Chapter 13- Basic Experimental
Design for Process Improvement



13.1 What Is Experimental Design?

As indicated in Chapter 1, a designed experiment is a test or series of tests in which purpose-
ful changes are made to the input variables of a process so that we may observe and identify
corresponding changes in the output response. The process, as shown in Fig. 13.1, can be
visualized as some combination of machines, methods, and people that transforms an input
material into an output product. This output product has one or more observable quality char-
acteristics or responses. Some ol the|process variables x;. x,...., x, are controllable,

| whereas others z;. 2». . . ., Z, are uncontrollable (although they may be controllable for pur-

poses of the test)] Sometimes these uncontrollable factors are called noise factors. [The objec-
tives of the experiment may include

1. Determining which variables are most influential on the response, y.

2. Determining where to set the influential x’s so that y is near the nominal requirement.

3. Determining where to set the influential x’s so that variability in y is small.

4. Determining where to set the influential x’s so that the effects of the uncontrollable vari-

ables z are minimized.
Controllable input
factors
Xp Xp eee .X!,,

Input Output
AL Process yp

3] Tp eee Zq

Uncontrollable input

factors B FIGURE 13.1 General model of a process.



/EXAMPLE 13.2

In a characterization experiment, we are usually interested in
determining which process variables affect the response. A
logical next step is to optimize—that is, to determine the
region in the important factors that lead to the best possible
response. For example, if the response is yield, we will look for
a region of maximum yield, and if the response is variability in
a critical product dimension, we will look for a region of min-
imum variability.

Suppose we are interested in improving the yield of a chemi-
cal process. Let’s say that we know from the results of a charac-
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terization experiment that the two most important process vari-
ables that influence yield are operating temperature and reaction
time. The process currently runs at 155° F and 1.7 h of reaction
time, producing yields around 75%. Figure 13.2 shows a view
of the time-temperature region from above. In this graph the lines
of constant yield are connected to form response contours, and
we have shown the contour lines for 60, 70, 80, 90, and 95% yield.

To locate the optimum, it is necessary to perform an exper-

iment that varies time and temperature together. This type of

experiment is called a factorial experiment; an example of a

factorial experiment with both time and temperature run at (wo
levels is shown in Fig. 13.2. The responses observed at the four
corners of the square indicate that we should move in the gen-

eral direction of increased temperature and decreased reaction

time to increase vield. A few additional runs could be per-

formed in this direction, which would be sufficient to locate

the region of maximum yield. Once we are in the region of the
optimum, a more elaborate experiment could be performed to
give a very precise estimate of the optimum operating condi-
tion. This type of experiment, called a response surface exper-
iment, is discussed in Chapter 14.

BFIGURE 13.2 Contour plot of yield as a function of reaction time
and reaction temperature, illustrating an optimization experiment.
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Guidelines for Designing an Experiment

Pre-experimental . Recognition of and statement of the problem

planning C e , \ ,
Choice of factors and levels often done simultaneously,

or in reverse order

R SR

L]

Selection of the response variable
. Choice of experimental design
Performing the experiment

. Data analysis

o I T T

. Conclusions and recommendations

B FIGURE 13.4 Procedure for designing an experiment.
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5-8 What If We Have More Than
Two Samples?

* The experimenter has a single factor of
interest—curing methods—and there are only
two levels of the factor.

e Many single-factor experiments require that
more than two levels of the factor be
considered.

* The analysis of variance (ANOVA) can be

used for comparing means when there are
more than two levels of a single factor.



5-8 What If We Have More
Than Two Samples?

Table 5-5 Tensile Strength of Paper (psi)

Hardwood Observations
Concentration (%) 1 2 3 4 5 6 Totals Averages
5 7 8 15 11 9 10 60 10.00
10 12 17 13 18 19 15 04 15.67
15 14 18 19 17 16 18 102 17.00
20 19 25 22 23 18 20 127 21.17

383 15.96

* The levels of the factor are sometimes called treatments.
* Each treatment has six observations or replicates.

* The runs are run in random order.



Analysis of variance (ANOVA)
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One-way ANOVA

Hytm=m==1,=0

Hy: 7, # 0 for at least one i

1,2
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Analysis of variance (ANOVA)

Table 5-6 Typical Data for a Single-Factor Experiment

Treatment Observations Totals Averages
1 Yu Y12 - ¥in Y1- Y1-
2 ¥n Y22 . Yy Y2 V.
a Va1l Ya2 - - - Van Va- Ya-
) V..

yy—Trepresents the jth observation

M
Vo= >V ve=w/n  i=Ll2...a
j=1

&

H

y.. = Yy V.. = y../]
i=1 =1



One-way ANOVA

SST — SSTreatments + SSE
where
W= 2 2 vy — y..)> = total sum of squares
i=1 j=1
SS treatments = 1 Y, (V. — ..)° = treatment sum of squares
i=1
and

SS; = E > (v; — y:.)> = error sum of squares

i=1 j=1

(5-36)




One-way ANOVA

Testing Hypotheses on More Than Two Means (ANOVA)

i

n> T

SS =
MS Troatmens = — E(MS tregmens) = 0> + ——
a— 1 a— 1
SS
MSg = —— E(MSg) = o?
an — 1)
Null hypothesis: Hyt,=1=-=1,=10
Alternative hypothesis: H:t,#0 for at least one i
« g MSTIE:E.HI‘I.EHI:E
Test statistic: Fy =
est statistic 0 MS,
P-value: Probability beyond f, in the F,_, .41, distribution

Rejection criterion
for a fixed-level test: fo = faa- Lan—1y Or P—Value<«a




Completely Randomized Experiment with Equal Sample Sizes

The computing formulas for the sums of squares in the analysis of variance for a
completely randomized experiment with equal sample sizes in each treatment are

a n yg‘
SSr= 2>, 2 i~ N
i=1 j=1

and

y2

v W
SS tretmens = > — —
Treatments P — N

The error sum of squares is usually obtained by subtraction as
SSE — SST o SSTreaﬁnents

Table 5-7 The Analysis of Variance for a Single-Factor Experiment

Source of Degrees of
Variation Sum of Squares Freedom Mean Square F,
M.
Treatments S8 rreatments a—1 MS; STreatments
MS;
Error SSg a(n — 1) MS;

Total S8 an — 1




Example

Table 5-5 Tensile Strength of Paper (psi)

Hardwood Observations
Concentration (%) 1 2 3 4 5 6 Totals Averages
5 7 8 15 11 9 10 60 10.00
10 12 17 13 18 19 15 04 15.67
15 14 18 19 17 16 18 102 17.00
20 19 25 22 23 18 20 127 21.17

383 15.96

* The levels of the factor are sometimes called treatments.
* Each treatment has six observations or replicates.

* The runs are run in random order.



One-way ANOVA

EXAMPLE 5-14

Tensile Strength

Consider the paper tensile strength experiment described in Section 5-8.1. Use the analysis of variance to test
the hypothesis that different hardwood concentrations do not affect the mean tensile strength of the paper.

Hﬂ:T1:T2:T3:T4:0

H;: 7; # 0 for at least one i

Significant level (o) =0.05

Table 5-8 Minitab Analysis of Variance Qurtput for the Paper Tensile Strength Experiment

One-Way Analysis of Variance

Analysis of Variance
Source DF
Factor 3
Error 20
Total 23
Level N

5 6

10 6

15 6

20 6

Pooled StDev = 2.551

SS
382.79
130.17
512.96

Mean
10.000
15.667
17.000
21.167

MS
127.60
6.51

StDev
2.828
2.805
1.789
2.639

F p 0.5,3,23
19.61 0.000
T~ [pP_value <0.05
Individual 95% Cls For Mean
Based on Pooled StDev
----- + - - + -
e
)
(=)
)
..... + - + + _—— -

10.0 15.0 20.0 25.0




Contrasts

The Tensile Strength Experiment
To illustrate the analysis of variance, return to the example first discussed in Section 3-1.
Recall that the development engineer is interested in determining if the cotton weight

percentage in a synthetic fiber affects the tensile strength, and she has run a completely
randomized experiment with five levels of cotton weight percentage and five replicates.
For convenience, we repeat the data from Table 3-1 here:

Observed Tensile Strength

PE‘:iﬁclngtTg-: ({b/in) Totals Averages
of Cotton 1 2 3 4 5 ¥.. ¥i.
15 7 7 15 11 9 49 9.8
20 12 17 12 18 18 77 15.4
25 14 18 18 19 19 88 17.6
30 19 25 22 19 23 108 21.6
35 7 10 11 15 11 54 10.8

y. = 376 y. = 15.04




=1 j=1 N
, ; ,  (376)
= (7 + @Y + (157 + -+ (15)° + (11)° — ( 25} = 636.96
I, Y
58 reatments LT =
Treatments n le N
1 , .. (376)
— = [(49Y + -« + (54)°] — = 475.76
5 49) (5471 - =
SSE = SST - SS’I'realmems
= 636.96 — 475.76 = 161.20
Table 3-4  Analysis of Variance for the Tensile Strength Data
Sum of Degrees of Mean
Source of Variation Squares Freedom Square Fo P-Value
Cotton weight percentage 475.76 4 118.94 F, = 14.76 <(.01
Error 161.20 20 8.06

Total 636.96 24




Contrasts

Many multiple comparison methods use the idea of a contrast. Consider the synthetic
fiber testing problem of Example 3-1. Because the null hypothesis was rejected, we know
that some cotton weight percentages produce different tensile strengths than others, but
which ones actually cause this difference? We might suspect at the outset of the exper-
iment that levels 4 and 5 cotton weight percentages (30 and 35 percent) produce the
same tensile strength, implying that we would like to test the hypothesis

Hoyipes = pis
Hitpy #F ps

or equivalently,

Hoiprs — ps = 0 (3-23)
Hytpy — ps # 0



If we had suspected at the start of the experiment that the average of the lowest levels
of cotton weight percentages (1 and 2) did not differ from the average of the highest
levels of cotton weight percentages (4 and 5), then the hypothesis would have been

or

Hotpy + po = py + pis
Hyipy + po #F py + s

Hyipy + e — s — ps = 0 (3-24)
Hitpy + pp — g — s £ 0

In general, a contrast is a linear combination of parameters of the form

i

r = E‘ ﬂ”u-,
i=1
where the contrast constant ¢,, ¢, . . ., ¢, sum to zero; that is, £/, ¢, = (. Both of the
hypotheses above can be expressed in terms of contrasts:

i

H“:E ciph; = 0
=1 (3-25)

[y

HHE by + ()

i=1



Example

The contrast constants for the hypotheses in Equation 3-23 arec, = c; = 2= 0,5 = +1,
and cs = —1, whereas for the hypotheses in Equation 3-24 they are ¢, = ¢; = +1,
c;=0,and ¢, = c5s = — 1.

Testing hypotheses involving contrasts can be done in two basic ways. The first
method uses a f-test. Write the contrast of interest in terms of the treatment totals, giving

C =2 ey
=]



The second approach uses an F test. Now the square of a f random variable with v
degrees of freedom is an F random variable with 1 numerator and v denominator degrees
of freedom. Therefore, we can obtain

a 2
(2 Clyl.)
=1

Fo=15= a (3-28)
nMSE Z C,z
-1

as an F statistic for testing Equation 3-25. The null hypothesis would be rejected if
Fo > F.\ n-o- We can write the test statistic of Equation 3-28 as

MS. _ SSc/l
MS;  MS,

where the single degree of freedom contrast sum of squares is

SS¢c = 2 (3-29)

F0=




Example

EWLE3*6 R R R Rl e R R I I A
Consider the data in Example 3-1. There are five treatment means and four degrees of
freedom between these treatments. Suppose that prior to running the experiment the
following set of comparisons among the treatment means (and their associated contrasts)
were specified:

Hypothesis Contrast
Hyipy = ps C, = = Ya. T Vs
Hy py + ps = py + ps C: = . + Ya. 7 Yo T Vs,
Hy: = ps Cy =y, = Y3

Hoidp, = pg + pa + pg + s Co = =y, + 4y, — ya — V4 — s,



Notice that the contrast coefficients are orthogonal. Using the data in Table 3-4, we find
the numerical values of the contrasts and the sums of squares to be as follows:

(—54)?

- - 4) = —54 = = 291,

C, 1(108) + 1(54) SS¢, 52) 291.60
(—25)°

O, = +1(49) + 1(88) — 1(108) — 1(54) = =25 SS., = 5@) = 31.25
(—39)°

Cs 1(49) 1(88) 39 SSc, 502) 152.10
9y

C, = —1(49) + 4(77) — 1(88) — 1(108) — 1(54) = 9 88¢, =

= 0.81
5(20)



Table 3-11 Analysis of Variance for the Tensile Strength Dara

Sum of Degrees of Mean

Source of Variation Squares Freedom Square Fq P-Value

Cotton Weight Percentage 475.76 4 118.94 14.76 <0.001

orthogonal contrasts

Cyips = s (291.60) 1 291.60  36.18 <0.001

Coipty + fta = pg + ps (31.25) 1 31.25 3.88 0.06

Citjty = Hs (152.10) 1 152.10 18.87 <0.001

Catdpn =y + s + Ly + s (0.81) 1 0.81 0.10 0.76
Error 161.20 20 8.06

Total 636.96 24




Exercise |
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Exercise 2

= 9y A 2y Y q ~
® Gluﬂ"lﬁf”fﬂ'kl"I’E]WQﬂ"Iﬁi%ﬂ"llHl@x’ilL‘]J@]Lﬁ@ﬁ 3410 Lmazﬂwaﬁlmmmm 3

Y
oulanavesorgmsldau (Flan) dwmseae Uil

v 9
AN o

9 A Y ‘daj 1 v 1
. ’EﬂfgﬂTﬂﬂfﬂWll?NLL‘iJGlL@ﬂiﬂﬂ 3 YNoOU LL@ﬂ@WQﬂHﬁ%@llﬂJ

' A ) AA Y o 1 ~
¥, Mualsaen lduuamesovie latasminnie ssnudaan ez aouy
: [ 1 1 ) J o T
nusno3ou i ldrn1E 1a e 80 dUaY 29r1d0eazueIUIULLANOT N
aavzaouasn v

LUALADS 1 100 96 92
LUALAES 2 76 80 75

LUALAES 3 108 100 96



Minitab result
One-way ANOVA:A,B, C

Source DF SS M™MS F P
Factor 2 665.2 332.6 551 0.027
Error 9 543.5 60.4

Total |1 1208.7

S=7771 R-Sq=55.03% R-Sq(adj) = 45.04%

Individual 95% Cls For Mean Based on
Pooled StDev
Level N Mean StDev -------- LIREEEEREEE RIREEEEEEEE RIREEEEEEEE +-
A 4 38750 6.994 (-=------ e )
B 4 26250 9.777 (==------ . )
C 4 21.000 6.055 (-------- . )
........ o S U S S

20 30 40 50

Pooled StDev = 7.771



One-way ANOVA: Batery 1, Baittery?2, Batiery3
source DF 55 M5 F P

Factor 2 081.6 494.8 24.48 0.00

Error b 128.7 28.1

Total 8 1182.2

S = 4485 R-Sq = 89.85% R-Sq{adj) = 85.48%

Individual 95% CIs For HMean Based on
Pooled 5tDew

Pooled S5tDev = 4_48

Level H Mean 3tDev --—-—-—-—————- r———————— F—————— ———————
Batery 1 3 06.088 h.88 (-———- *——— )
CBatterys 3. 7700 .65 1 (~----x----)
Battery3d 3 181.33 6.11 {(————- E———— — —
————————— +——————t————————————————
80 a8 180



» P(Y,<80) =P(Z<(80-77)/2.65)
= P(Z<1.132)
= 0.87|
= 87.1%



The Fisher Least Significant
Difference (LSD) Method

This procedure uses the F statistic for testing Hy: w; =

Yi. — Y, (3_39)

1 1
o)
n, n

Assuming a two-sided alternative, the pair of means u; and w; would be declared sig-
nificantly different if |y, — 37}-_] > ta,z,N_a\/MS g(1/n; + 1/n)). The quantity

1 1
LSD - ta/Z,N—a\/MSE(m + """) (3'40)

n, n

t():

is called the least significant difference. If the design is balanced, n, = n, = . .- =

n, = n, and
2MS
LSD = typy—q | — (3-41)
R

To use the Fisher LSD procedure, we simply compare the observed difference be-
tween each pair of averages to the corresponding LSD. If |y, — y, | > LSD, we conclude
that the population means w; and w; differ.




EXAMPLE 3-8 +vvcvvveecsseteesoeseccsssassososannasesssssssassascssccsss

To illustrate the procedure, if we use the data from the experiment in Example 3-1, the
LSD at o = 0.05 1s

[2Ms 2(8.06
LSD = £o25.20, | — £~ 9086 |2 3 )~ 375

Thus, any pair of treatment averages that differ in absolute value by more than 3.75
would imply that the corresponding pair of population means are significantly different.
The differences in averages are

Y. — ¥, = 98 — 154 = —5.6*
y.— V.= 98 —176 = -—7.8%
V. — Vo= 98 —21.6 = —118*
V. — V.= 98 —108 = —1.0
Vo — V3. = 154 — 176 = —-2.2
Vo — Vo = 154 — 21.6 = —6.2%
V., — ys. = 154 — 108 =  4.6%
Vs — yo. = 176 — 21.6 = —4.0*
¥y, — ys. = 17.6 — 10.8 = 6.8*

Vo, — ¥s. = 21.6 — 10.8 = 10.8*



51. .3_'5. .72. y;g. Ya.
9.8 10.8 15.4 17.6 21.6

Figure 3-13 Results of the LSD procedure.

The starred values indicate pairs of means that are significantly different. Figure 3-13
summarizes the results. Clearly, the only pairs of means that do not differ significantly
are 1 and 5 and 2 and 3, and treatment 4 produces a significantly greater tensile strength
than the other treatments.



Duncan’s Multiple Range Test

A widely used procedure for comparing all pairs of means is the multiple range test
developed by Duncan (1955). To apply Duncan’s multiple range test for equal sample
sizes, the a treatment averages are arranged in ascending order, and the standard error
of each average is determined as

MS;
n

S5, = (3-42)
For unequal sample sizes, replace n in Equation 3-42 by the harmonic mean n, of the
{n;}, where

-2
Z (1/n;)

Note that if n;, = n, = - - - = n,, n, = n. From Duncan’s table of significant ranges
(Appendix Table VII), obtain the values r. (p, f) for p = 2, 3,..., a, where «a is the
significance level and f is the number of degrees of freedom for error. Convert these
ranges into a set of ¢ — 1 least significant ranges (e.g., R,) forp = 2, 3,..., a by
calculating

ny (3-43)

RP = ra(p7 f)Syl.. fOI'p = 2, 3, e, d (3_44)



Example

EXAMPLE 3.9 +cvvvvecetateoesaaanacasnaoaasasssatosassasssassssssssosss

We can apply Duncan’s multiple range test to the experiment of Example 3-1. Recall
that MS; = 8.06, N = 25, n = 5, and there are 20 error degrees of freedom. Ranking
the treatment averages in ascending order, we have

yl. = 08
Js = 10.8
y.. = 154

3, = 17.6
¥4, = 21.6



The standard error of each average is S5, = V8.06/5 = 1.27. From the table of signifi-
cant ranges in Appendix Table VII for 20 degrees of freedom and o = 0.05, we obtain
roos(2, 20) = 2.95, roos(3, 20) = 3.10, ryes(4, 20) = 3.18, and r05(5, 20) = 3.25.
Thus, the least significant ranges are

Ry = roos(2, 20)S5, = (2.95)(1.27) = 3.75
R; = roes(3, 20)S5, = (3.10)(1.27) = 3.94
R4y = roos(4, 20)S5. = (3.18)(1.27) = 4.04
Rs = ro0s(5, 20085, = (3.25)(1.27) = 4.13

The comparisons would yield

4vs. 1:21.6 — 9.8 = 11.8 > 4.13(Rs)
4vs. 5:21.6 — 10.8 = 10.8 > 4.04(R.)
4vs.2:21.6 — 154 = 62 > 3.94(R5)
4vs.3:21.6 — 17.6 = 4.0 > 3.75(R,)
3vs. 1: 17.6 — 9.8 = 7.8 > 4.04(R.)
3vs. 5:17.6 — 10.8 = 6.8 > 3.95(R)
3vs. 2: 17.6 — 154 = 22 < 3.75(R,)
2vs. 1: 154 — 9.8 = 5.6 > 3.94R,)
2vs. 5: 154 — 108 = 4.6 > 3.75(R,)
S5vs.1: 108 — 98 = 1.0 < 3.75(R)

From the analysis we see that there are significant differences between all pairs of means
except 3 and 2 and 5 and 1. A graph underlying those means that are not significantly
different is shown in Figure 3-14. Notice that, in this example, Duncan’s multiple range
test and the LSD method produce identical conclusions.



Y. ¥s. ¥,. ¥s. Y.
9.8 10.8 15.4 17.6 21.6

Figure 3-14 Results of Duncan’s multiple range test.



reanlps f)

P
F 2 3 4 5 & 7 5 9 10 20 30 1(x)
I (k.0 S0.0 20.0 90.0 1.0 90.0 9.0 30 200 20.0 9.0 AN
2 14.0 14.0 (LRI 4.0 14.10 14.0 14.0 14.0 14.0 14.0 4.0 14.0
3 8,26 8.5 5.6 B.7 BB 9 59 LRy 9.0 9.3 0.3 9.3
4 .51 6.8 6.9 7.0 7.1 T.1 T2 1.2 7.3 1.5 15 7.5
5 5.70 5.96 6.11 6.18 6.26 AR .40 fr.44 6.5 .8 6.3 6.8
f 324 A1 5.65 5.73 5.81 588 5495 .00 .0 6.3 6.3 .3
7 L 512 537 545 5.53 5.61 5.69 573 5.8 6.0 0.0 .0
B 4.4 500 5.14 521 5.32 540 547 331 3.3 5B 5.8 58
o 4.6 4 86 4.9%9 5.04 517 5.25 332 5.36 5.4 57 57 57
I 4.48 4.73 488 4,96 5.0 5.13 5.20 524 5.28 5.55 5.55 5.55
11 439 4.63 477 4.86 4.54 M 5,06 ol B 539 539 5.9
2 432 4.55 4.68 4,76 4,84 402 4.96 5.02 5.07 3,26 3.26 5.26
13 4.26 444 4.62 4,649 4,74 4.84 488 4.94 493 313 35 5.15
14 4.1 442 4,53 4,63 4.70 478 4.83 4 87 491 50 5.07 5407
15 4.17 4,57 4.50 4.58 4.54 471 477 481 484 5.00 5.00 500
I 4.13 4,34 4.45 454 4.650 4.67 4,72 476 4.79 4.94 494 454
17 4,10 4,30 441 4.50 4.56 4.63 4,68 4.73 4.75 489 4 89 4 89
|8 407 4.27 4.38 4.46 4,53 4,59 .04 4.68 471 485 &85 4 .85
1% 4.05 4.24 4.35 443 4.50 4.56 4.61 4.64 4.67 4 42 452 4.82
2 4.02 422 4.33 o AL} 4.47 4.53 4.58 4.61 4.65 4.79 479 479
an 349 4.06 4.16 4122 4,32 4,36 4.41 4.45 448 4,65 4.71 4.71
4l 3z 3.99 4,10 4,17 424 4.3 414 4,37 4.41 4.59 4.69 4.6%
6l 176 192 4,03 4.12 417 4.23 417 4,31 .34 4.53 4.66 4.66
104} 371 186 198 406 4.11 4,17 4.21 4.25 4,149 448 4.64 d.65
= 164 180 3,50 304 4.09 414 4.17 4,20 441 4600 4.68

404

= degrees of freedom.

" Reproduced with permission from **Multiple Range and Multiple F Tests,”” by D. B. Duncan, Biometrics, Vol.

I, No. 1, pp. 142, 1955,



faostpy f)

Iy
f 2 3 4 5 . 7 3 9 1 20 50 VO
1 180 18D IR0 180 180 180 180 180 IS0 180 180 18O
T 609 AD9 A0 609 608 609 609 609 600 609 609 A9
1 450 450 450 450 450 450 450 450 450 450 450 450
4 393 401 402 402 402 402 402 402 402 402 402 402
& 3,64 174 EArL 183 183 183 183 1 H3 3.K3 183 1,83 3R3
& 346 158 364 36 368 368 168 368 368 38 368 368
7335 347 354 358 360 361 36l 361 A6l 361 361 38l
§ 326 339 347 35T 359 356 356 356 356 356 3156 156
9 120 334 341 34T 330 352 152 3sp 0 3s2 352 asr 382
W 115 3 337 343 346 34T 347 34T 347 348 348 348
11 ERY LR 3,35 139 343 144 345 346 346 348 148 348
2 308 323 333 338 340 342 344 344 346 348 348 348
I3 306 321 1.30 135 338 341 342 344 345 347 147 147
4 303 A8 327 333 337 339 341 342 344 347 347 347
15 301 306 325 331 33 13E 340 342 343 347 347 347
6 300 315 323 33 334 337 339 341 143 347 347 347
17 208 313 322 3328 3133 336 33 340 342 347 34T 347
1 297 317 321 32T 33 335 33T 139 341 347 347 347
19 296 A1 X9 326 331 335 A 139 14] 347 347 347
0 285 310 1§ 325 330 134 336 338 340 347 347 347
W™ 2 A4 12 320 325 329 32 335 337 347 34T 34T
A0 186 301 W00 317 322 3T AR 333 135 347 347 147
& 283 29% R0 314 320 334 A28 331 33 347 348 148
00 280 295 305 312 IR 322 336 329 A3 347 353 353
w277 292 302 309 A1S 319 323 326 3 347 A6l 367



Exercise

15am91ilASawan (Maching) 314U Ma18LAT09 LAAZLATIANTAL USEansAIMA1SYINaY
(Performance) @4Inandnuiuiinanlaseui Mg i liefiasnadeuauuigul 1pses

o1 5 1ATdlALAenU LN TRAUSLANSANNSTI U LANER IR 1A LA

Performance (lb/in’)
Machine 1 2 3 a 5
1 14 14.1 14.2 14 14.1
2 13.9 13.8 13.9 14 14
3 14.1 14.2 14.1 14 13.9
il 13.6 13.8 14 13.9 13.7
5 13.8 13.6 13.9 13.8 14

NANISIATIZIANNLYSUSIULERIR IR [UT



One-way ANOVA: Performance versus Machine

Analysis of Variance for Performa

Source DF 55 M3 F P
Machine 4 0.3416 0.0854 5.77 0.003
Error 20 0.29&0 0.0148

Total 24 0.6376

Individual 95% CIs For Mean
Bezed on Pooled StDev

Level N Mean stDev -------- t-———————- - t———————-
1 3 14.080 0.084 (——————- Koo )
2 3 13.920 0.084 (-—————- Hmm oo !
3 3 14.08&0 0.114 (-————- Fom oo I
4 3 13.800 0.158 (----———- Fom oo I
3 3 13.820 0.148 (-————- Hmmm oo !
———————— L S R
Pooled StDev = 0.122 13.80 13.95 14.10

Fisher's pairwise comparisons
WagUnanInaaesil Mearlsdfy () = 0.10 wazaINnsnAaedRslinsnaaeuds Least
Significant Different fisgsu « =0.05 LV uiguseminenateuras wasagunation

LATRIN STV e AVE A MR e D1lumssldiiinisesnsiidencnlnglaes



