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Introduction to Minitab

Minitab Tutorials for Design and Analysis of Experiments

Minitab is a statistical analysis software package. A 30-day free trial version of Minitab 15 can be
downloaded at http://www.minitab.com/en-US/products/minitab/free-trial.aspx

When you launch Minitab, you will see a split screen with two windows: session and worksheet.

The Session window displays statistical
results of your data analysis and the
commands you invoke along with any
statistical analyses you may perform.

= Minitsh - Untiled =nien <
Eile dit Dgts Cole Stat Graph Fdter Jook Wimdow Help
FH S mE L ENCE CR=058%E @@}
a ! @
[ A = || | 5
(R Session
71202008 10:02:07 PM
Welcome To Miniveb, press F1 for help.
[ Workshert 1 =
C1 c2 =] 4 c3 CE cr ce (=] c1o T c12
1
?
3
4
5
3
T
8
]
L]
11
Interrupt the display of dats from a command or the execution of & macr

The Worksheet is a spreadsheet interface
to input, sort, and manipulate data. How to
obtain data?

- Manually enter data
o Enter column heading above Row 1
o Enter data
- Open an existing Minitab worksheet file
(.mtw or .mpj)
- Copy and paste from an Excel
spreadsheet.

Page 2 of 32



Dr. Jianbiao (John) Pan Minitab Tutorials for Design and Analysis of Experiments

Example 1 One-Way ANOVA

In many 1C manufacturing, a plasma etching process is widely used. An engineer is interested in
investigating the relationship between the RF power setting and the etch rate. He is interested in a
particular gas (C,Fg) and gap (0.80 cm), and wants to test four levels of RF power: 160W, 180W, 200W,
and 220W. The experiment is replicated 5 times.

Step 1: Inputting Data

Open the Minitab worksheet file by clicking File > Open Worksheet, select the file
Example_1 Etching_Process.mtw in your stored directory. Click Open button. You may see a pop-up
window with message “a copy of the content of this file will be added to the current project.” Click OK.
Then you will see the data of the experiment in the worksheet.

I R — Levels of the treatment / input factor

+ Cc1 c2 c3 c4

Run No. | Power Level (W) Etch Rate (nm/min)
1 1 220 7.9
2 2 180 57.9 Corresponding values of the response
i 3 220 25 variable
4 4 160 542
5 5 180 61.0
: j f:g E;; ¥ We input the levels of the treatment in one
: 8 200 629 column (C2) and the corresponding values
9 9 160 570 of the response variable in another column
1% 10 160 575 (C3). This type of data input is called the
1 11 180 590 . .. .
= 2 150 93 stacked case in Minitab. It is a preferred
13 13 200 60.0 way because it allows arranging data with
14 1‘5‘ fég ;;: the corresponding run order (in column C1)
15 X . .
16 6 200 637 so that the independence assumption can be
17 17 160 539 checked in ANOVA analysis.
18 18 200 61.0
19 19 220 68.5
20 20 220 70.0
21

In unstacked case, the response values of
cé cr cs cs /C‘/D a given treatment are inputted in a

Power=160 | Power=180 Power=200| Power=220 separate column. Ex: the data for Power

575 565 600 725 .

542 593 651 700 Level 160 to 220 are stored in columns

530 590 610 715 C6 through C9 respectively. Note that the

539 579 637 685 Run No. cannot be inputted in unstacked

570 610 629 710 case

Step 2: Performing Data Analysis
Example #1 is a one-factor factorial design. To perform the One-way analysis of variance
(ANOVA) for stacked data, click Stat > ANOVA - One Way.
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[ Minitab - Untitled
File Edit Data Calc| Stat Graph Editor Tools Window Help

e b‘:_- QT [ AREOEE g

i = | S Regression 3 - - 1
- Dot +| d& One-Way (Unstacked)... |

Control Charts ¥ EH Two-Way..

Quality Tools = Analysis of Means...

7124120 Reliability/Survival ¥| AV Balanced ANOVA..

Multivariate M General Linear Model...
o e (== Fully Nested ANOVA...
Tables

Nonparametrics
EDA

Power and Sample Size

»

»

*| 2 Balanced MANOVA...
3 ’;E: B

; gm General MANOVA..
»

ﬁ;; Test for Equal Variances...
II_II Interval Plot...

P4 Main Effects Plot...

P Interactions Plot...

. c1 2 c3 c4 cs [ c7
Run No. | Power Level :W). Etch Rate lnmfmin}. [ [ ; [

4 4 160 542

5 | 5 180 61.0

6 | 6 200 651 |:|

7| 7 160 53.0 T

8 8 200 62.9

9 | 9 160 57.0

10 | 10 160 575

1 1 180 59.0

12 12 180 593

13 | 13 200 60.0

1 | 14 220 715

Perform one-way analysis of variance on stacked data

Minitab Tutorials for Design and Analysis of Experiments

In the dialogue box which appears, select “C3 Etch Rate” for Response and “C2 Power Level”
for Factor by double clicking the columns on the left. Then Click Graphs to select the output graphs of
the analysis. In the dialogue box, check “Boxplots of data’, ““Normal plot of residuals”, “Residuals
versus fits” and “Residuals versus order”. Then Click OK back to previous dialogue box. Click OK

again to generate the results of the One-way ANOVA.

The One-way ANOVA table is displayed in the session window. The boxplot, normal plot of

residuals, residuals versus fits, and residuals versus order graphs are popped-up.

One-Way Analysis of Variance =

Response: | H Rate (nm/min)'
Factor: Power Level (W)’

| Store residuals
[ Store fits

One-Way Analysis of Variance - Graphs

[ Individual value plot
[v Boxplots of data

Residual Plots

{* Individual plots
™ Histogram of residuals
v Normal plot of residuals

¥ Residuals versus fits

Confidence level: | a5,n Sk
" Four in one

Residuals versus the variables:

Es

| Comparisons... |
Help | oK ‘ Cancel Help oK

Cancel |
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Step 3. ANOVA Table

Minitab Tutorials for Design and Analysis of Experiments

ANOVA table is displayed in session window.

Session

7/25/2009 3:45:53 PM

Welcome to Minitab, press Fl for help.
Results for: EXAMPLE_1_ETCHING_PROCESS.MTW

One-way ANOVA: Etch Rate (nm/min) versus Power Level (W)

P-value

P-value is a measure of how
likely the sample results are,
assuming the null hypothesis is
true. P-values range from O to 1.

A small (<0.05, a commonly used
level of significance) p-value
indicates that the Power Level has

statistically significant effect on
the Etch rate.

Source DF 55 M5 F

Power Lewvel (W) 3 684.89 228.30 46.92

Error 16 54.58 3.41

Total 1% 739.47

5 =1.847 R-5g = 92.62% R-Sq(adj) = 91.24%
Individual 95% CIs For Mean Based on
Pooled StDev

Level N Mean StDev +

180 5 55.120 2.002 (--*---)

180 5 58.740 1.874 (—=*-—-)

200 5 62.540 2.053 {——*-—=)

220 5 T70.880 1.61% {———*-=)
55.0 80.0 85.0 70.0

Fooled StDev = 1.847

Step 4. Validating ANOVA Assumptions

It is necessary to check the assumptions of ANOVA before draw conclusions. There are three
assumptions in ANOVA analysis: normality, constant variance, and independence.

Normality

‘{‘J Normplot of Residuals for Etch Rate (nm/min)

Normality — ANOVA requires the

Normal Probability Plot
(response is Etch Rate (nm/min)})

Percent

Residual

population in each treatment from
which you draw your sample be
normally distributed.

The population normality can be
checked with a normal probability plot
of residuals. If the distribution of
residuals is normal, the plot will
resemble a straight line.
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Constant Variance

ﬁ}‘ Residuals vs Fits for Etch Rate (nm/min) ==

—— | Constant Variance -- The variance of
the observations in each treatment

Versus Fits

. Loz e e L should be equal.

. . . The constant variance assumption can be
i . checked with Residuals versus Fits plot.
' . . This plot should show a random pattern of

residuals on both sides of 0, and should
not show any recognizable patterns.

Residual
=

i
*e

*
.

N . : A common pattern is that the residuals
=1 g = 25 = §5 G increase as the fitted values increase.
Independence
5\}: Residuals vs Order for Etch Rate (nm/min) EI@

Independence — ANOVA requires that
e A the observations should be randomly
selected from the treatment population.
The independence, especially of time-
related effects, can be checked with the

Residuals versus Order (time order of data
\/ V collection) plot. A positive correlation or a
negative correlation means the assumption

is violated. If the plot does not reveal any
Lo L b s L e pattern, the independence assumption is
satisfied.

Residual
/ g
—
[
—

ol

N

The normality plot of the residuals above shows that the residuals follow a normal distribution.
Both plot of residuals versus fitted values and plot of residuals versus run order do not show any pattern.
Thus, both constant variance and independence assumptions are satisfied.

Step 5. Interpreting ANOVA Results and Multiple Comparisons

The ANOVA table shows that the power level has statistically significant effect on the etch rate.
The Effect of the factor (power level) can be displayed using a boxplot as shown below. The boxplot
shows that the etch rate increases as the power level increases.

b Boxplot of Etch Rate (nm/min) (=R |E=R|F=)|

Boxplot
Boxplot of Etch Rate (nm/min) . .
- oy Boxplot here is a graphical

summary of the distribution of
Etch Rate at each Power Level.

70+

Etch Rate (nm/min)

T T T T
160 180 200 220
Power Level (W)
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Minitab Tutorials for Design and Analysis of Experiments

After we conclude that there is significant different in etch rate between different power levels,
the next question to ask is that which ones are different from the rest. In this case, a common method is to
use Tukey’s multiple comparisons to construct confidence intervals for the differences between each pair

of means. The Tukey’s multiple comparison results are displayed in the session window.

One-Way Multiple Comparisons E]

One-Way Analysis of Variance

Response: | Rate {nm/min)'

Factar: Power Level (W)’

Confidence level” | a5.0

Graphs... |

Help | oK Cancel |

[~ Store residuals
[ Store fits /

v Tukey's, family error rate:i

[~/ Eisher's, individual errar rate:

Dunnett's, family error rate:

[~ Hsu's MCB, family error rate:
i+

T

Cancel

Tukey 95% Simultanecus Confidence Intervals
A11 Pairwise Compariscons among Lewvels of Power Lewvel (W)

Individual confidence level = 98.87%

Power Lewvel (W) = 160 subtracted from:
Power
Level
(W) Lower Center Upper --—-——- e +—————— e +-—
180 0.275 3.820 6.965 [ |
200 4.075 7.420 10.78&5 (—=*-—=}
220 12.415 15.7&0 19.105 (———*—)
e — o ommm - o ——
-10 a 10 20
Power Lewvel (W) = 180 subtracted from:
Power
Level
{W) Lower Center Upper -—-———- +————— F————— +————— +——
200 0.455 3.800 T.143 [===*—=]
220 2.795 12.140 15.485 {—=*-=1)
————— e et S
-10 0 10 20
Power Lewel (W) = 200 subtracted from:
Eower
Level
(W) Lower Center TUpper ----- Fo———————— Fom——————— Fo———————— o
220 4,995 8.340 11.485 (—=*-——=]
————- ommmm - omm - ommmm - -
=10 a 10 20

Step 6. Save the analysis results

You can save all the analysis work you have done by choosing File > Save Project as.

Page 7 of 32



Dr. Jianbiao (John) Pan Minitab Tutorials for Design and Analysis of Experiments

Determining Sample Size in One-way ANOVA
It is important to choose a proper sample size in planning an experiment. To determine one-way
ANOVA sample size in Minitab, Click Stat © Power and Sample Size 2 One-Way ANOVA.

Assume we want to determine sample size in Example #1 before the experiment was conducted.

e Inthe dialogue box, input “4” in “Number of levels” since the number of factor levels in
Example #1 is 4.

e Input the estimated value, “75”, in “Value of the maximum difference between means”
provided that we will conclude the factor has statistically significance effect on the response
variable if the mean difference in the response variable resulted from two different treatment
levels exceeds a specified value, “75” in this example.

e Input “0.9” in “Power values”.

e Input the estimated value, “25”, in “Standard deviation”. The standard deviation is an estimate
of the population standard deviation. One can estimate the standard deviation through prior
experience or by conducting a pilot study.

o Click Option and set “Significance level” to “0.01” if the confidence level is set at 99%, or set
“Significance level” to “0.05” if the confidence level is set at 95%.

e Then Click OK back to previous dialogue box. Click OK again to calculate the sample size.

> Minitab - Untitled
Eile Edit Data Calc| Stat Graph Editor Teols Window Help

= n é Basic Statistics 3 ® ,? _)@ % ® 2
Regression 3
ANOVA 3
[ 0 DOE N s
o Contrel Charts 3
. Quality Tools 3
8/8/200 Reliability/Survival 3
Multivariate 3
Welcome to Minitab, TeSais R
Tables 3
Monparametrics 3
DA 3
1t 1-Samplet..
2t 2-Samplet...

1P 1 Proportion...

2P 2 Proportions...

P
O 2-Level Factorial Design...

PB Plackett-Burman Design...

Power and Sample Size for One-Way ANOVA (=3 Power and Sample Size for One-Way ANOVA - Options (3]
Mumber of levels: 4 Significance level: |0.01
Specify values for any two of the following: Store sample sizes in: ,7
Sample sizes: |
Store sums of squares in:
Values of the maximum
difference between means: | 75 Store power values in:
Power values: | 0.9
Standard deviation: 25

Options..: Graph... |
Help Cancel | Help Cancel
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The results is displayed below. The required sample size for each level is 6 if the maximum
difference in treatment mean is 75, power level at 90%, confidence level at 99% (alpha = 0.01), and
standard deviation is 25. Thus, the total run should be 24 (6 x 4 levels).

Session

Power and Sample Size

One-way ANOVR

Llpha = 0.01 Assumed standard deviation = 25 HNumber of Lewels = 4

Sample Target Maximam
53 Means Size Power Actual Power Difference
2812.5 [ 0.9 0.915384 75

The zample size is for each lewel.

Power Curve for One-way ANOVA

Example 2 Two-factor Factorial Design

The purpose of this experiment is to investigate the effect of reflow peak temperature and time
above liquidus (TAL) on lead-free solder joint shear strength. The data are in
Example_2_Solder_Reflow_0402.mtw.

Step 1. Open the Minitab worksheet file by clicking File > Open Worksheet, select the file
Example_2_Solder_Reflow_0402.mtw in your stored directory. Click Open button. You may see a pop-up
window with message “a copy of the content of this file will be added to the current project.” Click OK.
Then you will see the data of the experiment in the worksheet.

@ Example_2_Solder_Reflow_0402,MTW =

+ Cc1 c2 C3 Cc4
Run No. | Peak Temp| TAL Shear Forc
1 1 240 - \
2 1 240 60 1322.84 Response variable: Shear Force
£ ! 20 60)  1531.11 | Input factors: Peak Temperature and
4 1 240 60 1291.66 R . .
5 ] 240 60 1423.03 TAL (Time Above Liquidus)
6 1 240 60 1241.52
7 2 250 60 1418.00 Two methods in Minitab can be used
8 2 250 60 13652 41 H P
- ) 520 o0 202 43 for this analysis: Two-Way ANOVA
10 2 250 60 107017 and General Linear Model
1 2 250 60 1293 82
12 2 250 60 823.28
13 3 230 60 165977

Note that one-way ANOVA, as used in Example #1, tests the equality of population means when
there is only one factor. If there are two or more input variables or factors, two-way ANOVA or general
linear models should be used. Two-way ANOVA performs an analysis of variance for two-factor factorial
design. In two-way ANOVA, the data must be balanced (all cells must have the same number of
observations), and factors must be fixed. If the data are not balanced and/or the factors are not fixed,
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general linear models should be used for analyzing two-factor factorial designs. General linear model can
be used for analyzing block designs, more than three-factor factorial designs, and others. General linear
models can be used for multiple comparisons as well.

Method #1: Two-Way ANOVA

Step 2: To perform the Two-way ANOVA for stacked data, click Stat > ANOVA -> Two-Way.

= Miritab - Untitled Twao-Way Analysis of Variance @
File Edit Data Calc| Stat Graph Editor Tools Window Help C1 RmMe. | Response: |
un Na. :
EEH & 4 Basic Statistics 3 ® ? .)GIE ® a c2 PeakTemp
R i 3 3
- Regression C3 TAL Row factor: '7 [~ Display means
T # o~ G4 shear Force
_ DOE » . "
D 4 One-Way (Unstacked)... Ll Column factor: '7 [~ Display means
ceion Control Charts =z Two-way...
————  QualityTools » B Analysis of Means... —
7io7/20  Relishility/Sunival ¥/ 305 Balanced ANOVA... - [~ Store residuals
Multivariate v B General Linear Madel... [ Store fits
Welcoms To Minivan » [ Fully Nested ANOVA...
Tables v
2% Balanced MANOVA... Confidence level: | 95.0
MNonparametrics

Mo
gL General MANOVA...
EDA 3

Power and Sample Size » it Testfor Equal Variances.. [~ Fit additive model Graphs...
" [i! Interval Plot...
P Main Effects Plot... Help oK — |
[od Interactions Plot...

You will see the above dialogue box. Select “C4 Shear Force” for Response and “C2 Peak
Temp” for Row factor and “C3 TAL” for Column factor by double clicking the columns on the left.
Row factor and Column factor are interchangeable.

Then Click Graphs to select the output graphs of the analysis. In the dialogue box, check
“Normal plot of residuals™, “Residuals versus fits” and ““Residuals versus order”. Then Click OK back
to previous dialogue box. Click OK again to generate the results of the Two-way ANOVA.

Two-Way Analysis of Variance (3] Two-Way Analysis of Variance - Graphs [==a]
Response: ‘Shear Force' [ Individual value plot
[~ Boxplots of data
Row factor: ‘Peak Temp' [ Display means
Residual Plots
Column factor: | TAL [ Display means {+ Individual plots

[~ Histogram of residuals
[ Mormal plot of residuals
I~ Store residuals ¥ Residuals versus fits
[~ Store fits [¥ Residuals versus order
" Four in one

Confidence level: | g5.0 Residuals wersus the variables:

[~ Fit additive model i
Help o« | cancel = —
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Step 3. ANOVA Table
The ANOVA table is displayed in the Session Window.

Session P Value

7/28/2008 12:06:23 PM None of the P values was below 0.05.
Thus, we cannot reject the null
hypothesis, which is the lead-free solder
joint shear strength of 0402 is same at
different reflow profile.

Welcome to Minitabk, press Fl1 for help.
Results for: EXAMPLE_2_SOLDER_REFLOW_0402.M

Two-way ANOVA: Shear Force versus Peak Temp, TAL

Source DF 55 M3 F
Peak Temp 2 287836 143918 2.34
IAL 2 352800 176400 2.87
Interaction 4 335087 83772 1.3%
Error 153 9415636 81540

Total 161 10351359

S = 248.1 R-5g = 9.39% R-Sq(adj) = 4.65%

Since none of the p-values was below 0.05, we cannot reject the null hypothesis, or we cannot
conclude that the reflow profile has significant effect on the lead-free solder joint shear strength of 0402
component at 95% confidence level. The analysis can stop here.

If at least one of the p-values is below 0.05, continue Step 4 validating ANOVA assumptions and
Step 5 interpreting ANOVA results.

Step 4. Validating ANOVA Assumptions

As stated in Example #1, there are three assumptions in ANOVA analysis: normality, constant
variance, and independence. The normality plot of the residuals is used to check the normality of the
treatment data. If the distribution of residuals is normal, the plot will resemble a straight line. The
constant variance assumption is checked by the plot of residuals versus fitted values. If the plot of residual
vs. fitted values (treatment) does not show any pattern, the constant variance assumption is satisfied. If
the plot of residual vs. run order (time order of data collection) does not reveal any pattern, the
independence assumption is satisfied. It seems that there is nothing unusual about the residuals in
Example #2.

= Normplot of Residuals for Shear Force [E=BEcR(m 4R Residuals vs Fits for Shear Force = (==
Normal Probability Plot Versus Fits
(response is Shear Force) (response is Shear Force)
5.3
. .
554 i
500 .. . t. .
E . ¢ . .
* .
a0 504 * 1] . * [
80 $ .
E 4] 5 hd i. : ' ‘ i
g & 3 i 8 L :
§ i g s 10
=i ® 350 * H
20 H * :
10 ‘e ¢
54 5004 o
.
14 *®
-7504 .
017 T T T T T T T T T T
-1000 -500 0 500 1350 1400 1450 1500 1550 1600 1650
Residual Fitted Value
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25 Residuals vs Order for Shear Force (= |

Versus Order
(response is Shear Force)

Residual

1 20 40 60 80 100 120 140 160
‘Observation Order

Step 5. Interpreting ANOVA Results

Assume there were significant factors; the Main Factor Plot can be obtained by clicking Stat >
ANOVA - Main Effects Plot, and the Interaction Plot can be obtained by clicking Stat > ANOVA
=> Interactions Plot

= Minitab - Untitled
File Edit Data Calc | Stat Graph Editor Tools Window Help

= n é Basic Statistics l‘ ® ? @ _)@ E ® S ;=‘
Begression 3
=1 Main Effects Plot for Shear Force == )
IS # One-Viay..
li_ DOE 3 A. One-Way (Unstacked)... Main Effects Plot for Shear Force
Data M
IO Control Charts ¥ | EH Two-Way... : ata Means
i — Peak T+ TAL
Quality Teols *| = Analysis of Means... 1575 Sk Teme
Source OF Reliability/Survival ¥| 0¥ Balanced ANOVA...
Peak Temp 2 Multivariate » | GLH General Linear Model... 1550
IAL 2 -
Interaction 4 Time Series L3 E Eully Nested ANOVA... -
Error 153 Tables 3 c 1
Total 161 ¢ S R aoy Balanced MANOVA... a8 L
one &% General MANOVA... 15004
5 = 248.1 R-5q = EDA 13
Power and Sample Size + 5 Test for Equal Variances.. 1ars |
S
Normplot of Residuals for Shear Force 1 Interval Plot...
@8] Main Effects Plot... 1450
. . ped Interacti Plot... T T T T T T
Residuals vs Fits for Shear Force ermetons 7o 230 240 250 30 60 90

Method #2: General Linear Model

General Linear Model is a more general approach to perform ANOVA. To perform the two-factor
ANOVA using General Linear Model, click Stat > ANOVA - General Linear Model. In the General
Linear Model dialogue box, double click “C4 Shear Force” for Response. In Model, type Peak Temp,
TAL, and Peak Temp*TAL. Then select output graphs by click Graph option.
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= Minitab - Untitled

Minitab Tutorials for Design and Analysis of Experiments

General Linear Model

‘Peak Temp’*’TAL’ is
the interaction of the
two factors.

Eile Edit Data Calc| Stat Graph Editor Tools Window Help [c1 RunMo.  Responses: ['Shear Force'
2 Basic Statistics 3 £ C2 PeakTemp
F@|S ¢ e s lilore emBos E R
m A One-Way.. ‘Peak Temp' TAL 'Peak Temp' TAL|
_  DOE »| b One-Way (Unstacked)...
Sas\'on Control Charts ¥ | EH Two-Way...
e QualityTools » [ Analysis of Means... = Random factors:
Reliability/Survival A0y Balanced ANOVA...
Normplot of Residl  Multivariate [E] General Linear Model.. |
Time Series [=E Fully Nested ANOVA...
Residuals vs Fits f Tables Covariates...

Nonparametrics

Residuals vs Orde EDA

Main Effects Plot for Shear Force

Power and Sample Size

X Balanced MANOVA...
2% General MANOVA...

3
3
»
3
3
»
3

ol Test for Equal Variances...
[tr Interval Plot..

P Main Effects Plot...

P Interactions Plat...

raphs...
Factor Plots...
Help J

General Linear Model - Graphs

f+ Regular

Residual Plots

Residuals for Plots:

f* Individual plots

==

{" Standardized " Deleted

An alternative way to
specify the model is
‘Peak Temp’|TAL.

If no interaction term is
specified, the model
terms will be

‘Peak Temp’ TAL

[~ Histogram of residuals
v Mormal plat of residuals
v Residuals versus fits
W 3
i~ Four

Residuals versus the variables:

oK Cancel |

The ANOVA table of the analysis is displayed below. The results are same as the Two-way

Sl'on
General Linear Medel: Shear Force versus Peak Temp, TAL
Factor Type Lewvels Values
Peak Temp fixed 3 230, 240, 250
TAL fined 3 30, &0, 90

knalysis of Varianece for Shear Force, using Rdjusted S5 for Tests

Source DF  Seg 55 Rdj 55 Rdj MS F 3
Peak Temp 2 287836 287836 143918 2. 0.100
TAL 2 352800 352800 176400 2.87 0.060
Peak Temp*TAL 4 335087 335087 83772 1. 0.250
Error 153 9415636 9415636 61540

Total 161 10391359

5 = 248.073 R-Sg = 9.39% R-Sg(adj) = 4.65%

ANOVA assumptions check and ANOVA table interpretation are similar to two-way ANOVA.
Please refer to Example #3 regarding to details of checking ANOVA assumptions and interpreting
ANOVA results in General Linear Model.
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Example 3: Randomized Complete Block Design

A study is planned to investigate whether the quality of senior projects differs between three
student groups. Eight senior projects were randomly selected from the each of these three groups.
Industrial advisory board (IAB) members were asked to evaluate the quality of senior projects using
rubric-based instruments. A randomized complete block design (RCBD) was chosen with reviewer (IAB
evaluator) as a block.

Step 1: Inputting Data

Open the Minitab worksheet file by clicking File > Open Worksheet, select the file
Example_3 Senior_Project.mtw in your stored directory. Click Open button. You may see a pop-up
window with message “a copy of the content of this file will be added to the current project.” Click OK.
Then you will see the data of the experiment in the worksheet.

@ EXAMPLE_3_SENIOR_PROJECTS.MTW *=

Response variable: Evaluation_Scores \

4 Cc1 Cc2 c3 .
Reviewer No.| Group |Evaluation_Scores InpUt factors: GI’OUp
1 1 3 76 Nuisance factor: Reviewer
i 1 f gﬁ General Linear Model in Minitab can
4 2 2 75 be used for this analysis.
5 2 3 8 Blocking is used to remove the effects
6 2 1 85 .
7 B 3 = of Reviewers
8 3 2 83 /
9 3 1 65
10 4 2 92
11 4 3 75

Step 2: Performing Data Analysis
In analyzing a RCBD, no interaction between the factor (group) and the block (reviewer) is
assumed. Thus, the two-way ANOVA cannot be used. In this case, general linear model should be used.

To perform the ANOVA via General Linear Model, click Stat > ANOVA - General Linear
Model. In the General Linear Model dialogue box, double click “C3 Evaluation_Score” for Responses
and “C2 Group” and “C1 Review No.” for Model. Double click “C1 Reviewer No.” for Random factors.
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> Minitab - Untitled
File Edit Dats Calc Stat Graph Editor Tools Window Help

=2H & [i3 Basic Statistics L3 ® ? @ .)@ % ® ‘2
Regression 3
# oreiy.
_—  DOE v #% One-Way (Unstacked)...
Control Charts »| BB Two-Way.. B
Quality Tools ¥ = Analysis of Means... [
Reliability/Survival ¥ A0V Balanced ANOVA...
Normplot of Residi Multivariate LIET| General Linear Model...
Time Series 3 [é Eully Nested ANOVA...
Residuals vs Fits f Tables 3 Aro"b Balanced MANOVA...
ToppappEs " 21 General MANOVA...
Residuals vs Orde  EDA >
eSS b ot Testfor Equal Variances...
Main Effects Plot for Shear Force o
F4 Main Effects Plot...
ped Interactions Plot...

General Linear Model - Graphs

Residuals for Flots:
{+ Reqular (" Standardized

Residual Plots

f* Individual plots
[ Histogram of residuals
[w Fiormal plot of residuals:

(™ Deleted

Minitab Tutorials for Design and Analysis of Experiments

==

General Linear Model

C1 Reviewer No, Responses: |‘Evaluaﬁ0n75cores'
C2 Group
C3 Evaluation_Score Model:
Group 'Reviewer No.'
N Nuisance factor “Review

No” is a random factor

Random factors:

‘Reviewer No.' |n bIOCk deSIgn
Covariates... | Options... | gomparisons.‘.|
Graphs... | Results... | Storage... |
/’Fgﬁof Plots... |
Help oK Cancel |

Two charts are selected to validate
normality and constant variance
assumptions. Note that no run order
was reported in this study. Thus, the
independence assumption will not be

|v Residuals versus fits
[ Residuals versus order
{~ Four in one

Residuals versus the variables:

WCked.

|
=
Help oK

Cancel

Step 3. ANOVA Table

The ANOVA table is displayed in session window.

Session

Factor Type Levels Values
Group figed 3 1, 2, 3
Reviewer No. random g 1, 2, 3, 4, 5, 6, 7

Source DF Seq 55 Adj 55 Rd4j MS F
Group 2 507.58 507.58 253.79 4.36
Reviewer No. 7 409.83 409.83 58.55 1.01
Error 14 814.42 B814.42 58.17

Total 23 1731.83

5 = 7.62710 R-5g = 52.37% R-3g(adj) = 22.74%

Unusual Observations for Evaluation Scores

Obs Ewaluation Scores Fit S5E Fit Residual S5t Resid
4 75.0000 £8.1250 4.9233 -13.1250 -2.25 R

R denotes an cbservation with a large standardized residual.

General Linear Model: Evaluation_Scores versus Group, Reviewer/MNo.

P-value

P values for Group was below 0.05.
This indicates that there is statistically
difference in average senior project
quality between different student
groups.
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Step 4. Validating ANOVA Assumptions

The normality plot of residuals and the residuals versus fits plot are shown below. It seems that
there are no unusual residuals here.

Normal Probability Plot Versus Fits
(response is Evaluation_Scores) (response is Evaluation_Scores)
L]
10 .
-
L]
-*
54 .
L]
- L]
- ] L]
5 3 0 v 0
5] w * *
£ i . -
£ @ - . . .
54
-*
10 *
-*
154 T T T T T T
70 75 80 85 90 95
Residual Fitted Value

Step 5. Interpreting ANOVA Results
Since there is significant factor, we would like to see the Main Factor Plot. It can be obtained

by clicking Stat > ANOVA - Main Effects Plot. In the dialogue box, select “C3 Evaluation_Scores”
for the Responses and select “C2 Group” for Factors.

- Minitab - Untitled
File Edit Data Calc| Stat Graph Editor Jools Window Help

=gl a Basic Statistics 3 Q7 | IBRBOEE
Regression 3
One-Way...
&0 y.
_  DOE v| b One-Way (Unstacked)...
o Control Charts ¥ EH Two-Way.. N
535"0" i ¥ Main Effects Plot @
Quality Tools ¥ | = Apalysis of Means...
source oF Reliability/Survival ~ ¥| A0y Balanced ANOVA.. a Ef;:::’\‘ﬂ No.  Respanses:
: 2 —_— =
llf;ik Temp 2 Multivariate | BLH General Linear Model... C3  Evaluation_Score LR
Interactiocn :1 TS ¥| (EE Fully Nested ANOVA... Factors:
Error 153 Tabl 3
e gl 1115 M Balanced MANOVA... Group i
TN etri 3
L A— 2% General MANOVA...
§=248.1 R-Sq=  EDA 3
Power and Sample Size ¥ ﬁ;; Test for Equal Variances...
—————— I
Normplot of Residuals for Shear Force B Yt Pl Options...
k]| Main Effects Plot..
Residuals vs Fits for Shear Force [ gestmsi w x* &

b Main Effects Plot for Evaluation_Scores == S There is Statistica”y Significant
T ARSI T B T e difference among groups. Group #2 is
751 the best.
85.0 4
82.5
£
g 80.0
77.5
75.0
1 2 3
Group
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Example 4: Factorial design with Replications

Find out the critical process variables that affect the optical output power and develop a regression model.

Step 1: Inputting Data

Open the Minitab worksheet file by clicking File > Open Worksheet, select the file
Example_4 Optical_Output_Power.mtw in your stored directory. Click Open button. You may see a pop-
up window with message “a copy of the content of this file will be added to the current project.” Click
OK. Then you will see the data of the experiment in the worksheet.

Input fa}ctors Response variable
i EXAMPLE_}_/DP'I'[CAL_DUTPUT_PDWER.MTW"’" \ /
. 1 2 C3 ca | c5
| Laser facet power {mW}l Laser placement (um)| Lens placement (mils | Fiber alignment (dB) | Optical output power (mVV)
1 20 1.5 1.2 0.6 16.31
2 30 15 1.2 0.6 2526
3 20 6.5 1.2 0.6 13.42
4 30 6.5 1.2 0.6 20.42

Step 2: Defining the Factorial Design.

Please click Stat > DOE - Factorial > Define Custom Factorial Design. In the pop-up
dialogue box, select four input factors by double clicking all four factors for Factors as shown below.
Then click Low/High button, the low and high values for each factor are shown in the pop-up window.
Then Click OK back to previous dialogue box. Click OK again to finish defining custom factorial design.

B Minitab - Untitled
File Edit Data Calc| Stat Graph Editor Tools Window Help
FH & & & Basic Statistics é | Q ® ABEOHE D @EE

Regression 4
£ | =2 E oo i -
2 =2 mp do ANOVA

2
| - O Create Factorial Design...

F
Seccion Control Charts 4 Response Surface HD Define Custom Facterial Design...
Quality Tools 4 Mixture L4 Select Optimal Design...
8/2/200 Reliability/Survival » Taguchi r Pre-Process Responses for Analyze Va
Multivariate > : )
- Medify Design... @ Analyze Factorial Design...
. s Tirne Series L4 . ) R
Welcome to Minitab, Display Design... Analyze Variability...
Executing from £ilt Tables [ e T e s g .
Factorial Plots...
N etri [
This Scitware was menparametnes h3e only. _
Commercial use of EDA FEed. Camtey ufree Ho
Power and Sample Size * Overlaid Contour Plot...
Response Optimizer...
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Help

Define Custom Factorial Design

C1  Laser facet power {m Factors:

€2 Laser placement (um} 'Laser facet power {mw/)' Laser placement -
€3 Lens placement (mils (um)' 'Lens placement (mils' ‘Fiber alignment

C4  Fiber alignment (dB) (dB)' L
C5  Optical output power

' 24evel factorial
" General full factorial

LowHigh... | Designs... |

oK Cancel |

Define Custom Factorial Design - Low/High (3]
Low and High Values for Factors
Factor Hame Type Low High
/ A Laser facetp| MNumeric ﬂljl 30
B Laser placem | Mumeric j 1.5 8.5
C Lens placeme| Mumeric ﬂ 1.2 5.8
D Fiber alignme | Mumeric j 0.6 1.0
Worksheet Data Are
" Coded
% Uncoded
Help oK Cancel

Step 3: Analyzing the factorial design
After define the factorial design, perform the analysis by click Stat > DOE - Factorial 2>

Analyze Factorial Design. In the pop-up window, double click “C5 Optical output power” for

Responses. In the pop-up window, click the button “Terms” and set the maximum order for terms in the

model as “2”.

In the dialogue box for Graph, Check Normal under Effect Plots to display a normal probability
plot of the effects; check to plot the Regular Residuals; check to plot Normal plot and Residuals versus
fits of the Residual plots.

B Minitab - Untitled

File Edit Data Calc| Stat Graph Editor Tools Window Help

=l & % Hagic Satids G Qed | ABREOYERE EFE B Analyze Factorial Design =
[ B T Regression 4 i i .
B =i =3 oig - C5  Optical output power Responses:
ST L = “Optical cutput poner (mil)
Session Control Charts 3 Response Surface | O Define Custom Factorial Design...
Quality Tools v Mixture gl imal Design.
g/2/200  Reliability/Survival — »| Taguchi » PV Pre-Process Responses for Analyze Variability...
Multivariate M%) Moty Design. 7 [T ——
»
Welcome to Minitab, Timedencs E—}, Display Design... AY Analyze Variability... 5 -
Executing from f£ile  Tables [ Tem}... St || | B
) " Eactorial Plots... - IL |
Thie Bittware was D EERTE - N Srapfs... e LErfes
Commercial use of EDA Pred. weiphts...
Power and Sample Size »
= - e Cancel
Analyze Factorial Design - Graphs < = / - All main effects and
Effects Plots Analyze Factorial Design - Terms @ - -
W Normal ™ Half Normal [” Pareto 2-Way InteraCtIOI’lS
Alpha: ’F Indude terms in the model up through order: = W| ” be d iSplayed in
Available Terms: Selected Terms:
e R = 5 Selected Terms
* Reqular Standardized Deleted = > =
m—_— B:Laser plac 4 B:Laser plac
Residual Plots C:Lens place B C:Lens place o
Gll”d“‘id!ﬁlp‘m D:Fiber alig - D:Fiber alig - Minitab removes all
Histogram LBC LB
¥ Norml pit e < | |ac three-way and
i ACD D .
I Res der aco ac higher-order
8 i RBCD BD H H
B Default | |2, interactions from
™ Residuals versus variables:
r Selected Terms and
T r displays them in
C o] x| Auvailable Terms.
Help (a4 Cancel Help | oK Cancel
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Step 4: Validating the assumptions

Minitab Tutorials for Design and Analysis of Experiments

The results show that both normality and constant variance assumptions were met.

=1 Normplot of Residuals for Optical output power (mW)

Normal Probability Plot
(response is Optical output power (mW})

B

el Residuals vs Fits for Optical output power (mW) o [=][=

(response is Optical output power (mW))

Versus Fits

#®

Percent
858338 8

5

Residual

T T T T
-1.0 -0.5 0.0 0.5
Residual

- -
-
$
s o0
¢ .
T T T T T

18 20 22 24 26
Fitted Value

Step 5: Finding significant factors and re-analyzing the design

According to the following Normal plot of the standardized effects, factors A, B, C, D,
AB and BC have significant effect on the response. Since AC, AD, BD, and CD terms are in-
significant, we can drop these terms in the model. The design can be re-analyzed following Step
1 and 2. The only difference is to choose only the significant factors into the Selected Terms in

the model.

‘{J‘J Effects Plot for Optical output power (mW)

Analyze Factorial Design - Terms

Indude terms in the model up through order:

Normal Plot of the Standardized Effects
(response is Optical output power (mW), Alpha = 0.05)
]
Effect Type
® Not Significant
35
mA
20
20
0
T 0
8 s
5 ool []
4 2 e
1 WD)
20
uc
10
ms
s
1 T T T T T T T
-20 -10 0 10 20 30 40
Standardized Effect

Only fact
nly factors
2 -
A, B, C, D,
Selected Terms:

Z:Laser face AB and BC

B:Laser plac
C:Lens place
D:Fiker alig

A=
BC

are selected.

Cancel

Page 19 of 32




Dr. Jianbiao (John) Pan

Step 6: Validating the assumptions again
The results for the re-analysis show that the normality and constant variance

assumptions were met.

Minitab Tutorials for Design and Analysis of Experiments

SR Normplot of Residuals for Optical autput power (mW)

[E=5|Eok )

Normal Probability Plot
(response is Optical output power (mW})

g Residuals s Fits for Optical output power (mW) EEr=]

(response is Optical output power {mw/))

Versus Fits

1.5
L]
95 -
0 1.0
o
70 -— L]
E o9 é > . *
g 2] 3 .
g “ o .
30 0.0 b u A * ¥ '. hd
204 " » . . ‘ *
10 . - . .
s 0.5+ .
* .
' i S S St S S S
Fitted Value
Step 7: Interpreting the ANOVA Results
ANOVA table is shown in the session window as below.
'Session
Factorial Fit: Optical outp versus Laser facet, Laser placem, ...
Estimated Effects and Coefficients for Optical cutput power (mW) (coded unita)
Term Effect Coef 5SE Coef T
Constant 18.090 0.0%3010 200.77
Laser facet power (mW) 7.388 3.6%4 0.09010 41.00
Laser placement {um) -3.424 -1.712 0.0%010 -19.00
Lens placement (mils -0.732 -0.386 0.0%010 -4.068
Fiber alignment (dB) -0.59% -0.300 0.09010 -3.33
Laser facet power (mW)* -0.529 -0.265 0.08010 -2.94
Laser placement (um)
Laser placement {um)* -0.387 -0.193 0.0%3010 -2.15 0.042
Lens placement (mils P‘Value
A small (<0.05, a level of
5 = 0.509698 PEESS = 10.6411 H o
R-5q = 98.81% R-Sqg(pred) = 98.06% R-5qg(adj) = 98.53% 5|gmflcance) p-value

Source D
Main Effects

Optical

output

Obs StdOrder power (mW)
2 2 25.2600 24.
27 27 14.4700 13.

R denotes an observation with

F Seg 35 2dj 535

4 537.645 537.6845
2-Way Interactions 2 3.439 3.438

5

g

Residual Error 2 £.495 #.495
Lack of Fit 1.388 1.388
Pure Error 16 5.107 5.107

Total 31 547.3579

Fit 35E Fit
2334 0.2384
2084 0.2384

knalysis of Variance for Optical cutput power (mW)

Rdj M5
134.411

1.720
0.280
0.154
0.313%

Unusual Obserwvations for Optical ocutput power (mW)

{coded unita)

B
.000
.005

(=R

Residual 3t Resid
1.0266
1.2616

2.28R

2.80R

a large standardized residual.

indicates that the four main
factors and 2 interactions
have statistically significant
effect on the response.
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Step 8. Plots for the main effects and interaction effects
The ANOVA table shows that all four factors are significant and there are significant interactions
between “Lens placement” and “Laser placement”, and between “Laser placement” and “Laser facet

power”.

As stated before, if the interaction is significant, ignore the main effect of these factors and only
present the interaction plot. Since the factor “Fiber alignment” has no interaction with other factors, the
main effect plot of “Fiber alignment” is meaningful. Thus, the interaction plot of “Lens placement” and
“Laser placement”, interaction plot of “Laser placement” and “Laser facet power”, and main effect plot of
“Fiber alignment” should be displayed.

Plots for the main effects and the interaction effects can be obtained by clicking Stat > DOE 2>
Factorial - Factorial Plots. In the dialogue box, check Main Effect Plots and Interaction Plots.

- Click Setup button for Main Effect Plot. In the dialogue box appears, select “Optical output power”
for Responses and “Fiber alignment” for Selected factor. Then Click OK. Note that multiple main
factors’ effect plot can be setup in the dialogue box although in this example only one factor is

displayed.

- Click Setup button for Interaction Plot. In the dialogue box appears, select “Laser facet power” and
“Laser placement” for Selected factors. Then Click OK.
- Click OK again to obtain the plots.

- Following same procedure, another interaction plot, “Lens placement” vs. “Laser placement” can be

obtained.

E Minitab - EXAMPLE_4_OPTICAL_OUTPUT_POWER.MPJ
File Edit Data Calc| Stat Graph Editor Tools
= u é Basic Statistics

Regression

ANOVA »

o

Control Charts
Quality Tools
Reliability/Survival

Session

Multivariate

Tables
Nonparsmetrics
DA

3
3
3
3
Time Series »
3
3
»
Power and Sample Size

Window Help

Response Surface
Mixture

Taguchi

& Modify Design...

oo

| Display Design...

o =

e OrH BB ERN CODE B

Create Factorial Design...
D

efine Custom Factorial Design...

> D
r Select Optimal Design...

»| PY Pre-Process Responses for Analyze Variahility...
[3] Analyze Facterial Design...

AV Analyze Variability...

54| Eactorial Plots...

Iﬂ Contour/Surface Plots...
|&" Overlaid Contour Plot...

Factorial Plots

Help

¥ Main Effects Plot

Type of Means to Use in Plots
+ Data Means
(™ Fitted Means

| Response Optimizer... /

Facterial Plots - Main Effects

C5  Optical output power

Responses:

=)

| 'Optical output power {mwW)'

"/Factorim Plots - Interaction

Responses:
'Optical output power (mw)'

Factors to Indude in Plots

Available:

C:Lens placement

Help

Selected:

Factors to Indude in Plots

Available:

Selected:

Options...

| Cancel |
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‘{J‘J Main Effects Plot for Optical output power (mW) = ‘{‘J Interaction Plot for Optical cutput power (mW) E@
Main Effects Plot for Optical output power (mW) Interaction Plot for Optical output power (mW)
Data Means Data Means
18.44 24+ n. Laser
T facet
- powier
18.34 224 e (mwr)
- . —— 20
~ - 30
18.2 204 T
§ §
g 18.1 g 184
18,0 164
17.94
14-
17.84
T T 124 T T
0.6 1.0 1.5 6.5
Fiber alignment (dB) Laser placement (um)
Factorial Plots - Interaction =) o Interaction Plot for Optical output power (mw) ===
C5 Optical output power Responses: Interaction Plot for Optical output power (mW)
| 'Optical output power {mW)' Data Means
4 Lasar
Factors to Incude in Plots 2! '_‘\—‘mﬁak_. pla{emenz
ann . {um)
Available: Selected: . 15
19 —a— 65
Ea 18+
174 -
\\\\\
Options... 8 T
ptions 16 m
1h 58
Help oK ‘ Cancel | Lens placement (mils

Regression Model

From the session window, we can get the estimated coefficients for the regression model as

follows:

Optical output power = 1.527 + 0.824* (Laser facet power) - 0.0378* (Laser placement) - 0.025*
(Lens placement) - 1.498* Fiber alignment - 0.021* (Laser facet power*Laser placement) - 0.034* (Laser

placement*Lens placement)

Contour Plot and Surface Plot

Click Stat > DOE -> Factorial > Contour/Surface Plots... In the pop-up window, check both
Contour plot and Surface plot. You may click Setup button and change the setup in the pop-up window.
Then click OK button. The contour plot and surface plot of Example #4 are shown below.
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| |

Fle Edit Data Calc

=E &

Unusual Cbservations
Opt
ou

Oks StdOrder power

2 2 25.
27 27 14.

E denotes an observat

Estimated Coefficient

| =X

Stat Graph Editor Tools Window Help

Basic Statistics » ® ? @
Regression »

ANOVA »

Control Charts 3 Response Surface 4
Cuality Tools L4 Mixture 4
Reliability Survival 3 Taguchi 4
Multivariate » ;‘%D Modify Design...

Time Series ?fsp Display Design...
Tables

e r erdized residuszl.
EDA L

i 3
Power and Sample Size bwer (m) using data

units

tour/Surface Plots

[v Surface plot

Help ‘

oK Cancel

Contour Plot of output

power vs Laser placement , Laser facet power

(3}

3

Laser placement (um)
~

Laser facet power (mwW)

Optical
output
power
(mw)
B <u
W - 16
16 - 18
18 - 20
W2o- 22
W 22- 24
[ ] > 24
Hold Values
Lens placement (mils) 1.2
Fiber alignment (dB) 0.6

k=102

ld I Create Factorial Design...

n: Define Custom Factorial Design. ..

PV Pre-Process Responses for Analyze Variability. ..

@ Analyze Factorial Design...
AV Analyze Variability. ..
" Eactorial Plots...

E Contour fSurface Plots...
|QF COverlaid Contour Flot. ..

E Response Optimizer...

Surface Plot of output

225
ut power (m¥p o
175
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Example 5: Factorial Design without Replication

Example #5 is a unreplicated 2 factorial design. Find out the critical process variables that affect
the delta insertion loss and setting levels to meet design objective of delta insertion loss less than 1 dB.

Step 1: Inputting Data

Open the Minitab worksheet file by clicking File = Open Worksheet, select the file
Example_5 Delta_Insertion_Loss.mtw in your stored directory. Click Open button. You may see a pop-
up window with message “a copy of the content of this file will be added to the current project.” Click
OK. Then you will see the data of the experiment in the worksheet.

Input factors Response variable
JAN
@ Example_%/le‘lﬁ_lnsertlon_Loss.M W

: [ 2 C3 ca) c5
Weld energy (J) Weld pattern (No. of welds)| Lens holder roughness| Fiber gap (um)| Delta insertion loss (dB)
1 0.5 2 0 2.0 0.466
1.0 2 0 2.0 1.141
0.4 6 0 20 0.134

Step 2: Defining the Factorial Design.

Click Stat > DOE - Factorial & Define Custom Factorial Design. In the pop-up dialogue
box, select four input factors by double clicking all four factors for Factors as shown below. Then click
Low/High button, the low and high values for each factor are shown in the pop-up window. Then Click
OK back to previous dialogue box. Click OK again to finish defining custom factorial design.

Define Custom Factorial Design == Define Customn Factorial Design - Low/High [53a]

Factors:

"Weld energy (J)' 'Weld pattern (Mo, of welds)' -
'Lens holder roughness' 'Fiber gap {(um)' / Factor Mame Type Low High

A Weld energy = Mumeric ﬂ 1.0
B Weld pattern| Mumeric ﬂ 2 &
C Lens holder r | Mumeric ﬂ i} 1
D Fiber gap (u | Mumeric ﬂ 2 8

Wd High Values for Factors

* 2-evel factorial
™ General full factorial Worksheet Data Are

" Coded

* Uncoded

Help ok | — | Help oK Cancel

Designs. .. |

Step 3: Analyzing the factorial design

After define the factorial design, perform the analysis by click Stat > DOE - Factorial 2>
Analyze Factorial Design. In the pop-up window, double click “C5 Delta insertion loss (dB)” for
Responses. In the pop-up window, click the button “Terms” and set the maximum order for terms in the
model as “2”.
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Analyze Factorial Design @ . .
In the Analyze Factorial Design —
C5 Delta insertion loss (c Responses: .
cio REsI1 Ty e Graphs pop-up window, Check

Normal and Pareto under Effect
Plots to display a normal
probability plot and Pareto chart of
the effects; check to plot the
Regular Residuals; check to plot

Terms... | Covariates... | Prediction... |
grophom, | Resds.. | sworage... | Normal plot and Residuals versus
Weighs... fits of the Residual plots.
Help Cancel
-«
Analyze Factorial Design - Terms (=3
—
Indude terms in the model up through order: - Analyze Factorial Design - Graphs ==
oo EffectsPlots
Available Terms: Selected Terms: ¥ ] i I HalfNormal ¥ Pareto
R:Weld ensrg = A:Weld energ Alpha: | 0.05
B:Weld patte B:Weld patte )
C:Lens holde b5 C:Lens holde Residuals for Plots:
D:Fiber gap D:Fiber gap % Regular " Standardized (" Deleted
AmC ﬁ iB o . Residual Plots
ARD AC {+ Individual plots
on < A [~ Histogram
[v Mormal plot
BCD 4 BC v Residuals versus fits
ABCD Default BD [ Residuals versus order
= co " Four in one
r ™ Residuals versus variables:

: |
HEID | Cancel Help oK Cancel

Step 4: Validating the assumptions
The results show that both normality and constant variance assumptions were met.

ol Normplot of Residuals for Delta insertion loss (dE) = @52 ]| P Residuals v Fits for Delta insertion loss (dB) (=Rl =
Normal Probability Plot Versus Fits
(response is Delta insertion loss (dB)) (response is Delta insertion loss (dB))
0.15 *

851

90 0.104 .

80 . .
. 1 = 0.054 . . .
5 2
5l E 0.00 —
¢ 2: - . *

.

1 -0.05- .

10 .

57 = 4

0.10 -
¢ .
b T T T T . . . . .
-0.2 -0.1 D_.D 0.1 0.2 0.0 0.5 1.0 1.5 2.0
ekl Fitted Value
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Step 5: Finding significant factors and re-analyzing the design
According to the following Normal plot of the standardized effects, factors A, B and AB have
significant effect on the response. Pareto chart shows the same results. Since other terms are insignificant,
we can drop these terms in the model. The design can be re-analyzed following Step 1 and 2. The only
difference is to choose only the significant factors into the Selected Terms in the model.

q}' Effects Plot for Delta insertion loss (dB) == ==
Normal Plot of the Standardized Effects
(response is Delta insertion loss (dB), Alpha = 0.05)
Effect Type
® Not Significant
W Significant
mA
Factor Name
A viekd enesgy ()
maE B We pemen (No. o weki)
e Lens holder roughness

- Fiher g2p [um)

=

g — i

=

; \ Only factors

A, Band AB
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Step 6: Validate the assumptions again
The results for the re-analysis show that the normality and constant variance assumptions were

Analyze Factorial Design - Terms (=)
Indude terms in the model up through order: n -
Available Terms: Selected Terms:

dp Normplot of Residuals for Delta insertion loss (dB) o |[E][= 98 Residuals vs Fits for Delta insertion loss (dB) = EoR| ==
Normal Probability Plot Versus Fits
(response is Delta insertion loss (dB)) (response is Delta insertion loss (dB))
£l 0.24
. . :
5
0.14
50 .
.
L9 0.0 . -
= 27 s * . *
1 3
8 = 2 0.1 * *
404
g = H .
2] 0.2
10
0.34
54 » »*
1 | ; T T T T " T DA, : T T | | ! . T
-0.4 0.3 0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Residual Fitted Value
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Step 7: Interpreting the ANOVA Results
Perform General Linear Model to generate ANOVA table. Click Stat > ANOVA -> General

Linear Model. In the General Linear Model dialogue box, double click “C5 Delta insertion loss (dB)” for
Responses and “C1 Weld energy (J)” | “C2 Weld pattern (No. of welds)” for Model.

General Linear Model =3

C1 Weldenergy (J) Responses: |'De|ta insertion loss (dB)'

C2  Weld pattern (M

C3  Lens holder roug Model:

gg E':E ?lfsir%?r? o "Weld energy (1)'] 'Weld pattern (Mo. of welds)' -
C6  StdOrder

C7 RunOrder

C3 Blocks

C3  CenterPt Random factors:

‘ -

Cogariates...| Options. .. ‘ gomparisons...|
Graphs... |

Results... ‘ Storage... |

Factor Plots...
Help oK Cancel |

Session . P'Value

General Linear Model: Delta insert versus Weld energy, Weld pattern A Sma” (<005’ a Ievel Of

Factor Type TLevels Values significance) p-value indicates that
Weld energy (J) fixed 2 0.5, 1.0 . -

Weld pattern (No. of welds) Cixed 2 206 the two main factors and their

interactions have statistically
significant effect on the response.

REnalysis of Variance for Delta insertiocn loss (dB), using Rdjusted 53 for [Tests

Source DF Seqg 55 2dj 55 Adj M5 F

Weld energy (J) 1 3.6711 3.6711 3.6711 162.83

Weld pattern (No. of welds) 1 0.2223 0.2223 0.2223 9.86

Weld energy (J)* 1 0.6368 0.6368 0.6368 28.25
Weld pattern (No. of welds)

Error 12 0.2705 0.2705 0.0225

Total 15 4.8007

Since an interaction exists between “Weld energy” and “Weld pattern”, only an interaction plot is needed
and no main factor plots are necessary. Interaction plot can be obtained by clicking Stat > DOE >
Factorial = Factorial Plots. In the dialogue box, choose Interaction Plot and click Setup. In the Setup
dialogue box, select factor A and B to include into the plots.

B Minitab - Untitled
File Edit Data Calc| Stat Graph Editor Tools Window Help

SH & & Bl e Qe Caaddevh ERE B

Regression 3
fr | =3 = 0 g =
fEdh i ANOVA v

I:tc !

Control Charts 4 Besponse Surface  » efine Custom Factorial Design...
Quality Tools 4 Mixture 4 Select Optimal Design...
Reliability/Survival 4 Taguchi ¥ | PY Pre-Process Responses for Analyze Variability...
Multivariate 3 . .
_ . En Modify Design... @ Analyze Factorial Design...
Time Series "| %, Display Design... AV Analyze Variability.
oisp = Ve
L35 ' [y Factorial Plots
Nonparametrics 3 =
EDA b @ Contour/Surface Plots...
Power and Sample Size » IQF Dverlaid Contour Plot..,

|£S Response Optimizer..
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Factorial Plots

[ Main Effects Plot

v Interaction Plot

[ Cube Plot

Type of Means to Use in Plots

{* Data Means
" Fitted Means

Cancel |

Help

Minitab Tutorials for Design and Analysis of Experiments

Factorial Plots - Interaction

C5  Delta insertion loss (c

Ci0 RESI1

/—b

Responses:
Delta insertion loss (dB)'|
Factors to Indude in Plots
Available: Selected:

D:Fiber gap (um) B:Weld pattern

2l ¢ -

The interaction plot is displayed below.

+ Interaction Plot for Delta insertion loss (dB)

=
Interaction Plot for Delta insertion loss (dB)
Data Means
1.8 Weld
energy (1}
1.6 P —— 05
o . 10
1.4 Pt
-
-
1.2 e
o
=
E 1.0 e
0.8+
0.6
0.4 \
0.2+
T T
2 6
Weld pattern (No. of welds)
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Example 6A Fractional Factorial Design
Example 6A is a ¥ fractional factorial design of Example #5 with | = ABCD. Thus, example 6A
has only 8 runs.

Step 1: Inputting Data

Open the Minitab worksheet file by clicking File > Open Worksheet, select the file
Example_6A_Fractional_Factorial.mtw in your stored directory. Click Open button. You may see a pop-
up window with message “a copy of the content of this file will be added to the current project.” Click
OK. Then you will see the data of the experiment in the worksheet.

Input factors Response variable
A
7] EXAMPLE_64/RACTIONAL_FACTORIALMTW == \
. ‘1 c2 c3 c4 cs
Weld energy (J) Weld pattern (No. of welds) Lens holder roughness| Fiber gap (um)| Delta insertion loss (dB)
1 0.5 2 0 20 0.466
2 1.0 6 0 2.0 1.783

Step 2: Defining the Factorial Design.

Click Stat > DOE - Factorial & Define Custom Factorial Design. In the pop-up dialogue
box, select all four factors by double clicking these four factors for Factors as shown below. Then click
Low/High button, the low and high values for each factor are shown in the pop-up window. Then click
OK back to previous dialogue box. Click OK again to finish defining custom factorial design.

Define Custom Factorial Design (=3 Define Custom Factorial Design - Low/High ==
Eactors: Low and High Values for Factors
"Weld energy (1)’ 'Weld pattern (No. of welds)' = N
"Lens holder roughness' 'Fiber gap (um)' Factor Name Type Low High
s A Weld energy | Mumeric ﬂ 1.0
/ B Weld pattern| Mumeric ﬂ 2 3
C Lens holder r | Mumeric ﬂ 0
D Fiber gap (u | Mumeric ﬂ 2 8
g ;
" General full factorial Worksheet Data Are
" Coded
o
4 LowHigh.. Designs... | O L=
Help oK | Cancel | Help OK Cancel

Step 3: Analyzing the factorial design

After define the factorial design, perform the analysis by click Stat > DOE - Factorial
- Analyze Factorial Design. In the pop-up window, double click “C5 Delta insertion loss (dB)” for
Responses. In the pop-up window, click the button “Terms” and set the maximum order for terms in the
model as “2”.
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e ==l In the Analyze Factorial Design —
LS Graphs pop-up window, Check
'Delta insertion loss {dB)'
Normal and Pareto under Effect
Plots to display a normal
probability plot and Pareto chart of
the effects; check to plot the
Regular Residuals; check to plot
| [ === Normal plot and Residuals versus
i Results... ‘ Storage... | . .
: fits of the Residual plots.
Weights...
Help oK Cancel |
Analyze Factorial Design - Terms 4/@ Analyze Factorial Design - Gra;hs ==
Indude terms in the model up through order: E hd EFE&E::E I Half Normal W Pareto
Available Terms: Selected Terms: Alpha: | 0.05
- : = - : Residuals for Plots:
B:Weld patte B:Weld patte (% Regular " Standardized " Deleted
CSL?HS holde i CSL?HS holde A
;zlber g=p < ;Flber g=p {+ Individual plots
LBD
BCD BC [¥ Residuals versus fits
2ECD D I~ Residuals versus order
Default g " Fourin one
™ Residuals versus variables:
-
r I
Help | oK | Cancel Help Cancel

Step 4: Finding significant factors

According to the following Normal plot of the standardized effects and Pareto chart
of the standard effects, none of the factors seems to have significant effect on the response
variable. But factors A and B and interaction AB were shown significant in Example 5. The
reason that fractional factorial design shown in Example 6A failed to uncover some significant
effects is that sample size is too small. This comparison shows that the right conclusion from the
Example 6A should be “we cannot conclude that any of factors has statistically significant effect
on the delta insertion loss.” It is inappropriate to conclude that any of factors does not have

statistically significant effect on the del

ta insertion loss.”

=R Effects Plot for Delta insertion loss (dB) [E=n|EcE | o Effects Pareto for Delta insertion loss (dB) o= (===
Normal Plot of the Effects Pareto Chart of the Effects
(response is Delta insertion loss (dB), Alpha = 0.05) (response is Delta insertion loss (d8), Alpha = 0.05)
0.944
Effect Type
# Not Significant
351 A
304 . AB
E0 ekis)
- 70 B
£ co
g 5 E
£ " 5
] AD
20
10 D4
s
AC
1 T T T T T T T T T T T T
-0.50 -0.25 0.00 0.25 0.50 0.75 1.00 0.0 0.2 0.4 0.6 0.8 1.0
Effect Effect
Lenth's PSE = 0.250875 Lenth's PSE = 0.250875
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Example 6B Fractional Factorial Design

Example 6B is a ¥ fractional factorial design of Example #5 with | = -ABCD. Thus, Example 6B
is very similar to Example 6A. The only difference is that Example 6B run the other half of the 8
treatments. Though the data in Example 6B is different from Example 6A, the analysis procedures are the
same in Minitab.

Step 1: Inputting Data

Open the Minitab worksheet file by clicking File > Open Worksheet, select the file
Example_6B_Fractional_Factorial.mtw in your stored directory. Click Open button. You may see a pop-
up window with message “a copy of the content of this file will be added to the current project.” Click
OK. Then you will see the data of the experiment in the worksheet.

Step 2: Defining the Factorial Design.

Click Stat > DOE -> Factorial > Define Custom Factorial Design. In the pop-up dialogue
box, select all four factors by double clicking these four factors for Factors as shown below. Then click
Low/High button, the low and high values for each factor are shown in the pop-up window. Then click
OK back to previous dialogue box. Click OK again to finish defining custom factorial design.

Define Custom Factorial Design == Define Custom Factorial Design - Low/High ==l
C1  Weld energy (1) Factors: Low and High Values for Factors
C2  Weld pattern (Mo, of ‘Weld energy (3)' 'Weld pattern (No. of welds)' - -
C3  Lens holder roughnes "Lens holder roughness' Fiber gap (um)| Factor Name Type Low High
C4  Fiber gap {um) ul > -
C5  Delta insertion loss {c A Weld energy | Mumeric | 1.0
B Weld pattern| Mumeric | 2 [
C Lens holder r | Mumeric | 0 1
D Fiber gap (u | Mumeric | 2 8
@ 24evel factorial
" General full factorial Worksheet Data Are
" Coded
=
Q LowHigh... Lestons. .. 9 v
Help Cancel Help oK | Cancel

Step 3: Analyzing the factorial design

After define the factorial design, perform the analysis by click Stat > DOE - Factorial >
Analyze Factorial Design. In the pop-up window, double click “C5 Delta insertion loss (dB)” for
Responses. In the pop-up window, click the button “Terms” and set the maximum order for terms in the
model as “2”.
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Analyze Factorial Design

==

Responses:

'Delta insertion loss {dB)'

| govariabes...‘ Erediction...|

Results... ‘ Storage... |

Cancel |

AN

Help
Analyze Factorial Design - Terms (=3
Indude terms in the model up through order: E hd
Available Terms: Selected Terms:
g > g
B:Weld patte B:Weld patte
C:Lens holde i C:Lens holde
D:Fiber gap D:Fiber gap
2BC = 28
ABD << aC
ACD AD
BCD BC
LBCD BD
Default g
-
-
Help | oK | Cancel

In the Analyze Factorial Design —
Graphs pop-up window, Check
Normal and Pareto under Effect
Plots to display a normal
probability plot and Pareto chart of
the effects; check to plot the
Regular Residuals; check to plot
Normal plot and Residuals versus
fits of the Residual plots.

»
Analyze Factorial Design - Graphs

()

Effects Plots
¥ Mormal

Alpha: | 0.05

~ Residuals for Plots:
(% Regular

Residual Plots
* Individual plots
[” Histogram

¥ fio

™ Half Normal

" Standardized

W Pareto

" Deleted

[¥ Residuals versus fits
I~ Residuals versus order
" Four in one

™ Residuals versus variables:

Help

Step 4: Finding significant factors
According to the following Normal plot of the standardized effects and Pareto chart of the

standard effects, only factor A, Weld energy, has significant effect on the response variable. Analysis
of Example #5 shows that factors A and B and interaction AB were shown significant. Analysis
of Example #6A shows none of factors is significant. The reason that fractional factorial design
shown in Example 6B failed to uncover some significant effects is same as described in Example
6A, which is because sample size is too small.

ol Effects Plot for Delta insertion loss (dE)

Normal Plot of the Effects
(response is Delta insertion loss (dB), Alpha = 0.05)
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Please refer to Example #5 for checking ANOVA assumptions, interpreting ANOVA results, and
generating regression model.
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