Dy (3) Dy, (3) AD(3) CvM(3)
U(0,1) 5 15.67 15.55 14.28 16.24 15.71 16.46 17.66
10 31.33 29.25 27.39 28.75 27.13 37.18 38.87

15 45.01 40.55 37.26 39.61 47.03 55.29 56.27

20 56.22 52.96 46.61 50.21 75.36 69.99 70.11

25 66.49 72.22 55.16 64.58 91.51 81.01 80.71

30 76.06 87.6 63.65 80.84 97.90 88.46 88.06

40 86.99 98.51 76.27 96.24 99.93 96.62 96.14

50 93.95 99.94 83.99 99.64 100 99.18 98.96

100 99.95 100 99.03 100 100 100 100

150 100 100 99.97 100 100 100 100

200 100 100 100 100 100 100 100

beta(2,2) 5 17.46 17.34 15.33 17.35 17.48 17.36 19.58
10 39.35 37.79 34.76 38.38 37.23 45.71 48.30

15 59.77 56.97 53.34 56.85 59.87 69.63 71.17

20 74.61 72.36 68.37 71.85 82.53 85.9 86.51

25 85.39 85.76 79.74 83.82 93.97 93.73 94.01

30 92.35 94.41 87.41 92.36 98.52 97.28 97.43

40 97.95 99.47 95.49 98.83 99.92 99.64 99.57

50 99.66 99.96 98.94 99.96 99.99 99.96 99.96

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(2,5) 5 11.54 11.21 9.58 11.68 11.55 10.35 12.07
10 22.41 22.2 19.41 22.78 23.13 23.4 26.49

15 34.2 33.89 29.72 35.67 34.7 38.87 41.73

20 46.85 46.9 42.85 46.37 50.73 55.33 58.30

25 59.29 59.51 54.71 58.35 65.09 69.04 70.72

30 69.49 69.56 64.45 68.86 74.73 78.33 79.83

40 83.18 84.2 78.88 82.76 88.58 91.46 92.18

50 91.68 92.59 87.17 91.88 94.65 96.61 96.51

100 99.89 99.95 99.62 99.97 99.97 99.99 99.99

150 100 100 99.99 100 100 100 100

200 100 100 100 100 100 100 100

beta(5,1.5) 5 29.41 29.25 26.77 30.17 29.43 32.5 34.46
10 67.79 65.79 63.03 66.24 63.23 77.22 78.49

15 88.88 87.03 84.94 86.69 91.03 94.62 94.72

20 96.36 96.32 94.22 95.58 99.06 98.85 98.88

25 99.04 99.53 97.9 99.24 99.93 99.83 99.83

30 99.77 99.94 99.41 99.92 100 99.96 99.97

40 99.99 100 99.99 100 100 100 100

50 100 100 100 100 100 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(0.5,0.5) 5 15.37 17.09 17.51 15.55 15.02 19.08 18.55
10 25.68 23.86 24.3 23.7 17.77 33.07 30.86

15 34.68 30.67 29.02 29.62 39.82 46.82 42.86

20 42.05 43.44 33.96 37.41 67.97 58.65 52.89

25 51.63 64.34 39.1 53.45 85.32 69.81 63.54

30 60.5 82.04 46.19 72.82 94.24 79.64 73.03

40 73.47 96.83 56.8 93.4 99.34 91.34 85.51

50 84.76 99.67 66.83 99.02 99.97 97.12 93.44

100 99.58 100 95.72 100 100 100 99.94

150 100 100 99.8 100 100 100 100

200 100 100 100 100 100 100 100

beta(0.5, 3) 5 4.2 4.29 5.74 4.68 4.22 6.20 4.43
10 6.89 7.12 5.54 6.57 3.41 11.14 7.24

15 11.39 12.59 6.15 11.45 3.69 19.21 12.77

20 16.4 18.64 5.8 18.03 4.06 27.30 18.89

25 21.82 25.79 6.1 25.21 5.23 35.77 25.36

30 29.42 35.96 7.52 34.63 7.15 46.15 33.48

40 41.8 50.45 10.36 49.5 10.79 61.25 47.45

50 53.19 63.21 14.96 62.88 13.39 73.41 58.37

100 88.7 95.48 62 95.76 46.13 97.09 91.98

150 98.05 99.38 90.74 99.59 79.03 99.79 98.87

200 99.75 99.94 98.74 99.99 94.15 99.99 99.85

beta(l,2) 5 9.27 9 7.91 9.37 9.29 8.25 9.51
10 13.61 13.05 11.31 13.28 12.79 13.94 16.16

15 18.9 17.48 15.04 17.5 17.18 19.96 21.98

20 22.78 20.16 18.07 20.65 24.65 26.83 28.78

25 27.42 24.72 20.68 24.74 34.97 33.24 35.41

30 33.8 31.55 25.3 28.85 46.92 39.23 41.61

40 42.05 45 30.49 37.17 68.24 51.83 53.67

50 50.05 59.11 33.95 51.04 82.03 61.94 62.77

100 82.37 98.78 58.94 96.71 99.93 92.94 92.8

150 95.21 100 77.37 99.97 100 99.26 99.11

200 99.06 100 89.27 100 100 99.94 99.93

The bold number is the highest power among the seven tests for each sample size.
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Table 5.13: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLIE at o = 0.05 against the alternative distributions from Group III for several

sample sizes n

Alternatives n D(3) Dsp(3) D.(3) Dy (3) Dy,; (3) AD(3) CvM{(3)
Laplace(0, 1) 5 25.61 24.7 21.48 26.16 25.67 25.04 27.65
10 60.42 60.3 56.88 61.58 60.62 62.09 65.41

15 83.94 83.34 81.32 82.93 82.41 85.7 87.23

20 93.38 92.83 91.86 92.78 92.59 94.33 95.17

25 97.35 97.23 96.71 97.19 96.87 98.02 98.31

30 98.95 98.74 98.56 99.07 98.51 99.26 99.39

40 99.92 99.89 99.85 99.83 99.75 99.95 99.96

50 99.99 99.97 99.97 99.98 99.98 99.99 99.99

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

logistic(0, 1) 5 21.7 20.94 18.16 22.39 21.76 21.18 23.72
10 53 52.19 48.92 53.43 52.87 56.92 60.18

15 77.37 75.92 72.94 75.67 76.04 81.49 83.42

20 89.05 88.33 86.86 88.07 88.63 92.34 93.20

25 94.98 94.46 93.29 94.59 94.89 96.95 97.39

30 97.64 97.47 99.51 97.89 97.6 98.76 99

40 99.75 99.65 99.92 99.57 99.62 99.88 99.92

50 99.97 99.96 100 99.95 99.92 99.98 99.98

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

Cauchy(0,1) 5 36.91 36.15 34.7 37.87 36.95 37.42 38.16
10 71.92 72.42 71.82 72.93 73.18 72.74 73.67

15 89.01 90.12 89.82 89.63 90.32 90.3 90.66

20 95.56 96.1 96.2 96 96.2 96.62 96.64

25 98.37 98.53 98.63 98.44 98.43 98.96 98.84

30 99.26 99.48 99.53 99.57 99.33 99.61 99.59

40 99.92 99.93 99.93 99.91 99.9 99.97 99.97

50 99.98 99.96 99.98 99.98 99.95 99.99 99.98

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

N(0,1) 5 19.96 19.38 16.72 20.56 20 19.36 21.68
10 48.77 48.2 44.51 48.66 47.92 53.85 56.93

15 72.26 70.56 67.53 70.91 70.84 78.64 80.52

20 86.74 85.46 83.21 85.28 86.97 91.58 92.48

25 93.69 93.11 91.48 92.8 94.22 96.61 97.10

30 97.4 96.97 95.94 96.93 97.79 98.89 98.97

40 99.53 99.6 99.36 99.54 99.7 99.87 99.87

50 99.9 99.93 99.74 99.9 99.97 99.99 99.99

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(1) 5 36.95 36.49 35.15 37.38 36.99 37.63 38.10
10 71.96 72.62 71.82 73.13 73.33 72.87 73.95

15 88.84 89.8 89.55 88.73 90.01 90.29 90.42

20 95.55 95.99 95.99 95.8 95.96 96.28 96.40

25 98.1 98.47 98.38 98.38 98.5 98.73 98.75

30 99.44 99.57 99.54 99.55 99.46 99.70 99.64

40 99.94 99.94 99.94 99.91 99.89 99.96 99.96

50 100 100 100 99.99 100 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(3) 5 24.99 24.26 21.54 25.92 25.03 24.09 26.51
10 57.86 57.82 54.6 59.09 58.19 60.54 63.44

15 79.54 79.53 777 79.71 79.48 81.94 83.82

20 91.11 90.99 89.6 90.34 90.63 92.85 93.56

25 96.16 96.11 95.66 96.26 95.85 97.23 97.55

30 98.54 98.27 98.01 98.24 97.99 99.02 99.15

40 99.78 99.71 99.69 99.74 99.66 99.84 99.87

50 99.92 99.95 99.86 99.94 99.88 99.96 99.96

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(4) 5 23.11 22.34 19.63 24.39 23.22 22.4 24.80
10 56.85 56.46 53.18 56.42 56.33 59.36 62.35

15 77.96 77.74 75.06 78.02 77.67 80.79 82.63

20 89.87 89.29 88.05 89.12 89.5 92.19 92.92

25 96.04 95.82 95.24 95.62 95.75 97.18 97.59

30 98.27 98 97.55 98.3 97.75 98.93 99.11

40 99.67 99.62 99.54 99.61 99.54 99.88 99.91

50 100 99.98 99.95 99.94 99.94 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(6) 5 22.14 21.71 18.71 22.41 22.19 21.57 24.02
10 54.25 53.75 50.25 54.45 53.79 57.52 60.85

15 76.8 76.15 73.28 75.82 75.88 80.59 82.37

20 89.28 88.48 86.95 88.44 88.94 91.94 92.83

25 95.62 95.19 94.29 95.04 95.05 97.1 97.37

30 98.15 98.08 97.46 97.75 97.92 98.83 99.06

40 99.72 99.64 99.52 99.72 99.6 99.83 99.87

50 99.98 99.98 99.95 99.94 99.94 99.99 99.99

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

The bold number is the highest power among the seven tests for each sample size.
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Figure 5.1: Power comparison of the D statistic when using three different estimators
(MLE, BLUE, BLIE) at o = 0.05 against the alternative distributions from Group I for

several sample sizes n
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Figure 5.2: Power comparison of the D statistic when using three different estimators

(MLE, BLUE, BLIE) at « = 0.05 against the alternative distributions from Group II for

several sample sizes n
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Figure 5.3: Power comparison of the D statistic when using three different estimators
(MLE, BLUE, BLIE) at o = 0.05 against the alternative distributions from Group III for

several sample sizes n
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Figure 5.4: Power comparison of the D, statistic when using three different estimators

(MLE, BLUE, BLIE) at o = 0.05 against the alternative distributions from Group I for

several sample sizes n
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Figure 5.5: Power comparison of the D, statistic when using three different estimators

(MLE, BLUE, BLIE) at « = 0.05 against the alternative distributions from Group II for

several sample sizes n
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Figure 5.6: Power comparison of the D, statistic when using three different estimators

(MLE, BLUE, BLIE) at = 0.05 against the alternative distributions from Group III for

several sample sizes n
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Figure 5.7: Power comparison of the D, statistic when using three different estimators
(MLE, BLUE, BLIE) at o = 0.05 against the alternative distributions from Group I for

several sample sizes n
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Figure 5.8: Power comparison of the D, statistic when using three different estimators
(MLE, BLUE, BLIE) at « = 0.05 against the alternative distributions from Group II for

several sample sizes n
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Figure 5.9: Power comparison of the D, statistic when using three different estimators
(MLE, BLUE, BLIE) at o = 0.05 against the alternative distributions from Group III for

several sample sizes n
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Figure 5.10: Power comparison of the Dy, statistic when using three different estimators

(MLE, BLUE, BLIE) at o = 0.05 against the alternative distributions from Group I for

several sample sizes n
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Figure 5.11: Power comparison of the Dy, statistic when using three different estimators

(MLE, BLUE, BLIE) at « = 0.05 against the alternative distributions from Group II for

several sample sizes n
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Figure 5.12: Power comparison of the Dy, statistic when using three different estimators

(MLE, BLUE, BLIE) at « = 0.05 against the alternative distributions from Group III for

several sample sizes n
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Figure 5.13: Power comparison of the Dy; statistic when using three different estimators
(MLE, BLUE, BLIE) at o = 0.05 against the alternative distributions from Group I for

several sample sizes n
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Figure 5.14: Power comparison of the Dy; statistic when using three different estimators

(MLE, BLUE, BLIE) at @ = 0.05 against the alternative distributions from Group II for

several sample sizes n
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Figure 5.15: Power comparison of the Dy; statistic when using three different estimators

(MLE, BLUE, BLIE) at o = 0.05 against the alternative distributions from Group III for

several sample sizes n
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Figure 5.16: Power comparison of the AD statistic when using three different estimators

(MLE, BLUE, BLIE) at o = 0.05 against the alternative distributions from Group I for

several sample sizes n
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Figure 5.17: Power comparison of the AD statistic when using three different estimators

(MLE, BLUE, BLIE) at o« = 0.05 against the alternative distributions from Group II for

several sample sizes n
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Figure 5.18: Power comparison of the AD statistic when using three different estimators

(MLE, BLUE, BLIE) at v = 0.05 against the alternative distributions from Group III for

several sample sizes n
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Figure 5.19: Power comparison of the CvM statistic when using three different estimators
(MLE, BLUE, BLIE) at o = 0.05 against the alternative distributions from Group I for

several sample sizes n
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Figure 5.20: Power comparison of the CvM statistic when using three different estimators

(MLE, BLUE, BLIE) at o = 0.05 against the alternative distributions from Group II for

several sample sizes n
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Figure 5.21: Power comparison of the CvM statistic when using three different estimators
(MLE, BLUE, BLIE) at o = 0.05 against the alternative distributions from Group III for

several sample sizes n
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5.5.2 Results of power

After we choose BLIE as the estimators of the location and scale parameters, the
powers of seven tests are compared. From the power results given in Table 5.11 and
Figure 5.22 for the first group of alternative distributions, the following observations
can be made. The two non—graphical AD and CvM tests are the most powerful
against all alternative distributions with the exception of Log/N (0, 1). Interestingly,
the powers of the D test are as good as those of the others, even though D’Agostino
and Stephens (1986) stated that “ the D test is only a historical curiosity; It should
never be used because it has poor power in comparison”. Moreover, the D, test
is the best choice against LogN(0,1). On the other hand, it has low powers in
comparison with the other tests in this group. Also, the Dy; test is the best choice
against HN(0,1); however, it has the least power among x?(1), LogN(0,1) and
Wbl(0,0.5,0.5). Although the powers of the Dy, and Dy, tests are not as high as
the non-graphical AD and CvM tests, we can see that the Dy, and Dy, tests are
much better than the D, and Dy; tests. Overall, it is recommended that the D,
and Dy tests are the most powerful for testing the Weibull distribution if one wants
to use the graphical tests.

From the power results given in Table 5.12 and Figure 5.23 for the second group
of the alternative distributions, we can observe that the Dy; test shows good power
although it seem to have poor power against beta(0.5,3). In addition, the Dy; test
has greater powers than the non-graphical AD and CvM tests. While the D, test
has the worst power among all the tests except for beta(0.5,3); it is even worse than
the D test. The powers of the D, and Dy, tests are not as high as those of the Dy,
AD and CvM tests in many cases, but they perform quite well over the alternative
distributions from this group.

From the power results given in Tables 5.13 and 5.24 for the third group of the
alternative distributions. we can reach a conclusion that the powers of all tests are
very similar. Nevertheless, the CvM test is slightly more powerful than the others

and the powers of all tests reach 100% when n = 200.
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Figure 5.22: Power comparison of the five graphical tests and the two non-graphical tests

by using BLIE at o = 0.05 against the alternative distributions from Group I for several

sample sizes n
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5.6 Simultaneous intervals

Similar to the normal and Weibull distributions, the null (Hp) and alternative (H)

hypotheses for testing the exponential distribution are

Hjy : arandom sample Y7,...,Y,, follows the exponential distribution

Hy : arandom sample Y7,...,Y,, does not follow the exponential distribution.

Any of the five graphical tests can then be used to test this Hp in the following

way.
1. Choose the significance level o and choose the graphical test.

2. Compute the BLIE of the unknown parameters y and o of Exp(u, o). More-
over, calculate the critical value which depends on «, sample size n and the

number of simulations.

3. Sort the Y}’s in ascending order Y};; < ... < Y[, and plot the points (—In(1 —
Pk), Yg)) for k=1,...,n where py = %. This constructs the Q-Q plot.

4. For each k, plot a vertical interval based on a graphical test considered.

5. Join the upper limits of the k vertical intervals and the lower limits of the k

vertical intervals step to obtain a band.

6. Reject the null hypothesis Hy at level « if at least one point (—In(1—pg), Yj)

falls outside its corresponding vertical interval.

Table 5.14: Simultaneous probability intervals for testing an exponential distribution based

on the five graphical tests by using BLIE as the estimators

Graphical tests ~Simultaneous intervals of Y for k =1,...,n
D ji—5n(l — 502 £ ¢ )

Dy, ji — & In[1 — sin®(arcsin \/(k — 0.5) /n £ Icm)]
D, (fi + o) + Goge,

Dy (i—6In(1—1L), ii—ln(1 -0))

Dy ji—6n(1—5095 ¢\ /(k—05)(n—k+0.5)/n3)

n
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Table 5.14 gives the simultaneous probability vertical intervals corresponding to
each of the graphical tests D, Dy, De, Dy, and Dy;. These simultaneous probability
intervals have nothing to do with the alternative distributions because they depend
only on k =1,...,n and their critical values of each test. In order to construct the
simultaneous intervals of the above tests, we have to calculate the critical values.
For this work, the critical values for the D, Ds,, D, Dp;, AD and CvM tests at
a = 0.01,0.05 and 0.1 with n = 5(5)30,40, 50, 100, 150,200 are calculated as in
Tables 5.2 - 5.4.

5.6.1 [Illustrative examples

To illustrate the use of the graphical tests proposed in practice, the following

examples are discussed.

Example 1

In order to apply the graphical tests, we generate 40 observations from x?(10)
to be a case study as shown in Table 5.16. Also, Table 5.16 indicates the upper
and lower bounds of each ordered observation from the D, Dy, D., Dy and Dy,
tests at the significance level 0.05. Figure 5.25 shows the Q-Q plots which are
constructed by using the data in Table 5.16. Note that the blue triangles represent
the pairs (—In(1—py), Y}y)) and the straight line stems from plotting ji — & In(1—px)
against — In(1 — py) where pp = k‘%, k =1,...,n. Obviously, there is one point
outside its corresponding vertical interval for the 40" ordered observation based on
Dy,;. Therefore, these data do not follow an exponential distribution under the Dy;
test. For the other plots in Figure 5.25, the sample seems to follow an exponential
distribution. However, we have to check the points which are not distinguishable
by the naked eye, so as to ensure that we draw the right conclusion by using the
numerical results in Table 5.16.

For the non-graphical tests, the test statistics AD and CvM are 1.5627 and
0.2773, respectively. Also, the critical values at o = 0.05 of the AD and CvM are
1.1755 and 0.2107, respectively. Then, we can conclude that the null hypothesis is
rejected at o = 0.05 under AD and CvM because the test statistics are larger than

their critical values.
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Table 5.15 summarises the conclusions when seven tests are applied to assess

whether these data follow the exponential distribution.

Table 5.15: Test results for Example 1

Test

Inference

Does not reject Hy
Does not reject Hy
Does not reject Hy
Does not reject Hy
Rejects Hy
Rejects Hy
Rejects Hy
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Table 5.16: Data generated from 2(10) with sample size 40 and the correspond-

ing probability intervals for testing the exponential distribution based on the five

graphical tests using BLIE at a = 0.05

D Dsp D, Dye Dy;

k X[k] Quantiles LB UB LB UB LB UB LB UB LB UB

1 3.4966 0.0126 NaN 4.6037 3.3569 3.926 3.0279 3.9653 3.324  3.996 NaN 3.768

2 3.6591 0.0382 NaN  4.8147 3.3253 4.324 3.0023 4.345 3.3275 4.3422 NaN  4.2274
3 4.2103 0.0645 NaN 5.0323 3.3594 4.6662 3.0222 4.6885 3.361  4.6665 NaN 4.6187
4 4.7391 0.0916 NaN 5.257 3.4223 4.9901 3.0669 5.0171 3.4226 4.9829 NaN  4.9878
5 4.9138 0.1193 NaN 5.4892 3.5036 5.3068 3.1283 5.3392 3.5032 5.2956 NaN  5.3483
6 5.0151 0.1479 NaN 5.7296 3.5986 5.6216  3.2027 5.6594 3.598 5.608 NaN 5.7066
7 5.7313 0.1773 3.3643 5.9786 3.7049 5.9376 3.2877 5.9806 3.7043 5.9223 NaN 6.0668
8 5.7879 0.2076 3.5401 6.2369 3.8211 6.257 3.382  6.3047  3.8207 6.2406 3.4114 6.4316
9 6.264 0.2389 3.7206 6.5053 3.9464 6.5816  3.4847 6.6336 3.9463 6.5643 3.5284 6.8033
10 6.6019 0.2712 3.9059 6.7845 4.0802 6.9127 3.5953 6.9684 4.0805 6.8948  3.6548 7.1837
11 6.6103 0.3045 4.0962 7.0754 4.2223 7.2518 3.7134 7.3106 4.2232 7.2334 3.7904 7.5746
12 6.8772 0.339 4.292  7.3792  4.3727 7.6 3.8388 7.6614 4.3741 7.5812 3.9348 7.9778
13 6.9248 0.3747 4.4936 7.697 4.5313 7.9586  3.9716 8.0219 4.5334 7.9395 4.0882 8.3951
14 7.3341 0.4117 4.7011 8.0301 4.6983 &8.329 4.1116 8.3933 4.7011 8.3097 4.2506 &8.8285
15 7.4817 0.4502 4.9151 8.3801 4.874 8.7124 4.259 8.7771 4.8776 8.693 4.4223 9.2801
16 7.5318  0.4902 5.136 8.7488 5.0587 9.1104 4.414 9.1745 5.0631 9.091 4.6036 9.7522
17 8.4437 0.5319 5.3641 9.1383 5.2529 9.5246 4.5768 9.587 5.2582 9.5052 4.795 10.2475
18 8.5465 0.5754 5.6001 9.551 5.457 9.9569  4.7477 10.0165 5.4632 9.9377 4.997 10.7693
19 9.2456 0.6208 5.8444 9.9901 5.6718 10.4093 4.9272 10.4648 5.679 10.3903 5.2103 11.321
20 9.6554 0.6685 6.0976 10.4589 5.898 10.8842 5.1156 10.9339 5.9062 10.8655 5.4357 11.9072
21 10.2049 0.7185 6.3605 10.9619 6.1364 11.3844 5.3136 11.4264 6.1458 11.3661 5.6742 12.5331
22 10.2092 0.7711 6.6338 11.5045 6.3881 11.913 5.5217 11.9452 6.3987 11.8952 5.9268 13.2052
23 11.2582 0.8267 6.9184 12.0934 6.6543 12.4738 5.7406 12.4934 6.6663 12.4567 6.1949 13.9317
24 11.3228 0.8855  7.2152 12.7372 6.9365 13.0714 5.9713 13.0751 6.9499 13.0551 6.4801 14.723
25 11.8595 0.948 7.5254 13.4472 7.2364 13.7111 6.2146 13.6949 7.2512 13.6958 6.7843 15.5928
26 12.0993 1.0147 7.8501 14.2388 7.556 14.3998 6.4716 14.3585 7.5724 14.3857 7.1098 16.5598
27 13.0847 1.0862 8.1908 15.1329 7.8978 15.1458 6.7437 15.0729 7.9159 15.1331 7.4593 17.6497
28 13.72 1.1632 8.5493 16.1604 8.2648 15.9596 7.0322 15.8466 8.2848 15.9487 7.8362 18.9008
29 13.7534 1.2465 8.9274 17.3679 8.6607 16.855  7.3389 16.6907 8.6827 16.8462 8.2448 20.3721
30 14.1161 1.3375 9.3274 18.8323 9.0902 17.85 7.6657 17.6193 9.1144 17.844 8.6905 22.1639
31 14.4676 1.4376 9.752 20.6932 9.5593 18.9696 8.0148 18.6512 9.5858 18.9667 9.1802 24.4674
32 14.5948 1.5488 10.2044 23.2487 10.0759 20.2485 8.3886 19.8118 10.1047 20.2495 9.7231 27.7296
33 14.7573 1.674 10.6886 27.35 10.6504 21.7383 8.7897 21.1369 10.6815 21.744 10.332 33.5368
34 15.2703 1.8171 11.2092 38.8598 11.2975 23.5193 9.2202 22.6792 11.3308 23.53 11.0247 NaN

35 16.1591 1.9841 11.7724 NaN 12.0386 25.7261 9.681 24.5199 12.0732 25.7412 11.8277 NaN

36 17.0582 2.1848 12.3856 NaN 12.9067 28.6111 10.1684 26.7945 12.9404 28.624 12.7835 NaN

37 17.2696 2.4361 13.0587 NaN 13.9568 32.731 10.6645 29.7508 13.9834 32.7065 13.9654 NalN

38 17.3136 2.7726 13.8045 NaN 15.2934 39.7535 11.1022 33.9163 15.2922 39.4435 15.5193 NaN

39 17.5179 3.2834 14.6407 NaN 17.1592 62.5058 11.1974 40.7259 17.0437 55.6012 17.8136 NaN

40 20.9488  4.382 15.5923 NaN 20.4676 40.2417 9.0037 56.7292 19.7432 (o) 22.4913 NaN

NaN stands for Not a Number representing an undefined value.
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Figure 5.25: Simultaneous probability intervals of the data generated from y?(10)

with n = 40 for testing the exponential distribution based on the five graphical tests

using BLIE (D(3), Dsy(3), De(3), Dpe(3) and Dy;(3)) at a = 0.05
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Example 2

The data given here arose in tests on endurance of deep—groove ball bearings.
The data are the number of million revolutions before failure for each of the 23
ball bearings in the life test (see Lawless, 1982) and they are 17.88, 28.92, 33.00,
41.52, 42.12, 45.60, 48.80, 51.84, 51.96, 54.12, 55.56, 67.80, 68.64, 68.64, 68.88,
84.12, 93.12, 98.64, 105.12, 105.84, 127.92, 128.04 and 173.40. These data were
originally discussed by Lieblein and Zelen (1956). Table 5.18 presents the data
above in ascending order and the upper and lower bounds (LB and UB) of the
ordered observations for the five graphical tests at o = 0.05. Figure 5.26 illustrates
the Q-Q plots which are constructed by using the data in Table 5.18. From Figure
5.26, the first four points are not distinguishable by eye, as to whether they are
outside their corresponding intervals. Then, we use the numerical results in Table
5.18 to check them. The results which can be noted are that the second ordered
observation, Y}y = 28.92, falls outside the corresponding interval based on the Dg),
Dy, and Dy, tests; the third ordered observation, Y3 = 33, lies outside the interval
based on the Dy; test and the fourth order observation, Yy = 41.52, is outside the
interval based on all graphical tests.

For the non-graphical tests, the test statistics AD and CvM are 1.3514 and
0.2546, respectively. The corresponding critical values (o = 0.05 and n = 23) of AD
and CvM tests are 1.1055 and 0.2025, respectively. Thus, we can conclude that the
null hypothesis is rejected at @ = 0.05 under AD and CvM tests because the test
statistics are larger than their critical values.

Table 5.17 summarises the conclusions when the seven tests are applied to assess

whether these data follow an exponential distribution.

Table 5.17: Test results for Example 2

Test Inference

D Rejects Hy
Dy, Rejects Hy
D, Rejects Hy
Dpe Rejects Hy
Dy; Rejects Hy
AD Rejects Hy

CvM Rejects Hy
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Table 5.18: The number of million revolutions before failure for each of the 23 ball

bearings in the life test and their corresponding probability intervals for testing the

exponential distribution at o = 0.05 based on the five graphical tests using BLIE

Xk Quantiles

D

Dsp

De

Dy

Dy,

LB

UB

LB

UB

LB UB

LB

UB

LB

UB

18

17.88
28.92
33.00
41.52
42.12
45.60
48.80
51.84
51.96
54.12
55.56
67.80
68.64
68.64
68.88
84.12
93.12
98.64

19105.12
20 105.84
21 127.92
22 128.04
23 173.40

0.022
0.0674
0.1151
0.1651
0.2177
0.2733
0.3321
0.3947
0.4613
0.5328
0.6098
0.6931
0.7841
0.8842
0.9954
1.1206
1.2637
1.4307
1.6314
1.8827
2.2192

2.73
3.8286

NaN
NaN
NaN
NaN
NaN
17.7188
20.2374
22.8783
25.6542
28.5795
31.6711
34.9493
38.438
42.166
46.1686
50.4895
55.1838
60.3222
65.9974
72.335
79.5102
87.7787
97.5346

29.1039
32.2264
35.5393
39.0673
42.8402
46.8947
51.2761
56.0419
61.2661
67.0462
73.515
80.8588
89.352
99.4226
111.7929
127.8344
150.6909
190.8937
NaN
NaN
NaN
NaN
NaN

15.8251
15.5831
16.2085
17.2375
18.5444
20.0787
21.8191
23.759
25.9014
28.2567
30.8419
33.6818
36.8097
40.2702
44.1235
48.452
53.3717
59.0527
65.7593
73.9356
84.4254
99.2032

23.1876
28.6392
33.4857
38.2186
42.9963
47.9073
53.0187
58.3915
64.0894
70.1842
76.7614
83.928
91.8218
100.6277
110.6029
122.1219
135.7605
152.4713
173.9975
204.06
253.0773
380.1168

125.7487 296.7996

11.7589 24.0011
11.4953 29.2063
11.8324 34.0463
12.5075 38.807
13.4245 43.6119
14.5383 48.5379
15.8259 53.6454
17.2763 58.9897
18.8857 64.6281
20.6553 70.624
22.5906 77.0516
24.7006 84.0013
26.9978 91.5873
29.4984 99.9584
32.2214 109.315
35.1891 119.9369
38.4238 132.2331
41.9418 146.8345
45.733 164.7866
49.6957 188.003
53.3954 220.5422
54.8792 273.4166
40.2923 396.7201

15.5166
15.5887
16.1582
17.1543
18.446
19.9758
21.7184
23.6657
25.8196
28.1901
30.7941
33.6565
36.8107
40.302
44.1907
48.5599
53.5255
59.2566
66.0116
74.2131
84.614
98.6951
120.5266

24.0247
28.7788
33.412
38.0753
42.8309
47.7418
52.8662
58.2622
63.9925
70.1291
76.7592
83.9918
91.9688
100.8806
110.9932
122.6953
136.5863
153.6612
175.7437
206.7132
257.1515
375.6861

o0

NaN
NaN
NaN
NaN
NaN
16.2055
17.9329
19.8794
22.048
24.4498
27.1043
30.0395
33.2936
36.9187
40.9857
45.593
50.8813
57.0618
64.4704
73.6916
85.8902
104.0047
141.1244

21.1948
27.3987
32.9224
38.3455
43.8612
49.5849
55.6113
62.0355
68.9654
76.5347
84.9188
94.3624
105.2264
118.0831
133.9336
154.8008
185.9577
253.3089
NaN
NaN
NaN
NaN
NaN

NaN stands for Not a Number representing an undefined value.
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Figure 5.26: Simultaneous probability intervals of the number of million revolutions before
failure for each of the 23 ball bearings in the life test for testing the exponential distribution
based on the five graphical tests using BLIE (D(3), Ds,(3), Dc(3), Dpe(3) and Dy;(3)) at
a = 0.05
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Table 5.19: Powers (in %) of the five graphical tests and the two non-graphical tests by

using MLE at o = 0.01 against the alternative distributions from Group I for several sample

sizes n

Alternatives n D(1) Dsp (1) D.(1) Dy (1) Dy,; (1) AD(I) CvM(1)
Xz(l) 5 4.89 4.9 2.8 4.72 4.51 4.46 5.17
10 11.75 15.92 6.05 13.33 7.82 13.66 14.35

15 20.03 25.62 8.19 20.61 8.02 23.72 23.06

20 27.39 35.56 10.38 31.91 8.07 34.89 32.77

25 34.76 43.33 12.15 41.58 7.98 44.54 40.9

30 42.43 51.64 13.5 50.34 9 54.19 50.1

40 57.15 70.41 19.37 69.15 10.15 72.15 65.63

50 70.01 80.08 23.46 77.89 11.2 83.04 77.37

100 96.09 98.78 65.2 98.32 29.37 99.31 98.14

150 99.5 99.91 92.28 99.96 63.84 99.95 99.79

200 100 100 99.3 100 80.62 100 100

x2(3) 5 0.54 0.6 0.96 0.59 0.54 0.84 0.53
10 0.43 0.43 1.13 0.53 1.42 1.39 0.34

15 0.97 0.54 1.91 0.36 3.01 2.1 0.57

20 1.09 0.84 2.11 0.4 3.68 2.96 0.83

25 1.76 1.28 2.95 0.51 4.75 3.96 1.4

30 2.64 2.13 3.84 0.64 6.69 5.54 2.54

40 3.79 4.3 6.15 1.85 8.89 8.56 4.17

50 6.58 6.23 8.71 2.62 11.03 12.72 7.33

100 21.29 24.76 25.38 14 21.54 39.26 27.31

150 44.68 49.15 45.55 35.16 35.46 68.32 55.51

200 63.42 66.91 63.06 60.16 43.38 84.1 74.37

X2(4) 5 0.22 0.42 0.96 0.42 0.15 0.69 0.16
10 0.61 0.33 1.71 0.42 2.37 2.15 0.38

15 1.47 0.86 3.12 0.29 5.18 4.73 1.06

20 2.87 1.96 5.27 0.55 8.21 7.56 2.64

25 4.66 3.44 7.47 1.32 11.52 10.99 4.77

30 7.24 6.25 10.45 2.23 16.31 15.76 8.04

40 13.8 14.56 19.28 6.91 22.92 28.12 16.51

50 23.23 22.92 27.79 11.76 29.79 40.53 28.6

100 67.41 69.51 68.97 54.9 59.74 87.1 78.18

150 92.93 93.01 90.95 87.38 83.94 98.54 96.98

200 98.87 98.52 97.75 95.54 92.13 99.8 99.64

X2(6) 5 0.25 0.35 1.43 0.44 0.24 0.94 0.2
10 0.89 0.45 3.08 0.28 4.1 4.19 0.52

15 3.27 1.96 6.61 0.42 10.3 10.14 2.59

20 7.41 5.24 12.23 1.57 18.24 17.77 7.4

25 13.26 10.33 18.34 4.25 25.46 27.78 14.69

30 19.85 16.66 25.64 7.74 34.7 38.16 24.08

40 37.78 37.58 44.09 23.69 48.84 60.62 45.69

50 56.09 53.34 58.6 36.69 60.62 76.31 66.28

100 95.45 95.32 94.53 90.12 91.45 99.17 98.22

150 99.89 99.81 99.62 99.39 99.06 99.99 99.98

200 100 99.98 99.96 99.64 99.84 100 100

X2(10) 5 0.16 0.3 1.56 0.31 0.13 1.04 0.15
10 1.63 0.62 4.82 0.2 5.92 6.94 0.99

15 6.77 3.73 11.95 0.64 17.15 18.84 6.38

20 14.98 11.27 22.31 3.99 30.31 32.55 17.05

25 26.72 21.36 33.4 10.39 42.28 47.75 31.57

30 38.57 33.72 43.88 18.5 54.31 61.06 46.58

40 63.24 60.77 66.47 45.74 70.93 81.97 72.24

50 80.92 76.95 80.26 62.02 81.85 92.63 88.45

100 99.42 99.37 99.16 98.34 98.77 99.94 99.87

150 100 100 100 99.98 99.99 100 100

200 100 100 100 100 100 100 100

LogN(0,1) 5 2.08 1.69 1.67 1.22 2.2 1.62 2.46
10 3.81 2.85 4.8 1.91 3.61 3.01 4.78

15 5.04 2.92 7.65 1.63 3.51 4 6.31

20 6.09 3.43 10.44 2.24 3.68 5.05 7.58

25 6.98 3.61 12.07 2.48 3.22 5.81 8.6

30 7.84 4.08 14.04 2.53 3.22 6.39 9.49

40 9.71 5.26 18.47 3.65 2.91 8.24 12.08

50 11.07 5.33 21.03 3.5 2.54 9.62 13.81

100 19.94 11.4 38.86 7.28 3.97 20.87 24.45

150 31.03 23.15 55.22 16.47 9.56 36.85 37.48

200 40.72 35.26 67.69 28.46 13.92 52.51 49.48

HN(0,1) 5 0.32 0.44 0.97 0.5 0.19 0.67 0.17
10 0.43 0.32 1.57 0.45 1.9 1.93 0.23

15 1.05 0.54 2.09 0.39 3.46 3.42 0.72

20 1.89 0.96 2.82 0.57 5.73 4.42 1.57

25 2.96 1.44 3.74 0.69 8.5 6.32 2.66

30 4.26 2.29 4.49 0.91 11.32 8.66 4.58

40 7.29 5.32 6.53 2.27 16.43 14.06 8.34

50 11.13 7.11 7.94 2.71 21.45 19.32 13.76

100 34.06 30.96 18.33 12.68 47.19 54.15 46.73

150 60.65 60.07 30.98 35.12 69.11 80.56 76.08

200 78.66 77.64 43.54 60.13 79.57 92.43 90.42

Wbl(0, 2,2) 5 0.09 0.24 1.64 0.26 0.08 1.13 0.07
10 1.75 0.51 5.27 0.19 6.41 7.27 0.99

15 7.2 3.84 12.11 0.73 17.63 19.33 6.41

20 14.7 10.34 20.98 3.41 31.56 33.1 17.08

25 25.38 17.41 29.76 8.57 44.55 49.3 31.99

30 38.83 30.85 40.99 15.8 57.85 63.48 48.22

40 61.27 57.17 61.24 39.65 73.84 83.52 74.12

50 78.71 73.2 75.04 56.27 84.49 93.09 88.8

100 99.69 99.66 99.17 98.36 99.53 99.99 99.98

150 100 100 99.99 99.97 99.99 100 100

200 100 100 100 100 100 100 100

Wbl(0,0.5,0.5) 5 14.76 14.15 9.54 12.53 13.87 13.54 15.03
10 37.8 41.4 23.32 37.02 29.93 41.65 43.39

15 58.54 63.32 35.89 56.92 39.39 65.14 65.15

20 73.37 7.7 45.87 74.32 46.46 80.77 79.47

25 82.99 86.08 54.01 84.53 51.72 89.62 88.19

30 89.93 92.64 62.09 91.25 60.14 95.03 93.41

40 96.95 98.31 77.89 97.89 70.38 98.87 98.36

50 98.99 99.48 88.17 99.41 80.26 99.76 99.58

100 100 100 99.92 100 98.55 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

The bold number is the highest power among the seven tests for each sample size.
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Table 5.20: Powers (in %) of the five graphical tests and the two non-graphical tests by
using MLE at o = 0.01 against the alternative distributions from Group II for several sample

sizes n

Alternatives n D(1) Dsp(1) D.(1) Dy (1) Dy, (1) AD(1) CvM(1)
U(0,1) 5 0.21 0.31 2.95 0.38 0.12 2.34 0.08
10 2.45 1.01 6.56 0.38 7.1 10.72 1.86

15 7.55 2.95 10.6 0.75 29.27 22.4 8.38

20 14.5 7.49 15.88 2.35 60.74 35.43 19.6

25 23.32 18.95 21.18 4.6 82.66 48.92 33.56

30 32.36 41.33 25.87 7.68 93.95 60.82 46.35

40 50.54 86.96 38.36 41.34 99.55 81.36 69.81

50 68.24 97.96 47.86 74.42 99.98 91.92 86.33

100 98.24 100 87.8 100 100 99.98 99.9

150 99.99 100 98.47 100 100 100 100

200 100 100 99.91 100 100 100 100

beta(2,2) 5 0.09 0.21 2.7 0.27 0.03 1.9 0.05
10 3.92 1.47 9.74 0.27 11.3 15.22 2.81

15 14.36 7.61 20.32 1.47 34.95 36.98 16.02

20 29 19 34.28 7.11 65.09 59.11 38.28

25 46.52 34.83 47.57 16.43 84.2 75.82 59.6

30 60.23 56.37 57.92 26.77 95.01 86.37 76.44

40 82.79 90.95 78.7 65.49 99.6 97.18 93.29

50 94.31 98.68 89.47 86.91 99.97 99.52 98.82

100 99.99 100 99.92 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(2,5) 5 0.17 0.27 1.39 0.32 0.11 0.92 0.13
10 1.31 0.47 4.08 0.2 4.93 5.51 0.74

15 4.96 2.59 8.29 0.42 12.48 13.86 4.01

20 9.28 5.98 14.23 1.95 24.49 24.19 10.52

25 17.73 12.06 21.65 4.87 36.31 37.74 22.1

30 26.93 20.8 29.63 8.55 48.33 50.05 34.37

40 45.84 42.8 47.03 26.22 68.22 72.79 58.87

50 65.06 60.37 60.75 38.12 80.71 86.37 78.24

100 98.1 98.9 95.86 94.37 99.5 99.88 99.76

150 99.96 100 99.82 99.95 100 100 100

200 100 100 99.99 100 100 100 100

beta(5,1.5) 5 0.07 0.09 7.41 0.23 0.03 5.54 0.03
10 16.84 7.38 29.85 0.93 34.89 46 17.4

15 49.53 32.51 56.78 13.27 82.77 79.72 59.6

20 74.5 66.24 77.18 40.19 97.86 93.57 86.12

25 89.49 90.09 88.4 65.66 99.78 98.35 96.01

30 96.3 98.43 94.77 84.62 99.99 99.61 99.05

40 99.63 100 99.13 99.59 100 100 99.98

50 99.99 100 99.93 100 100 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(0.5,0.5) 5 0.73 1.16 4.51 1.18 0.54 4.83 0.6
10 3.04 2.97 5.85 3.11 7.4 10.35 2.73

15 6.84 5.4 7.52 4.29 30.79 17.39 7.53

20 10.56 11.14 9.49 6.66 57.96 25.51 14.19

25 15.09 24.86 10.33 9.64 76.88 34.97 21.44

30 20.94 48.27 11.98 14.94 89.29 45.66 31.05

40 33.71 85.31 18.4 52.5 98 65.94 49.42

50 49.77 96.74 24.68 77.2 99.8 81.77 68.98

100 92.98 100 65.41 99.99 100 99.86 98.84

150 99.84 100 92.93 100 100 100 99.99

200 100 100 99.07 100 100 100 100

beta(0.5, 3) 5 4.02 4.35 1.98 3.55 3.27 3.44 3.54
10 6.62 10.24 1.72 9.79 3.86 7.61 7.41

15 10.9 17.41 1.88 15.26 3.33 14.21 11.96

20 14.69 23.8 1.73 23.43 2.85 20.27 16.81

25 18.27 29.64 1.59 29.4 2.59 26.54 21.16

30 24.2 37.92 1.7 36.68 3.26 34.85 27.46

40 33.85 54.34 2.29 53.69 3.06 50.26 39.13

50 44.08 63.56 2.73 62.74 3.19 62.08 50.31

100 80.06 94.35 23.45 93.58 8.25 94.14 84.87

150 95.61 99.27 63.89 99.21 27.95 99.35 97.06

200 99.09 99.9 88.65 41.2 99.94 99.5

beta(l,2) 5 0.26 0.43 1.06 0.57 0.22 0.84 0.15
10 0.69 0.55 1.85 0.47 2.33 2.57 0.29

15 1.69 0.89 2.97 0.4 5.29 5.06 1.27

20 2.76 1.33 3.66 0.56 9.82 6.85 2.54

25 4.3 2.04 4.43 0.9 17 9.51 4.54

30 6.26 3.17 5.48 0.96 26.87 13.36 7.46

40 10.69 8.91 7.64 2.7 45.5 21.37 13.65

50 15.81 17.41 9.39 3.72 61.9 30.07 22.48

100 46.13 87.77 21.47 45.63 99.19 73.2 65.2

150 75.91 99.88 37.33 95.2 100 94.74 91.62

200 90.69 100 52.56 99.98 100 99.26 98.36

The bold number is the highest power among the seven tests for each sample size.
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Table 5.21: Powers (in %) of the five graphical tests and the two non-graphical tests by
using MLE at a = 0.01 against the alternative distributions from Group III for several

sample sizes n

Alternatives n D(1) Dsp (1) D.(1) Dy (1) Dy, (1) AD(1) CvM(1)
Laplace(0, 1) 5 0.21 0.22 5.86 0.25 0.21 4.22 0.18
10 18.53 10.03 30.58 2.07 32.29 37.51 16.49

15 51.66 40.47 59.13 20.78 62.73 68.79 53.05

20 74.5 65.27 77.71 49.39 80.01 85.76 77.37

25 87.3 81.3 87.82 72 88.86 93.7 89.75

30 94.35 91.41 94.2 85.32 94.46 97.35 95.89

40 99.21 98.54 99.01 97.38 98.46 99.7 99.54

50 99.89 99.76 99.8 99.46 99.67 99.96 99.96

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

logistic(0, 1) 5 0.15 0.16 4.18 0.24 0.11 2.79 0.09
10 11.47 5.78 21.6 0.73 23.9 29.67 9.92

15 38.55 28.11 46.86 11.77 54.12 60.31 41.03

20 60.86 51.65 66.33 34.98 73.76 79.25 67.36

25 T7.74 69.79 79.35 56.85 85.09 89.68 83.53

30 88.73 83.93 88.49 73.43 92.32 95.51 92.79

40 97.66 96.42 97.07 93.05 97.7 99.45 98.97

50 99.6 99.18 99.37 97.87 99.35 99.92 99.83

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

Cauchy(0,1) 5 3.45 2.46 19.33 1.9 3.77 17.27 3.69
10 45.52 36.21 54.57 21.54 56.42 56.22 44.01

15 74.92 69.18 79.13 55.31 80.74 81.07 74.98

20 87.95 85.35 90.57 77.87 90.92 91.8 89.01

25 94.52 93.02 95.59 89.92 95.32 96.6 95.42

30 97.35 96.95 98.04 95.5 97.81 98.44 98.03

40 99.63 99.58 99.76 99.28 99.49 99.86 99.77

50 99.92 99.9 99.91 99.88 99.88 99.96 99.95

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

N(0,1) 5 0.07 0.22 3.49 0.26 0.05 2.26 0.08
10 7.33 3.21 16.37 0.32 18.7 24.51 6.29

15 28.74 19.53 37.07 6.38 47.32 53.14 31.52

20 51.78 41.01 57.55 23.35 70.84 75.23 59.92

25 70.7 61.07 72.24 43.63 83.55 87.82 79.4

30 83.99 77.42 83.11 61.36 92.4 94.55 90.71

40 96.11 94.72 94.88 88.18 98.06 99.34 98.52

50 99.17 98.86 98.6 96.5 99.6 99.85 99.75

100 99.99 100 100 99.99 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(1) 5 3.93 2.83 19.56 1.92 4.2 17.22 4.28
10 45.48 36.01 54.15 21.69 56.42 56.56 44.05

15 74.53 69.1 78.74 55.66 80.53 81.37 74.72

20 87.82 85.52 90.67 78.23 91.01 91.77 89.12

25 94.45 93.24 95.68 89.43 95.42 96.55 95.61

30 97.57 97.32 98.25 95.27 98.05 98.84 98.3

40 99.61 99.65 99.73 99.31 99.6 99.83 99.74

50 99.98 99.96 99.98 99.86 99.93 100 99

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(3) 5 0.19 0.25 6.26 0.19 0.17 4.32 0.2
10 18.8 11.45 29.12 3.27 31.43 36.4 17.46

15 48.12 39.56 55.3 22.13 60.29 64.84 50.19

20 71.33 64.7 75.37 49.52 78.45 83.22 74.71

25 85.36 80.42 86.83 70.16 88.22 92.53 88.44

30 92.4 89.55 92.78 82.89 93.52 96.6 94.74

40 98.58 97.93 98.45 96.35 98.07 99.59 99.21

50 99.67 99.41 99.55 98.84 99.31 99.88 99.82

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(4) 5 0.11 0.19 5.17 0.21 0.12 3.73 0.14
10 15.41 8.88 26.29 1.97 28.99 33.97 13.89

15 43.69 33.81 51.5 17.62 57.37 62.5 45.55

20 67.64 60.11 72.44 44 77.17 81.88 72.66

25 82.51 76.49 84.06 65.29 86.9 91.93 86.88

30 90.84 86.9 90.95 79.42 92.52 96.11 93.85

40 98.19 97.28 97.97 95.04 97.52 99.27 98.88

50 99.69 99.35 99.46 98.75 99.23 99.96 99.9

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(6) 5 0.07 0.2 4.1 0.21 0.06 3.02 0.06
10 12.6 6.58 22.67 0.89 25.36 30.99 11.32

15 38.85 29.32 46.44 13.2 53.88 59.91 41.43

20 62.03 54.01 67.3 36.69 73.91 79.35 67.92

25 80.03 72.33 81.26 58.98 85.54 90.51 85

30 89.2 84.9 89.38 74.46 92.13 95.67 93.13

40 97.89 96.82 97.48 93.64 97.66 99.42 98.95

50 99.67 99.29 99.39 98 99.34 99.96 99.92

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

The bold number is the highest power among the seven tests for each sample size.
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Table 5.22: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLUE at « = 0.01 against the alternative distributions from Group I for several

sample sizes n

Alternatives n D(2) Dsp(2) D.(2) Dy, (2) Dy, (2) AD(2) CvM(2)
X2(1) 5 2.63 2.63 0.49 2.88 2.63 3.71 3.2
10 7.47 7.3 3.54 7.44 2.84 11.93 9.14

15 12.83 12.69 5.33 12.92 2.38 21.42 16.06

20 19.37 18.8 6.8 19.51 2.03 31.41 24.21

25 26.03 24.68 8.17 27.24 1.85 41.38 33.09

30 34.1 33.19 9.42 36.04 2.18 50.93 41.73

40 49.3 51.14 14.11 53.23 2.78 69.12 58.22

50 62.68 64.44 16.84 67.61 3.24 81.44 70.78

100 94.62 96.56 47.14 97.59 13.64 99.15 97.25

150 99.38 99.74 81.44 99.94 44.11 99.95 99.74

200 100 100 96.99 100 67.06 100 99.99

23 5 0.9 0.9 1.44 1.01 0.9 0.83 0.98
10 1.41 1.72 2.1 1.71 2.3 1.05 1.41

15 2.14 2.87 3.03 2.57 3.48 1.82 2.23

20 2.41 3.19 3.17 3.25 3.98 2.27 3.04

25 3.18 4.13 3.95 4.02 4.93 3.39 4.3

30 4.62 6.05 5.26 5.27 6.7 4.68 5.72

40 6.34 9.14 8.26 8.28 9.2 7.29 8.16

50 9.5 12.46 10.85 11.51 11.11 11.33 12.2

100 26.33 33.8 28.42 34.88 22.75 35.72 35.03

150 50.03 57.85 47.95 57.5 36.7 66.21 62.74

200 68.01 74.7 64.59 73.98 45.41 82.44 79.23

X2(4) 5 0.83 0.83 1.51 1.1 0.83 0.61 0.84
10 2.35 2.76 3.35 2.29 3.64 1.64 2.31

15 3.99 4.89 5.33 4.55 6.02 3.81 4.88

20 6.03 7.35 7.34 7.44 8.41 6.22 7.64

25 8.72 10.3 9.81 10.42 11.27 9.33 11.22

30 12.21 15.23 13.59 13.6 16.4 13.63 15.79

40 20.42 25.61 23.37 22.57 23.09 24.67 26.64

50 30.41 35.97 32.25 33.82 30.06 37.95 38.72

100 73.5 78.52 71.33 78.46 60.75 85.24 84.1

150 94.58 95.15 91.32 95.2 83.7 98.36 97.93

200 99.13 99.08 97.61 99.02 92.35 99.78 99.76

X2(6) 5 1.24 1.24 2.22 1.39 1.24 0.84 1.08
10 3.98 4.76 5.66 4.16 6.08 3.3 4.54

15 7.99 9.51 10.07 9.36 11.49 8.51 10

20 13.58 16.06 16.07 15.93 18.51 14.97 17.65

25 21.16 22.96 22.05 22.52 24.6 24.64 27.88

30 29.21 33.21 30.28 30.66 34.16 34.73 38.43

40 46.89 52.8 48.86 49.22 48.71 56.75 58.92

50 64.47 66.83 61.82 65.19 59.94 74.38 75.48

100 96.73 96.97 95.03 96.99 91.26 98.97 98.89

150 99.93 99.89 99.56 99.94 98.96 99.99 99.99

200 100 99.99 99.96 100 99.84 100 100

X2(10) 5 1.37 1.37 2.62 1.62 1.37 1.02 1.29
10 6.03 6.95 8.33 7.1 8.57 5.54 7.24

15 14.03 16.15 17.05 16.38 18.78 16.44 18.6

20 25 27.2 27.12 26.94 30.66 28.56 32.45

25 37.24 39.01 37.55 37.99 40.64 44.3 47.9

30 49.82 52.28 48.47 49.16 52.93 57.73 61.55

40 70.94 73.31 70.01 70.59 69.85 79.57 81.13

50 85.56 85.85 81.93 84.3 80.81 91.92 92.43

100 99.59 99.65 99.24 99.68 98.66 99.94 99.94

150 100 100 100 100 99.98 100 100

200 100 100 100 100 100 100 100

LogN(0,1) 5 1.75 1.75 0.66 1.84 1.75 2.18 1.93
10 3.32 3.07 3.23 3.17 2.62 4.33 3.74

15 4.38 3.73 5.88 3.92 2.25 5.99 5.42

20 5.52 4.32 8.04 4.57 2.35 6.96 6.68

25 6.27 4.46 9.65 4.88 2.21 7.74 7.81

30 7.17 5.2 11.45 4.97 2.58 8.59 8.93

40 9.42 6.47 16.2 6.36 2.39 10.73 11.32

50 10.69 7.06 19.06 7.31 2.58 12.36 13.1

100 19.71 15.12 37.2 17.14 5.4 23.65 24.61

150 31.41 28.96 53.85 31.71 12.22 39.61 38.6

200 41.08 43.14 67.54 45.79 17.79 54.54 51.17

HN(0,1) 5 0.87 0.87 1.49 0.97 0.87 0.58 0.85
10 1.83 2.14 2.68 2.04 2.75 1.54 2.07

15 2.76 3.18 3.4 3.03 3.96 2.85 3.61

20 3.86 3.74 3.69 3.66 5.86 3.41 4.61

25 5.62 5.27 4.87 5.09 7.67 5.44 7

30 7.19 6.91 5.69 5.83 10.41 7.46 9.35

40 10.78 10.4 7.85 8.7 15.22 12.33 14.41

50 14.88 13.48 9.36 11.53 19.89 17.84 20.62

100 39.24 39.4 18.7 34.48 45.67 51.11 54.1

150 64.46 65.13 29.7 59.18 67.16 79.16 80.71

200 81.1 81.7 41 76.3 78.15 91.53 92.26

Wbl(0, 2,2) 5 1.46 1.46 2.72 1.78 1.46 1.03 1.45
10 6.52 7.38 8.85 7.4 9.24 5.82 7.61

15 14.38 16.13 16.97 16.36 18.98 16.83 19.19

20 24.46 25.78 25.51 25.88 30.49 29.05 32.88

25 36.48 36.04 33.88 36.32 41.73 45.79 49.6

30 49.46 50.89 45.27 46.55 56.11 60.15 63.87

40 70.12 71.33 64.6 67.89 72.45 81.51 82.99

50 83.75 83.96 76.74 81.62 83.23 92.44 92.98

100 99.8 99.81 99.11 99.81 99.41 99.99 99.98

150 100 100 99.99 100 99.98 100 100

200 100 100 100 100 100 100 100

Wbl(0,0.5,0.5) 5 8.79 8.79 0.26 9.1 8.79 12.05 10.5
10 28.62 28.85 16.31 28.62 16.37 39.69 34.4

15 48.81 48.32 28.7 48.03 20.05 63.81 56.69

20 65.16 64.07 37.8 66.03 24.57 78.78 73.02

25 76.98 74.9 45.17 78.09 29 88.43 83.72

30 86.02 85.52 53.42 86.72 36.09 94.24 91.02

40 95.27 95.43 69.89 96.12 48.33 98.73 97.57

50 98.55 98.53 81.08 99.02 60.75 99.7 99.41

100 100 100 99.66 100 95.93 100 100

150 100 100 100 100 99.97 100 100

200 100 100 100 100 100 100 100

The bold number is the highest power among the seven tests for each sample size.
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Table 5.23: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLUE at o = 0.01 against the alternative distributions from Group II for several

sample sizes n

Alternatives n D(2) Dsp(2) D.(2) Dy (2) Dy, (2) AD(2) CvM(2)
U0, 1) 5 27 27 ar 2.85 2.7 2.29 2.84
10 7.7 7.5 9.74 7.54 10.2 8.91 10.97

15 13.87 13.04 13.79 12.89 29.74 20.4 21.88

20 22.36 24.38 17.91 19.09 58.48 32.39 35.16

25 31.68 42.54 22 28.81 79.82 46.39 48.93

30 40.94 66.37 26.74 44.6 92.66 58.68 60.92

40 58.27 93.8 38.89 80.89 99.41 79.39 79.61

50 72.98 99.25 46.57 96.03 99.98 91.17 90.78

100 98.59 100 85.06 100 100 99.97 99.93

150 99.99 100 97.63 100 100 100 100

200 100 100 99.83 100 100 100 100

beta(2,2) 5 2.41 2.41 4.3 2.5 2.41 1.85 2.39
10 11.76 12.34 14.72 12.13 15.23 12.92 15.55

15 24.85 25.02 26.32 24.68 35.98 33.78 35.95

20 41.68 41.58 39.01 38.46 63.34 55.56 58.33

25 57.24 59.27 49.9 53.93 81.76 73.34 75.52

30 69.67 77.98 60.42 66.78 93.77 84.87 86.5

40 87.75 96.04 79.87 91.19 99.48 96.52 96.64

50 96.19 99.55 90 98.55 99.96 99.46 99.49

100 100 100 99.92 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(2,5) 5 1.2 1.2 2.33 1.48 1.2 0.84 1.18
10 5.07 5.59 6.64 5.49 6.93 4.47 5.88

15 10.19 11.17 11.74 11.93 13.53 11.75 13.41

20 17.21 18.5 18.24 18.2 24.4 20.74 24.05

25 26.7 27.01 25.41 25.94 34.17 34.56 37.76

30 36.65 38.34 33.54 34.08 46.62 46.43 50.58

40 55.55 59.37 50.87 54.12 66.21 69.59 71.41

50 72.22 74.3 63.14 69.8 79.08 84.91 85.66

100 98.72 99.4 95.72 99.15 99.44 99.85 99.83

150 99.98 100 99.77 100 100 100 100

200 100 100 100 100 100 100 100

beta(5,1.5) 5 6.75 6.75 10.9 7.59 6.75 5.52 7.24
10 33.08 32.79 37.53 32.8 41.57 42.79 46.39

15 62.85 62.67 62.35 60.29 82.93 78.18 79.25

20 82.53 87.08 79.3 82.01 97.54 92.78 93.4

25 92.97 97.24 88.95 94.23 99.69 98.12 98.38

30 97.65 99.71 94.87 98.59 99.99 99.53 99.63

40 99.79 100 99.12 99.99 100 100 100

50 99.99 100 99.92 100 100 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(0.5,0.5) 5 4.01 4.01 5.77 4.19 4.01 4.35 5.08
10 6.14 5.48 7.24 5.86 10.57 8.48 9.05

15 9.72 9.36 8.06 7.58 30.84 15.22 14.82

20 13.94 21.31 8.24 12.39 55.64 21.76 20.87

25 18.17 38.63 7.99 22.96 74.28 30.79 28.48

30 24.23 62.05 9.52 39.43 87.96 41.01 36.94

40 36.81 89.2 14.56 75.68 97.74 61.27 52.79

50 51.82 97.95 18.86 93.17 99.7 78.86 69.95

100 93.46 100 54.95 100 100 99.81 98.85

150 99.88 100 87.3 100 100 100 99.99

200 100 100 98 100 100 100 100

beta(0.5, 3) 5 1.88 1.88 0.55 1.98 1.88 2.53 2.2
10 3.74 3.75 0.89 3.5 1.14 5.78 4.04

15 6.25 6.3 0.87 6.36 0.85 10.73 7.44

20 9.01 9.03 0.85 10.66 0.47 16.04 10.87

25 12.26 12.25 0.64 14.72 0.29 22.16 14.91

30 17.5 18.98 0.87 20.25 0.39 29.68 20.64

40 25.79 31 1.11 33.09 0.59 44.51 30.57

50 36.11 42.67 0.84 45.96 0.58 57.72 41.78

100 75.13 85.88 8.72 89.65 2.35 92.48 80.92

150 94.02 97.83 39.86 98.56 12.61 99.17 96.02

200 98.78 99.72 73.59 99.89 24.27 99.87 99.28

beta(1,2) 5 0.98 0.98 1.81 1.19 0.98 0.7 0.89
10 2.45 2.81 3.42 2.69 3.63 1.96 2.67

15 3.88 4.21 4.55 3.89 5.89 4.02 4.95

20 5.37 4.87 4.8 5.36 9.29 5.8 7.13

25 7.18 6.3 5.29 6.44 14.62 8.34 10.22

30 10.03 9.78 6.67 7.1 23.97 11.84 14.37

40 14.87 17.76 8.67 11.13 42.46 18.84 21.4

50 20.24 28.56 10.16 18.08 58.63 28.23 30.28

100 50.42 91.28 20.69 79.72 98.93 70.75 71.09

150 78.55 99.93 33.87 99.15 100 94.08 93.5

200 91.78 100 48.04 100 100 99.11 98.8

The bold number is the highest power among the seven tests for each sample size.
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Table 5.24: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLUE at o = 0.01 against the alternative distributions from Group III for several

sample sizes n

Alternatives n D(2) Dsyp(2) D.(2) Dy, (2) Dy, (2) AD(2) CvM(2)
Laplace(0, 1) 5 5.41 5.41 8.86 5.82 5.41 12 5.48
10 33.41 34.55 37.98 34.51 37.23 34.61 38.59

15 62.73 62.9 64.01 62.33 62.9 66.82 69.67

20 81.56 80.13 80.06 80.55 79.08 84.12 86.44

25 90.92 89.37 88.87 90.49 87.59 93.01 94.28

30 96.03 95.52 94.69 95.38 93.69 97.04 97.67

40 99.47 99.21 99.08 99.23 98.2 99.65 99.74

50 99.94 99.86 99.82 99.93 99.59 99.96 99.97

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

logistic(0, 1) 5 3.68 3.68 6.55 3.88 3.68 2.77 3.78
10 24.45 25.85 29.06 25.3 29.02 26.49 30.44

15 50.82 51.98 53.03 50.96 55.07 57.66 60.38

20 70.97 69.97 69.54 69.95 72.82 77.01 79.7

25 83.63 82.47 80.94 83.1 83.47 88.61 90.08

30 91.83 91.43 89.46 90.59 91.1 94.93 95.71

40 98.45 98.17 97.41 97.97 97.39 99.35 99.47

50 99.73 99.67 99.4 99.59 99.26 99.92 99.95

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

Cauchy(0, 1) 5 18.97 18.97 20.01 19.51 18.97 18.12 19.46
10 56.16 56.96 58.07 56.96 58.85 56.42 59.19

15 80.22 81.38 81.23 80.46 80.12 81.71 82.95

20 90.88 91.68 91.38 91.6 90.07 92.05 92.94

25 95.9 96 95.94 96.29 94.53 96.91 97.24

30 97.9 98.35 98.18 98.54 97.41 98.65 98.74

40 99.78 99.8 99.77 99.73 99.44 99.88 99.9

50 99.94 99.93 99.92 99.93 99.88 99.96 99.97

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

N(0,1) 5 3.16 3.16 5.55 3.37 3.16 2.26 3.04
10 19.04 20.47 23.16 20.25 23.94 21.13 25.03

15 41.15 42.52 43.67 42.42 48.03 50.15 52.84

20 63.28 62.69 61.37 61.88 69.58 72.22 75.32

25 78.63 77.01 74.24 76.1 82.06 86.33 87.92

30 88.98 88.4 84.6 86.41 91.27 93.8 94.68

40 97.48 97.54 95.52 96.67 97.76 99.19 99.29

50 99.44 99.43 98.66 99.29 99.48 99.84 99.88

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(1) 5 19.53 19.53 20.06 19.05 19.53 18.39 19.97
10 56 56.87 57.92 57.28 58.82 56.61 59.53

15 79.82 80.94 80.82 80.36 80.26 82.36 83.46

20 90.97 91.49 91.16 91.2 90.24 92.03 92.94

25 95.77 96.05 95.8 96.26 94.69 96.76 97.06

30 98.24 98.53 98.41 98.43 97.62 98.92 99.04

40 99.72 99.76 99.78 99.74 99.49 99.85 99.87

50 100 99.99 99.99 99.98 99.88 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(3) 5 5.77 5.77 9.11 5.73 5.77 4.32 5.87
10 31.87 33.41 35.96 33.61 36.16 33.62 37.13

15 58.3 59.82 60.7 59.67 60.79 62.93 65.4

20 78.33 78.28 77.94 77.72 77.84 81.85 83.8

25 89.15 88.66 87.9 88.09 87.2 91.93 93.13

30 94.71 94.55 93.46 93.88 92.63 96.28 96.91

40 98.97 98.89 98.58 98.72 97.79 99.54 99.6

50 99.77 99.71 99.57 99.74 99.18 99.87 99.88

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(4) 5 4.62 4.62 7.61 5.05 4.62 3.69 4.63
10 29.27 30.54 33.31 30.39 33.43 30.88 35

15 54.85 56.11 57.17 55.85 57.96 60.13 62.95

20 75.62 75.46 75.19 74.73 76.46 79.96 82.32

25 87.63 86.52 85.42 86.13 85.61 91.16 92.46

30 93.54 92.82 91.72 92.93 91.71 95.72 96.41

40 98.7 98.5 98.18 98.34 97.21 99.17 99.29

50 99.8 99.71 99.54 99.76 99.16 99.96 99.98

100 100 100 100 100 99.99 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(6) 5 3.75 3.75 6.67 4.11 3.75 2.94 3.78
10 25.81 26.96 29.97 27.35 30.19 28.07 31.58

15 50.77 51.58 52.61 51.03 54.61 57.6 60.2

20 71.68 70.94 70.41 71.44 72.9 76.91 79.47

25 85.34 84.23 82.89 83.78 84.1 89.48 91.03

30 92.66 92.11 90.32 91.03 91.26 95.25 96.12

40 98.65 98.3 97.66 98.14 97.3 99.29 99.43

50 99.79 99.78 99.45 99.58 99.22 99.93 99.95

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

The bold number is the highest power among the seven tests for each sample size.
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Table 5.25: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLIE at o = 0.01 against the alternative distributions from Group I for several sample

sizes n

Alternatives n D(3) Dsp(3) D.(3) Dy (3) Dy,; (3) AD(3) CvM(3)
Xz(l) 5 1.24 1.24 0.7 1.17 1.24 2.34 1.28
10 4 3.91 4.3 4.39 1.19 9.03 5.18

15 8.33 8.41 5.94 9.05 1.29 17.45 10.86

20 14.57 13.55 7.44 15.22 1.44 28.05 18.59

25 20.56 20.02 8.75 22.48 1.5 37.91 26.69

30 28.4 27.7 9.97 30.88 1.73 47.45 35.37

40 44.48 46.84 14.79 50.09 2.84 66.41 52.76

50 58.43 60.92 17.14 63.66 3.62 79.31 66.8

100 93.73 96.3 44.48 97.32 15.57 99.06 96.45

150 99.31 99.72 79.47 99.94 45.68 99.95 99.7

200 100 100 96.31 100 69.16 100 99.99

X2(3) 5 1.42 1.42 1.43 1.39 1.42 1.05 1.2
10 2.24 2.3 1.95 2.27 2.54 1.79 2.29

15 2.92 3.33 2.88 3.11 3.61 2.58 3.29

20 3.38 3.62 3.02 3.89 4.25 3.48 4.32

25 4.07 4.75 3.85 4.6 5.09 4.55 5.41

30 5.52 6.5 5.16 5.8 6.69 5.99 6.95

40 7.72 9.94 8.11 9.42 9.9 8.87 9.75

50 11.36 13.28 10.65 11.97 12.05 13.2 14.69

100 28.48 35.85 28.27 36.18 24.38 39.55 37.73

150 52.58 59.03 48.18 58.8 38.01 68.28 65.22

200 70.19 75.83 64.67 75.11 47.26 83.85 80.48

X2(4) 5 1.49 1.49 1.51 1.71 1.49 1.14 1.34
10 3.38 3.69 3.15 3.15 3.98 2.77 3.66

15 5.27 6.19 5.06 5.63 6.25 5.58 6.52

20 7.8 8.26 7.17 8.65 8.83 8.5 9.90

25 10.53 11.8 9.49 11.63 11.84 12.15 13.96

30 14.6 16.33 13.45 14.8 16.05 16.79 19.16

40 23.74 27.18 23.07 24.79 24.77 28.91 30.39

50 33.54 37.41 31.92 34.66 32.59 41.26 43.17

100 75.49 80.16 71.32 79.71 63.02 87.29 85.64

150 95.24 95.47 91.42 95.53 84.88 98.56 98.26

200 99.24 99.19 97.67 99.08 93.07 99.80 99.78

X2(6) 5 2.05 2.05 2.20 2.03 2.05 1.66 1.07
10 5.74 6.21 5.35 5.51 6.56 5.17 6.59

15 10.06 11.07 9.51 11.33 11.43 11.55 13.29

20 17.08 17.72 15.89 17.98 18.44 19.76 22.55

25 23.92 25.28 21.69 24.63 25.36 29.7 32.26

30 32.91 34.73 30.17 32.45 34.15 40.03 42.63

40 51.71 54.65 48.64 52.24 50.1 61.41 63.33

50 67.69 67.98 61.44 65.96 61.85 77.11 78.47

100 97.17 97.19 95.04 97.2 92.22 99.17 99.04

150 99.93 99.91 99.6 99.93 99.05 99.99 99.99

200 100 99.99 99.96 100 99.86 100 100

X2(10) 5 2.49 2.49 2.61 2.75 2.49 1.92 2.3
10 8.61 8.9 7.78 9.11 9.43 8.6 10.28

15 17.27 18.54 16.3 19.01 18.5 20.95 23.53

20 29.66 29.35 26.84 30.25 30.01 35.55 38.54

25 41.2 41.63 37.11 40.65 41.42 50.23 52.98

30 53.82 53.71 48.63 51.44 52.61 63.16 65.96

40 74.31 74.55 69.79 72.85 71.1 82.54 84.01

50 87.54 86.63 81.88 85.01 82.28 93.02 93.64

100 99.64 99.68 99.24 99.69 98.84 99.95 99.94

150 100 100 100 100 99.99 100 100

200 100 100 100 100 100 100 100

LogN(0,1) 5 0.94 0.94 0.71 0.94 0.94 1.42 0.91
10 2.11 2.02 3.70 2.05 1.78 3.07 2.31

15 2.76 2.42 6.15 2.48 1.67 4.22 3.44

20 3.75 2.9 8.42 3.08 2.03 5.52 4.68

25 4.42 3.34 9.91 3.38 2.13 6.46 5.63

30 5.21 3.86 11.83 3.69 2.55 7.05 6.59

40 7.37 5.33 16.46 5.28 2.6 9.08 8.55

50 8.75 5.97 19.27 5.85 2.99 10.3 10.53

100 17.01 14.53 37.39 16.13 6.18 21.69 21.19

150 29.09 28.38 54.09 31.28 12.99 37.03 35.64

200 38.63 43 67.55 45.73 18.82 52.42 47.41

HN(0,1) 5 1.44 1.44 1.48 1.45 1.44 1.2 1.33
10 2.96 2.92 2.44 2.94 3 2.62 3.29

15 4.09 3.93 3.21 3.92 3.89 4.18 4.92

20 5.25 4.38 3.6 4.83 4.95 5.48 6.80

25 6.79 6.12 4.77 5.88 6.72 7.42 8.78

30 9.06 7.34 5.62 6.61 8.67 9.68 11.73

40 13.01 10.77 7.81 9.85 13.85 15.16 17.61

50 17.61 13.83 9.15 12 18.74 20.75 24.61

100 42.58 39.41 18.78 35.09 44.74 55.42 57.61

150 67.37 64.46 30.23 59.23 66.26 81.2 83.09

200 83.05 81.75 41.5 76.05 77.69 92.64 93.28

Wbl(0, 2,2) 5 2.62 2.62 2.72 2.80 2.62 2.14 2.39
10 9.05 9.56 8.27 9.87 9.99 9.22 11.21

15 17.93 18.64 16.23 19.08 17.95 21.92 24.44

20 29.31 27.98 25.29 29.17 28.4 36.55 40.04

25 40.94 38.48 33.43 39.39 40.01 52.4 55.28

30 54.4 51.55 45.55 48.63 53.38 66 69.18

40 74.06 72.34 64.45 70.38 71.84 84.34 85.44

50 86.28 84.51 76.67 82.37 83.54 93.62 94.34

100 99.85 99.82 99.16 99.81 99.48 100 100

150 100 100 99.99 100 99.99 100 100

200 100 100 100 100 100 100 100

Wbl(0,0.5,0.5) 5 3.96 3.96 1.45 4.1 3.96 8.22 4.77
10 20.12 19.99 18.18 20.38 9.67 34.18 24.36

15 40.35 39.76 30.24 40.91 14.66 58.78 47.7

20 58.8 56.44 39.45 60.15 20.62 76.34 66.58

25 71.5 70.39 46.53 73.52 26.42 86.59 79.02

30 82.56 81.96 54.92 83.78 32.95 93.21 88.53

40 94.05 94.22 70.2 95.32 48.62 98.56 96.82

50 98.16 98.11 80.5 98.63 62.27 99.65 99.21

100 100 100 99.55 100 96.45 100 100

150 100 100 100 100 99.99 100 100

200 100 100 100 100 100 100 100

The bold number is the highest power among the seven tests for each sample size.
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Table 5.26: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLIE at @ = 0.01 against the alternative distributions from Group II for several

sample sizes n

Alternatives n D(3) Dsp(3) D.(3) Dy (3) Dy, (3) AD(3) CvM(3)
U0, 1) 5 15 15 .71 1.28 15 12 1.68
10 11 10.11 9.39 10.41 8.96 14.28 15.50

15 17.99 15.04 13.47 16.31 16.89 26.62 27.81

20 27.71 20.76 18.09 22.44 41.8 41 42.57

25 36.64 32.88 22.2 27.77 69.66 53.68 54.57

30 46.61 53.59 27.32 36.88 88.00 65.37 66.89

40 63.66 89.35 39.44 73.53 99.03 83.64 83.22

50 77.5 98.56 47.1 93.14 99.95 93.24 92.98

100 98.98 100 85.75 100 100 99.98 99.96

150 99.99 100 97.87 100 100 100 100

200 100 100 99.86 100 100 100 100

beta(2,2) 5 4.08 4.08 4.29 3.94 4.08 3.68 4.2
10 16 15.51 14.07 15.4 14.91 18.91 21.40

15 30.57 28.66 25.65 28.75 27.73 41.11 43.59

20 48.21 42.45 39.24 43.1 51.9 63.07 65.46

25 61.99 57.42 49.93 56.34 74.6 78.75 79.83

30 74.27 73.04 60.8 66.48 90.15 88.43 89.45

40 90.25 94.35 80.02 89.81 99.27 97.61 97.58

50 97.25 99.27 90.16 97.68 99.97 99.62 99.64

100 100 100 99.92 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(2,5) 5 2.26 2.26 2.32 2.48 2.26 1.72 2.14
10 7.23 7.29 6.39 7.15 7.54 7.04 8.84

15 12.4 12.85 11.42 14.24 12.68 15.8 17.80

20 21.42 20.28 17.98 20.98 21.84 27.29 30.21

25 30.63 29.17 25.03 28.36 32.05 40.56 43.53

30 41.33 39.13 33.55 36.32 43.1 52.84 55.88

40 60.36 59.63 50.84 56.72 64.54 74.04 75.57

50 75.4 73.92 63.13 70.14 78.4 87.17 88.17

100 98.94 99.4 95.83 99.11 99.42 99.89 99.88

150 99.99 100 99.78 99.99 100 100 100

200 100 100 100 100 100 100 100

beta(5,1.5) 5 10.54 10.54 10.87 10.67 10.54 10 11.33
10 40.72 38.6 36.74 39.32 35.45 51.67 53.44

15 68.5 64.71 62.04 65.31 69.92 83.02 83.47

20 86.4 82.73 79.62 83.53 94.64 95.01 95.14

25 94.6 94.94 89.14 93.07 99.35 98.73 98.83

30 98.26 99.18 95.1 97.69 99.93 99.71 99.72

40 99.87 100 99.15 99.97 100 100 100

50 99.99 100 99.92 100 100 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(0.5,0.5) 5 5.7 5.7 58 5.61 5.7 6.32 6.66
10 8.71 7.45 7.34 8.06 5.08 12.30 12.1

15 12.69 8.96 8.34 9.98 14.93 19.25 17.92

20 18.31 12.62 9.05 12.36 41.02 28.16 25.24

25 22.59 25.63 8.68 16.35 64.54 37.16 32.51

30 29.22 48.06 10.55 27.56 82.45 46.98 41.42

40 43.09 83.64 15.88 67.36 96.94 66.73 57.69

50 57.37 96.45 20.15 88.69 99.59 81.97 74.16

100 94.5 100 57.2 100 100 99.86 99.08

150 99.89 100 88.75 100 100 100 99.99

200 100 100 98.23 100 100 100 100

beta(0.5, 3) 5 0.95 0.95 0.62 0.97 0.95 1.72 1.04
10 1.84 1.93 1.15 1.95 0.54 4.42 2.07

15 4.02 3.92 1.08 4.26 0.4 8.90 4.88

20 6.42 6.2 0.99 8.02 0.26 14.36 7.86

25 9.19 9.59 0.73 11.64 0.19 20.12 11.49

30 13.89 15.31 1.02 16.73 0.3 27.75 16.83

40 22.31 27.68 1.27 30.24 0.6 42.47 26.52

50 32.33 39.21 0.92 42.44 0.68 55.34 38.02

100 73.03 85.26 6.86 88.73 2.91 92.20 78.88

150 93.41 97.68 35.54 98.53 13.86 99.14 95.75

200 98.7 99.7 70.39 99.88 26.71 99.87 99.21

beta(l,2) 5 1.73 1.73 1.81 1.73 1.73 1.43 1.69
10 3.73 3.72 3.19 3.53 3.87 3.37 4.18

15 5.29 5.11 4.33 5.1 5 6.06 7.08

20 7.33 5.64 4.84 6.88 6.72 8.42 10.00

25 8.95 6.72 5.28 7.56 10.48 11.36 13.01

30 12.39 9.53 6.8 8.01 18.01 15.07 17.65

40 18.06 15.54 8.77 12.05 36.47 23.34 25.81

50 23.51 24.15 10.16 16.35 54.09 32.06 35.01

100 54.3 89.71 21.01 75.76 98.79 74.7 74.41

150 81.41 99.91 34.83 99.01 100 95.14 94.81

200 92.84 100 48.81 99.99 100 99.28 99.06

The bold number is the highest power among the seven tests for each sample size.
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Table 5.27: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLIE at o = 0.01 against the alternative distributions from Group III for several

sample sizes n

Alternatives n D(3) Dsp(3) D.(3) Dy, (3) Dy, (3) AD(3) CvM(3)
Laplace(0, 1) 5 8.46 8.46 8.79 8.36 8.46 7.31 8.35
10 39.04 39.23 37.06 39.03 37.66 41.16 44.52

15 66.88 65.71 63.59 65.87 62.69 71.01 73.79

20 84.32 81.82 80.1 82.73 79.17 86.99 88.92

25 92.31 90.72 88.9 91.42 88.04 94.33 95.29

30 96.53 95.85 94.78 95.82 93.88 97.62 97.95

40 99.62 99.34 99.07 99.35 98.4 99.76 99.79

50 99.95 99.87 99.83 99.92 99.69 99.97 99.98

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

logistic(0, 1) 5 6.19 6.19 6.52 6.21 6.19 5.47 6.16
10 30.06 30.17 27.98 29.87 29.62 33.5 36.67

15 55.63 55.08 52.49 54.74 53.13 62.96 65.69

20 75.21 71.77 69.58 73.09 71.09 81.59 83.65

25 85.62 83.92 80.85 84.67 82.93 90.73 91.70

30 93.18 91.61 89.6 91.43 90.86 95.98 96.50

40 98.86 98.34 97.39 98.22 97.53 99.49 99.60

50 99.82 99.71 99.39 99.61 99.36 99.96 99.98

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

Cauchy(0,1) 5 21.24 21.24 20.54 21.58 21.24 21.29 21.45
10 57.86 58.47 57.78 58.4 57.53 58.71 60.33

15 80.77 81.25 80.98 80.64 79.94 82.2 83.06

20 91.1 91.3 91.37 91.4 90.38 92.55 92.90

25 95.65 95.98 95.96 96.22 94.9 97.04 96.94

30 97.92 98.21 98.22 98.46 97.57 98.56 98.62

40 99.72 99.77 99.77 99.72 99.51 99.88 99.87

50 99.93 99.92 99.92 99.94 99.87 99.96 99.97

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

N(0,1) 5 5.31 5.31 5.54 5.31 5.31 4.52 5.31
10 24.39 24.26 22.34 24.3 24.12 28.5 31.81

15 46.67 45.86 43.07 46.41 44.31 56.89 59.18

20 68.23 64.22 61.49 65.82 65.92 78.42 80.25

25 81.48 78.43 74.17 78.02 79.98 89.15 90.24

30 90.62 88.44 84.82 87.27 89.65 95.21 95.93

40 98.1 97.49 95.53 97 97.57 99.42 99.48

50 99.55 99.46 98.67 99.28 99.53 99.91 99.92

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(1) 5 21.44 21.44 20.77 20.64 21.44 21.42 21.78
10 58.1 58.04 57.73 58.77 57.09 58.95 60.48

15 80.19 81.07 80.7 80.24 79.93 82.61 83.03

20 91.22 91.42 91.26 91 90.39 92.53 92.87

25 95.68 95.96 95.85 96.25 94.98 96.76 96.85

30 98.29 98.55 98.43 98.39 97.84 98.93 98.95

40 99.72 99.75 99.78 99.74 99.54 99.83 99.84

50 100 99.99 99.99 99.99 99.92 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(3) 5 8.83 8.83 9.06 8.4 8.83 7.85 8.87
10 37.04 36.92 35.16 37.71 36.37 39.51 42.39

15 62.16 62.15 60.14 62.98 60.23 67.05 69.44

20 80.95 79.44 77.78 79.89 77.85 84.46 86.03

25 90.5 89.67 87.84 89.28 87.85 93.25 93.91

30 95.39 94.92 93.6 94.4 93.04 96.96 97.33

40 99.14 99 98.59 98.92 98.1 99.61 99.66

50 99.78 99.74 99.57 99.74 99.33 99.88 99.90

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(4) 5 7.34 7.34 7.56 7.64 7.34 6.41 7.24
10 34.56 34.46 32.59 34.39 33.97 37.62 40.67

15 58.97 58.85 56.58 59.43 56.85 64.94 67.19

20 78.79 76.88 75.1 76.84 75.82 83.52 85.15

25 89.07 87.71 85.38 87.47 85.61 92.81 93.49

30 94.6 93.35 91.78 93.51 91.86 96.42 96.94

40 99.02 98.66 98.18 98.63 97.65 99.35 99.42

50 99.85 99.75 99.54 99.77 99.3 99.97 99.99

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(6) 5 6.25 6.25 6.64 6.51 6.25 5.54 6.23
10 31.12 30.96 29.09 31.37 30.56 34.6 37.88

15 55.67 54.52 51.87 54.54 52.77 62.68 65.29

20 75.28 72.56 70.33 74.31 71.62 81.4 83.34

25 87.46 85.22 82.89 85.32 83.75 91.46 92.52

30 93.75 92.51 90.44 91.67 91.28 96.15 96.80

40 98.91 98.47 97.75 98.37 97.55 99.47 99.53

50 99.86 99.81 99.46 99.59 99.35 99.96 99.96

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

The bold number is the highest power among the seven tests for each sample size.
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Table 5.28: Powers (in %) of the five graphical tests and the two non-graphical tests by
using MLE at « = 0.1 against the alternative distributions from Group I for several sample

sizes n

Alternatives n D(1) Dsyp (1) D.(1) Dy, (1) Dy, (1) AD(I) CuM(1)
)(2(1) 5 21.3 25.32 20.45 26.32 21.57 14.75 23.45
10 37.96 43.45 31.3 43.31 34.45 30.69 40.7

15 49.27 57.21 40.9 55.87 42.01 46.32 53.11

20 59.66 68.03 49.57 67.24 49.38 59.42 63.74

25 68.05 75.37 59.19 75.71 55.47 70.18 72.68

30 74.6 82.33 66.5 82.68 61.2 77.97 78.91

40 85.3 91.2 79.71 90.91 74.13 88.91 88.62

50 91.98 95.84 88.01 95.3 81.64 95.15 94.31

100 99.64 99.92 99.49 99.87 98.28 99.93 99.79

150 100 100 99.96 99.99 99.86 100 99.99

200 100 100 100 100 100 100 100

X2 (3) 5 7.89 6.59 8.38 6.93 8.14 11.86 6.67
10 8.86 6.54 10.48 6.85 11.58 14.77 7.97

15 10.38 7.16 12.9 7.06 16.39 18.26 10.07

20 12.05 7.83 15.18 8.49 19.51 21.17 11.68

25 14.39 9.86 18.26 10.21 24.31 25.03 14.69

30 17.53 13.02 22.3 12.83 29.58 29.16 18.64

40 23.41 19.39 28.9 18.14 38.57 37.32 26.07

50 30.56 26.1 36.13 23.43 44.78 45.72 33.43

100 59.9 58.45 66.26 55.35 71.02 77.12 67.1

150 80.49 80.47 84.38 78.08 85.91 92.06 86.47

200 91.71 91.88 93.44 90.52 93.69 97.42 95.23

2 (4) 5 6.86 5.5 .09 5.75 7.31 12.92 5.66
10 10.33 5.88 12.43 6.14 13.89 20.06 8.69

15 14.92 9.12 18.59 9.14 23.18 28.05 14.28

20 21.22 12.89 25.11 13.94 32.46 36.06 21.03

25 26.89 19.13 32.69 19.06 41.74 44.77 28.98

30 34.54 26.82 40.3 26.5 49.38 52.76 37.9

40 47.99 41.81 54.28 39.11 63.83 66.72 53.13

50 61.37 55.95 67.05 51.97 73.84 78.25 67.63

100 93.47 91.88 94.35 90.62 95.47 97.96 96.41

150 99.34 99.1 99.39 98.87 99.5 99.88 99.75

200 99.91 99.87 99.87 99.86 99.91 100 99.97

2 (6) 5 6.72 1.73 8.47 5.43 7.37 14.84 5.1
10 13.48 7.14 17.15 7.55 19.41 29.15 12.36

15 23.88 13.58 29.01 15.02 36.1 42.65 24.43

20 36.12 24.48 41.47 24.58 49.61 56.31 39.02

25 46.8 36.06 53.74 35.62 62.26 67.47 51.69

30 58.21 49.2 64.1 48.54 71.67 76.51 64.06

40 76.22 70.13 79.77 66.96 85.32 88.79 81.96

50 87.22 83.26 88.71 80.5 91.85 95.05 91.22

100 99.7 99.38 99.58 99.13 99.65 99.92 99.83

150 100 99.99 99.99 100 99.99 100 100

200 100 100 100 100 100 100 100

X2(10) 5 7.08 4.23 9.15 4.89 7.97 17.55 5.08
10 18.8 8.75 23.44 10.8 26.07 37.8 17.48

15 35.37 21.13 40.93 23.24 48.36 56.99 37.66

20 52.18 37.36 57.17 38.71 65.28 71.49 56.22

25 65.4 53.96 70.48 52.73 76.88 82.31 70.76

30 76.61 68.03 79.69 67.74 85.33 89.08 81.82

40 90.24 85.83 91.38 83.66 94.18 96.46 93.72

50 96.45 94.79 96.61 93.18 97.97 99.02 98.06

100 99.98 99.95 99.96 99.95 99.98 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

LogN(0,1) 5 13.58 12.01 13.04 12.8 13.2 10.45 14.09
10 18.28 13.92 18.93 14.68 17.71 13.67 18.64

15 19.99 14.84 23.09 15.17 18.42 16.33 21.77

20 22.08 15.44 26.89 15.69 19.83 18.17 23.64

25 23.65 16.12 30.34 16.27 20.45 20.66 25.8

30 25.32 17.44 34.15 17.72 20.85 22.95 27.7

40 29.33 19.68 40.43 18.89 23.68 26.9 31.81

50 32.28 22.27 46.33 20.33 25.05 30.79 35.1

100 49.67 38.93 70.46 37.49 39.72 55.12 54.21

150 63.21 58.77 84.16 57.33 55.2 74.63 70.31

200 76.03 75.17 92.44 74.26 70.05 87.54 82.85

HN(0, 1) 5 6.9 6.36 8.36 6.68 7.42 13.13 5.72
10 9.83 6.48 12.24 7.03 12.65 19.7 8.63

15 13.46 8.48 16.11 8.85 20.43 24.29 12.73

20 18.02 10.07 19.9 10.47 27.48 30.28 17.95

25 22.12 14.07 24.12 13.8 34.35 35.73 23.28

30 27.07 18.14 27.92 17.26 41.05 41.17 29.35

40 36.22 26.19 34.83 22.68 54.06 51.84 40.98

50 45.13 35.54 41.07 28.87 63.6 60.14 51.42

100 76.84 72 66.87 65.6 89 88.45 84.6

150 91.15 90.57 82.66 86.77 96.58 97.13 96.24

200 97.16 97.28 91.54 95.96 99.15 99.36 99.05

Wwbl(0,2,2) 5 7.29 3.85 9.48 4.49 8.06 18.86 4.63
10 19.82 8.93 24.65 11.06 27.41 40.43 19.03

15 36.8 21.94 41.82 23.69 49.98 59.23 39.21

20 53.69 37.43 57.57 37.98 68.59 74.8 58.91

25 67.47 53.65 70.91 53.43 80.76 85.06 73.98

30 79.28 69.28 81.24 67.3 88.97 91.93 85.09

40 91.38 86.85 91.7 84.18 96.19 97.31 95.14

50 96.9 95.22 96.49 93.16 98.9 99.39 98.65

100 99.99 100 99.99 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

Wbl(0,0.5,0.5) 5 37.17 41.56 36.64 43.33 38.22 26.81 41.35
10 67.87 71.57 61.41 70.63 64.76 62.03 71.37

15 83.1 86.13 77.66 85.53 78.75 82.04 86.4

20 91.85 93.59 87.6 93.61 87.35 92.45 94.01

25 95.88 97.32 93.77 96.88 92.28 96.94 97.37

30 98.19 99.07 96.89 98.8 96.03 98.93 98.83

40 99.63 99.78 99.26 99.81 98.86 99.76 99.72

50 99.94 100 99.86 99.95 99.63 100 99.99

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

The bold number is the highest power among the seven tests for each sample size.
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Table 5.29: Powers (in %) of the five graphical tests and the two non-graphical tests by

using MLE at a = 0.1 against the alternative distributions from Group II for several sample

sizes n

Alternatives n D(1) Dsp(1) D.(1) Dy (1) Dy, (1) AD(1) CvM(1)
U(0,1) 5 9.97 4.5 14.02 5.47 10.61 25.11 7.43
10 25.71 11.31 32.75 13.14 34.47 48.92 27.36

15 42.16 22.61 47.12 22.66 69.71 66.53 49.02

20 56.3 43.96 58.53 38.3 89.95 79.81 66.19

25 66.99 70.26 68.38 59.07 97.45 88.46 78.67

30 77.76 88.02 77.1 80.27 99.5 93.86 87.22

40 89.67 98.96 87.28 96.73 100 98.52 96.3

50 95.66 99.96 93.7 99.69 100 99.73 99.18

100 99.99 100 99.93 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(2,2) 5 9.71 3.47 13.74 4.1 10.87 27.27 6.35
10 31.62 14.06 38.14 16.7 40.61 57.87 32.97

15 55.02 33.71 59.9 34.86 75.06 78.69 62.34

20 73.41 58.41 75.92 55.75 92.53 91.52 82.12

25 84.83 79.93 86.26 75.38 98.32 96.54 92.19

30 92.65 92.71 92.71 89.06 99.62 98.99 96.82

40 98.3 99.49 98.07 98.58 99.98 99.84 99.58

50 99.74 99.98 99.7 99.94 99.99 99.97 99.96

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(2,5) 5 6.65 4.24 8.98 4.69 7.31 17.49 4.81
10 16.47 7.7 21.27 9.19 22.87 35.18 14.94

15 29.55 15.92 34.55 18.47 42.6 50.98 31.7

20 44.54 28.98 49.17 29.3 62.09 67.85 50.35

25 57.57 44.01 61.91 42.09 75.78 79.36 65.3

30 69.11 57.88 71.97 56.14 85.05 86.9 76.41

40 84.33 79.28 85.62 75.23 95.09 95.17 91.17

50 92.93 91.21 92.61 87.57 98.33 98.45 96.38

100 99.92 99.95 99.93 99.94 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(5,1.5) 5 18.36 2.98 23.87 6.51 19.83 43.64 13.11
10 60.97 35.2 66.91 40.47 73.13 84.78 66.32

15 86.97 73.49 89.1 72.19 97.09 96.81 92.25

20 96.34 94.8 96.68 92.55 99.78 99.48 98.49

25 99.05 99.37 99.11 98.81 100 99.95 99.73

30 99.79 99.95 99.82 99.89 100 99.99 99.96

40 99.99 100 99.99 100 100 100 100

50 100 100 100 100 100 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(0.5,0.5) 5 13.65 10.13 20.64 11.97 14.64 28.33 14.14
10 27.62 20.32 35.09 22.15 35.34 45.88 32.14

15 39.13 33.76 45.14 31.99 66.77 60.52 48.9

20 49.91 55.81 53.32 47.62 86.4 73.3 62.32

25 59.49 76.27 62.25 67.6 95.07 81.98 72.46

30 68.97 90.69 70.04 84.06 98.28 89.82 82.26

40 81.86 98.95 80.77 97.29 99.89 96.46 92.31

50 91.36 99.96 88.66 99.68 100 99.18 97.26

100 99.91 100 99.79 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(0.5, 3) 5 17.55 21.81 17.28 21.21 18.51 14.19 19.03
10 27.23 34.65 20.41 34.37 23.95 22.71 29.65

15 35.66 46.86 25.83 46.32 29.32 33.6 38.54

20 43.01 55.68 29.78 55.47 32.71 43.77 46.83

25 48.93 62.75 36.53 64.09 36.97 53.01 53.34

30 56.89 71.56 44 72.03 42.85 62.39 60.86

40 67.19 82.04 56.39 81.49 53.71 75.2 71.93

50 76.54 88.89 66.87 87.71 61.68 84.32 80.59

100 96.13 99.13 95.58 99.27 91.9 98.71 97.14

150 99.51 99.96 99.34 99.95 98.43 99.94 99.74

200 99.93 99.99 99.95 100 99.83 100 99.97

beta(l, 2) 5 7.23 6.31 9.12 6.38 7.81 14.87 5.81
10 11.29 7.7 14.25 8.11 14.38 22.84 10.45

15 17.14 9.99 20.29 10.45 26.41 30.73 17.57

20 22.39 13.14 24.29 13.33 39.28 38.04 24.56

25 27.39 17.81 29.1 16.92 53.9 46.19 31.71

30 35.1 26.31 35.01 22.08 66.66 52.83 40.02

40 45.82 44.44 42.75 33.64 84.07 64.78 53.56

50 55.65 61.8 48.45 48.02 93.4 74.22 64.68

100 87.04 99.37 76.73 97.26 99.99 97.13 94.44

150 97.31 100 91.21 99.99 100 99.8 99.46

200 99.64 100 98.12 100 100 99.98 99.97

The bold number is the highest power among the seven tests for each sample size.
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Table 5.30: Powers (in %) of the five graphical tests and the two non-graphical tests by
using MLE at a = 0.1 against the alternative distributions from Group III for several sample

sizes n

Alternatives n D(1) Dy (1) D. (1) Dy, (1) Dy,; (1) AD(I) CuM(1)
Laplace(0, 1) 5 16.13 3.39 19.1 5.77 17.39 34.4 10.84
10 53.16 35.46 58.08 39.35 60.61 70.85 53.86

15 81.12 68.64 83.62 70.1 85.55 89.81 82.81

20 92.8 86.76 93.53 86.82 94.48 96.59 93.8

25 97.02 94.55 97.55 94.69 97.94 98.8 97.82

30 98.96 97.71 99.06 98.32 99.11 99.61 99.27

40 99.93 99.77 99.94 99.75 99.93 99.98 99.95

50 99.99 99.97 99.98 99.97 99.98 99.99 99.99

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

logistic(0, 1) 5 12.9 3.13 15.83 4.72 13.97 31.68 8.15
10 45.37 26.67 51.26 30.22 53.44 66.88 46.54

15 73.75 58.66 76.85 59.58 81.19 87.24 77.2

20 87.8 79.19 89.37 79.18 92.63 95.23 90.95

25 94.59 90 95.37 90.61 97 98.32 96.65

30 97.17 95.74 97.79 96.1 98.68 99.35 98.69

40 99.77 99.45 99.73 99.28 99.83 99.95 99.91

50 99.98 99.94 99.96 99.94 100 99.99 99.98

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

Cauchy(0, 1) 5 33.64 13.06 35.47 20.4 34.67 44.58 29.04
10 71.08 58.97 74.04 61.76 76.01 77.75 70.73

15 89.38 84.62 91.43 84.95 92.53 93.1 90.44

20 96.23 94.34 97.14 94.13 97.46 97.85 96.81

25 98.61 97.9 99.06 97.9 99.14 99.37 99.09

30 99.41 99.12 99.71 99.45 99.74 99.79 99.66

40 99.94 99.9 99.94 99.87 99.95 100 99.99

50 99.98 99.97 99.98 99.98 99.98 99.99 99.99

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

N(0,1) 5 11.23 2.98 14.45 4.36 12.19 29.24 7.06
10 40.65 21.23 46.8 25.22 49.83 64.58 42.81

15 68.29 50.02 71.77 51.68 78.83 85.37 73.36

20 85.6 74.6 87.25 74.23 92.25 94.55 89.69

25 93.45 87.95 94 86.9 97.19 98.04 96.05

30 97.41 95.06 97.61 94.56 99.17 99.38 98.82

40 99.59 99.34 99.6 99.12 99.96 99.96 99.87

50 99.95 99.92 99.9 99.84 99.99 99.99 99.99

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(1) 5 34.15 13.5 36.03 20.25 35.04 45.28 29.52
10 71.37 58.93 74.06 62.63 76.5 78.8 70.79

15 89.63 84.54 91.37 84.46 92.48 92.96 90.45

20 96.15 94.35 96.98 94.14 97.2 97.48 96.59

25 98.42 97.71 98.92 97.82 98.96 99.22 98.82

30 99.52 99.33 99.73 99.3 99.71 99.87 99.71

40 99.95 99.93 99.96 99.91 99.96 99.96 99.97

50 100 100 100 99.99 100 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(3) 5 16.4 3.51 19.66 5.99 17.71 33.91 11.39
10 51.13 33.91 56.37 38.44 58.74 69.33 51.44

15 76.65 64.87 79.63 66.6 82.75 87.21 79.01

20 90.38 84.14 91.75 84.23 92.95 95.4 92.03

25 95.82 93.27 96.73 93.27 97.23 98.18 96.96

30 98.52 97.17 98.7 96.94 98.75 99.48 98.92

40 99.82 99.61 99.82 99.52 99.84 99.92 99.87

50 99.93 99.88 99.96 99.92 99.95 99.98 99.96

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(4) 5 14.52 3.13 17.58 5.36 15.68 31.86 9.54
10 49.61 31.44 55 35.16 57.33 68.98 50.26

15 74.74 61.93 78.16 63.55 81.39 86.21 77.49

20 88.91 82.19 90.16 81.95 92.43 94.68 91.14

25 95.78 92.44 96.51 92.14 97.13 98.32 96.99

30 98.19 96.72 98.35 96.86 98.8 99.38 98.9

40 99.67 99.52 99.76 99.31 99.76 99.92 99.88

50 100 99.95 100 99.91 100 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(6) 5 13.19 3.03 16.23 4.92 14.28 31.68 7.94
10 46.68 27.79 52.31 31.86 54.86 67.53 47.29

15 73.18 58.25 76.46 58.98 81.06 86.22 76.27

20 88.14 79.74 89.5 80.27 92.24 94.84 90.84

25 95.33 91.26 95.97 91.08 97.06 98.18 96.72

30 98.22 96.46 98.37 96.03 98.78 99.37 98.88

40 99.75 99.44 99.73 99.39 99.81 99.92 99.86

50 99.99 99.96 99.99 99.91 99.99 99.99 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

The bold number is the highest power among the seven tests for each sample size.
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Table 5.31: Powers (in %) of the five graphical tests and the two non-graphical tests by

using BLUE at o = 0.1 against the alternative distributions from Group I for several sample

sizes n

Alternatives n D(2) Dsp(2) D.(2) Dy, (2) Dy, (2) AD(2) CuM(2)
Xz(l) 5 14.53 14.76 12.48 14.87 13.35 16.26 14.81
10 25.27 26.29 19.51 24.19 17.87 30.81 26.87

15 36.72 37.51 25.76 33.83 21.41 45.84 40.15

20 47.73 49.82 33.37 45.66 25.89 58.63 52.03

25 57.26 59.56 41.55 57.39 30.15 69.44 62.15

30 66.28 68.32 48.41 67.18 35.9 77.53 70.65

40 79 82.02 64.08 80.56 48.77 88.49 83.47

50 87.9 90.22 75.44 89.44 59.48 94.74 90.81

100 99.42 99.74 98.3 99.69 94.04 99.9 99.67

150 99.94 99.99 99.9 99.99 99.26 100 99.97

200 100 100 100 100 99.98 100 100

X2(3) 5 11.02 10.87 11.66 11.55 11.31 10.83 11.44
10 13.68 14.16 14.7 14.57 16.2 13.15 14.18

15 16.41 17.59 18.23 17.9 21.06 16.44 17.9

20 18.22 20.31 20.53 21.23 24.14 18.88 20.26

25 20.79 24.21 24.2 25.6 29.12 21.96 23.36

30 24.63 29.21 29.22 29.35 33.88 26.6 27.56

40 31.16 36.42 36.34 36.96 42.22 34.86 35.72

50 38.13 43.71 43.46 45.14 47.74 42.59 42.86

100 66.1 73.17 71.6 73.73 72.01 75.04 73.67

150 84.26 88.48 87.03 88.45 86 91.23 89.64

200 93.47 95.43 94.61 95.53 93.82 97.25 96.49

X2(4) 5 11.59 11.48 12.65 12.92 12.18 11.49 12.06
10 17.61 18.25 19.06 18.97 21.3 17.32 18.94

15 23.88 25.59 26.46 26.99 30.3 24.66 27

20 30.42 33.17 33.6 34.91 38.74 32.4 34.45

25 36.66 41.31 41.27 42.09 47.31 40.7 41.95

30 44.64 48.94 48.75 50.69 53.93 49.39 50.19

40 57.33 62.45 62.02 63.94 66.59 63.56 64.43

50 69.21 73.54 73.15 74.19 75.85 76.05 75.97

100 95.35 95.87 95.31 96.49 95.48 97.64 97.58

150 99.52 99.7 99.45 99.59 99.41 99.88 99.82

200 99.94 99.96 99.91 99.95 99.88 100 100

X2(6) 5 13.13 12.93 1431 14.91 14.08 13.25 13.98
10 24.46 25.42 26.47 26.55 29.18 24.89 27.32

15 36.69 38.03 39.06 38.82 43.97 38.6 41.23

20 48.02 50.93 50.72 50.99 56.21 52.42 54.23

25 58.43 62.28 61.98 61.97 66.47 63.59 65.21

30 68.7 71.75 71.02 72.18 75.1 73.83 74.88

40 82.33 84.57 83.7 84.23 86.23 87.45 87.66

50 90.82 91.65 91.15 92.1 92.33 94.23 94.38

100 99.77 99.75 99.66 99.78 99.59 99.91 99.91

150 100 100 100 100 99.99 100 100

200 100 100 100 100 100 100 100

)(2(10) 5 15.5 15.28 16.81 17.14 16.35 15.04 16.52
10 31.91 32.48 34.01 34.64 37.03 33.32 35.7

15 49.22 49.97 51.32 51.46 56.15 53.22 55.42

20 63.48 65.76 65.59 65.52 70.06 68.48 69.93

25 74.72 76.86 76.41 77.03 79.59 79.54 80.61

30 83.45 84.47 83.98 84.65 86.78 87.69 88.13

40 93.24 93.65 93.13 93.23 94.49 95.9 96.3

50 97.58 97.62 97.35 97.73 98.04 98.78 98.93

100 99.99 99.98 99.97 99.99 99.98 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

LogN(0,1) 5 11.88 11.87 10.38 12.13 11.77 12.49 12.05
10 16.02 15.74 15.76 16.08 14.92 17.52 16.63

15 18.17 17.62 20.38 17.69 15.9 20.66 19.85

20 20.84 20.06 24.47 20.1 17.48 23.09 22.42

25 22.71 21.55 28.72 21.71 17.54 25.16 24.66

30 24.72 23.4 32.33 23.96 18.74 27.61 26.91

40 28.68 27.08 39.22 27.51 21.73 31.8 31.38

50 32.09 30.77 45.54 32.01 24.34 35.59 35.14

100 50.39 52.23 71.03 54.06 39.33 58.27 55.84

150 64.39 69.96 85.37 70.89 55.48 76.75 72.41

200 77.18 83.55 93.29 84.74 70.36 88.42 84.32

HN(0,1) 5 11.73 11.44 12.63 12.7 12.27 11.53 12.2
10 16.82 16.44 18.23 17.56 18.99 16.74 18.1

15 20.81 20.69 21.88 21.07 25.86 21.46 23.52

20 25.45 25.82 25.99 25.61 31.91 26.9 29.03

25 29.39 30.14 29.79 30.03 37.49 31.84 33.85

30 34.9 34.77 33.12 34.25 43.54 37.94 39.71

40 43.01 44.3 39.84 42.56 55.02 48.76 50.91

50 51.16 52.11 45.09 50.82 63.33 57.03 59.12

100 79.84 82.19 68.82 81.51 87.53 86.91 88.04

150 92.39 94.45 82.78 93.2 96.03 96.75 97.1

200 97.56 98.5 91.48 98.31 98.93 99.27 99.23

Wbl(0,2,2) 5 16.73 16.31 17.85 18.89 17.71 16.58 17.79
10 33.81 33.93 35.99 36.43 38.79 35.61 37.77

15 50.34 50.72 51.98 52.24 58.15 55.19 57.53

20 64.73 66.6 66.03 66.78 73.35 71.64 73.13

25 76.34 78.2 77.15 78.17 83.04 82.56 83.69

30 85.6 86.68 85.13 85.95 90.02 90.53 90.98

40 94.01 94.73 93.51 94.42 96.32 97.01 97.01

50 97.92 98.17 97.23 98.29 98.86 99.24 99.27

100 100 100 99.99 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

Wbl(0,0.5,0.5) 5 26.57 26.99 22.95 26.24 24.53 29.75 26.92
10 54.91 56.49 46.69 53.15 45.31 62.7 58.17

15 74.78 75.47 64.41 73.07 60.27 82.44 78.45

20 86.77 87.75 77.16 86.31 71.69 92.34 89.96

25 92.76 93.68 86.38 93.13 80.33 96.75 94.97

30 96.78 97.37 92.31 96.8 87.34 98.76 97.83

40 99.2 99.44 97.79 99.43 95.11 99.73 99.55

50 99.87 99.91 99.43 99.87 98.31 100 99.94

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

The bold number is the highest power among the seven tests for each sample size.
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Table 5.32: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLUE at o = 0.1 against the alternative distributions from Group II for several sample

sizes n

Alternatives n D(2) Dsp(2) D.(2) Dy (2) Dy, (2) AD(2) CvM(2)
U0, 1) 5 20.48 20.49  24.08 21.37 21.03 22.4 23.36
10 38.03 37.26 41.27 37.68 46.65 44.73 45.33

15 53.14 56.42 53.44 52.64 75.43 63.83 64.11

20 65.28 76.8 63.55 71.53 91.57 77.47 76.72

25 74.25 90.17 71.87 86.83 97.86 86.71 85.45

30 82.87 96.8 79.16 95.25 99.5 92.96 91.9

40 92.24 99.81 87.8 99.51 100 98.26 97.67

50 96.81 99.98 93.88 99.99 100 99.63 99.49

100 99.99 100 99.91 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(2,2) 5 22.77 22.47 25.12 24.04 23.74 23.77 25.44
10 46.82 46.45 49.41 48.11 53.61 53.08 54.77

15 67.71 68.35 68.24 67.1 80.37 75.99 77.08

20 82.16 85.43 81.2 83.79 93.81 90.05 90.07

25 90.08 94.41 89.3 93.57 98.62 95.84 95.61

30 95.22 98.39 94.34 97.65 99.64 98.65 98.58

40 98.87 99.86 98.45 99.8 99.98 99.78 99.77

50 99.88 99.99 99.71 99.99 99.99 99.97 99.97

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(2,5) 5 15.73 15.38 17.13 17.15 16.71 15.09 16.65
10 28.86 29.11 31.22 31.11 33.61 30.15 32.51

15 42.31 43 44.09 44.88 50.53 46.97 49.23

20 56.88 59 57.9 57.9 67.38 63.93 65.6

25 67.6 71.11 69.13 69.85 78.53 75.98 76.89

30 77.59 80.3 77.19 79.93 86.34 84.67 85.07

40 88.96 91.41 88.28 90.73 95.03 94.4 94.66

50 94.92 96.46 93.99 96.39 98.23 98.06 98.12

100 99.96 99.98 99.94 99.99 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(5,1.5) 5 34.99 34.7 38.82 37.59 35.99 40.05 41.5
10 74.08 73.62 75.94 74.18 82.15 82.44 82.76

15 91.76 93.79 91.9 93.3 98.02 96.33 96.33

20 97.77 99.14 97.48 98.99 99.82 99.38 99.26

25 99.5 99.93 99.31 99.91 100 99.92 99.9

30 99.88 99.99 99.8 100 100 99.99 99.99

40 99.99 100 100 100 100 100 100

50 100 100 100 100 100 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(0.5,0.5) 5 22.18 22.71 27.6 20.22 20.44 26.49 25.55
10 32.77 32.53 36.96 30.66 41.76 42.01 39.26

15 42.84 50.53 44.37 44.92 68.15 57.19 52.95

20 51.94 71.54 50.77 64.08 86.14 69.96 63.67

25 61.16 86.05 58.05 79.88 94.44 79.01 72.65

30 70.33 94.32 64.88 91.18 97.86 87.79 82.17

40 82.12 99.28 75.51 98.72 99.87 95.73 91.98

50 91.27 99.99 84.17 99.89 100 98.9 96.88

100 99.92 100 99.46 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta (0.5, 3) 5 13.04 13.09 11.67 12.48 12.08 14.23 13.01
10 16.59 17.86 11.58 15.93 11.2 21.16 17.64

15 23.82 25.16 13.85 22.45 11.94 31.39 25.95

20 31.06 32.96 15.06 30.44 13.48 40.61 33.36

25 36.68 41.11 18.73 38.49 15.51 49.29 40.25

30 45.23 50.69 23.84 48.57 19.56 58.88 49.66

40 58.02 64.77 33.9 62.83 26.96 72.38 62.37

50 68.31 75.55 45.76 74.57 34.99 82.22 72.56

100 94.52 97.87 87.44 97.96 75.92 98.46 95.66

150 99.27 99.75 98.08 99.84 94.75 99.92 99.61

200 99.88 99.98 99.82 99.99 99.25 100 99.92

beta(l,2) 5 13.28 13.23 14.87 14.13 13.75 12.91 13.84
10 18.49 18.26 20.31 19.44 20.89 19.19 20.68

15 25.17 23.96 25.84 24.31 32.25 27.43 29.15

20 30.29 30.84 29.69 30.07 43.96 34.42 35.44

25 36.18 38.98 34.24 37.2 56.83 42.06 42.95

30 42.72 48.64 39.37 44.37 68.05 49.28 49.71

40 52.15 64.91 46.5 58.17 83.87 62.14 62.5

50 60.62 77.92 51.29 73.65 92.96 71.43 71.37

100 88.93 99.77 76.8 99.47 99.99 96.48 95.76

150 97.7 100 90.25 100 100 99.77 99.59

200 99.7 100 97.46 100 100 99.98 99.98

The bold number is the highest power among the seven tests for each sample size.
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Table 5.33: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLUE at o = 0.1 against the alternative distributions from Group III for several

sample sizes n

Alternatives n D(2) Dsp(2) D.(2) Dy, (2) Dy,; (2) AD(2) CvM(2)
Laplace(0, 1) 5 30.88 30.37 31.94 33.48 32.7 31.38 33.41
10 66.41 66.38 67.92 68.63 68.87 67.59 69.81

15 87.22 87.09 87.77 87.22 88.22 88.68 89.92

20 95.13 95.06 95.23 95.06 95.27 96.09 96.46

25 98.22 98.21 98.26 98.33 98.17 98.65 98.82

30 99.38 99.27 99.34 99.43 99.2 99.57 99.61

40 99.94 99.95 99.96 99.88 99.9 99.98 99.98

50 99.99 99.98 99.98 99.98 99.98 99.99 99.99

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

logistic(0, 1) 5 27.2 26.81 28.55 29.28 28.96 27.97 30.16
10 59.42 59.74 61.36 61.86 63.72 63.09 65.02

15 82.03 81.99 82.74 81.82 84.87 85.42 86.65

20 91.98 92 91.95 92.1 93.82 94.5 94.92

25 96.47 96.9 96.66 96.82 97.44 97.94 98.02

30 98.65 98.55 98.3 98.91 98.86 99.23 99.33

40 99.86 99.79 99.78 99.81 99.83 99.94 99.94

50 99.98 99.98 99.96 99.98 100 99.98 99.98

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

Cauchy(0, 1) 5 44.93 44.62 44.32 v46.9 45.9 44.67 45.89
10 77.95 78.64 78.34 79.99 79.91 78.68 79.76

15 92.37 93.06 93.22 93.14 93.51 93.68 93.94

20 97.46 97.78 97.81 97.6 97.67 98.03 98.03

25 99.17 99.28 99.31 99.17 99.2 99.46 99.45

30 99.67 99.78 99.78 99.79 99.73 99.86 99.85

40 99.96 99.97 99.97 99.95 99.94 100 100

50 99.99 99.98 99.98 99.99 99.97 99.99 99.99

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

N(0,1) 5 25.19 24.71 26.79 27.1 26.44 25.54 27.84
10 55.91 55.6 57.72 57.22 60.44 60.35 62.44

15 78.04 78.02 78.32 78.16 83.1 83.38 84.63

20 90.64 90.9 90.5 90.62 93.28 93.87 94.3

25 95.85 96.36 95.74 96.02 97.52 97.78 97.87

30 98.38 98.68 98.2 98.59 99.27 99.22 99.26

40 99.75 99.82 99.74 99.81 99.96 99.94 99.96

50 99.95 99.98 99.91 99.97 99.98 99.99 99.99

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(1) 5 45.06 44.6 44.56 46.36 46.28 44.94 46.65
10 78.66 79.08 78.56 80.24 80.57 79.32 80.56

15 92.5 93.1 92.91 92.26 93.59 93.46 93.93

20 97.22 97.53 97.43 97.58 97.44 97.72 97.73

25 98.96 99.13 99.17 99.06 99.08 99.28 99.32

30 99.74 99.79 99.8 99.79 99.76 99.9 99.89

40 99.96 99.98 99.97 99.97 99.94 99.97 99.97

50 100 100 100 99.99 100 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(3) 5 30.17 29.67 31.69 32.86 31.89 30.52 32.71
10 64.4 64.33 65.75 65.99 67.71 66.19 68.54

15 84.04 83.97 84.8 84.29 86.03 86.09 87.29

20 93.44 93.69 93.79 93.44 94.05 94.69 95.3

25 97.39 97.47 97.46 97.62 97.58 98.02 98.22

30 99 98.92 98.97 98.91 98.92 99.4 99.5

40 99.87 99.87 99.89 99.86 99.84 99.91 99.91

50 99.95 99.96 99.95 99.96 99.93 99.98 99.97

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(4) 5 28.11 27.81 29.87 31.63 29.58 28.51 30.55
10 63.2 62.9 64.66 64.02 66.43 65.2 67.41

15 82.26 82.64 82.99 83.18 84.62 84.72 86.07

20 92.59 92.7 92.52 92.63 93.44 94.08 94.78

25 97.17 97.36 97.36 97.23 97.52 98.03 98.29

30 98.91 98.84 98.82 98.91 98.97 99.33 99.37

40 99.82 99.83 99.83 99.81 99.8 99.92 99.93

50 100 100 100 99.96 99.99 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(6) 5 27.34 26.84 28.67 29.48 29 28.06 30.33
10 60.82 60.59 62.65 62.24 64.75 63.81 65.76

15 81.54 81.52 82 81.61 84.65 84.59 85.84

20 92.18 92.2 92.18 92.16 93.54 94.09 94.53

25 97.11 96.95 96.89 96.77 97.32 97.9 98.1

30 98.91 98.83 98.81 98.7 98.86 99.26 99.38

40 99.83 99 99.79 99.85 99.76 99.92 99.92

50 100 99.99 100 99.98 99.99 99.99 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

The bold number is the highest power among the seven tests for each sample size.
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Table 5.34: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLIE at a = 0.1 against the alternative distributions from Group I for several sample

sizes n

Alternatives n D(3) Dsy(3) D.(3) Dy, (3) Dy, (3) AD(3) CvM(3)
Xz(l) 5 8.11 8.7 13.17 8.64 7.39 12.15 8.17
10 16.66 18.07 19.28 16.12 11.66 25.22 18.32

15 28.05 30.07 23.96 26.66 16.39 40.32 31.87

20 40.46 43.01 30 38.87 22.1 54.07 43.75

25 50.05 54.57 36.89 51.86 27.57 65.29 55.19

30 60.29 64.08 42.95 62.69 33.61 74.18 65.15

40 75.24 79.4 58.27 78.15 47.29 86.68 79.72

50 85.26 88.97 70.86 88.03 59.17 93.84 88.82

100 99.27 99.65 97.75 99.63 94.07 99.89 99.61

150 99.92 99.98 99.85 99.99 99.28 100 99.97

200 100 100 100 100 99.98 100 100

X2(3) 5 12.81 12.9 11.47 13.12 13.06 12.16 13.13
10 16.41 16.14 13.83 16.62 17.77 15.29 16.67

15 19.79 20.1 17.5 20.5 22.23 19.39 21.43

20 21.77 22.79 19.88 24.02 25.86 21.76 23.42

25 24.71 26.77 23.45 27.91 30.83 25.33 27.5

30 28.59 31.3 28.36 31.87 35.36 29.5 31.83

40 35.07 38.96 35.79 39.87 42.95 37.87 39.57

50 41.34 46.3 43.06 47.13 49.43 46.16 47.11

100 68.9 74.56 71.55 75.08 73.06 T7.27 76.13

150 85.51 89.28 87.2 89.19 86.74 92.00 90.73

200 93.96 95.69 94.64 95.72 94.2 97.42 96.75

X2(4) 5 14.66 14.73 12.16 15.34 15.12 13.65 14.93
10 21.14 21.65 17.68 21.85 23.80 20.83 23.31

15 28.46 29.09 25.3 30.68 32.13 29.16 32.08

20 35.05 36.52 32.62 37.74 40.61 36.92 39.58

25 42.1 44.55 40.67 44.92 49.01 45.18 47.99

30 49.5 52.13 47.99 53.39 55.60 53.19 55.28

40 61.51 64.84 61.71 66.63 67.94 67.05 68.67

50 72.21 75.66 73.02 75.99 77.19 78.56 79.05

100 96.23 96.24 95.35 96.8 95.75 97.96 97.9

150 99.58 99.73 99.47 99.62 99.46 99.88 99.85

200 99.95 99.96 99.93 99.95 99.89 100 100

X2(6) 5 16.97 16.74 13.47 17.91 17.75 15.66 17.92
10 29.4 30.21 24.65 30.3 32.25 30.05 32.88

15 41.98 42.41 37.82 42.69 45.19 44.3 47.35

20 53.14 54.16 49.79 54.58 57.86 57.17 59.36

25 63.27 64.97 61.21 65.2 68.46 68.19 70.61

30 72.8 73.94 70.44 74.52 76.35 77.06 79.05

40 84.84 85.82 83.66 85.96 87.28 89.09 89.99

50 92.2 92.7 91.08 92.88 92.9 95.21 95.51

100 99.81 99.77 99.68 99.79 99.65 99.92 99.93

150 100 100 100 100 99.99 100 100

200 100 100 100 100 100 100 100

X2(10) 5 19.63 19.57 15.73 21.27 20.4 18.49 21.45
10 37.71 37.72 32.1 38.48 40.05 39.03 42.48

15 55.01 54.82 50.3 55.58 57.39 58.49 61.58

20 68.51 68.54 64.72 68.88 71.82 72.66 74.74

25 78.82 78.94 76.15 79.06 80.87 83.05 84.69

30 86.25 86 83.75 86.16 87.38 89.49 90.82

40 94.67 94.07 93.05 94.16 94.83 96.65 96.99

50 98.12 97.99 97.37 97.95 98.23 99.05 99.12

100 99.99 99.98 99.97 99.99 99.98 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

LogN(0,1) 5 9.22 9.07 11.20 9.75 9.44 10.67 9.59
10 11.78 11.71 16.14 11.8 11.85 14.12 11.95

15 14.21 13.95 20.86 14.09 13.99 17.05 15.13

20 16.43 16.46 24.71 16.43 15.54 19.02 17.16

25 18.09 18.56 28.82 18.35 16.75 21.52 19.87

30 20.35 20.7 32.51 20.74 18.25 23.69 21.94

40 24.22 24.62 39.12 25.12 21.4 27.8 26.2

50 27.49 29.13 45.68 29.5 24.28 31.58 30.25

100 46.57 51.03 71.04 53.23 39.79 55.43 51.65

150 61.34 69.3 85.48 70.25 56.05 74.55 69.23

200 74.8 83.46 93.23 84.58 70.7 87.46 82.27

HN(0,1) 5 14.64 14.74 12.3 15.06 14.82 13.7 15.40
10 20.95 20.59 17.29 21.18 21.43 20.69 22.67

15 25.97 24.5 21.36 25.05 25.9 26.16 29.17

20 30.89 28.58 25.51 29.03 31.84 31.51 34.40

25 34.74 33.23 29.65 32.81 36.7 36.89 40.10

30 40.13 37.1 32.86 36.99 42.65 42.49 46.38

40 48.58 45.9 40.01 45.4 53.53 53.24 56.51

50 55.72 53.57 45.6 52.45 62.38 61.48 64.73

100 82.63 82.51 69.3 81.8 87.05 88.92 89.88

150 93.65 94.38 83.36 93.22 95.95 97.2 97.65

200 97.91 98.49 91.68 98.18 98.87 99.4 99.43

Wbl(0,2,2) 5 21.21 21.19 16.73 22.78 22.1 20.01 23.16
10 40.17 39.82 34.19 41.29 41.38 42.2 45.10

15 56.49 55.79 50.71 56.92 58.33 61.16 64.27

20 70.02 69.65 65.09 70.07 73.1 76.02 77.91

25 80.46 80.06 76.88 79.91 83.14 85.78 87.18

30 88.51 87.94 84.87 87.48 90 92.44 93.34

40 95.44 95.29 93.65 94.87 96.26 97.5 97.75

50 98.31 98.32 97.27 98.48 98.86 99.43 99.48

100 100 100 99.99 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

Wbl(0,0.5,0.5) 5 13.59 14.33 23.18 14.34 12.18 22.71 14.33
10 43.61 45.67 43.51 41.9 35.49 56.34 47.32

15 67.1 68.64 60.29 65.88 53.62 78.58 71.88

20 82.72 84.15 72.45 82.56 68.06 90.56 85.72

25 90.4 92.05 82.66 91.29 78.46 95.72 93.12

30 95.45 96.58 89.12 95.84 86.17 98.46 96.92

40 98.86 99.27 96.83 99.21 94.71 99.69 99.34

50 99.79 99.89 99.07 99.86 98.21 99.98 99.89

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

The bold number is the highest power among the seven tests for each sample size.
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Table 5.35: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLIE at a = 0.1 against the alternative distributions from Group II for several sample

sizes n

Alternatives n D(3) Dsp(3) D.(3) Dy (3) Dy, (3) AD(3) CvM(3)
U(0,1) 5 26.58 27.22 23.52 27.23 25.64 27.07 28.90
10 45.59 44.17 40.64 43.43 42.32 52.18 53.25

15 60.54 56.76 53.49 55.47 64.41 70.33 71.11

20 71.79 71.02 63.66 68.21 86.08 82.36 81.99

25 80.38 85.72 72.42 81.88 95.99 90.19 89.63

30 86.81 94.67 79.51 92.26 99.13 94.81 94.42

40 94.64 99.51 88.59 99.18 99.96 98.83 98.61

50 97.67 99.98 94.35 99.97 100 99.79 99.68

100 100 100 99.91 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(2,2) 5 28.83 28.95 23.79 29.31 29.07 29.26 31.71
10 53.79 52.77 47.66 53.55 52.81 60.56 62.54

15 73.79 71.28 67.67 70.99 74.92 81.32 82.48

20 86.59 84.79 81.01 84.5 90.91 92.54 92.98

25 92.66 93.42 89.46 92.31 97.74 97.02 97.15

30 96.51 97.75 94.33 97.17 99.48 99.14 99.11

40 99.22 99.81 98.53 99.7 99.97 99.86 99.83

50 99.92 99.99 99.72 99.99 99.99 99.98 99.98

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(2,5) 5 20.28 20.14 16.02 21 20.91 18.78 21.23
10 35.08 34.61 29.59 35.78 36.42 36.79 40.13

15 48.91 47.89 42.85 50.02 50.61 53.48 56.63

20 63.11 61.73 57.25 61.45 66.39 69.22 71.57

25 72.79 72.72 68.86 72.16 77.96 80.26 81.94

30 81.32 81.09 76.85 81.11 85.61 87.61 88.79

40 91.15 91.75 88.37 91.58 94.82 95.63 95.91

50 95.95 96.72 94.08 96.85 98.06 98.63 98.74

100 99.98 99.98 99.94 99.99 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(5,1.5) 5 42.17 42.92 37.6 43.82 41.97 46.34 48.39
10 79.6 78.5 74.96 78.46 77.56 86.63 87.02

15 93.87 93.16 91.86 93.15 96.08 97.64 97.6

20 98.4 98.61 97.54 98.53 99.64 99.54 99.49

25 99.72 99.87 99.36 99.82 99.99 99.96 99.97

30 99.92 99.99 99.82 99.98 100 99.99 99.99

40 99.99 100 100 100 100 100 100

50 100 100 100 100 100 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(0.5,0.5) 5 27.34 28.83 27.91 26.14 25 30.84 28.5
10 38.97 38.09 38.09 35.9 31.43 48.38 44.74

15 49.71 47 45.8 44.31 54.62 63.19 58.28

20 58.97 63.13 52.38 57.02 78.92 75.13 68.34

25 67.85 80.15 60.44 72.84 91.26 82.94 77.46

30 76.25 91.18 66.9 87.14 96.89 90.5 85.47

40 86.17 98.89 77.42 97.94 99.77 96.66 93.53

50 93.26 99.94 86.14 99.83 100 99.25 97.8

100 99.96 100 99.41 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

beta(0.5, 3) 5 8.62 8.9 12.02 8.99 8.16 11.74 8.72
10 12.21 13.06 11.18 11.45 8.05 17.74 12.9

15 18.17 20.17 12.73 17.61 9.25 27.86 20.47

20 25.19 28.26 12.66 25.92 11.25 36.82 27.28

25 31.28 37.01 14.92 33.79 13.93 46.13 35.33

30 40.26 46.66 18.61 44.31 17.84 55.76 45.03

40 53.56 61.7 27.4 59.97 25.75 70.24 58.51

50 64.59 73.94 38.5 72.42 35.06 81.01 69.79

100 93.82 97.7 84.39 97.8 75.93 98.39 95.17

150 99.15 99.75 97.7 99.8 94.83 99.92 99.56

200 99.87 99.98 99.79 99.99 99.28 100 99.91

beta(l, 2) 5 16.46 16.79 14.53 17.53 16.31 15.79 17.31
10 23.82 22.93 19.62 23.13 22.8 24.13 25.97

15 30.69 28.12 25.56 28.81 29.45 33.3 35.43

20 36.13 33.01 29.62 33.2 39.32 40.09 41.91

25 42.72 39.39 34.34 38.79 51.25 48.27 50.72

30 48.17 47.04 39.47 44.52 62.80 54.93 56.79

40 58.05 61.89 47.04 56.44 80.24 66.58 68.22

50 65.31 75.29 52.07 70.89 91.38 75.91 76.64

100 91.12 99.75 77.49 99.16 99.99 97.31 96.89

150 98.22 100 90.55 100 100 99.8 99.77

200 99.8 100 97.27 100 100 99.98 99.98

The bold number is the highest power among the seven tests for each sample size.
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Table 5.36: Powers (in %) of the five graphical tests and the two non-graphical tests by
using BLIE at a = 0.1 against the alternative distributions from Group III for several sample

sizes n

Alternatives n D(3) Dsp(3) D.(3) Dy (3) Dy, (3) AD(3) CvM(3)
Laplace(0, 1) 5 36.66 35.83 30.13 37.55 37.88 35.53 39.32
10 70.86 70.46 66.2 72.03 71.44 71.74 74.28

15 89.62 89 87.43 89.03 89.44 90.4 91.59

20 96.03 95.81 95.14 95.9 95.89 96.79 97.18

25 98.63 98.5 98.23 98.6 98.49 98.88 99.04

30 99.53 99.42 99.31 99.53 99.37 99.68 99.73

40 99.97 99.97 99.96 99.92 99.94 99.98 99.98

50 99.99 99.98 99.98 99.98 99.98 99.99 99.99

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

logistic(0, 1) 5 33.02 32.51 26.33 34.13 34.07 32.86 36.53
10 65.21 64.73 59.88 65.93 65.93 68.08 70.54

15 85.27 84.61 82.19 84.04 85.35 88.13 89.83

20 93.84 93.05 91.68 93.15 93.83 95.55 96.04

25 97.41 97.23 96.6 97.25 97.57 98.38 98.62

30 99.03 98.67 98.23 99.03 98.92 99.43 99.54

40 99.91 99.83 99.78 99.8 99.81 99.95 99.95

50 99.98 99.98 99.96 99.98 99.99 99.99 99.99

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

Cauchy(0, 1) 5 46.01 45.35 42.99 47.44 47.08 45.8 47.34
10 77.95 78.28 7.7 79.29 80.14 78.54 79.03

15 92.1 92.9 92.99 92.81 93.53 93.51 93.4

20 97.19 97.53 97.68 97.54 97.78 97.84 97.75

25 98.98 99.22 99.29 99.13 99.27 99.40 99.4

30 99.59 99.74 99.78 99.77 99.72 99.83 99.79

40 99.96 99.96 99.97 99.95 99.95 100 100

50 99.98 99.98 99.98 99.99 99.97 99.99 99.99

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

N(0,1) 5 30.88 30.4 25.18 31.92 31.83 30.61 34.59
10 62.43 61.29 56.07 61.95 62.62 66.38 68.77

15 82.15 80.61 77.73 81.07 82.41 86.65 88.07

20 92.62 91.83 90.2 91.89 93.22 94.99 95.59

25 96.88 96.66 95.79 96.52 97.4 98.18 98.43

30 98.8 98.82 98.22 98.7 99.12 99.41 99.51

40 99.83 99.84 99.73 99.85 99.95 99.96 99.96

50 99.97 99.97 99.91 99.96 99.99 99.99 99.99

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(1) 5 46.68 46.01 43.34 47.1 47.41 46.7 48.19
10 78.61 79.09 77.91 79.51 80.70 79.53 80.12

15 92.24 92.94 92.68 92.08 93.72 93.5 93.48

20 97.09 97.36 97.43 97.43 97.58 97.63 97.57

25 98.89 99.12 99.16 99.04 99.17 99.24 99.26

30 99.69 99.79 99.79 99.73 99.82 99.88 99.84

40 99.97 99.97 99.97 99.97 99.94 99.96 99.96

50 100 100 100 99.99 100 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(3) 5 35.53 35.34 30.28 37.24 36.37 35.29 38.40
10 68.66 68.45 64.4 68.98 69.98 70.46 72.83

15 86.39 85.99 84.42 85.76 87.05 87.95 89.19

20 94.54 94.41 93.66 94.24 94.6 95.58 95.89

25 97.87 97.75 97.43 97.94 97.81 98.27 98.54

30 99.19 99.13 98.98 99.13 99.04 99.52 99.57

40 99.88 99.9 99.89 99.89 99.85 99.92 99.92

50 99.96 99.97 99.95 99.96 99.94 99.98 99.98

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(4) 5 33.98 33.57 28.23 35.94 34.6 33.33 36.74
10 68.12 67.43 63.18 67.87 68.52 70.14 72.48

15 85.09 84.43 82.6 85.4 85.68 86.96 88.39

20 93.86 93.39 92.42 93.46 93.76 95.04 95.59

25 97.78 97.71 97.29 97.56 97.85 98.37 98.59

30 99.19 99.08 98.78 99.01 99.12 99.41 99.50

40 99.89 99.86 99.82 99.86 99.84 99.93 99.95

50 100 100 100 99.97 100 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

t(6) 5 33.05 32.8 27.02 33.72 33.9 32.99 36.36
10 66.29 65.53 61.14 66.38 67.03 69 71.44

15 84.69 83.74 81.55 83.84 84.86 87.12 88.81

20 93.71 93.2 91.93 93.28 94 95.12 95.88

25 97.76 97.41 96.91 97.2 97.57 98.38 98.67

30 99.13 99 98.79 98.93 98.98 99.42 99.54

40 99.88 99.81 99.79 99.91 99.83 99.93 99.94

50 100 100 100 99.98 99.99 100 100

100 100 100 100 100 100 100 100

150 100 100 100 100 100 100 100

200 100 100 100 100 100 100 100

The bold number is the highest power among the seven tests for each sample size.
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6.1 Conclusions

The five different sets of simultaneous intervals, associated with the D, Dy, De, Dy
and Dy; tests, were constructed in order to make an objective judgement on

Q-Q plots. As stated in the introduction, one of the objectives of this research is to
compare the powers among the graphical tests and some non-graphical tests. This
thesis aimed to identify the tests which are most powerful under specific alternative
distributions. Based on the simulation, specific recommendations (see Table 6.1)

regarding the use of the graphical tests in practice are made.

Table 6.1: Recommended tests

Support and shape of alternative distributions
support (0,00) | support | support (—oo, 00)
Testing and asymmetric| (0, 1) and symmetric
Normality
1. based on a simple random sample Dy; Dy; D,
2. based on residuals of a linear regression| Dy, Dy, Tj, Dy; T,
Weibull distribution Dy, Dye Dy, Dy, Dye
Exponential distribution Dy, Dye Dy; any test

Based on the investigations set out in the previous chapters, the Kolmogorov-
Smirnov test (D test) has a very low power. Although the Shapiro-Wilk, Anderson-
Darling, Crarher-von-Mises and T, tests are non-graphical, they may not be more
powerful than the graphical tests. In general, the Dy; and D, tests should be used for
testing normality based on a simple random sample. The Dy; and Dy, tests should be
used for testing normality based on the residuals from a linear regression model. For
testing the Weibull and exponential distributions, the Dy, Dy; and Dy, tests should
be used. Although the D, test is one of the graphical tests recommended for testing
normality when a simple random sample is considered, it is a bad choice for the

other cases. Interestingly, the investigations on the Type I error rates in Chapter
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3 imply that the tests for normality based on residuals from a linear regression
model should be treated differently from a simple random sample. Matlab codes
are provided to produce simultaneous probability intervals on Q-Q plots. We hope
that the proposed graphical tests can help practitioners to use the graphical tests
on Q-Q plots with confidence.

6.2 Future work

Possible extensions to our work are:

1. Censored data-: Throughout this thesis, we consider completely observed
data. However, in many real problems the complete data may not be available. For
example, in medical statistics, a study is often completed before the death of all
patients is observed, which implies that the death times of the remaining patients
are not recorded. With censored data, statistics based only on the complete obser-
vations are of no use. Thus, the construction of simultaneous probability intervals
for censored data should be of interest.

2. Outliers-: Outliers in a dataset are values that are far away from the rest of the
values in the data set. If some prior knowledge about possible outliers is available,
it would be useful to construct special simultaneous bounds for such cases.

3. Multivariate normality-: This would assess whether a sample of d—dimensional

random vector is from a d-dimensional normal distribution.
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