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f���$�	��e!7���g"!�6Q+R!)	�6���h 
(i

• j �0Ek.�lHm�.n/o&(�0EV.�� < /lpEq&�&��_?)/1lpEq&blH.��C	�6([r?)EV� < .�.]	����%!)��$��s���t�0�	u�A�1+-���V!H�*!p��
Y�;	�6([v��+w�:x�!\[Y[N!����y7�6XWw�s��3z7 j�{���%!)	��N+R!)6|�}�Y	�6([~6�� j 6(� j EyE�E j 6�� j K0Ef���$Y	��%!	��J�F�r�4�0�y[YL��Hc j K0EV��&(.0EB*	AI�2���6������;$"�#��	�6�S��n�n�nS���	�,���!������w��3����!)d��"!)���q+R!)6|��	�6([Q�*!)���^��3"!�6�$��e��3�
��F����3"!��������3�	|��	��4�O���%!)	��N+R!)6����Y3�	�gF!]��3"!�6�	�+�!�+R!)	�6\E
Pw�s��3F��$|�^�}3F!Y�)�@�y7H��6�	��_[A	|�}	\/p��3"!��e!�����6N��W-	�
�*�X$��"!

anova()
�*�a[v�r�}3�����E�f1��$�3�	�g"!]�*��%	��4��,�	���Zt��6�������+-$���	������������\�����n	�6([����)�sE
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Y	�6u!�T�$�	|���V��6t�)6��\E1K <
���\����� j�� � �yi ��� 6 i B h 
 i • =Mh 
 ••

I � /W-3"!��e!
h 


•• j¡� � �yi ��� � � �y¢ ��£:¤ 
(i¥¢�¦@� jz� � � i � � 6(i h 
(i • ¦@�� jz� � � i � � 6 i§A!)�%!�¨k�t�)6"!�W©	�
�
N��$u�A��$�� [r�"��6([Q��3"!g�	����V��$��T�$�	�6����s����!)�Y6"!�!\[N!�[r�����^	�6wSR�n���nS���	�,���!1E
Cmd> ybars <- vector(3.2892,10.256,8.1157,8.1825,7.5622)

Cmd> n <- rep(4,5) # or vector(4,4,4,4,4), sample sizes

Cmd> N <- sum(n) # total number of cases

Cmd> g <- 5 # number of treatments

Cmd> df_trt <- g-1 # treatment DF

Cmd> df_error <- N - g # error DF

Cmd> grandmean <- sum(n*ybars)/N # from formula above

Cmd> ss_trt <- sum(n*(ybars - grandmean)^2) #from formula above

Cmd> ms_trt <- s_trt/df_trt

Cmd> ms_error <- 4.012 # given as MSE; = ss_error/df_error

Cmd> ss_error <- df_error * ms_error

Cmd> fstat <- ms_trt/ms_error # ratio of mean squares

Cmd> p_value <- 1 - cumF(fstat,df_trt,df_error)
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ss_trt

/
ss_error

/
df_trt

/
df_error, ms_trt

/
ms_error

/
fstat

	�6�[
p_value

	�6�[�	@�;��	@6@7F!r�}3"!�+ ��6z	��	�,���!
B*,AIM¬�!)���̂ ��3"!�6�$��4��3�
��F����3"!������̀ �}3�	��̂ ��3"!	�gF!)��	@7N!�%!)���N��6��"!��6̀ ���e!�	��N+R!)6����C&z	�6([�.���̀ �}3F!��	\+R!	��~��3"!�	�g"!��;	�7F!��e!����F�)6��"!���6���%!)	��N+R!)6������0/1K]	�6([��0E
So��	��qW©	�
��Y
F��$Y6"!�!\[a�4��!)d����e!����̀ �}3������
�+-,F�0�4����	��4��
\E{f1��$Y	��%!�	���ZF!\[a�4�]�D!����§�®q̄pBe° ��± ° � I*¦@.'=wBe°�² ± °n³ ± ° � I*¦�� j �¬)3��J�����Y	̂ �A�)6�����	�������6̀ �}3F!X7A�%�)$��X+�!�	�6��Ww�s��3QWR!p�y7A3����´ Wµi�¶ j ´ &@¦@.0/·&@¦�.0/̧ =|&(¦��0/̧ =|&@¦@�0/̧ =|&@¦@�#I¬��Q[v�r��3"!C�*!)����
N��$�6F!�!\[~	~�b=F����	��������������0���3"!�s�)�b+� j !������q+-	��*!)¦AB*����	�6([�	��¹[w!��;�º�)�µ�0�O!)�����q+-	��*!�I¬)3"!X»)¼�½�¾ ¿tÀ�½*»]��� � � � i � �sWµi h 
@i • Wt�s��3¡»�¼�½�¾DÁ¿tÀ�½*»�Â�¼�½�À@Ã�Â�À�Ä;Ât»�Ä;ÄºÅ�ÄÆB*�F!�!���E < l1IÇ�HcAÈ � � �yi ��� W i h 
 i • É j ��ÊsË ´ � � � i ��� W i

� ¦�6 i ¶Ì/��(Ê � j L��)�
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F�)$�6F!�!\[Q�*�����	�6�����	��*!�������+-$���	�����6|�*�XL�	"��So6F��g�	^���1+t=+-	�6@[A�|¯
Cmd> w <- vector(1/2,1/2,-1/3,-1/3,-1/3) #contrast weights

Cmd> sum(w) # sum is zero so it's a contrast
(1)   1.1102e-16

Cmd> estimate <- sum(w*ybars) # estimated contrast

Cmd> std_error <- sqrt(ms_error*sum(w^2/n))

Cmd> tstat <- estimate/std_error # t-statistic

Cmd> pval <- twotailt(tstat,df_error) # p-valuef���$u��	�6Y6F�1W $��"!C�}3F!XG>="g�	���$F!]�4�a[v!@�_� [v!W-3"!#�}3F!)�̂ 
F�)$̂ ��	�6��%! � !@�1��§�®*E
8 �wWo��$�� [�,F!	r�V���9!)	�����!)��Ww�s��3�	��4�O��3"!X[A	���	�/���J6���!C�}3F!)6Y
F��$u�A�)$�� [Y[v�X�N�1+R!H��3���6�7r�4��ZF!#̄

Cmd> anova("y = treat", fstat:T)

Cmd> result <- contrast(treat,w)

Cmd> tstat <- result$estimate/result$se

Cmd> pval <- twotailt(tstat,DF[3])§A!)�e!
DF[3]

���~��3"!]�}3����¹[w!p��!�+�!)6�� �n�Mg�	��@=��	�,���!
DF

���%!)	��D!\[Y,�

anova()

	�6([t����6��}	���6)=��6�7̀ ��3"!���̂ �A�p��$\+-6��e�º�1+ ��3"!~S��n�n�nS���	�,���!1E
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�' ''' � ��� E
L�	���3"!�+-	|�b����	��4��
\/p��3"!����$([N!�6����:x�!�[���	�6@7N![H�J�����@��,�$����V��6r���¡[v!0�"��6"!�[�	�����0�4�V��W©��¯
•
 "!#�)( � /*( � /�EyE�Ey/+(�,O,"!�	���	�6@[v�1+ ��	\+-����!�%�%��+ �#Be°�/.- � I

•
 "!#��� � ,"!�	�6t!)�����q+-	��*!Y�0��- � [#����������,�$��*!�[	��/- ��0 132 � ¦([H�¡¾yÃ�ÂF»54(»�Ã�ÂF»�Ã�½O�n� ´ ( i ¶ E6 j87 	�6@7F!�B ´ ( i ¶4I4¦@� j B +-	�d�B ´ ( i ¶4I�=(+-	�dAB ´ ( i ¶4I4I*¦@�3�	��X��3F!9���� � ���   � ��� � ��� 
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< <<< � ��� � ��� � ��� � ��� 
 


 � ��� ¯n� � ���Y	�6Y$�6�,���	��F!\[ !)�����q+-	|�*!��0�- � /_�}3�	������~°>=$? j - � E
�|���*!C�}3�	���	��4�O��3F!/(>iV¨V�X+©$�����3�	�g"!]��3"!���	�+�!g�	�����	�6��A!1E
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• @ j 6�$\+-,"!��©�n����,��"!)��g�	|�b�k��6��r��6���	�6�7F!
•
[�� j [N!�7A�e!�!)�w�n�^�%�e!�!\[v��+ 	����N�(�_�J	��*!\[Ww�s��3z� �

¬)3"!X[H���|�}����,�$����V��6z[v�@!���6N���Æ[N!)�F!)6([ ��6/-������6~°�E
¬)	�,���!X�0EVla��6a��!�3���!��F����E < ���>= < ��K]3�	��$����"!)����A{	�6@[�&BAa�����s������	���g�	���$"!)������� 6 �s�)�
@ j &|/1.0/�EyE�Ey/o&(�0/o&(�0/1.��0/����0/�	�6([Y���C	�6([[N!)7��%!�!��t�n�^�%�%!�!\[b�1+ª[�� jDC�j &|/�.0/�EyE�EyEy/����0/���0/�K��0/1���0/o&(���]	�6@[�E�E
C�j E��A�����%!)���F��6@[A�~�4�]�}3F!z��	��"!�W-3"!)6/- � ���Z�6N�1W-6�	�6([Q�}3F!��	����V����

6 j B +-	�dAB ´ ( i ¶4I�=(+-	�dAB ´ ( i ¶eI4I*¦F-9/��3�	|� ���`��3"!�	��#��$�	���g�	���$"!��n��- ���Y$��"!�[��6����*!)	([ �n�µ	�6t!)�����q+-	��*!1E
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Table D.8: Percent points for the Studentized range

Table entries are q. GIH (K,ν)
0

.05

K
ν 2 3 4 5 6 7 8 9 10 15 20 30 50
1
2
3
4
5
6
7
8
9
10

18.0
6.09
4.50
3.93
3.64
3.46
3.34
3.26
3.20
3.15

27.0
8.33
5.91
5.04
4.60
4.34
4.17
4.04
3.95
3.88

32.8
9.80
6.82
5.76
5.22
4.90
4.68
4.53
4.42
4.33

37.1
10.9
7.50
6.29
5.67
5.31
5.06
4.89
4.76
4.65

40.4
11.7
8.04
6.71
6.03
5.63
5.36
5.17
5.02
4.91

43.1
12.4
8.48
7.05
6.33
5.90
5.61
5.40
5.24
5.12

45.4
13.0
8.85
7.35
6.58
6.12
5.82
5.60
5.43
5.30

47.4
13.5
9.18
7.60
6.80
6.32
6.00
5.77
5.59
5.46

49.1
14.0
9.46
7.83
6.99
6.49
6.16
5.92
5.74
5.60

55.4
15.7
10.5
8.66
7.72
7.14
6.76
6.48
6.28
6.11

59.6
16.8
11.2
9.23
8.21
7.59
7.17
6.87
6.64
6.47

65.1
18.3
12.2
10.0
8.87
8.19
7.73
7.40
7.14
6.95

71.7
20.1
13.4
10.9
9.67
8.91
8.40
8.03
7.75
7.53

11
12
13
14
15
16
17
18
19
20

3.11
3.08
3.06
3.03
3.01
3.00
2.98
2.97
2.96
2.95

3.82
3.77
3.73
3.70
3.67
3.65
3.63
3.61
3.59
3.58

4.26
4.20
4.15
4.11
4.08
4.05
4.02
4.00
3.98
3.96

4.57
4.51
4.45
4.41
4.37
4.33
4.30
4.28
4.25
4.23

4.82
4.75
4.69
4.64
4.59
4.56
4.52
4.49
4.47
4.45

5.03
4.95
4.88
4.83
4.78
4.74
4.70
4.67
4.65
4.62

5.20
5.12
5.05
4.99
4.94
4.90
4.86
4.82
4.79
4.77

5.35
5.27
5.19
5.13
5.08
5.03
4.99
4.96
4.92
4.90

5.49
5.39
5.32
5.25
5.20
5.15
5.11
5.07
5.04
5.01

5.98
5.88
5.79
5.71
5.65
5.59
5.54
5.50
5.46
5.43

6.33
6.21
6.11
6.03
5.96
5.90
5.84
5.79
5.75
5.71

6.79
6.66
6.55
6.46
6.38
6.31
6.25
6.20
6.15
6.10

7.35
7.21
7.08
6.98
6.89
6.81
6.74
6.68
6.63
6.58

21
22
23
24
25
26
27
28
29
30

2.94
2.93
2.93
2.92
2.91
2.91
2.90
2.90
2.89
2.89

3.56
3.55
3.54
3.53
3.52
3.51
3.51
3.50
3.49
3.49

3.94
3.93
3.91
3.90
3.89
3.88
3.87
3.86
3.85
3.85

4.21
4.20
4.18
4.17
4.15
4.14
4.13
4.12
4.11
4.10

4.42
4.41
4.39
4.37
4.36
4.35
4.33
4.32
4.31
4.30

4.60
4.58
4.56
4.54
4.53
4.51
4.50
4.49
4.47
4.46

4.74
4.72
4.70
4.68
4.67
4.65
4.64
4.62
4.61
4.60

4.87
4.85
4.83
4.81
4.79
4.77
4.76
4.74
4.73
4.72

4.98
4.96
4.94
4.92
4.90
4.88
4.86
4.85
4.84
4.82

5.40
5.37
5.34
5.32
5.30
5.28
5.26
5.24
5.23
5.21

5.68
5.65
5.62
5.59
5.57
5.55
5.53
5.51
5.49
5.48

6.07
6.03
6.00
5.97
5.94
5.92
5.89
5.87
5.85
5.83

6.53
6.49
6.46
6.42
6.39
6.36
6.34
6.31
6.29
6.27

35
40
45
50
100
∞

2.87
2.86
2.85
2.84
2.81
2.77

3.46
3.44
3.43
3.42
3.36
3.31

3.81
3.79
3.77
3.76
3.70
3.63

4.07
4.04
4.02
4.00
3.93
3.86

4.26
4.23
4.21
4.19
4.11
4.03

4.42
4.39
4.36
4.34
4.26
4.17

4.56
4.52
4.49
4.47
4.38
4.29

4.67
4.63
4.61
4.58
4.48
4.39

4.77
4.73
4.71
4.68
4.58
4.47

5.15
5.11
5.07
5.04
4.92
4.80

5.41
5.36
5.32
5.29
5.15
5.01

5.76
5.70
5.66
5.62
5.46
5.30

6.18
6.11
6.06
6.02
5.83
5.65
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invstudrng()

¯
Cmd> invstudrng(1 - .05,5, 11)
(1)       4.5737 Upper 5% point of Qf���$u��	�6�7F!H��	�6�$����"!��t��	��e�����º��,�	�,��4�e�s�}
�BDG>=g�	)�y$"!)I«$@���y6@7

cumstudrng()
¯

Cmd> q_obs <- 5.123; 1 - cumstudrng(q_obs, 5, 11)
(1)     0.026489 P(Q ≥≥≥≥ 5.123)8:6`�}3F!{+-$����b������!z���1+-��	��@���N��6Y���s��$�	����V�)6�/W-3"!�6�§ ® ¯_°�� j °�� j E�EyE j °n� j ° ���~����$"!1/n	�6@[6�� j 6(� j EyE�E j 6�� j 6�B�!)T�$�	�����	\+-����!���:x�!)�AI

•
h 
��

•

/|h 
��
•

/�EyE�Ey/|h 
��
•

	��%!��6([N!)�"!)6@[N!)6����HBe°O/:- � ¦�6�I
•
L�� � ¦�6 j � Ê

� ¦�6 j Ç- � ¦�6r������6@[N!)�F!)6([v!)6�� �0�´ h 
(i
•

¶ÆWw�s��3¡[#�������@��,�$����V��6YB	- � ¦�6AI 0 ��� � � ¦�BD�>=�7AI8V[N!�6����*�e
���6@7^h 
@i
•

Wt�s��3 (>i�	�6@[ � Ê � ¦�6QWw�s��3z� �
6 j ´ +©	�dAB h 
(i • I�=¡+t��6AB h 
(i • I4¶D¦AB*��¦�Ë�6�I3�	��~��3"!����$([N!�6����:x�!\[~��	�6@7N!Q[#�������@�J,�$����V��6Ww�s��3 @ j 7~	�6([�[�� j �>=�7�E�¬)3"!��*��	�6�7F!����J���3"!��;	�6@7F!��n�µ��	\+-����!�+�!�	�6��\E
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YB%�4�	�6 �����	|�b���|�b���HIµ�4�r�*!)�|��§ ® ¯p°�� j °n� j EyE�E j °��W-3"!�6~��3"!���	\+-����!���:x�!)�Y	��%!�!�T�$�	���¯
7 ! � !@�1��§ ® ¯�W-3F!)6 6 � T � BD7\/k�>=�7AI

Cmd> data33 <- read("","pr3.3",quiet:T) # Problem 3.3 data
Read from file "TP1:Stat5303:Data:OeCh03.dat"

Cmd> treat <- factor(data33[,1]) # create treatment factor

Cmd> longevity <- vector(data33[,2]) # create response vector

Cmd> anova("longevity=treat",fstat:T)
Model used is longevity=treat
              DF          SS          MS           F     P-value
CONSTANT       1      2782.4      2782.4  1349.49826     < 1e-08
treat          4      243.16       60.79    29.48371  5.9878e-07
ERROR1        15      30.928      2.0618

Cmd> dfe <- DF[3]; mse <- SS[3]/dfe # mse = 30.928/15 

Cmd> vector(mse, dfe) # same as in ERROR1 line of table
      ERROR1      ERROR1
      2.0618          15

Cmd> ybars <- tabs(longevity,treat, means:T);ybars#sample means
(1)          18          12      11.975           9           8

Cmd> tabs(longevity,treat,count:T) # sample sizes
(1)           4           4           4           4           4

Cmd> n <- 4 # common value of sample sizes

Cmd> g <- 5 # number of groups

Cmd> q <- (max(ybars) - min(ybars))/sqrt(mse/n); q
(1)      13.928 Studentized range Q

Cmd> invstudrng(1 - .01,5, dfe) # Critical value
(1)      5.5563 Q = 13.928 >> 5.5563; reject at 1% level

Cmd> 1 - cumstudrng(q,5,dfe) # P-value
(1)   1.3828e-05 Very small P-value => Reject H0
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Cmd> lsd <- sqrt(2*mse/n)*invstu(1 - .05/2,dfe); lsd
(1)      2.1641 5% Least Significant Difference

Cmd> sort(ybars) # ordered means
(1)           8           9      11.975          12          18

Cmd> sort(ybars)[-5] + lsd
(1)      10.164      11.164      14.139      14.164S �4��6"!��A�)6�6"!��#���~��3"!���J�;�|�̂ �FWo�{+�!�	�6��,"!���	�$��"!Xl ± .0Eq& < K j &(�0Eq& < K � m]	�6@[&(�0Eq& < K��&�&|EVm_?A�0E{����6��A!Xm ± .0E·& < K j&�&|Eq& < K��&�&|EVm_?A�]6N���4��6F!���z[A��	\W-6�A�)6�6"!��#����6@7a�}3F!X. £ 1 	�6([�� � 1 +R!�	�6�E�So6([��N���6\E

f1��$���	�6z$��"!
grade(ybars)

�*�Q�e!@�A��g"!��t�}3"!���%!)	��N+R!)6���6�$\+-,"!��;�w�n�O!)	"��3X+�!�	�6�E
Cmd> grade(ybars)
(1)           5           4           3           2           1L�	����%�

pairwise()
���%��g���[N!)��	z,��y	���Zz,F��dW-	�
̀ �*�Q[v�]��3"!z���1+-��	��@���N��6�/)������!�6�����6@7��3���6�7���gF!)�N������	��e��
���	���3"!��w�}3�	�6�3N�����:x(�)6���	��4��
\E

Cmd> pairwise("treat",.05,lsd:T)
  |      5    -3.79 lsd:T directs that the LSD
  |      4    -2.79 method be used
    |    3     0.18
    |    2    0.205
         1     6.21¬)3"!�"���;�|�«�A�0��$�+-6t�n�µ6�$\+-,"!��;�Y	��%!]���%!)	|�v=+R!)6|��6�$\+-,"!��;�Y	�6@[a��3"!���	����«���0��$�+©6Y	��%!!0���s!@�1�}� Ç�0i�/n6F�H����	\+-����!�+R!)	�6���E
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Cmd> ybars - sum(ybars)/5 # alpha_hats
(1)       6.205       0.205        0.18      -2.795      -3.795¬)3"!�§����+R!H��3F�\[]���z[v��6F!]��3"!���	\+R!�$����J6@7§���� ��6����*!)	([ �n�µ @���
Cmd> hsd <- invstudrng(1 - .05, 5, dfe)*sqrt(mse/n);hsd
(1)      3.1354 5% Honestly significant difference

Cmd> sort(ybars)[-5] + hsd # ordered means + HSD
(1)      11.135      12.135       15.11      15.135

Cmd> sort(ybars) # ordered means
(1)           8           9      11.975          12          18

�|�1W 	r�4��6"!����z[A��	\W-6�$�6([N!��w�}3F!X. £ 1 /�� � 1 	�6([K ��� +R!)	�6���,"!���	�$��"!m ± §���� j m ± �0Eq&(��� j&(.0Eq&���� � &(.nE
Cmd> pairwise("treat",.05,hsd:T)
  |      5    -3.79
  | |    4    -2.79
    |    3     0.18
    |    2    0.205
         1     6.21
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5���� ���r�4��Z"!C��3"! ����~!)d��A!)����	���Å\Ã�/s»�Ä;ÄºÅ�ÁÃ�¾���»�Â����}$@[N!)6|�N¨V�~�«���@���b����	���g�	���$"!C� ��� , � ��� � ���$��F!\[�/_��	�Z���6@7Y	"������$�6|�9�0�Æ�}3F!)�%!,F!p��6@7 @ j7AB*7�=�&�I*¦�.�[H�*���s!)�%!)6��«���1+-��	��@���N��6��\E
Cmd> bsd <- invstu(1 - .025/10, dfe)*sqrt(2*mse/n); bsd
(1)      3.3364 5% Bonferroni significant difference

Cmd> sort(ybars)[-5] + bsd
(1)      11.336      12.336      15.311      15.336

Cmd> sort(ybars) # ordered means
(1)           8           9      11.975          12          18

Cmd> pairwise("treat",.05,bsd:T)
  |      5    -3.79
  | |    4    -2.79
    |    3     0.18
    |    2    0.205
         1     6.21
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