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Question 1
Four air-conditioning compressor designs were tested in four different regions of the United States. The

test was replicated by installing additional air-conditioners in a second cooling season. The following are
the times to failure (to the nearest month) of each compressor tested.

Replicate 1 Replicate 2
Design A B C oD o pfgessnesspBa e b G o 4D
Northeast | 58 35 72 61 49 24 60 64
Southeast | 40 18 54 38 38 22 64 50
Northwest | 63 44 81 52 59 16 60 48
Southwest | 36 9 47 30 29 13 52 41

Test at the 0.05 level of significance whether the differences among the means determined for designs,
regions and replicates are significant and for the significance of the interaction between compressor
designs and regions. : v (15 marks)

Question 2

An important factor in selecting software for word-processing and database management systems is the
time required to learn how to use the system. To evaluate three file management systems, a firm designed
a test involving five word-processing operators. Because operator variability was believed to be a
significant factor, each of the five operators was trained on each of the three file management systems and
the following data was obtained.

Operator System
1 16 16 24
2 19 17 - 22
3 14 13 19
4 13 12 18
5 18 17 22
(a) Test for differences in the mean training time for the three systems using 5% level of significance.
(10 marks)
(b) If appropriate, use Tukey’s test to compare pairs of treatment means, using alpha = 0.05.
‘ ‘ - (5 marks)
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An industrial engineer is interested in the effects of two different types of containers (glass and plastic) on
the time taken to deliver cases of a product. Two workers are used to perform a task consisting of moving
40 cases of the product on a standard truck and stacking the cases in a display. Four replicates of a 22
factorial design are performed and the times observed are listed in the following table:

mwand o

B Ottl e Type R work'ér%*w«mm- e el

Glass 5.12 4.89 6.65 6.24
4.98 5.00 5.49 5.55

Plastic 4.95 443 5.28 4.91
4.27 4.25 4.75 4.71

Estimate the bottle type effects (B), worker effects (W) and the interaction effects (BW) from the

experiment. Construct the ANOVA table and interpret the results.

Question 4

(15 marks)

(a) What is confounding? Explain the difference between a completely confounded and partially

confounded experiment.

(4 marks)

(b) When we say the higher-order interaction, for example ABC is confounded with blocks, what do

we mean?

(2 marks)

(c) Use the linear combination method to construct two blocks of the 23 design with ABC confounded
with blocks; specify clearly the defining contrast corresponding to ABC. Which is the principal

block?

(9 marks)
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Question S

(a) List the effects that can be estimated with a 2* factorial experiment @3 mdrks)
(b) An Engineer wants to run a 2 3 factorial experiment in four blocks. Suppose that both ABCD and ACE

are confounded with blocks’
(i) Determine the generalised interaction.‘ : (2 marks)
(ii) Write down the teatfﬁéﬁt"»éﬁm‘biﬁﬂioﬁs for'each of the four blocks. (5 marks)
(0 In‘a 2° design with four blocks, the treatment combinations in the Principal Block are:
(1) be ae abd bde cde acd abce

Identify the interaction effects confounded in the design and write out the treatment combinations in the
other three blocks. ' (5 marks)

END OF EXAM!!
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IV. Percentage Points of the F Distribution (continued)
Fi 0.03,».4

Degrees of Freedom for the Numerator (»,)

1 2 3 4 5 6 7 8 9 10 12 15 20 24 30 40 60 120 [
1614 1995 2157 2246 2302 2340 2348 2389 2405 2419 2439 2459 2480 2491 250.1 2511 2522 2533 2543
2 18.51 19.00- 19.16 19.25 1930 1933 1935 19.37 19.38 1940 19.41 1943 1945 1945 19.46 1947 1948 1949 1930
3 10.13 9.55 9.28 9.12 9.01 8.94 8.39 8.85 3.81 .79 8.74 8.70 8.66 8.64 8.62 8.59 8.57 8.55 8.53
“ m 6.94 6.59 6.39 6.26 6.16 6.09 6.04 6.00 5.96 591 5.86 5.80 s 5.715 572 5.69 5.66 5.63
5 6.61 3.7 541 519 5.05 4.95 4.88 482 4T 4.74 4.68 4.62 4.56 453 450 446 443 440 436
6 5.9 5.14 4.76 453 439 428 421 4.15 4.10 4.06 4.00 394 387 384 381 n 3.74 3.70 3.67
7 5.59 474 435 4.12 kX4 .87 179 173 3.68 3.64 357 35i 344 341 338 334 3.30 327 323
8 .32 4.46 4.07 3.84 3.69 3.58 350 344 3.39 335 3.28 32 3.15 312 3.08 3.04 3.01 297 293
9 512 4.26 3.86 3.63 348 337 329 323 3.18 3.14 3.07 3.01 294 2.90 2.86 2.83 279 275 271
10 4.96 4.10 3n 348 333 3 314 3.07 30 298 291 285 77 274 2.70 2.66 262 2.58 254
11 484 398 3.59 3.36 320 3.09 301 295 290 2.85 279 wm 265 2.61 257 253 249 245 240
12 475 3.89 349 326 i 3.00 291 235 2.80 275 269 2.62 254 251 247 243 2.38 234 230
13 4.67 3381 341 3.18 3.03 292 2.83 anm 271 2.67 2.60 253 246. 242 238 2.4 230 225 221
14 4.60 3.74 34 3711 2.96 2.85 276 270 265 . 260 253 246 239 235 231 227 222 218 213
15 4.54 3.68 39 3.06 290 219 21 264 259 - 254 248 240 233 229 228 220 2.16 211 2m
16 449 3.63 3 3.01 2.85 274 2.66 2.59 254 249 242 235 2.28 224 2.19 215 211 2.06° 2,01
17 443 359 320 2.96 231 270 2.61 2.55 2.49 245 2.38 231 223 2.19 215 210 206 2.01 1.96
18 441 3.55 3.16 293 wm 2.66 2.58 251 246 241 234 w2 219 2.15 211 2.06 202 197 192
19 438 352 - 313 290 274 2.63 254 248 242 2.38 231 223 2.16 2.11 2.07 2,03 1.98 1.93 1.88
20 435 349 3.10 2.87 7 2.60 251 245 239 235 228 220 212 2.08 2.04 1.99 1.95 190 1.84
21 432 47 307 284 2.68 257 249 242 237 232 225 218 210 2.05 201 19 1.92 1.87 1.81
22 430 3.4 3.05 2.82 2.66 2.55 246 240 234 230 223 215 207 203 1.98 1.94 1.89 1.84 L78
23 428 342 3.03 2.80 2.64 253 244 237 232 227 220 2,13 205 201 1.96 191 1.86 1.81 176
24 426 340 3.01 278 262 251 242 2.36 230 235 2.18 211 203 1.98 1.94 1.89 1.84 1.79 173
25 4.24 339 299 2726 2.60 249 240 124 228 224 2.16 2.09 201 1.96 192 1837 1.82 L7 17
26 423 3.37 298 274 259 247 239 232 2.27 222 2.15 207 1.99 1.95 1.90 1.85 1.80 175 1.69
n 421 335 296 273 2.57 246 2.37 231 225 220 2,13 206 197 1.93 1.88 1.84 L79 173 1.67
28 420 34 295 wm 256 245 2.36 229 224 .19 212 2.04 1.96 191 1.87 1.82 m 1.7 1.65
29 4.18 333 293 270 2,55 243 235 228 222 218 210 203 194 1.90 1.85 1.81 175 1.70 1.64
30 4.17 332 292 2.69 253 242 233 w7 221 2.16 2,09 201 193 1.89 1.84 1.79 1.74 1.68 1.62
40 4.08 323 284 2.61 245 234 225 2,18 212 208 2.00 1.92 1.84 1.79 1.74 1.6 1.64 1.58 1.51
60 4.00 315 276 253 237 225 217 210 204 199 192 1.84 178 170 1.65 159 153 147 139
120 392 3.07 2.68 245 229 2.17 2.09 202 1.96 1.91 1.83 175 1.66 1.61 1.55 1.55 143 1.35 125
© 3.84 3.00 2.60 237 221 210 2.01 1.94 1.88 1.83 175 157 152 1.46 1.39 1.32 1.22 1.00
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Percentage Points of the F Distribution (continued)
*-g.'-.tw

o

Degrees of Freedom for the Numerator (v,)

30

1 2 3 4 5 6 7 8 9 10 12 15 20 24 40 60 120 @

1 6478 7995 864.2 899.6 9218 937.1 9482 956.7 9633 9686 9767 9849 993.1 9972 1001 1006 1010 1014 1018
2 38.51 3900  39.17 39.25 3930 3533 3936 3937 3939 3940 3941 3943 3945 3946 . 3946 3947 3948 3949 3950
3 1744 16.04 1544 15.10 1488 1473 1462 14.54 1447 14.42 1434 1425 14.17 14.12 14.08 1404 1399 1395 1390
4 1222 1065 9.98 9.60 9.36 9.20 9.07 8.98 890 8.84 8.75 8.66 8.56 8.51 8.46 841 8.36 831 8.26
5 10.01 8.43 1.76 139 115 698 645 6.76 6.68 6.62 6.52 643 6.33 6.28 6.23 6.18 6.12 6.07 6.02
6 8.81 126 660 623 599 5.82 5.70 5.60 552 5.46 537 527 5.17 5.12 5.07 5.01 4.96 490 485
7 8.07 6.54 5.89 5.52 529 512 499 4.90 482 476 4.67 451. a4 442 436 4.31 425 4.20 4.14
8 157 6.06 542 5.05 4.82 4.65 4.53 443 4.36 430 420 4.10 4.00 3.95 3.89 384 378 i 3.67
9 721 5n 5.08 41 448 432 420 4.10 4.03 3.96 .87 n 3.67 3.61 356 3.51 345 3.39 333
10 6.94 5.46 4.83 447 424 407 395 385 378 in 362 352 342 337 331 3.26 3.20 3.4 3.08
11 6.72 526 463 428 4.04 3.88 3.76 3.66 359 353 343 333 3.3 3.17 KAV 3.06 3.00 294 288
T 12 6.55 5.10 4.47 4.12 3.89 e ivx 3.61 351 344 337 328 ¢ 3.8 3m 3.02 296 291 285 2719 2mn
W 13 641 497 4.35 4.00 n 3.60 348 339 33 325 3.15 3.05 295 2.89 24 278 272 2.66 2.60
214 630 4.86 4.24 3.89 3.66 350 338 329 321 315 305 295 284 219 273 2.67 261 255 249
§ 15 6.20 4an 4.15 3.80 3.58 341 329 3.20 an 3.06 2.96 286 2.76 2,70 264 2.59 2.52. 246 2.40
m 16 6.12 4.69 4.08 373 3.50 3.34 2 312 30s 299 289 219 2.68 2.63 257 2.51 245 238 232
£ 6.04 4.62 401 3.66 344 328 316 °  3.06 298 292 2.82 272 2.62° 256 250 244 238 232 225
F-AST] 598 4.56 395 3.6t 338 32 3.10 3.01 293 2.87 a2m 267 2.56 2.50 244 238 232 226 219
E 1 592 451 . 3.90 3.56 333 ‘317 3.05 2.96 2.88 282 27 262 2.51 245 239 233 2.27 220 213
M 20 5.87 4.46 3.86 351 3.29 313 3.0 291 284 2n 2.68 2.57 246 241 235 229 222 - 216 209
‘s 21 583 442 382 348 325 3.09 297 2.87 2.80 2.73 264 253 242 2.37 231 225 2,18 211 2.4
M. 22 579 438 378 344 3n 3.08 293 284 276 270 2.60 2.50 239 233 227 221 2.14 2.08 2.00
& 23 5.5 435 375 341 3.18 3.02 290 281 273 267 2.57 247 2.36 2.30 224 218 211 204 1.97
24 572 432 in 3.38 3.15 299 2.87 278 270 2.64 254 244 233 227 22] 215 .2.08 2,01 194
25 5.69 429 3.9 335 3.13 297 28s 275 2.68 2.61 251 241 2.30 224 218 212 2.05 1.98 191
26 5.66 427 3.67 333 310 294 2.82 2, 2.65 2.59 2.49 239 228 222 2.16 2.09 2,03 195 1.88
27 5.63 424 3.65 331 3.08 292 2.80 27 263 2.57 247 2.36 225 2.19 213 207 2.00 1.93 1.85
28 5.61 4.2 M,_.aw 329 3.06 290 278 2.69 2.61 255 245 234 223 217 211 205 1.98 1.91 1.83
29 5.59 4.20. 1.61 327 3.04 288 276 267 2.59 2.53 243 232 221 215 209 203 1.96 1.89 1.81
30 5.57 4.18 359 325 3.03 2.37 275 2.65 2.57 251 241 231 220 214 207 2.01 1.94 1.87 179
40 542 4.05 346 3.13 290 274 262 253 245 239 229 2,18 2.07 201 1.94. 1.88 1.80 172 1.64
60 5.29 393 134 3.01 279 2.63 251 241 233 227 217 2.06 1.94 1.88 1.82 174 1.67 1.58 1.48
120 5.15 3.80 an 2.89 267 2.52 239 230 222 2.16 208 1.94 1.82 1.76 1.69 1.61 153 143 1.31
o 5.02 3.69 279 257 241 229 219 211 2.05 1.94 1.83 1 1.64 157 148 1.39 127 1.00
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APPENDIX 623
VHI. Critical Values for Dunneii's"Test for Comparing Tréeitménts with a Control®
dogs(a — 1,f)
Two-Sided Comparisons
a — 1 = Number of Treatment Means (cludinL control)

f 1 2 3 4 5 6 7 8 9
5 257 3.03 329 348 3.62 373 382 3.90 3.97
6 245 2.86 3.10 3.26 3.39 349 3.57 364 3

-1 2.36 2.75 297 312 3.24 333 341 347 353
8 231 2.67 2.88 3.02 3.13 3.22 3.29 3.35 341
9 2.26 2.61 2.81 295 3.05 3.14 3.20 3.26 332

10 2.23 2.57 2,76 2.89 2.99 3.07 314 319 3.4

11 2.20 253 272 2.84 294 3.02 3.08 314 319

12 2.18 2.50 2.68 281 290 2.98 3.04 3.09 314

13 2.16 248 2.65 2.78 2.87 294 3.00 3.06 310

14 2.14 246 2.63 275 2.84 291 297 3.02 3.07

15 2.13 24 2.61 273 2.82 2.89 2.95 3.00 3.04

16 212 242 2.59 2.71 2.80 2.87 292 297 3.02

17 2.11 241 2.58 2.69 2,78 285 290 2.95 3.00

18 -2.10 2.40 2.56 2.68 2.76 2.83 2.89 2.94 298

19 2.09 2.39 255 2.66 2.75 2.81 2.87 2.92 296

20 2.09 2.38 2.54 2.65 273 2.80 2.86 2.90 295

24 2.06 2.35 2,51 261 2.70 2.76 281 2.86 290

30 2,04 232 247 2.58 2.66 272 2.7 2.82 2.86

40 2.02 229 24 254 2.62 2.68 2.73 277 281

60 2.00 227 241 251 258 264 2.69 273 27n

120 1.98 2.24 2.38 247 2.55 2.60 2.65 2.69 273
o 1.96 221 235 2.4 251 2.57 2.61 2.65 2.69
d0.0I(a - lcf )
Two-Sided Comparisons
a — 1 = Number of Treatment Means (excluding control)

f 1 2 3 4 5 6 7 8 9
5 403 4.63 498 522 541 5.56 5.69 5.80 5.89
6 kN)| 421 451 471 4.87 5.00 5.10 520 528
7 3.50 3.95 421 4.39 453 464 474 482 489
8 3.36 377 4.00 417 429 440 448 4.56 4.62
9 325 3.63 3385 4.01 412 422 430 437 443

10 317 3.53 3.74 3.88 3.99 408 4.16 422 428

11 311 345 3.65 379 3.89 3.98 4,05 411 ‘4,16

12 3.05 339 - 358 n 3.81 3.89 3.96 4.02 4.07

13 3.01 333 3.52 365 374 3.82 3.89 394 3.99

14 298 329 347 3.59 3.69 3.76 383 3.88 3.93

15 295 325 343 355 3.64 n 3.78 3.83 3.88

16 292 322 3.39 351 3.60 3.67 3.73 3.78 383

17 290 3.19 336 347 3.56 3.63 3.69 374 3.79

18 2.88 3.17 333 344 353 3.60 3.66 37 375

19 2.86 3.15 331 342 3.50 357 3.63 3.68 372

20 2.85 3.13 3.29 340 348 3.55 3.60 3.65 3.69

24 2.80 3.07 322 332 3.40 347 3.52 3.57 3.61

30 2.75 3.01 315 325 333 339 34 3.49 352

40 2.70 2.95 3.09 319 3.26 332 337 341 34

60 266 2.90 -3.03 312 319 325 329 333 337

120 2.62 2.85 297 3.06 312 3.18 kJv ¥ 3.26 3.29

o 2.58 2.79 292 3.00 3.06 31 315 3.19 322

f = degrees of freedom.
"Reproduced with permission from C. W. Dunnett, “New Tables for Multiple Comparison with a Control,” Biomet-
ries, Vol. 20, No. 3, 1964, and from C. W. Dunnett, “A Maultiple Comparison Procedure for Comparing Several
Treatments with a Control.” Journal of the American Statistical Association, Vol. 50, 1955.
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624 APPENDIX

VIIIL. Critical Values for Dunnett’s Test for Comparing Treatments with a Control (continued)

doos(a — 1. 1)
One-Sided Comparisons

a — 1 = Number of Treatment Means (excluding control)

f ] 2 3 4 5 6 7 . 8 9
5 202 244 268 285 298  3.08 316 324 330
6 194 234 256 271 283 292 300 307 312
7 180 227 248 262 213 282 289 295 301
8 186 222 242 255 266 274 281 287 292
9 183 218 237 250 260  2.68 275 281 286
10 181 U215 T 234 CT2ATY URS6 - 26802900 276 281
11 180 213 231 244 253 260 261 272 21
12 178 211 229 241 250 - 2.58 264 269 274
13 177 209 227 239 248 255 261 266 27
14 176 208 225 237 246 253 250 264 269
15 175 207 224 236 244 251 257 262 267

16 1.75 2.06 223 234 243 2.50 2.56 2,61 2.65
17 1.74 2.05 222 233 242 2.49 2.54 2.59 2.64
18 173 2.04 2.21 2.32 24)] 2.48 2.53 2.58 2,62
19 1.73 2.03 220 231 240 247 252 2.57 2.61

20 1.72 2.03 2.19 2.30 2.39 246 251 2.56 2.60
.24 1.71 2.01 2.17 228 2.36 243 248 2.53 2.57
30 1.70 1.99 2.15 2.25 2.33 2.40 245 250 2.54
40 1.68 1.97 2.13 2.23 231 2.37 242 247 2.51
60 1.67 1.95 2.10 221 2.28 2.35 239 244 248

120 1.66 1.93 2.08 2.18 2.26 2.32 2.37 241 245
o 1.64 1.92 2.06 2.16 223 2.29 234 2.38 242

dom(a - Lf)
One-Sided Comparisons
~_a — 1 = Number of Treatiment Means (excluding control)
1 2 3 4 5 6 7 8 9

f

5 3.37 3.90 421 443 4.60 4.73 4.85 4.94 5.03
6 314 3.61 3.88 4.07 421 433 443 451 459
7
8
9

3.00 342 3.66 3.83 3.96 4.07 415 | 423 4.30
©2.90 3.29 3.51 3.67 379 3.88 3.96 4.03 4.09
2.82 319 340 3.55 3.66 3.5 3.82 3.89 3.9

10 2.76 3.11 3.3 345 3.56 364 in 3.78 3.83
11 272 3.06 3.25 338 3.48 3.56 3.63 3.69 374
12 2.68 3.01 319 332 342 3.50 3.56 3.62 3.67
13 2.65 297 3.15 3.27 337 344 3.51 3.56 3.61
14 2,62 294 31 323 3.32 340 346 351 3.56

15 2.60 291 3.08 3.20 3.29 3.36 342 347 3.52
16 2.58 2.88 3.05 3.17 326 333 3.39 34 348
17 257 2.86 3.03 3.14 .3.23 3.30 3.36 341 345
18 255 2.84 3.01 312 321 3.27 333 3.38 3.42
19 254 2.83 299 3.10 3.18 325 331 3.36 3.40

20 2.53 2.81 2.97 3.08 317 323 329 334 3.38 i
24 249 277 2.92 3.03 . 3.17 3.22 327 331 3 g

30 246 272 2.87 297 3.05 3.11 3.16 3.21 "3.24 ) " 5
40 242 2.68 2.82 292 299 3.05 310 314 3.18 ‘
60 239 2.64 2.78 2.87 294 3.00. -~ 3.04 = 3.08 3.12

120 2.36 2.60 273 2.82 2.89 2.94 1299 3.03 3.06 2
% 233 2.56 2.68 2N 284 2.89 293 2.97 3.00 :




