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Quantitative Methods in Chemistrg}

Week 4, Lecture 1&2



Last week we learnt about:

e [-test

* T-test

* Hypothesis testing

e Errors in Hypothesis testing

* Finding out outliers in data using Q-test

This week we will learn about:

* Need for conducting Analysis of Variance (ANOVA)

* Introduction to ANOVA

* Protocol for doing “single factor ANOVA”

* Obtaining ”Least Significant Difference” (LSD) of means for multiple samples
* Examples of applying ANOVA and LSD



The need for conducting ANOVA

T-tests compare differences between two samples or populations.
Question: Can we extend this to comparing n different samples?

Answer: No, because of the Error in Hypothesis testing. Each pair of data set compared brings about Type |
or Type Il error. We learnt that at 95% Confidence Level, there is 5% chance of committing Type | error i.e.
rejecting Hy when it is true. As the number of data sets increase, the chance of committing this error
increases.

If we are performing t-test on 10 samples at 95% CL, the overall probability of
committing Type | error will be given by:
1-(0.95)19=1-0.599 ~ 0.4.

So, there’s 40% chance of committing Type | error when applying t-test on 10
samples at 95% CL.

Applying ANOVA reduces this error by condensing the comparison to two
numbers.



Introduction to ANOVA

Presumptions when applying ANOVA:
* Normalty of data sets — All the populations being compared are presumed to follow Gaussian Distribution

* Independence of Errors — The samples are randomly selected and are independent of one another

* Equivariance — The variances (SD?) of the populations being compared are similar. In other words, the largest
SD of a sample should not be greater than 2 x smallest SD.

ANOVA compared the fluctuations in variance between the samples with those
within the samples.



Comparison of Variances using F-test

F-statistics is named after Ronald A. Fisher who made seminal contributions to the Statistics.

Protocol:
1. Establish a Null Hypothesis — The population variances being compared are equal. In other words, s;2 = s,2.

2. Apply test statistics : Fi.t = 512/ 5,2 (Note the square of std. dev.!). The larger SD is kept on numerator.

3. Compare the Ft With F.ical at @ particular Confidence Level. There will be two degrees of freedom
involved, for sample 1 and sample 2, respectively.



F Distribution: Critical Values of F (5% significance level)
v 1 2 3 4 5 6 7 8 9 10 12 14 16 18 20

161.45 199.50 215.71 224.58 230.16 233.99 236.77 238.88 240.54 241.88 243.91 245.36 246.46 247.32 248.01
18.51 19.00 19.16 19.25 19.30 1933 19.35 19.37 1938 1940 1941 1942 19.43 1944 1945
10.13 955 928 9.12 901 894 889 885 88 879 874 871 869 8.67 8.66

771 694 659 639 626 6.16 609 604 600 59 591 587 584 582 5280
6.61 579 541 519 505 495 488 482 477 474 468 4.64 460 458 456

1
2
3
4
5
6 599 514 476 453 439 428 421 415 410 406 400 396 392 390 3.87
7 559 474 435 412 397 387 379 373 3.68 364 357 353 349 347 344
8 532 446 407 384 3.69 358 350 344 339 335 328 324 320 3.17 3.5
9 512 426 386 363 348 337 329 323 318 3.14 3.07 303 299 296 294
10 496 410 371 348 333 322 314 3.07 3.02 298 291 286 2.83 280 277

11 484 398 359 336 320 3.09 301 295 29 285 279 274 270 267 2.65
12 475 389 349 326 311 3.00 291 285 280 275 269 264 260 257 254
13 467 381 341 318 3.03 292 283 277 271 267 260 255 251 248 246
14 460 374 334 311 29 285 276 270 2.65 260 253 248 244 241 239
15 454 368 329 306 29 279 271 264 259 254 248 242 238 235 233

16 449 3.63 324 3.01 285 274 266 259 254 249 242 237 233 230 228
17 445 359 320 296 281 270 261 255 249 245 238 233 229 226 223
18 441 355 316 293 277 266 258 251 246 241 234 229 225 222 219
19 438 352 313 290 274 263 254 248 242 238 231 226 221 218 216
20 435 349 310 287 271 260 251 245 239 235 228 222 218 215 212

21 432 347 3.07 284 268 257 249 242 237 232 225 220 216 212 210
22 430 344 3.05 282 266 255 246 240 234 230 223 217 213 210 207
23 428 342 3.03 280 264 253 244 237 232 227 220 215 211 2.08 205
24 426 340 3.01 278 262 251 242 236 230 225 218 213 209 205 203
25 424 339 299 276 260 249 240 234 228 224 216 211 207 204 201

26 422 337 298 274 259 247 239 232 227 222 215 209 205 202 199
27 421 335 296 273 257 246 237 231 225 220 213 208 204 200 197
28 420 334 295 271 256 245 236 229 224 219 212 206 202 199 196
29 418 333 293 270 255 243 235 228 222 218 210 205 201 197 194
30 417 332 292 269 253 242 233 227 221 216 209 204 199 19 1.93

35 412 327 287 264 249 237 229 222 216 211 204 199 194 191 188
40 408 323 284 261 245 234 225 218 212 208 200 195 19 187 1.84
50 403 318 279 256 240 229 220 213 207 203 195 18 185 181 178
60 400 315 276 253 237 225 217 210 204 199 192 186 182 178 175
70 398 313 274 250 235 223 214 207 202 197 189 184 179 175 172

80 39 311 272 249 233 221 213 206 200 195 188 182 177 173 1.70
9 395 310 271 247 232 220 211 204 199 194 186 180 176 1.72 1.69
100 394 3.09 270 246 231 219 210 203 197 193 18 179 175 171 1.68
120 392 307 268 245 229 218 209 202 19 191 183 178 173 1.69 1.66
150 390 3.06 266 243 227 216 207 200 194 18 182 1.76 171 1.67 1.64

200 389 3.04 265 242 226 214 206 198 193 188 180 1.74 1.69 1.66 1.62
250 388 3.03 264 241 225 213 205 198 192 187 179 173 168 165 1.61
300 387 3.03 263 240 224 213 204 197 191 186 178 172 1.68 1.64 1.61
400 386 3.02 263 239 224 212 203 19 190 185 178 172 167 163 1.60
500 386 3.01 262 239 223 212 203 19 190 185 177 171 1.66 162 1.59

600 386 3.01 262 239 223 211 202 195 190 18 177 171 166 162 1.59
750 385 3.01 262 238 223 211 202 195 189 184 177 170 1.66 1.62 1.58
1000 385 3.00 261 238 222 211 202 195 18 184 176 1.70 1.65 1.61 1.58




4!

V2

1
2
3
4
5
6
7
8

1

98.50
34.12
21.20
16.26

13.75
12.25
11.26
10.56
10.04

9.65
9.33
9.07
8.86
8.68

8.53
8.40
8.29
8.18
8.10

8.02
7.95
7.88
7.82
7.77

7.72
7.68
7.64
7.60
7.56

7.42
7.31
7.17
7.08
7.01

6.96
6.93
6.90
6.85
6.81

6.76
6.74
6.72
6.70
6.69

6.68
6.67
6.66

F Distribution: Critical Values of F (1% significance level)

2 3 4 5 6 7 8 9 10 12 14 16 18 20
4052.18 4999.50 5403.35 5624.58 5763.65 5858.99 5928.36 5981.07 6022.47 6055.85 610632 6142.67 6170.10 6191.53 6208.73
99.00 99.17 99.25 99.30 99.33 99.36 99.37 99.39 99.40 99.42 99.43 99.44 99.44 99.45
30.82 29.46 28.71 2824 2791 27.67 27.49 2735 2723 27.05 2692 26.83 26.75 26.69
18.00 16.69 1598 1552 1521 1498 14.80 14.66 14.55 1437 1425 14.15 14.08 14.02
13.27 12.06 11.39 1097 10.67 1046 10.29 10.16 10.05 989 9.77 9.68 9.61 9.55
1092 9.78 9.15 875 847 826 810 798 787 772 760 752 745 7.40
955 845 785 746 719 699 684 6.72 662 647 636 628 621 6.16
865 7.59 701 6.63 637 618 6.03 591 581 567 556 548 541 536
802 699 642 606 580 561 547 535 526 511 501 492 486 48]
756 655 599 564 539 520 506 494 485 471 4.60 452 446 441
721 622 567 532 507 489 474 463 454 440 429 421 415 410
693 595 541 506 482 464 450 439 430 416 4.05 397 391 386
6.70 574 521 486 462 444 430 419 410 396 386 3.78 372 3.66
651 556 504 4069 446 428 4.14 403 394 380 370 3.62 356 3.51
636 542 489 456 432 414 4.00 389 380 3.67 356 349 342 337
623 529 477 444 420 403 389 378 3.69 355 345 337 331 326
6.11 518 467 434 4.10 393 379 368 359 346 335 327 321 3.16
6.01 509 4.58 425 401 384 371 3.60 351 337 327 319 313 3.08
593 501 450 417 394 377 3.63 352 343 330 3.19 312 3.05 3.00
585 494 443 410 387 370 356 346 337 323 313 3.05 299 294
578 487 437 4.04 381 364 351 340 331 317 3.07 299 293 288
572 482 431 399 376 359 345 335 326 312 3.02 294 288 283
566 476 426 394 371 354 341 330 321 307 297 289 283 278
561 472 422 390 3.67 350 336 326 317 3.03 293 285 279 274
557 468 418 3.85 3.63 346 332 322 313 299 289 281 275 270
553 464 414 382 359 342 329 3.8 3.09 29 286 278 272 2.66
549 460 411 378 356 339 326 3.5 306 293 282 275 268 2.63
545 457 407 375 353 336 323 312 3.03 290 279 272 265 2.60
542 454 4.04 373 350 333 320 3.09 300 287 277 269 263 257
539 451 402 370 347 330 3.17 3.07 298 284 274 266 260 2.55
527 440 391 359 337 320 3.07 296 288 274 264 256 250 244
518 431 3.83 351 329 312 299 289 280 266 256 248 242 237
5.06 420 372 341 3.19 3.02 289 278 270 256 246 238 232 227
498 413 3.65 334 312 295 282 272 263 250 239 231 225 220
492 407 3.60 329 3.07 291 278 267 259 245 235 227 220 215
488 404 356 326 3.04 287 274 264 255 242 231 223 217 212
485 401 353 323 301 284 272 261 252 239 229 221 214 2.09
482 398 351 321 299 282 269 259 250 237 227 219 212 207
479 395 348 3.17 296 279 266 256 247 234 223 215 209 2.03
475 391 345 314 292 276 263 253 244 231 220 212 2.06 2.00
471 388 341 311 289 273 260 250 241 227 217 209 203 197
4.69 386 340 3.09 287 271 258 248 239 226 215 207 201 195
4.68 385 338 3.08 286 270 257 247 238 224 214 206 199 194
466 383 337 3.06 285 268 256 245 237 223 213 205 198 192
4.65 382 336 305 284 268 255 244 236 222 212 204 197 192
4.64 381 335 305 283 267 254 244 235 221 211 203 196 191
4.63 381 334 304 283 266 253 243 234 221 211 202 196 190
4.63 380 334 304 282 266 253 243 234 220 210 202 195 190




Example of applying F-test to compare the precision of two samples

Question: A standard method based on 1001 data points for estimation of Na ions has a SD value of 0.18 ppm.
A new method based on 21 data points had SD value of 0.21 ppm. Can we say at 95% confidence level that

the new method is more imprecise than the standard method?

Answer:
1. Apply null hypothesis : Hy = SD1 ~ SD2.

2. Calculate F = (0.21)2/(0.18)2 = 0.0441/0.0324 = 1.36.

3. Compare with Ftica (95%, 20, 1000) = 1.58.

4. Since Ft < Fgritical, NUIl hypothesis cannot be rejected. That means, at 95% CL, the two methods being
compared have similar precision.



Single Factor ANOVA

Questions that we want to address:

1. Does the yield of a reaction change with temperature?

2. Does the spectral profile of the molecule change with pH?

Factor — the variable that is being changed.
Level — Individual measurements within each factor.

Response — The change in the value of measurement being performed.

Single factor ANOVA implies that there is only one factor that is being varied.



Protocol for undertaking ANOVA

Presumptions: Normalty, Independence of Errors and Equivariance

If we are analysing | different samples:

N, N,

Data points N; N,
Means X1 X X3 X|
Std. Dev. Sq S, S3 S|

Variance (s1)? (s5)2 (s3)? (s1)?



Calculate the Grand Average of the data set. It is a weighted average of the individual
sample means.

Obtain the square of deviations between the group means and the grand average. This is
called Sum of Squares due to Factor (SSF). Degrees of Freedom =1-1

Obtain the square of deviations within the groups. This is called the Sum of Squares due to
errors (SSE). Degrees of Freedom =N = |

Calculate Sum of Squares Total (SST) = SSF + SSE. Degrees of Freedom =N -1

Calculate the Mean Square Factor (MSF) = SSF/ (I — 1). MSF is an estimate of variance due
to error plus variance between the groups i.e. og% + g2

Calculate the Mean Square Error (MSE) = SSE/ (N — I). MSE estimates only the variance due
to error, i.e. og2.

Calculate Fist = MSF / MSE and compare with Fg.




ANOVA Table

Source of Sum of Degrees of | Mean Squared
Variation Squares Freedom Values

Between the MSF = SSF/ | - P
groups MSF /
(Factor Effect) MSE
Within the SSE N - MSE = SSE/ N - |

group

(Error Effect)
Total SST N-1



Q. The mean potassium levels of three groups of volunteers considered either Healthy, Pre-clinical
and Clinical were compared. The following data was obtained:

120 100 89
100 110 65
98 70 110
90 80 90
75 50 40
80 70 35

Is there a statistically significant difference in the mean potassium levels of the three groups at 95% Confidence Level?



