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Overview
1. The statistical studies can be classified as either experimental or observational .

2. In an experimental statistical study, an experiment is conducted to generate the
data.

(a) An experiment begins with identifying a variable of interest.

(b) Then one or more other variables, thought to be related , are identified
and controlled , and

(c) data are collected about how those variables influence the variable of
interest.

3. In an observational study, data are usually obtained through sample surveys
and not a controlled experiment.

4. Good design principles are still employed, but the rigorous controls associated
with an experimental statistical study are often not possible.
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5.
�� ��Example In a study of the relationship between smoking and lung cancer the
researcher cannot assign a smoking habit to subjects. The researcher is restricted
to simply observing the effects of smoking on people who already smoke and the
effects of not smoking on people who do not already smoke.

6. In this chapter we introduce three types of experimental designs: a completely
randomized design, a randomized block design∗, and a factorial ex-

periment∗.

7. Analysis of variance ( ANOVA ) can analyze the results of regression studies
involving both experimental and observational data.

13.1 An Introduction to Experimental Design and
Analysis of Variance

1.
�� ��Example Chemitech Inc. developed a new filtration system for municipal water
supplies.

(a) The industrial engineering group is responsible for determining the best as-
sembly method (method A, method B, and method C) for the new filtration
system.

(b) Managers at Chemitech want to determine which assembly method can pro-
duce the greatest number of filtration systems per week.

(c) In the Chemitech experiment, assembly method is the independent
variable or factor .

(d) Because three assembly methods correspond to this factor, we say that three
treatments are associated with this experiment; each treatment corre-

sponds to one of the three assembly methods.

2. (single-factor experiment) The Chemitech problem is an example of a single-factor
experiment; it involves one categorical factor (method of assembly).
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3. More complex experiments may consist of multiple factors; some factors may
be categorical and others may be quantitative.

4. (populations) The three assembly methods or treatments define the three populations
of interest for the Chemitech experiment. One population is all Chemitech employ-
ees who use assembly method A, another is those who use method B, and the third
is those who use method C.

5. (objective) Note that for each population the dependent or response
variable is the number of filtration systems assembled per week, and the pri-
mary statistical objective of the experiment is to determine whether the mean

number of units produced per week is the same for all three populations (meth-
ods).

6. (experimental units) Suppose a random sample of three employees is selected
from all assembly workers at the Chemitech production facility. In experimental
design terminology, the three randomly selected workers are the experimental

units .

7. (completely randomized design) A completely randomized design requires
that each of the three assembly methods or treatments be assigned randomly to one
of the experimental units or workers.

(a) For example, method A might be randomly assigned to the second worker,
method B to the first worker, and method C to the third worker.

(b) Note that this experiment would result in only one measurement or number of
units assembled for each treatment.

8. (replicates) To obtain additional data for each assembly method, we must repeat
or replicate the basic experimental process.

(a) Suppose, for example, we selected 15 workers and then randomly as signed
each of the three treatments to 5 of the workers.

(b) Because each method of assembly is assigned to 5 workers, we say that five replicates
have been obtained.

(Figure 13.1) the completely randomized design for the Chemitech experiment.
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Data Collection

1. Once we are satisfied with the experimental design, we proceed by collecting and
analyzing the data. In the Chemitech case, the employees would be instructed
in how to perform the assembly method assigned to them and then would begin
assembling the new filtration systems using that method.

2. (Table 13.1) After this assignment and training, the number of units assembled
by each employee during one week is as shown in Table 13.1. The sample means,
sample variances, and sample standard deviations for each assembly method are also
provided. From these data, method B appears to result in higher production
rates than either of the other methods.
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3. (question) is whether the three sample means observed are different enough for us
to conclude that the means of the populations corresponding to the three methods
of assembly are different.

4. Turn the question to Statistical terms: µ1, µ2, µ3 = mean number of units produced
per week using method A, B, C, respectively

5. Although we will never know the actual values of µ1, µ2, and µ3, we want to use
the sample means to test the following hypotheses.

H0 : µ1 = µ2 = µ3, Ha : Not all population means are equal

6. The analysis of variance (ANOVA) is the statistical procedure used to deter-
mine whether the observed differences in the three sample means are large enough
to reject H0.

Assumptions for Analysis of Variance

Three assumptions are required to use analysis of variance.

1. For each population, the response variable is normally distributed .
Implication: In the Chemitech experiment, the number of units produced per week
(response variable) must be normally distributed for each assembly method.

2. The variance of the response variable (σ2) , is the same for all of the popula-
tions.
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Implication: In the Chemitech experiment, the variance of the number of units
produced per week must be the same for each assembly method.

3. The observations must be independent .
Implication: In the Chemitech experiment, the number of units produced per week
for each employee must be independent of the number of units produced per week
for any other employee.

Analysis of Variance: A Conceptual Overview

1. If the means for the three populations are equal, we would expect the three sample means
to be close together.

(a) The more the sample means differ , the stronger the evidence we have for
the conclusion that the population means differ .

(b) If the variability among the sample means is ”small,” it supports
H0 ; if the variability among the sample means is ”large ,” it supports
Ha .

2. If the null hypothesis, H0 : µ1 = µ2 = µ3, is true, we can use the variability among
the sample means to develop an estimate of σ2 .

(a) If the assumptions for analysis of variance are satisfied and the null hypothesis
is true, each sample will have come from the same normal distribution
with mean µ and variance σ2 .

(b) (Chapter 7) the sampling distribution of the sample mean x̄ for a simple ran-
dom sample of size n from a normal population will be normally distributed
with mean µ and variance σ2/n . ( X̄n ∼ N(µ, σ2/n) )

(c) (Figure 13.2) if H0 is true, we can think of each of the three sample means,
x̄1 = 62, x̄2 = 66, and x̄3 = 52 from Table 13.1, as values drawn at random
from the sampling distribution shown in Figure 13.2.
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3. When the sample sizes are equal, as in the Chemitech experiment, the best estimate
of the mean of the sampling distribution of x̄ is the mean or average of the

sample means . In the Chemitech experiment, an estimate of the mean of the
sampling distribution of x̄ is (62 + 66 + 52)/3 = 60 . We refer to this estimate
as the overall sample mean .

4. An estimate of the variance of the sampling distribution of x̄, σ2
x̄

, is provided
by the variance of the three sample means.

s2x̄ =
(62− 60)2 + (66− 60)2 + (52− 60)2

3− 1
=

104

2
= 52

5. Because σx̄ = σ2/n , solving for σ2 gives

σ2 = nσ2
x̄

Hence,

Estimate of σ2 = n (Estimate of σ2
x̄) = ns2x̄ = 5(52) = 260 .

6. The result, ns2x̄ = 260, is referred to as the between-treatments estimate of σ2.

7. The between treatments estimate of σ2 is based on the assumption that H0 is true .
In this case, each sample comes from the same population, and there is only

one sampling distribution of x̄.
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8. Illustrate what happens when H0 is false, suppose the population means all differ .

(a) Note that because the three samples are from normal populations with
different means, they will result in three different sampling distributions.

(b) (Figure 13.3) The sample means are not as close together as they were when
H0 was true. Thus, s2x̄ will be larger, causing the between treatments estimate
of σ2 to be larger .

(c) In general, when the population means are not equal, the between treatments
estimate will overestimate the population variance σ2.

(d) When a simple random sample is selected from each population, each of the
sample variances provides an unbiased estimate of σ2. Hence, we can

combine or pool the individual estimates of σ2 into one overall es-
timate.

(e) The estimate of σ2 obtained in this way is called the pooled or within-treatments
estimate of σ2.

(f) Because each sample variance provides an estimate of σ2 based only on the
variation within each sample, the within treatments estimate of σ2 is not af-
fected by whether the population means are equal.

(g) When the sample sizes are equal, the within treatments estimate of σ2 can be
obtained by computing the average of the individual sample variances.
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9.
�� ��Example For the Chemitech experiment we obtain

Within treatments estimate of σ2 =
27.5 + 26.5 + 31.0

3
=

85

3
= 28.33

(a) The between treatments estimate of σ2 (260) is much larger than the
within treatments estimate of σ2 (28.33).

(b) The ratio of these two estimates is 260/28.33 = 9.18.

10. If the null hypothesis is true ,

(a) The between treatments approach provides a good estimate of σ2.

(b) The two estimates will be similar and their ratio will be close to 1 .

11. If the null hypothesis is false ,

(a) The between treatments approach overestimates σ2

(b) the between treatments estimate will be larger than the within treatments
estimate, and their ratio will be large .

12. In the next section we will show how large this ratio must be to reject H0.

13. Summary: The logic behind ANOVA is based on the development of two indepen-
dent estimates of the common population variance σ2 .

(a) One estimate of σ2 is based on the variability among the sample means
themselves.

(b) The other estimate of σ2 is based on the variability of the data within
each sample.

(c) By comparing these two estimates of σ2, we will be able to determine whether
the population means are equal.
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補充說明:

ANOVA Table

13.2 Analysis of Variance and the Completely Ran-
domized Design

1. How analysis of variance can be used to test for the equality of k population means
for a completely randomized design.
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2. The general form of the hypotheses tested is

H0 : µ1 = µ2 = · · · = µk , Ha : Not all population means are equal

where µj is mean of the jth population.

3. We assume that a simple random sample of size nj has been selected from
each of the k populations or treatments .

4. For the resulting sample data, let

(a) xij: value of observation i for treatment j, i = 1, 2, · · · , nj, j = 1, 2, · · · , k

(b) nj: number of observations for treatment j.

(c) x̄j: sample mean for treatment j, x̄j =

nj∑
i=1

xij

nj

.

(d) s2j : sample variance for treatment j, s2j =

nj∑
i=1

(xij − x̄j)
2

nj − 1

(e) sj: sample standard deviation for treatment j

5. The overall sample mean, denoted ¯̄x , is the sum of all the observations divided
by the total number of observations:

¯̄x =

∑k
j=1

∑nj

i=1 xij

nT

(13.3)

where nT = n1 + n2 + · · ·+ nk (13.4).

6. If the size of each sample is n, nT = kn; the overall sample mean is just the
average of the k sample means.

¯̄x =

∑k
j=1

∑nj

i=1 xij

kn
=

∑k
j=1

∑nj

i=1 xij/n

k
=

∑k
j=1 x̄j

k
(13.5)

7. The overall sample mean can also be computed as a weighted average of the
k sample means.

¯̄x =
n1x̄1 + n2x̄2 + · · ·+ nkx̄k

nT
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8.
�� ��Example Each sample in the Chemitech experiment consists of n = 5 observations
(Table 13.1), we obtained the following result:

¯̄x =
62 + 66 + 52

3
= 60

If the null hypothesis is true (µ1 = µ2 = µ3 = µ), the overall sample mean of 60 is
the best estimate of the population mean µ.

Between-Treatments Estimate of Population Variance

1. A between treatments estimate of σ2 when the sample sizes were equal.

(a) This estimate of σ2 is called the mean square due to treatments and
is denoted MSTR :

MSTR =

∑k
i=1 nj(x̄j − ¯̄x)2

k − 1
(13.6)

(b) The numerator in equation (13.6) is called the sum of squares due to
treatments and is denoted SSTR .

(c) The denominator, k−1, represents the degrees of freedom associated with
SSTR.

(d) Mean Square Due to Treatments

MSTR =
SSTR

k − 1
(13.7)

where
SSTR =

k∑
i=1

nj(x̄j − ¯̄x)2 (13.8)

(e) If H0 is true, MSTR provides an unbiased estimate of σ2. However, if the
means of the k populations are not equal, MSTR is not an unbiased estimate
of σ2; in fact, in that case, MSTR should overestimate σ2.

(f) If each sample consists of n observations, equation (13.6) can be written as

MSTR =
n
∑k

j=1(x̄j − ¯̄x)2

k − 1
= n

[∑k
j=1(x̄j − ¯̄x)2

k − 1

]
= ns2x̄
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2.
�� ��Example For the Chemitech data in Table 13.1, we obtain the following results:

SSTR =
k∑

j=1

nj(x̄j − ¯̄x)2 = 5(62− 60)2 + 5(66− 60)2 + 5(52− 60)2 = 520

MSTR =
SSTR

k − 1
=

520

2
= 260

Within-Treatments Estimate of Population Variance

1. A within treatments estimate of σ2 when the sample sizes were equal.

(a) This estimate of σ2 is called the mean square due to error and is
denoted MSE :

MSE =

∑k
j=1(nj − 1)s2j
nT − k

(13.9)

(b) The numerator in equation (13.9) is called the sum of squares due to
error and is denoted SSE .

(c) The denominator of MSE is referred to as the degrees of freedom associated
with SSE.

(d) Mean Square Due to Error

MSE =
SSE

nT − k
(13.10)

where SSE =
k∑

j=1

(nj − 1)s2j (13.11)

(e) Note that MSE is based on the variation within each of the treatments; it is
not influenced by whether the null hypothesis is true. Thus, MSE always
provides an unbiased estimate of σ2.

(f) If each sample has n observations, nT = kn; thus, nT−k = k(n−1) , and
equation (13.9) can be rewritten as

MSE =

∑k
j=1(n− 1)s2j
k(n− 1)

=

∑k
j=1 s

2
j

k

(g) If the sample sizes are the same, MSE is the average of the k sample variances .

(h) Note that it is the same result we used in Section 13.1 when we introduced the
concept of the within-treatments estimate of σ2.

(110-2) 統計學 (二) March 14, 2022



Chapter 13: Experimental Design and Analysis of Variance Page 14/25

2.
�� ��Example For the Chemitech data in Table 13.1 we obtain the following results.

SSE =
k∑

j=1

(nj − 1)s2j = (5− 1)27.5 + (5− 1)26.5 + (5− 1)31 = 340

MSE =
SSE

nT − k
=

340

15− 3
=

340

12
= 28.33

Comparing the Variance Estimates: The F Test

1. If the null hypothesis is true , MSTR and MSE provide two independent, un-
biased estimates of σ2.

2. (Chapter 11) For normal populations, the sampling distribution of the ratio
of two independent estimates of σ2 follows an F distribution.

3. Hence, if the null hypothesis is true and the ANOVA assumptions are valid, the
sampling distribution of MSTR/MSE is an F distribution with numer-
ator degrees of freedom equal to k−1 and denominator degrees of freedom
equal to nT−k .

(a) If the null hypothesis is true, the value of MSTR/MSE should appear to have
been selected from this F distribution.

(b) If the null hypothesis is false, the value of MSTR/MSE will be inflated
because MSTR overestimates σ2.

4. Hence, we will reject H0 if the resulting value of MSTR/MSE appears to be
too large to have been selected from an F distribution with k−1 numerator

degrees of freedom and nT−k denominator degrees of freedom.

5. Test Statistic for the Equality of K Population Means

F =
MSTR

MSE
(13.12)

6. The test statistic follows an F distribution with k−1 degrees of freedom in the
numerator and nT−k degrees of freedom in the denominator. ( F ∼ Fk−1,nT−k )

7.
�� ��Example Let us return to the Chemitech experiment and use a level of significance

α = 0.05 to conduct the hypothesis test.
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(a) The value of the test statistic is

F =
MSTR

MSE
=

260

28.33
= 9.18

(b) The numerator degrees of freedom is k−1 = 3−1 = 2 and the denominator
degrees of freedom is nT−k = 15−3 = 12.

(c) Because we will only reject the null hypothesis for large values of the test
statistic, the p-value is the upper tail area of the F distribution to the
right of the test statistic F = 9.18.

(d) (Figure 13.4) shows the sampling distribution of F = MSTR/MSE, the value
of the test statistic, and the upper tail area that is the p-value for the hypothesis
test.

(e) (Table 4 of Appendix B) the upper tail of an F distribution with 2 numerator
degrees of freedom and 12 denominator degrees of freedom.

Area in Upper Tail 0.10 0.05 0.025 0.01
F Value (df1 = 2, df2 = 12) 2.81 3.89 5.10 6.93

(f) (the p-value approach) Because F = 9.18 ≥ 6.93 , the area in the upper
tail at F = 9.18 is less than 0.01. Thus, the p-value is less than 0.01 (Software:
p-value = 0.004.)

(g) With p-value≤ α = 0.05 , H0 is rejected.

(h) (conclusion) The test provides sufficient evidence to conclude that the means
of the three populations are not equal. In other words, analysis of variance
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supports the conclusion that the population mean number of units produced
per week for the three assembly methods are not equal.

(i) (the critical value approach) With F = 9.18 ≥ F(0.05,2,12) = 3.89 , and
conclude that the means of the three populations are not equal.

8. Test for the Equality of K Population Means

H0 : µ1 = µ2 = · · · = µk

Ha : Not all population means are equal

Test Statistic
F =

MSTR

MSE

Rejection Rule

p-value approach : Reject H0 if p-value ≤ α

Critical value approach : Reject H0 if F ≥ Fα.k−1,nT−k

ANOVA Table

1. (Table 13.2) The results of the preceding calculations can be displayed conveniently
in a table referred to as the analysis of variance or ANOVA table. The general
form of the ANOVA table for a completely randomized design is:

2. (Table 13.3) JMP/Excel output
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3. Total sum of squares (SST ):

(a) The sum of squares associated with the source of variation referred to as
”Total” is called the total sum of squares ( SST ).

(b) SST = SSTR + SSE , and that the degrees of freedom associated with
this total sum of squares is the sum of the degrees of freedom associated
with the sum of squares due to treatments and the sum of squares due
to error . ( nT−1 = (k−1) + (nT−k) .)

(c) We point out that SST divided by its degrees of freedom nT−1 is the overall sample variance
that would be obtained if we treated the entire set of 15 observations as one
data set.

(d) With the entire data set as one sample, the formula for computing the total
sum of squares, SST , is

SST =
k∑

j=1

nj∑
i=1

(xij − ¯̄x)2 (13.13)

4. ANOVA can be viewed as the process of partitioning the total sum of squares and
the degrees of freedom into their corresponding sources: treatments and error .

Computer Results for Analysis of Variance

1. (Figure 13.5) JMP/Excel output for the Chemitech experiment:
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2. The square root of MSE provides the best estimate of the population standard
deviation σ. This estimate of σ in Figure 13.5 is Pooled StDev; it is equal to 5.323.

3. A 95% confidence interval estimate of the population mean for Method A.

x̄± tα/2
s

n
(13.15)

where s is the estimate of the population standard deviation σ. Because the best
estimate of σ is provided by the Pooled StDev, we use a value of 5.323 for σ in
expression (13.15).

4. The degrees of freedom for the t value is 12, the degrees of freedom associated with
the error sum of squares. Hence, with t0.025 = 2.179 we obtain

62± 2.179
5.323√

5
= 62± 5.19

Thus, the individual 95% confidence interval for Method A goes from 62−5.19 =

56.81 to 62 + 5.19 = 67.19.
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Testing for the Equality of k Population Means: An Observa-
tional Study

1. ANOVA can also be used to test for the equality of three or more population means
using data obtained from an observational study .

2.
�� ��Example (Table 13.4) National Computer Products, Inc. (NCP) manufactures
printers and fax machines at plants located in Atlanta, Dallas, and Seattle. To
measure how much employees at these plants know about quality management, a
random sample of 6 employees was selected from each plant and the employees
selected were given a quality awareness examination. The examination scores for
these 18 employees are shown in Table 13.4. Managers want to use these data to
test the hypothesis that the mean examination score is the same for all three plants.

3. Define population 1 as all employees at the Atlanta plant, population 2 as all em-
ployees at the Dallas plant, and population 3 as all employees at the Seattle plant.
Let µj mean examination score for population j, j = 1, 2, 3

4. Want to use the sample results to test the following hypotheses:

H0 : µ1 = µ2 = µ3

Ha : Not all population means are equal

5. Note that the hypothesis test for the NCP observational study is exactly the same
as the hypothesis test for the Chemitech experiment.
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6. Even though the same ANOVA methodology is used for the analysis, it is worth
noting how the NCP observational statistical study differs from the Chemitech ex-
perimental statistical study.

7. The individuals who conducted the NCP study had no control over how the
plants were assigned to individual employees. That is, the plants were already in
operation and a particular employee worked at one of the three plants. All that
NCP could do was to select a random sample of 6 employees from each plant and
administer the quality awareness examination.

8. To be classified as an experimental study , NCP would have had to be able
to randomly select 18 employees and then assign the plants to each employee in a
random fashion.

�� ��😍 EXERCISES 13.2: 1, 4, 7, 8, 10

13.3 Multiple Comparison Procedures
1. When we use analysis of variance to test whether the means of k populations are

equal, rejection of the null hypothesis allows us to conclude only that the
population means are not all equal.

2. In some cases we will want to go a step further and determine where the differences
among means occur.

3. To show how multiple comparison procedures can be used to conduct statisti-
cal comparisons between pairs of population means.

Fisher’s LSD

1. Suppose that analysis of variance provides statistical evidence to reject the null
hypothesis of equal population means. Fisher’s least significant difference (LSD)
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procedure can be used to determine where the differences occur.

2.
�� ��Example (Section 13.1) The Chemitech experiment. Using analysis of variance,
we concluded that the mean number of units produced per week are not the same
for the three assembly methods. In this case, the followup question is: We believe
the assembly methods differ, but where do the differences occur?

3. Fisher’s LSD Procedure

H0 : µi = µj , Ha : µi ̸= µj

Test Statistic
t =

x̄i − x̄j√
MSE

(
1
ni

+ 1
nj

) (13.16)

Rejection Rule

• p-value approach: RejectH0 if p-value ≤ α.

• Critical value approach: Reject H0 if t ≤ −tα/2 or t ≥ tα/2 .

where the value of tα/2 is based on a t distribution with nT−k degrees of freedom.

� Question . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (p616)

For the Chemitech experiment, apply Fisher’s LSD Procedure to determine
whether there is a significant difference between the means of population 1
(Method A) and population 2 (Method B) at the α = 0.05 level of significance.

sol:

Area in Upper Tail 0.20 0.10 0.05 0.025 0.01 0.005
t Value (12 df) 0.873 1.356 1.782 2.179 2.681 3.055
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4. Many practitioners find it easier to determine how large the difference between the
sample means must be to reject H0. In this case the test statistic is x̄i − x̄j ,
and the test is conducted by the following procedure.

5. Fisher’s LSD Procedure Based on the Test Statistic x̄i − x̄j

H0 : µi = µj, Ha : µi ̸= µj

Test Statistic
x̄i − x̄j

Rejection Rule at a Level of Significance α Reject H0 if |x̄i− x̄j| ≥ LSD where

LSD = tα/2

√
MSE

(
1

ni

+
1

nj

)
(13.17)

6. Confidence Interval Estimate of the Difference Between Two Population
Means Using Fisher’s LSD Procedure

(x̄i − x̄j)± LSD (13.18)

where
LSD = tα/2

√
MSE

(
1

ni

+
1

nj

)
(13.19)

and tα/2 is based on a t distribution with nT−k degrees of freedom.

7. If the confidence interval in expression (13.18) includes the value zero , we
cannot reject the hypothesis that the two population means are equal.

8. However, if the confidence in terval does not include the value zero, we conclude
that there is a difference between the population means.

� Question . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (p617)

For the Chemitech experiment, apply Fisher’s LSD Procedure based on the Test
Statistic x̄i − x̄j to determine whether there is a significant difference (a) between
the means of population 1 (Method A) and population 3 (Method C), (b) between
the means of population 2 (Method B) and population 3 (Method C) at the α =

0.05 level of significance. Find a 95% confidence interval estimate of the difference
between the means of populations 1 and 2 and make a conclusion.
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sol:

Type I Error Rates

1. ANOVA gave us statistical evidence to reject or not reject the null hypothesis of
equal population means.

2. We showed how Fisher’s LSD procedure can be used in such cases to determine
where the differences occur. Technically, it is referred to as a protected or

restricted LSD test because it is employed only if we first find a significant F

value by using analysis of variance.

3. To see why this distinction is important in multiple comparison tests, we need to
explain the difference between a comparisonwise Type I error rate and an

experimentwise Type I error rate.

4. In the Chemitech experiment we used Fisher’s LSD procedure to make three pairwise
comparisons.

Test 1 Test 2 Test 3
H0 : µ1 = µ2 H0 : µ1 = µ3 H0 : µ2 = µ3

Ha : µ1 ± µ2 Ha : µ1 ± µ3 Ha : µ2 ̸= µ3

5. In each case, we used a level of significance of α = 0.05.

6. Therefore, for each test , if the null hypothesis is true, the probability that we
will make a Type I error is α = 0.05; hence, the probability that we will not make
a Type I error on each test is 1−0.05 = 0.95 .
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7. In discussing multiple comparison procedures we refer to this probability of a Type I
error (α = 0.05) as the comparisonwise Type I error rate ; It indicate the level
of significance associated with a single pairwise comparison.

8. What is the probability that in making three pairwise comparisons, we will commit
a Type I error on at least one of the three tests?

(a) To answer this question, note that the probability that we will not make a
Type I error on any of the three tests is (0.95)(0.95)(0.95) = 0.8574 .

(b) The probability of making at least one Type I error is 1−0.8574 = 0.1426 .

(c) Thus, when we use Fisher’s LSD procedure to make all three pairwise compar-
isons, the Type I error rate associated with this approach is not 0.05, but actu-
ally 0.1426; we refer to this error rate as the overall or experimentwise
Type I error rate.

9. To avoid confusion, we denote the experimentwise Type I error rate as αEW .

10. The experimentwise Type I error rate gets larger for problems with more popu-
lations. For example, a problem with five populations has 10 possible pairwise
comparisons. If we tested all possible pairwise comparisons by using Fisher’s LSD
with a comparisonwise error rate of α = 0.05, the experimentwise Type I error rate
would be 1−(1−0.05)10 = 0.40 .

11. In such cases, practitioners look to alternatives that provide better control over the
experimentwise error rate.

12. One alternative for controlling the overall experimentwise error rate, referred to as
the Bonferroni adjustment , involves using a smaller comparisonwise error rate
for each test.

13. For example, if we want to test C pairwise comparisons and want the maximum
probability of making a Type I error for the overall experiment to be αEW , we
simply use a comparisonwise error rate equal to αEW/C .

14. In the Chemitech experiment, if we want to use Fisher’s LSD procedure to test all
three pairwise comparisons with a maximum experimentwise error rate of αEW = 0.05 ,
we set the comparisonwise error rate to be α = 0.05/3 = 0.017 .
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15. (Recall Chapter 9) For a fixed sample size, any decrease in the probability of making
a Type I error will result in an increase in the probability of making a Type II
error, which corresponds to accepting the hypothesis that the two population means
are equal when in fact they are not equal.

16. As a result, many practitioners are reluctant to perform individual tests with a low
comparisonwise Type I error rate because of the increased risk of making a Type II
error.

17. Several other procedures, such as Tukey’s procedure and Duncan’s multiple
range test , have been developed to help in such situations. However, there

is considerable controversy in the statistical community as to which procedure is
”best.” The truth is that no one procedure is best for all types of problems.

�� ��😍 EXERCISES 13.3: 13, 15, 18, 19

13.4 Randomized Block Design∗

13.5 Factorial Experiment∗

�� ��😍 SUPPLEMENTARY EXERCISES: 35, 37
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