DX802CGen2FactoriaP1.docxRev.4/8/10

GeneralFactonal Tutorial
(Part 1¢ Categoric Treatmernt

Introduction ¢ A Case Study on Battery Life

DesignExpert® software version81 ££ZAO0OC A O' AT AOA1I &AAOI OEA
O0&AAOI OE A lhaveddipletd thelGeReraldné&Factor Tutorial
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factor. In thistwo-part tutorial you will learn how to set up a designfor multipl e

categorical factors. Part Zhows you how to convert truly continuous facbrs, such

as temperature, from categorical to numericalWith this you can generate

response surface graphs that provide a better perspective of your system.

The experiment in this case, which comes from I T O CT iDAsk d@ndAnalysis
of Experimentsseeks consistently longlife in a battery that will be subjected to
extremes in ambientconditions. It evaluates hree materials(factor A) at three
levels of temperature(factor B). Four batteries are tested at achof the ninetwo-
factor combinationsin a completely randomized design. The responses from the
resulting 36 runs are shownbelow.

Material Temperature (deg F)
Type 15 70 125
Al 130 155 34 40 20 70
74 180 80 75 82 58
A2 150 188 136 122 25 70
159 126 106 115 58 45
A3 138 110 174 120 96 104
168 160 150 139 82 60

Generalfactorial on battery (response is life in hours)
The following questions must be answered:
1 How does material type and temperature affect battery life?
1 Do any materials provideuniformly long life regardless of temperature?

The second question, if it can be answered in the affirmative, leads to the big payoff:
a battery that will be robust to temperature variationsin the field. This case study
provides a good example ofpplying statistical DOE for robust product design.

Design the Experiment

To build the designchooseFile, New Design as shown below(or to save strokes
simply click the blank-sheet icon(/ ) on the toolbar).
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Edit View Display Options Design Teols Help  Tips

Mew Design...

Open Design... Ctrl+0

Starting a new design via menu (option: clithank-sheet icon/) onthe toolbar)

Then from the defaultFactorial tab, clickGeneral Factorial. Choose2 as the
number of factors. If you are in Horizontal entry mode, change it t&/ertical.
(Design-Expert will remember this the next time you set upa design.)

Combined

General Factorial Design

Mixture Design for 1 to 12 factors where each factor may have a different number of levels.

Response Surface

Factorial
Categoric (110 12) Horizontal
_ 1 - @ Vertical
2-Level Factorial
Min Run Res V Acategoric)| 3
Min Run Res IV Name | 4
Iregular Fraction - 5
General Factorial sl Units ?
Optimal T i
Nominal

Plackett-Burman E— g
Taguchi OA Levels |2 P

L[1] Level1ofA | 11

L] Level 2 of A IEE—_—

Selecting number of factors fageneral fictorial design

Enter Material for factor nameA (Categoric). Key in the word Type as yourUnits.
Enter the value3 for the number of levels Change the treatment names té1, A2
and A3. Notice that Type in the far left column defaulsto Nominal (named) as
opposed to ordinal (ordered). This difference in the nature of factors affects how
DesignExpert codes the categorical levels, which changes the model coefficients
reported under ANOVAIn the subsequentresponse analysis Your designshould
now appear as that shown below.

Categoric |2 ~ | (110 12)

A [Categoric] B [Categoric]
Name  |material B
Units Type
Type Mominal Mominal
Levels 3 >
L[1] Al Level 1 0f B
L[2] AZ Level 2 of B
L[3] A3 |

Entering material as a nominal factor

Tutorials such as this one on general factorials will quickly get you up to speed on
how to use DesigrExpert software, but it does not serve as a statistical primer for
design and analysis of experiments. If you crave such details, Help is at your finger
tips! For example,go toHelp, Contents and work your way down the tree
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structure through the factorial branches toGeneral (Multi-Level) Factorial
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Design. Note the details on the distinction in categoric contrasts (Nominal vs

Ordinal).
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Welcome to Design Expert v.7 -

General Factorial Design

The general factorial design allows you to have factors that each
have a different number of levels. It will create an experiment that
includes all possible combinations of your factor levels. All factors
should be categoric (i.e. batch type, tool type, process method)
rather than numeric.

(If you have several numeric factors, then you may want to set up a
response surface design with categoric factors added to it so that
the analysis will be a response surface analysis.)

On the first screen, choose the number of factors. Then you will be
presented with a series of screens, one for each factor. Enter the
factor names, units, number of levels, and a name for each level.
The next screen will allow you to choose the replicates and
blocking, and the last screen allows you to choose how many
responses you want and to enter their names and units of
measurement.

Nominal vs Ordinal:

Categoric factors can either be specified as nominal or ordinal. This
specification determines the type of mathematical contrasts that
are used. Ordinal will generate orthogonal contrasts that can be
used to define the linear, quadratic, etc. components of the effects.

* Use nominal if the categoric levels are simply names or
labels, such as Vendor A and Vendor B. In this case, it
doesn't matter which one is first or second.

« Use ordinal if the levels represent an ordered relationship. An
example of ordinal is low, medium and high or slow and fast

+ Design-Expert requires a numeric ordinal level. If there is a

m

Help on generhfactorial design

Close Help by pressing on its window . Now enter factor B datéy keying in
Temperature for factor name B (Categoric)deg F for units, 3 for the number of
levels, andl5, 70 and 125 for the levels. PressNominal, click the arrow on the
drop list, then chooseOrdinal as shown below. This change frollominal to
Ordinal indicatesthat although this factor is being treated categorically (for
example due to controls offering only the three levels), temperature is red) a
continuous factor. Click Continue at the O A O Afdrlo@eDright.

A [Cﬂtegnric],‘ B [Categaoric] ‘

Name Material Temperature
Units Tvpe deg F

Levels ] MNominal
L[1] Al 1

L2 AZ 70

L[3] Al 125

Entering information on factor B
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Enter 4 for replicates. The number of runs(36) x 1 T b Gpdateduntil you press
the Tab key or move from the cellLeave the blocks option alondecause these
experiments are completely randomized.

Replicates 4 iA=sign one block per replicate!

35 Runs Blocks: |1 -

Entering the number of eplicates

Click Continue to move on to the entry screen for responsed.eave the default
responses at 1. Enter name dsife and units ashours.

Now we will walk you through acalculation of powerz the ability of your

experiment to detect meaningful differences in treatments. If you do too few runs

AT A O1 AAOPT xAO Ui 60 AoPAOEI AT Oh Al EI BT O0AI
will become obscured by normal system/test variatié j} OEA O1 1T EOA6 Q8 4 E
be a waste of time and materials. DesigBxpert makes the calculation of power

easy and puts it in upfront in the desigrbuilding process so you have a chance to

bolster your experiment, if necessaryLA 08 O A OO 01 JAife dlstiriprodeA OOA O

by at least50 hoursto be of any interestand that quality control records produce a

standard deviation of30. Enter these values as shown belgwab (or click) out of

30, and DesignExpert then calculates the signal to noise ratio

Optional Power Wizard: For each response, vou may enter the minimum change the design should detect as
statistically significant and alzo the estimated standard deviation of each response (generally obtained from
historical data). The ratio will then be calculated in the Delta/Sigma field. Press Continue to see the calculated
power for each response. A probability of 80% or higher iz recommended. If power is low, consider adding runs
by choosing a larger degign or replication, or reconcile yourself to not detecting a signal this small.

Leave Sigma and Delta fields blank to skip power calculation.

Responses: 1 w (1 to 599} | Edit model for power... |
Diff. to detect Est. Std. Dev. Delta/Sigma
Name Units Delta("Signal™) Sigma("Moize™) (Signal'Noise Ratio)
ue hours 50 30 i

Respose atry screen

PressContinue to see the power of this design for the difference that the engineers
hope to detectat a minimum. Itis calculated to be 94.5 % probability of seeing a
difference (delta) as small as 50 hours. This exceeds the rtdé&thumb for power

of 80 % at a minimum, thus it can be concluded that the planned desigiil suffice.

Power is reported at a 5.0% alpha level to detect the specified signalineise ratio.

Recommended power is at least 80%.

Life hours
Signal (delta) = 50.00 Noize (sigma) = 30.00 SignaliNoise (delta/sigma) = 1.67
Al1] B[]
945 % 94.5 %

Power calculation
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Click Continue to complete the design specification processDesigrnExpert now
displays the 36 runs (in random order) from the 3x3 factorial design with four
replicates.

Analyze the Results

To save time, simulate the experimental results bgight -clicking the response
header and selectingSimulate Response. (A headsup for statistics educators:
You can build your own simulations via the Design Tools. Feel free to bring up the
controls for this and press Help for details on using it.)

Response 1
Edit Info...
Insert Response »
Delete Response
Fill With Random
Simulate Response

Equation Cnly

Sort by This Response

Choosing aimulation

Clickthe file namedBattery.sim and Open it. If this file does not appear, locate

the data folder by finding theDesignExpert 8 datafolder in the installed StatEase

program group under your All Programs menu. You can also download the tutorial

files by going to he Help Menuwz Tutorials. If you still cannot find this sim file, feel

free to email support@statease.com You should now see datalowly flow in from

the experiment (we added a delay in the simulator so you can read the results as

they get entered by the computer also, this makes it seem a bit harder to do the

001 0d ,A080 110 i AEThisi®&dgpdd@rie tdpresetveydodri AAOU
work: SelectFile and Save As. Change the file name tBattery.dxp and Save.

Then under theAnalysis branch of the program click the node labeledR1:Life.
You now see options for performing response transformations.

1 Notes for Battery.dxp

H = :Model Graphs
i 12 Design (Actual) |— B

y* Transtorm |7 Effects ‘% apova | = Disgnastics

- 5| Summary To analyze this responze, click on the above icons in succession.
L’I Graph Columns

<] Evaiat Transformation Equation
- ] Evaluation
- E] Analysis Square Root None (lambda=1.0)
- Ri:Life Natural Log .
E Optimization :Elaseméan? y - y
nverse
-+¥] Numerical Inverse
B9 Graphical Power H
S Logit =
. ¥ Point Prediction Argsin Sart =
w
Predicted Value
Use with a typical response.

Coding for Analysis: | Coded -

Response ranges from 20 to 188,
Ratio of max to min is 5.4

A ratio greater than 10 usually indicates a transformation is required. For ratios
less than 3 the power transforms have little effect.

First step in the analysig transformation options
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Effects button displayed next in the toolbar for response analysis DesignExpert
now provides an initial effect selection and displays it graphically on a specialized
statisticalD1 T O AAI-TTAGI Al OE AT £

y* Tanstorm | [/ Etfents Lo anowa ‘; Diagnostics ‘ EMnde\Graphs|

Design-Expert® Software
Life

Half-Normal Plot

A Error estimates
A Material

B: Temperature
99.0 —

Effects Tool

=]
Half-Marmal
[] Efedts List
Clear Selection
Recalculate

w
o
o

BA

w
=)
o

80.0

T0.0 =

50.0 -

30.0 =
200
10.0 —
0.0 =

Half-Normal % Probability

I I I I I I I I
0.00 0.90 1.79 269 3.59 448 5.38 6.27

|Normal Effect|

Initial effect selection

The program displays the absolute value of all effects (plotted as squares) e
bottom axis. The procedure is detailed in a presentation by Patrick Whitcomb on
O' OAPEEAA]T fBchSinGRIOEDAT T &BODHaIOTEANICAIO |
Conference cesponsored by the American Society for Quality and the American
Statistical Association)z contact StatEase for a copy.

DesignExpert pre-selected two outstanding effectg the main effects of factors A
and B. You can and in this case shouldnodify the default effect selection Move

your mousecursor over the unlabeled square and click it(Note that this goes both

ways, that is, you can deselect chosen effects with a simple mouse click.)

Half-Normal Plot

99.0 —

w
o
o

=
OB

w
=
=1

A
A
A
A

@
=]
=1

Anothereffect chosen

Interaction AB is now identified. Notice that DesigrExpert adjusts the line to
exclude the chosen effectsYou will gain more practice on the use of halfiormal
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plots for picking effects in theTwo-Level Factorial Tutorial ) 08 O AWmeds O1 1
ahead in this case.

For a numerical calculation of the effects, press theffect List bar on the Effects
Tool that you see floating on your screeifwe moved it to convenient place for
illustrative purposes).

& Effects Tool =]
Selection: r Order: | 2FI -

| Term [ of [Sum of Squares |Mean Square| Fvaue | proo= | || []_HaltNormal |
@  Intercept [ Eftects List
M A-Material 2 1088372 534185 791 00020
[ BTemperature 2 3911872 1955836 2897  <0.0001 ——
M AB 4 961378 2403.44 356 0.0186 GleaSolecion
B LackOfFit 0 0.000 ——
[=] Pure Error 27 1823075 87521

Residuals 27 1823075 67521
Effects list

I OEAA OEA AAOECT AOGEI1T O-06 & O OEA OAIl AAC
next to the pure error line in this statistical spreadsheet.You may be wondering
why there are so many estimates of purerror. (If not, skip ahead!) Each subgroup
of 4 replications provides SAACOAA O 1 4O gQukeleidr. i This was done
for all 9 factor combinations (3x3) which yields27 df (= 3*9) in total for estimating
pure error.

This screen provides many features for model selection, which will be covered in
tutorials on response surface methods (RSM).

Clickthe ANOVA button to see the analysis of variancéor this chosen model. If
you do not see annotations in blue text as shown below, select View, Annotated
ANOVA.

yh Transform ‘lL Effects % A, ,+ Disgnostics EModelGraphs

- U=e your mouge to right click on individual cells for definitions.

- Response 1 Life
ANOVA for selected factorial model

_Anal\,rsis of variance table [Claszical sum of squares - Type II]

- Sum of Mean F p-value
.| Source Squares df Square Value Prob >F
. |Model 55416.22 8 7427.03 11.00 < 0.0001 significant
i | A-Material 10683.72 2 5341.86 7.91 0.0020
B-Temperat 3811872 2 19559.36 28.97 = 0.0001
: | 4B 9613.78 4 2403.44 3.56 0.0188
: |Pure Error 18230.75 27 675.21

Cor Total 77545897 35

The Model F-value of 11.00 implies the model is significant. There is only

a 0.01% chance that a "Model F-\falue” this large could occur due to noize.

Walues of "Prob = F” less than 0.0500 indicate model terms are significant.
- In thiz caze A, B, AB are =ignificant model terms.
_‘u’alues greater than 0.1000 indicate the model terms are not significant.

If there are many insignificant model terms (not counting those required to support hierarchy),

medel reduction may improve your model.

Annotated ANOVA Report
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Scroll downor press bookmarks on the floating tooto see postANOVA statistics
such as RSquared. As you can conclude for yourself by reading thannotations,
the results look good.Further down the report are detailsof the modelbased on
nominal contrasts. We provia a breakdown on this in the Experiment Design

-AAA %AOU x1 OEOEI b8 41

EAAD OEEO OOOI OEAI

down in the mathematics of modeling categorical factorso press ahead tahe
Diagnostics button and examine theresidual graphs. By default you see the
normal plot of residuals, which ideally fall moreor-less in line. The pattern here is

not badly abnormal, so do not worry.

= Desmosica. |<MossiGreeee
Normal Plot of Residuals
E ]
||
|~}
=y
s
S o
= &
=
- . o
E
E =] ol
z = =
= -
H| =
Internally Studentized Residuals

Normal plot of residualg looks OK

The tedious, but necessary, modsdiltting and statistical validation is now
completed, so you are free and clear to finally assess the outcome of the experiment
and decide whether any materials provideuniformly long battery-life regardless of

temperature.

8 1 General Factorial Tutoriad Part 1
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Present the Experimental Findings

Qick the Model Graphs to view the long-awaited results. DesignExpert
automatically presents the AB interaction plotz identified by the Term window on
the floating Factors Tool.

Interaction
B Temperalure

smem o oD
O ®H et G eN

LR L e ]
" e

A Material

Default model grapty interaction plot with A on bottom (X1) axis

In a moment we will lead you through aseries of steps to develop a compelling
presentation. But first here is a headsup on plotting the main effects, rather than
the interaction. Skip this part if you are anxious to press ahead. Otherwisdyanse
the One Factor plot view the View menu,rdoy simply pressing the appropriate
button on the floating Graphs Tool. Another way to bring up a oractor plot (the
main effect of A or B, in this case) is by clicking the dowlist arrow () for the
Term selection on the Factors Tool. Trall theseapproaches if youlike, but expect
to be warned about presenting main effects of factors that interact. This can be
very misleading. In this case it will be a mistake to look at either material or
temperature effects alone, because one factor dependsE A T OEAOS8 , AO
this interaction further and make it as clear as possible for reporting purposes.

Qu

)y £ UIT O Cci &6 OEAAOOAAEAA xEEIT A Agbi i1 OEI ¢ OE
Interaction plot on the Graphs Tol.

Graphs Tool @

one Factar
Interaction
Contaur
Pred. ws. Actual

30 Surface
Pop-Cut Yiew

Graphs took interaction plot selected

Right clickthe Temperature factor on the floatingFactors Tool and change it to
the X1 Axis, thus producing an interaction graph with the ordinal factor displayed
in a continuous manner and the nominal factor (material) laid out discretely as
separate lines. This make it easier to interpret your results.
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A: Material

@
@
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FactorsTool (]
GaugesT Sheet
Defaut 150 — . -
[ Atistedal -~
~ -
r sxis . BRI
axis . I - A -
] - .
W 100 — ™~ -~
3 e T
S
Tl
® ~
.
50 —|
L]
0
\ I I
15 70 125
B: Temperature

Effect gaph with temperatureon bottom ais

To see how the software identifies points, lick the highestone (green) at the upper
left of the graph. The result is shown below.

Life = 188

200 —|

Std#7 Run#6
@

X1 = B: Temperature = 15
X2 = A: Material = A2

150 —|
B ATA1

A A2 A2
¢ A3 A3

@

— 100 —

A: Material

Point highlighted for identification

Note howto the left of the plotthe software identifi es the point by:

9 the actual result (188)
standard order number (7)

)l
)l
|l

run number (due to randomization yours may differ from that shown)

factor levels gemperature of 15 with material A2).

The actual results are represented byarious-colored circles. You can also click on
the non-circular symbols (square, triangle or diamond) to display the predicted
outcome and least significant difference (LSD). Try this!

To produce a cleaer looking plot, go toView and deselectShow Legend.

109 General Factorial Tutoriad Part 1
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File Edit Display Options  Design Tools
OEREY Model

Standard Error

Propagation of Error

One Factor
Interaction
Contour

Predicted vs. Actual
3D Surface

Show Factors Tool

Show Graphs Toel

Show Crosshairs Window
Show Rotation

Show Legend
Pop-Out View

Toolbar
Status Bar

Help  Tips

Effects ‘% ANOVA ‘EDia

200 —

150 ——

Life

100 —

Legend turned off

, AOG O Al
selectGraph Preferences.
P
Graph preferences.. |\

DX802CGen2FactoriaP1.docxRev.4/8/10

O -uphfor tepod gurpdsésRilght-click over the graphand

Right-click menu selection for graph preferences

Now click the All Graphs tab and turn off (uncheck) the Show design points on
graph option, as shown below

Graph Preferences

S

|YPOcis I Interaction Lines | Fonts and Colors | All Graphs | XY Graphs

General Graph Options
|:| Show design points on graph

Show warnings on graph

Turning off design points

PressOK. This is an optional sidetrack on this tutorial:To have your graphlook
like that shown belowfor reporting purposes, do the following:Edit, Copyfrom
DesignExpert, thenEdit, Pasteinto Microsoft Word.

Design9 ELISNII y ! &

DdzA RS

General Factorial Tutoriad Part 1911



Interaction
A: Material

200 —

150 —

Life

100 —

i

15 70 125

B: Temperature

Cleanlooking interaction graph

From this graph you can see that all three materials work very well at the low
temperature (15 degrees). Basedn the overlapping LSD bars, it would be fair to
say that no material stands out at thisow temperature end of the scale. However,
the Al material clearly falls off at the 70 degree temperature, which would be
encountered most often, so it must be rejéed. None of the materialperform very
well at the highest temperature (125 degrees), but the upper end of the LSD bar for
A2 barely overlaps the bottom end of the LSD bar for A3. Thereforeith respect to
temperature sensitivity, material A3 may be tle most robust material for making
batteries.

&ET AT T UhRh E£ UIT O Al EAOGA AT 1BPI 0001 EOU Oi
new and easyway to display general factorial effects with DesigiExpert: Click 3D
Surface on the floating Graphs Tool.
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Graphs Tool =]

One Factor

ual
3D Surface
Pop-Out Wiew
i

150

100

Life

50

A: Material
B: Temperature

3Dsurface plot

Now place your mouse cursor on thgraph z notice that it changes to a handl().
While pressing the left mouse buttonspin the graph so the temperature axis is at
the bottom. (Alternatively, to match our graph most precisely, select Viewhow
Rotation andenter coordinates of h (horizontal)20 and v (vertical) 80)

Life

B: Temperature

3D surface plot rotated slightly for a better view

The 3D view presents a different perspective of thgeneral factorial effectsz more
on a macro level of the overall expemental landscape.Now the inferiority of
material Al (red bars) becomes obvious: The other two materials tower over it at
the mid-temperature of 70 degrees F. Clearly the next step is to eliminate material
Al from contention and perhaps do some furthemvestigationson A2 and A3.
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