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The Problem

The ANOVA model
𝑦𝑖𝑗 = 𝜇𝑗 + 𝜖𝑖𝑗

with

𝑖 = 1, 2, … , 𝑛𝑗 observations 
𝑗 = 1, 2, … , 𝑘 groups

implies 𝑘⋆ = Τ𝑘(𝑘 − 1) 2 pairwise comparisons

𝑘⋆ independent 𝑡-tests have family-wise type I error rate

𝐹𝑊𝐸𝑅𝛼 = 1 − 1 − 𝛼 𝑘⋆
≥ 𝛼
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Proposed solutions: Adjust 𝛼 and 𝑝

Bonferroni

𝑏𝛼 = 𝛼/𝑘⋆

𝑏𝑝 = min(1, 𝑝𝑘⋆)

Šidák

𝑠𝑖𝛼 = 1 − 1 − 𝛼 1/𝑘⋆

𝑠𝑖𝑝 = 1 − 1 − 𝑝 𝑘⋆
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Proposed solutions: Swap distributions

Scheffé

𝑠𝑐𝑐(𝛼) = 𝑖𝑛𝑣𝐹𝑘−1,𝜈,𝛼 𝑘 − 1

𝑠𝑐𝑝 = 𝐹𝑘−1,𝜈, 𝑡0
2/(𝑘−1)

Tukey

𝑡𝑐(𝛼) = 𝑖𝑛𝑣𝑞𝑘,𝜈,𝛼/ 2

𝑡𝑝 = 𝑞𝑘,𝜈, 𝑡0 2
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Proposed solutions: Adjust Std. err. and df

Tamhane

𝑡2𝑐 𝛼 = 𝑖𝑛𝑣𝑡
ෝ𝜈,[1− 1−𝛼 1/𝑘⋆

]/2

𝑡2𝑝 = 1 − 1 − 2𝑡ෝ𝜈, 𝑡0

𝑘⋆

Games & Howell

𝑔ℎ𝑐(𝛼) = 𝑖𝑛𝑣𝑞𝑘,ෝ𝜈,𝛼/ 2

𝑔ℎ𝑝 = 𝑞𝑘,ෝ𝜈, 𝑡0 2
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Proposed solutions: Adjust Std. err. and df

Dunnett

𝑐𝑐 𝛼 =
𝑖𝑛𝑣𝑞𝑘,𝜈𝑙,𝛼

𝑠𝑙
2

𝑛𝑙
+ 𝑖𝑛𝑣𝑞𝑘,𝜈𝑚,𝛼

𝑠𝑚
2

𝑛𝑚

Τ𝑠𝑙
2 𝑛𝑙 + Τ𝑠𝑚

2 𝑛𝑚

/ 2

𝑐𝑝 =
𝑞𝑘,𝜈𝑙, 𝑡0 2

𝑠𝑙
2

𝑛𝑙
+ 𝑞𝑘,𝜈𝑚, 𝑡0 2

𝑠𝑚
2

𝑛𝑚

Τ𝑠𝑙
2 𝑛𝑙 + Τ𝑠𝑚

2 𝑛𝑚
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Simulation

https://github.com/gvegayon/parallel

Groups: 𝑘 = 3, 𝑘 = 5

Outcomes:   𝑁 0, 𝜎𝑗
2

Std. deviation: 0.3, 3.5

Variance ratio: [1, ~100]

Group sample sizes: 10, 200 a

𝑁 simulations / datasets: 300,000b

Method / Std. err. / df: 6 × 4 × 4c

Coverage: all 𝑘⋆CIs include 0

a restricted to range between n1 × 0.5 and 𝑛1 × 1.51
b N = 75.000 (equal variances), N = 225.000 (unequal variances) 

using parallel (https://github.com/gvegayon/parallel)
c do not differentiate between Šidák and Tamhane, and Tukey and Games & Howell

additionally, SNK and Duncan
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Results
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Results
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Results

foo
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Results
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Conclusion

Best approach depends on specific scenario

But …

… prefer Šidák over Bonferroni

… use robust standard errors

… generally, don’t use Tukey

… until StataCorp allows robust std. err.

… use Games & Howell instead

Download pwmc from SSC 
or GitHub (https://github.com/kleindaniel81/pwmc)
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Contact

klein@dzhw.eu

felix.bittmann@lifbi.de
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Backup (k=3)
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Backup (k=5)
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Backup (k=5)
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Backup (k=5)
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Backup (k=5)
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Backup (k=5)
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Quick refresher on unadjusted 𝑡-test

Mean difference: መ𝛿 = Ƹ𝜇𝑙 − Ƹ𝜇𝑚

100(1 − 𝛼) CI: መ𝛿 ± 𝑐 𝛼 ෞ 𝑠𝑒 መ𝛿

Critical value: 𝑐 𝛼 = 𝑖𝑛𝑣𝑡𝜈,𝛼/2

Degrees of freedom: 𝜈 = σ𝑘 𝑛𝑗 − 1 = σ𝑘 𝑛𝑗 − 𝑘

Standard error: ෞ𝑠𝑒 መ𝛿 =
σ𝑘 𝑠𝑗

2𝜈𝑗

𝜈
 ( 1

𝑛𝑙
+

1

𝑛𝑚
) 

𝑝-value: 𝑝 = 2𝑡𝜈, 𝑡0
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