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where E = (A + 1)/)Ao is the standardized truncation point of the truncated normal
distribution, and ® is the cumulative distribution function of the standard normal
distribution (Goto et al., 1979, 1983; Goto and Inoue, 1980).

3.2 Cluster analysis for multi-sample comparisons based on the power normal distribution

The B-method is based on the normality of observations. However, real-world ob-
servations rarely satisfy this strict assumption. Thus, we propose the PMC method
assuming the distribution of each cluster is power-normal. Here, we assume A()\,) ~ 1,
which is intended to satisfy the requirement that the power-normal, transformed ob-
servations are normally distributed.

In the PMC method, AIC is expressed as

AICIQI\)ID = —2lpNnD (S‘m [, O .’I:) + 2(3N)7 (3.3)

where lpnp (j\n, fin, Gn; x) i8 the maximum-likelihood estimate of a power-normal dis-
tribution given by

N I
IpND{(An, fin, Oy 2) = (A — 1) Z Z Zlog:v;“— —logo2+1, n=1,2,...,N,

n=1keQ, i=1
G 2 )
= SO i) [Tt = N3 [k
k€Q, i=1 k€Q, kEQn i=1 keQ,
fM=X=-=Ay=1,00 =02 =--- = oy = 0, We can assume that the PMC

method gives the same result as the B-method. The PMC method is outperformed
using an algorithm similar to that used for the B-method. The algorithm for the PMC
isgiven below:
Dl: Take the initial value N = k. ‘
D2: Search for yC> pairs obtained from N clusters, and process the following three
steps.
D2a: Estimate the power transforming parameter ;\nl.nz from the maximum-
likelihood estimation for cluster pair (ny,n3).
D2b: Estimate the location parameter fi,, n, and the scale parameter 6y, ,, using

I A 2
b= 3 z(w,ﬁiw—ﬁn) Y L

ke (Qﬂl inZ) i=1 ke(in tQﬂZ)

I .
Py = ) le(c?"hnz)/ > L

ke (Q?L]_ quZ) i=1 kEin 7Qﬂ.2

with an,nz.
D2c: Calculate AIC (see section 3.3) for the cluster pair (n,ng).
D3: Amalgamate the jth pair with the minimum AIC for (N — N — 1).
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Figure 3.1: Notched boxplot for infant first-walk data

D4: Repeat step D2 until N = 1.

3.8 Fzample

This data deals with the age at which children first walk. The experiment involved
reinforcement of walking and placement reflexes in newborns (Zelazo et al., 1972).
In this experiment, newborn children were randomly assigned to one of four treat-
ment groups: the active exercise group (AG) where the infants received walking and
placement stimulation four times per day for eight weeks; the passive exercise group
(PG) where infants received an equal amount of gross motor stimulation four times
per day for eight weeks; the no exercise group (NG) whose infants received no motor
stimulation but were tested alongside the AG group infants at weekly intervals; and
an 8-week control group (BG) whose infants were only observed at 8 weeks of age to
control for possible effects of repeated examination. The response variable was age
(in months) at which the infant first walked.

We examined this data using the notched boxplot for each sample (see Figure 3.1).
The notched boxplot suggests that AG infants walk at the earliest age, and that the
walking age of NG and EG infants is similar. Moreover, the distribution of AG and
NG is skewed.

We now apply the PMC method to this data, which results in the dendrogram
shown in Figure 3.2(a). The dendrogram shows that NG and EG are clustered, and
cluster {NG, EG} is clustered with PG. The PMC method supports the result of the
notched boxplot. We also show the result of the B-method applied to this data in
Figure 3.2(b). The B-method dendrogram indicates that NG and PG are clustered
first, although the walking age of {NG, PG} and AG is similar to EG. As a result, the
B-method does not suggest that this training influences the walking age. Conversely,
the PMC method suggests the appropriate cluster structure because the PMC method
can deal with the skewed distributions in AG and NG.
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Figure 3.2: Dendrogram for infant first-walk data
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Figure 3.3: Relationship between PMC and B method (PND: power-normal distribution, ND:
normal distribution}

3.4 Relationship between the PMC method and the B-method

The PMC method can assess the appropriateness of the B-method because the
power-normal distribution covers the normal distribution. Moreover, because PMC
is based on likelihoods in the same manner as is the B-method, we can construct a
suitable clustering method for relevant observations with the AIC, the or likelihood
ratio test (Figure 3.3). Therefore, we can evaluate the fidelity of the B-method by
applying the PMC method shows the relationships between the PMC method and the
B-method.

Moreover, some graphical methods may suggest some unanticipated characteristic
such as possible inadequacies of assumed model in PMC by summaries of the informa-
tional contents of the data. We can investigate the power-normality of the observations
using the power-normal probability plot (Shimokawa & Goto, 2002). Moreover, the
notched boxplot gives productive suggestions about the relative difference between
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Figure 4.1: Notched boxplot forwheelchair cushion data

the two or more groups in location, dispersion, and skewness.

4. Case study and simulation

Statistical graphics rely often on the cognitive aspects of human beings, so it is
difficult to evaluate the value and performance of these techniques. It is preferable
that statistical graphics is evaluated through actual data analysis (Goto et al., 1988;
Shimokawa and Goto, 2002). In this section, we apply the PMC method and its diag-
nostic methods to several examples, and we evaluate the practical usefulness of these
methods. Furthermore, through some small-scale simulations, we show that the PMC
method offers advantages over the B-method.

4.1 Case studies

Sitting immobile for an extended period of time can lead to the development of pres-
sure ulcers, which is a serious problem for patients confined to wheelchairs. Research
indicates that seat cushions that diminish pressure under the ischial tuberosities are
desirable (Brown and Hollander, 1977).

The data are quantitative pressure measurements on 12 wheelchair cushions. Mea-
surements are made using a standard wheelchair without a cushion (WC) and with
11 wheelchair cushions, Reston Floatation Pad (RF), Stryker Floatation Pad (SF),
Spenco Skin Care Pad (SS), Bye-Bye Decubiti (BB), Comfort Cushion (CC), Jobst
Hydro-Float Pad (JP), Dri Flote Wheelchair Pad (DP), Bio Flote Gel Pad (BF), La-
tex Foam Rubber Pad (LF), Adaptaire Pad (AP), and Jobst Hydro-Float Cushion
(JC). Ten normal adult volunteers were evaluated. We studied this data using the
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Figure 4.2: Power-normal probability plot for wheelchair cushion data

notched boxplot for each sample (see Figure 4.2). The notched boxplot suggests that
the pressure from a standard wheelchair without a cushion is the highest, the pressure
from BB, JP, and JC was slightly less than that from other wheelchair cushions, and
that the pressure from BF, WC, CC, and LF has a skewed distribution. We con-
sidered the power-normality of each sample using the power-normal probability plot
(Shimokawa & Goto, 2001), which consists of the cumulative distribution function of
the power-normal distribution and is described based on its quantile. If the curve fits
the data then we conclude that the observations have power-normal distribution. Fig-
ure 4.2 shows the power-normal probability plot for each sample of wheelchair-cushion
data. The power-normal probability plot for WC has two outliers; BF, WC, CC, and
LF are strongly curved (i.e., the power-normal probability plots give the same indi-
cations as the notched boxplots). Moreover, the cumulative distribution function of
the power-normal distribution fits the data well, indicating that these samples have
power-normal distribution.

We now draw the AIC plot to choose the optimal clustering model (see Figure 4.3).
For this, we select the number of optimal clusters for each model that has the largest
AIC. We considered the following five models: (1} Each cluster has the power-normal
distribution (Hg1). (2) Each cluster has the power-normal distribution with common
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shape (Hga). (3) Each cluster has the power-normal distribution with common shape
and scale (Hos). (4) Each cluster has the normal distribution (Hoq). (5) Each cluster
has the normal distribution with common scale (Hgs). The AIC plot indicates that
AIC is minimal for Hgs.

Next, we base the PMC method on HO3 (see Figure 4.4). Here, the shade of the
dendrogram shows the optimal cluster. The standard wheelchair without a cushion
(WC) cannot be connected to the cluster with other samples, and it was previously
connected to the high-pressure cluster rather than to the low-pressure cluster. Three-
wheel cushions with low pressure constitute the cluster {BB, JP, JC}, and the other
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Figure 4.5: True dendrogram for simulated data

eight samples {SF, AP, CC, DP, RF, SS, LF} constitute a single cluster. Therefore,
the PMC suggests that BB, JP, and JC are recommendable wheelchair cushions.

4.2 Simulation study

Because the true cluster structure is unknown in examples, the performance of
the PMC method could be not evaluated. Therefore, we evaluate in this section the
performance of the PMC method through a small-scale simulation. The objective
of this simulation is to answer the following questions: When is the PMC method
advantageous in comparison with the existing cluster analysis for multi-sample com-
parisons (i.e., the B-method}? Is the result of the PMC method better than that of
the existing cluster analysis for multi-sample comparisons when the data has a skewed
distribution? We use the B-method for the existing clustering method because the
B-method and PMC method are both developed based on AIC.

For the above objective, we assume the true tree model as shown in Figure 4.5.
The distribution for each sampleis assumed to be the power-normal distribution
PND(z; A, 4, 0) with the same power transforming and scale parameters. Here, we
use the difference in the location parameter (LO), the power transforming parameter
(LM), the scale parameter (SC), the number of individuals (N), and the clustering
methods (M) as factors influencing the number of selections. The number of individ-
uals Iy (k=1,2,...,5) for each sample is set to 10, 15, and 20 (i.e. three levels), the
location parameter b is setto 1.0, 1.5, and 2.0 (three levels), the power-transforming
parameter A is set to 0.0, 0.5, and 1.0 (three levels), and the scale parameter ¢ is set
to 1.0, 1.5, and 2.0 (three levels). The clustering methods are the B-method and the
PMC method (two levels). For every combination of these factors, we generated 1000
data sets.

We use the following algorithm to generate the simulated data:

Rl: Generate a random number, 2, (¢ =1,2,...,I;, K = 1,2,...,5) ~ N(ux, o) where
i 1s the location parameter of the kth sample and is calculated as pj = by}, and
o is a common scale parameter.
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Table 4.1: Results of five-way ANOVA

Factor  p-value Conlggt)ilétlon Factor  p-value Oon%?;tlon

LO <0001 29.4 (LO, SC)  0.761 0.0

N < 0.001 8.4 (N, 8C) 0.469 0.1

LM < 0.001 11.6 (LM, 8C) 0.014 0.3

SC <0001 248 (LO, M) < 0.001 1.2

M <0.00l 9.2 (N,M)  0.685 0.1
(LO,N)  0.898 0.0 (LM, M) < 0.001 7.8
(LO, LM) < 0.001 1.1 (SC, M)  0.092 0.2
(N,LM)  0.306 0.2

(LO: difference in location parameter, LM: power-transforming parameter, SC:
same scale parameter, N: sample size for each grouPMClustering methods)
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Figure 4.6: Window plots of simulated result at each level of power transforming parameter for
each clustering methods

R2: For 2}, calculate the inverse power-normal transformation

] Qa1 X0,
ik = exp(zix), A=0.

R3: Repeat steps R1 and R2 to generate 1000 simulated data.

Evaluation: In this simulation, we perform five-way ANOVA to evaluate the per-
formance of the two clustering methods based on the number of selections and on the
influence of the five factors on the number of correct clusterings.

Results: Table 4.1 gives the ANOVAs for the number of selections. Here, (A, B)
denotes the interaction effects of A and B. We find that LO is the parameter that
most influences the number of selections, followed by the parameter SC. For both
parameters, this effect is their main effect. The proportion of variation explained by
the main effect of M is 9.2%.

To evaluate the effect of the power-transforming parameter for each clustering
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methods

method, we show the window plots of the simulated results for each level of A and for
each clustering method (see Figure 4.6). When A = 1.0, the window plot indicates a
similar value for each clustering method. However, the number of correct clusterings
for the B-method sharply decreases for A = 0.

Next, we evaluate the effect of the location parameter for each clustering method,
to which end we show the window plots of the simulation results for each level b and
for each clustering method (see Figure 4.7). For all b, the PMC method resulted in a
larger number of selections than the B-method, and the number of selections increases
with the location parameter. In addition, we find that the magnitude of the increase
in the number of selections for the PMC method is larger than for the B-method.

5. Conclusions

In this article, we propose the power-normal cluster analysis for multi-sample com-
parisons, assuming the distribution of the observations is power-normal. We provide
some graphical diagnostic procedures in the power-normal cluster analysis for multi-
sample comparisons and evaluate the usefulness and their relative performance by
giving a simple example and performing a simulation.

The B-method assumes that the underlying distribution of the individuals is the
normal distribution. Therefore, when the individuals have a skewed distribution, the
B-method does not give good results. However, the PMC method gives good results in
this situation, because it assumes that the underlying distribution of the individuals
is the power-normal distribution. Thus, we may be able to apply the PMC method to
medical studies, because the data from these studies often have a skewed distribution.

The PMC method can also be used to assess the validity of the B-method, since
the power-normal distribution covers the normal distribution. In this case, we can
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use the PMC method to diagnose the B-method.

Because the PMC method is based on likelihood in the same manner as the B-
method, we can construct a suitable clustering model for relevant observations from
Akaike’s Information Criteria or from graphical diagnostic methods. In this article, we
illustrate some graphical diagnostic methods for PMC. We can investigate the power-
normality of the observations using the power-normal probability plot, the relative
difference between the two methods in the location, and outliers using the notched
boxplot.

In PMC, Akaike’s Information Criterion (AIC) is applied for agglomerative mea-
sure, similar to that described in Bozdogan (1986). On the other hand, there are
many criteria for model evaluation. For example, Bozdogan (2000) developed useful
criteria based on the Bayesian approach. In future, we would like to evaluate these
criteria and explore the best agglomerative measure for PMC.
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Author Year NO'. of  rTMS N?' Of, Coil
. subject frequency stimuli

Tergau F et al. 1999 9 0.33 500 C
Menkes DL et al. 2000 1 0.5 100 C
Theodore WH et al. 2002 241 180 C
Tergau F et al. 2003 17 0.330r1 1000 C
Brasil-Neto JP et al. 2004 5 0.3 20X5 C
Rossi S et al. 2004 1 1 900 fig 8
Graff-Guerrero A et al. 2004 2 20 40X 15  fig8
Misawa S et al. 2005 1 0.5 100 fig 8
Kinoshita M et al. 2005 7 0.9 810X2 C
Fregni F et al. 2005 8 0.5 600 fig 8
Brighina F et al. 2006 6 5 50X2  fig8
Fregni F et al. 2006 21 1 1200 fig 8
Cantelio R et al. 2007 43 0.3 500 C
Joo EY et al. 2007 35 0.5 3000 C
Rotenberg A et al. 2008 1 1 1800 fig 8
Santiago-Rodriguez E et al. 2008 12 0.5 900 fig 8
Rotenberg A et al. 2009 7 20-100 & 1 5-2000 fig8
Brodbeck V et al. 2010 5 61 600+600 fig8
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Repetitive transcranial magnetic stimulation (rTMS)
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