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Multifactor RSMTutorial
(Adding categorial factors)

Combining categorial with numeric factors

Procter and Gamble (P&G) engineemsorking on a new sealing procesbecame
concerned about how maximum peestrength would be affected by changing
suppliers of packaging material Brenneman, Wiliam A., and William R. Myers,
021 AOOO 0 AOA tACatkdoricdl Mo& \Gifiable®Journal of Quality
Technology35, no. 4 (October 2003): 3358341). They set upan RSM design to vary
several key factors on the sealing machine, including the supplier:

A. Temperature, 193 to 230 degrees C.

B. Pressure, 2.2 to 3.2 Bar.

C. Speed, 32 to 50 cpm (cycles per minute).
D. Supplier: S1, S2, S3.

Due to limitations of time and other resouces, a maximum of 37 runganbe
performed. Therefore, simplyconductinga standardcentral composite design
(CCD or Box-Behnken design BBD) for each of the three supplierswill not doz
thesedesign choices produce far too many runs (60 and 51, respge@ly). Instead,
P&G engineersisea D-optimal design.

The databelow come from a simulation loosely based on the predictive model
reported in the cited article. (For tutorial purposes, ®me liberties are taken to
make theprocedural outcome morechallenging.) Assume the maximum peel
strength ideally hits a target of 4.5 poundforce (Ibf). However, it must exceed 3 Ibf
to prevent leaking and notexceedb6 Ibf because the package becomes too difficult
to open.

This tutorial explains how a designis constructed via Doptimal criteria with added
points for lack of fit testing and pureerror estimation. Notice we use nearly all
budgeted runs. Also, aided by a feature in the software that forces balance, we
make sure each supplierreceivesan equal nunber of design runs.

With guidance from the tutorial you analyze responses and then find desirable
solutions meeting the following objectivesz listed according to relative
acceptability for all concerned

1. Can the process be adjusted tattain amaximum ped strength target of 4.5
Ibf for any one supplier?

2. Thepurchasingagentintends to break down suppliers as follows 50% to
S1, 25% to SZ2and 25% to S3.Can you find a process setup that workfor
all suppliers? If not, a two-supplier option might be saisfactory, provided
S1 is one of themlIn other words, assumingthe process is notobust for all
three suppliers, can the process be set up inmanner that either S1-S2 or
S1-S3 meets specifications?
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3. If it is not possible to achieve a commoprocessfor even two of the three
suppliers, perhaps the upper limit of 6canbe raised on the maximum peel
strength specification. (Assume customers are willing to use scissors or,
better yet, package designers notch the plastic for easier openind)oesthis
opena window of operability for multiple suppliers at one set of process
conditions?

Here is thesimulation data loosely based on thabovecited article:

Std A: B: C: D: Peel
Temp Pressure Speed Supplier Strength

(deg C) (Bar) (cpm) (Ibf)

1 193 2.2 32 S1 4.6

2 230 2.2 32 S1 10.0

3 193 3.2 32 S1 7.2

4 193 3.2 32 S1 6.6

5 230 3.2 32 S1 5.5

6 202.25 2.7 41 S1 8.2

7 230 2.7 41 S1 8.5

8 193 2.2 50 S1 6.7

9 230 2.2 50 S1 11.0

10 230 2.2 50 S1 11.0
11 230 3.2 50 S1 7.8
12 230 3.2 50 S1 7.1
13 230 2.2 32 S2 5.1
14 230 2.2 32 S2 6.7
15 2115 2.7 32 S2 2.9
16 230 3.2 32 S2 1.7
17 2115 2.2 41 S2 6.3
18 193 2.7 41 S2 2.0
19 220.75 2.95 41 S2 3.7
20 193 2.2 50 S2 2.4
21 230 2.7 50 S2 4.0
22 230 2.7 50 S2 4.1
23 193 3.2 50 S2 4.8
24 193 3.2 50 S2 5.1
25 193 2.2 32 S3 6.7
26 193 2.2 32 S3 6.7
27 230 3.2 32 S3 8.0
28 230 3.2 32 S3 7.1
29 220.75 2.45 36.5 S3 9.2
30 202.25 2.7 36.5 S3 8.1
31 2115 3.2 41 S3 7.2
32 230 2.2 50 S3 9.5
33 230 2.2 50 S3 9.8
34 2115 2.7 50 S3 6.2
35 193 3.2 50 S3 5.9
36 230 3.2 50 S3 4.8

Data based orpackage sealing experiment
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Design the Experiment

Start DesignExpert® software and initiate your designprocessby clicking the
blank-sheet icon/ on the left of the toolbar, or selectFile, New Designor simply
click New Design on our opening screen

Welcome to Design-Expert® Software from Stat-Ease, Inc.

To get started, click on the File menu and select either

1. New Design
or

2. Open Design

New easystart design options

Click theyellow Response Surface folder tab, selectOptimal asyour design. For
Numeric Factors choose3 from the droplist. For Categoric Factors choosel.
Key in (andtab over) Name, Units, L[1] (lower limit) and L[2] (upper limit) for
numeric factors A,B,and Cas shown below For categoric factor D, keyn (and tab
over) Name, Units, Levels (3), andL[1], L[2], L[3].

[

Factorial

Optimal Design

Combined Aflexible design structure to accommodate custom models, categoric factors, and irregular (constrained) re

Mixture

Response Surface

Mumeric Factors: |3 - | (1to 30) '@ Horizontal

Categoric factors: |1 - |(0to 10) Wertical
Central Composite < ‘—,( !
Box-Behnken Name | Units | Type Levels L[1] L[2] L[3]
CIREE A [Numeric] |Temperature |degrees C | Continuous | s 193 230
Miscellaneous -

< BNumeric] |pressure Bar Continuous | M/A 2z 3.2
U;er—l;)eﬂned C [Mumeric] |speed cpm Continuous | M4 32 50
Historical Data -

D [Categoric] | sypplier material Nominal 3 51 e

Entering numeric and categoridactor levels fo optimal design

In the above screen shot, th&ype column automatically selects via default either
O.TTETAIT 6 1T 000#1 EDEIT O tafegpacifaEtid Obecauseits

treatments are discrete namegS1, S2, S3)When entering orderedtreatments (1,

2,3,for example),itisAA OO OI OAO OEAOA Opavaildbl®ésad/ OAE
droplist option z becausesubsequent model construction and ANOVA layout are

then properly applied.

PressContinue. Notice the Gearctddroplist defaults to Bestand @ptimality 6
defaults to V.6
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Runs

Search:’Best v] Optimality: Model points: 18
Edit model... | Quadratic To estimate lack of fit:

£n

Replicates: 5
Blocks: Additional center points: 0
|| Force categoric balance Totalruns: 28

‘Best' will try beth Point Exchange and Coordinate Exchange searches of the design space. Thiz could result in
=some unusual combinations of factors. If you require certain candidates or combinations of factors, switch to Point
Exchange.

Default selections for optimal design

To create more convenient levels in the numerical factors, change tBearch to
Point exchange.

Search: [F‘uint Exchange - ]

. Best
@ Coordinate Exchange

Point Exchange

Changing search to point exchange

Change theOptimality to D, which may be the better choice for designs with

categorical factors as noted in the comments you see on screen. For more

statistical details on Desigib@DAOOSE O 1T DOE | Acteenipressthd OAIT AAQE]
screen tips icon (the light bulb) or select Tips, Screen Tips off the main menu.

Runs

Search:’Puint Exchange vl Optimality: Model points: 18
Edit model... | Quadratic E[""r_ To estimate lack of fit:

£n

A Replicates: 5
Modified distance
Blocks: Distance Additional center pointz; 0

[| Force categoric balance Total runs: 28

Point Exchange searches a set of candidates for the best design points. The candidates can be generated by the
program, or read in from a file.

D-optimal designg maximize information about the polynomial coefficients. D-optimality is desirable for factorial and
screening designs where you want to identify the most vital variables. The algorithm picks points that minimize the
volume of the confidence ellipzoid for the coefficients (i.e. it minimizes the determinant of the XX inverse matrix).

Changing to D optimality

At this stage the runs total ta28, which is not divisible by 3z desirable for splitting
evenly among yourthree suppliers. To compensade for this, bulk up your design to
36 runs (12 to each supplier) by increasingo estimate lack of fitto 9. Tab to
Replicates and again enter9. Set a checkmark at Force categoric balance. Not
doing this could result in a design with more of one sugjer than another, which
would doubtless generate questions from the purchasing department because it
would seem unfair. Awarning alerts youthat forcing categoric balancemight
require adjustments.
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Warning ﬁ

Replicates may be lost in order to maintain categoric
balance.

Fordng categoric balancenight require adjustments

PressOK to continue. Now pressEdit candidate points so you can see which
combinations DesignExpert starts with, from which only an optimal subset will be
chosen. A pop-up screenappears. PressCalculate points to see if thepoint
selectionproducesmore than the minimum needed to fit the selected model.

Edit Candidates - [

Candidate points

Candidate Points

Vertices 8
Centers of edges 12
[7] Thirds of edges

[ Triple blends

Constraint plane centroids

Axial check points

Interior points 18
Categoric points: 3 Ovwerall centroid 1
Total points: 159 Subtotal: 53

Resdlist.. | | Wrislist. | | Calcuiais poinis | | Reset

| ok || cancel || Hep |

Optimal specifications modified

The program now identifies53 candidate pointsfor each of the 3 suppliers for a
total of 159, from which it will select optimally 18 points needed at a minimum for
the quadratic model. DesignExpert will add 9 more runs with unique factor
combinationsto testlack of fit. Finally, 9 of the 27 points already identified will be
replicated.

PressOK, thenpressContinue. Enter responseName and Units as shown below.

Responses: |1 -

Name ‘ Units |

WMax peel strength | IBf

Response names and ungsiame field expanded horizontally
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PressContinue again. A warning may alertyou DesignrExpert is preserving a
balanced design for youwhich causes a slight loss in optimality

[ Warning I&.‘

Forcing balance resulted in a 0.05% los=s in the
D-optimal criteria. Do you want to proceed with the
balanced design?

DQU not show this warning again

E Yes |[ No H Help I

Forcedbalancing warningabout a slight loss iroptimality

Your loss percentage may differ from that shown below, but in any case it will be
negiligible. If the warning appears, tiooseYes to bring up the design template.

Analyze the Response

91 00 1 AUi 60 1 AUu I AOAE xEAOQISOuttbarchre T ET  OEA
actually many possibleand equally goodpoint selections. To avoid the possibility
of a mismatch, but more importantly, to save you time entering responsesclick
the open designicofOEA T T A OEAO 11 1 dBdnleltvd & sefect £ 1| AAO
File, Open Design.

File Edit View Display Options Design Tools Help Tips
b= = & ? %

(1 not Open Design dxp G Factor 1 Factor 2 Factor 3 Factor 4 Response 1
E De=ign (Actual % Std | Run |ATemperaturd B:Pressure C:Speed D:Supplier |Max peel str...
: w degrees C Bar cpm material lbf

i B Summary o
Q Graph Columns ] 1 217.05 285 32.00 33
i L 9 Evaluation | s =2 214.08 2.20 37.76 51

Opening a design

Find the file namedPeel.dxp and open it. If you are asked to save changes to
O- USAOECT 8A@boh AETT OA 118

MNETWOTK

File name: Peel dvp -
Flesoftype: (Al design files (chp, “dez, “aml,“ax7,"de7,” v| [ Cancel | |:

Opening the file previously created for this case
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Notice that the header for the ResponseAT 1 01 1T EO OOOT AAOAA - A
expand the width of the column automatically, just mouse over the right border

until you get the double sided arrow (shown below) andlouble-click. Now, the

whole column header (Max peel strength) can be seen.

File Edit View Display Options Design Tools Help  Tips
0EE EX R
1 notes for Peel.dxp B Factor 1 Factor 2 Factor 3 Factor4 | Responset | =
; Design (Actual) % Std | Run |A‘Temperature] B:Pressure C:Speed D:Supplier |Max peel str._.
w degrees C Bar cpm material Ibf
] Summary =
L-I Graph Columns | 1 230.00 2.20 50.00 S3 9.8
. L2 Evaluation | = 2 193.00 270 41.00 52 2

Automatically adjusing column width using the double arrow

Under the Analysis branch, click Max peel strength. Then presd=it Summary
atop the screen

[Z1 Notes for Peel dxp
: A S o e i :
: Transform | == Fit Summary  f{x)  Maodel AMONA ++ Diagnostics Madel Graphs
. 77 Design (Actual) Y e iy Fx) F> Sy D R
5] Summary | | | | |
|-] Graph Columns .
O_-I P : | Response 1 Max peel strength Transform: None . @
Y| & i __| = WARNING: The Cubic Model and higher are Aliased! =
E Analysis Tap
R1:Max peel streng || _ Summiary
Summary (detailed tables shown below) —
4 Optimization — _ _ ) ] um of Squares
3] Numerical | Sequential Lack of Fit Adjusted Predicted | ack of Fit
ﬁ Graphical | Source p-value p-value R-Squared R-Squared R-Squared
i-l Point Prediction | Linear = 0.0001 0.0003 0.6335 0.5319 Pop-Cut ie w
| 2F1 = 0.0001 0.0705 0.9162 0.8782
_ Quadratic 0.0038 0.3805 0.9528 0.9120 Suggested

Fit summary report

Notice that desigrfor model, quadratic, is suggestedOn theBookmarks palette,
click Lack of Fit. This looks goodinsignificant at p>0.1), so pess ahead tahe
Model button, then ANOVA with this chosen model.
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yh Transform EE Fit Summary f(x} M el % AN, =+ Dizgnostics DModeI Graphs
| | | | | |
Response 1 Max peel strength
ANOVA for Response Surface Quadratic Model
Analysis of variance table [Classical sum of squares - Type ]

| Sum of Mean F p-value
| Source Squares df Square Value Prob>F
__|Model 157.85 17 11.54 42.57 =0.0001

A-Temperature 17.15 1 17.15 6273 = 0.0001
_ | B-Fressure 19.69 1 19.69 72.01 = 0.0001
_ | GC-Spesd 0.017 1 0.017 0.062 0.8058
| D-Supplisr 89.30 2 44.65 163.30 = 0.0001
_| 4B 44.50 1 44.50 162.76 = 0.0001
_ | Ac 0.61 1 0.67 222 0.1534
_ | 4D 0.63 2 0.31 1.14 0.340%
_| BC 0.22 1 0.22 0.82 0.3777
_| 8D 1.26 2 0.63 231 0.1276
_| co 19.28 2 9.64 35.25 = 0.0001
| o~ 225 1 225 5.24 0.0102
_| & 2,60 1 260 9.50 0.0064
I s 0.73 1 0.73 268 0.1190
__|Residual 492 18 027
| Lack of Fit 272 9 0.30 1.23 0.3805
_ Fure Error 221 9 0.25
__|CorTotal 202.81 35
| Std. Dev. 0.52 R-Sguared 0.9757
| Mean 6.45 Adj R-Squared 0.9528
_|cv.% an Pred R-Squared 0.89120
_ |PRESS 17.85 Adeq Precizgion 25.851

ANOVA for quadratic model

The statistics are excellent Some terms come out insignificanbut carry them

alongby pressingDiagnostics (look these over OEAU OET 01 ATNow Al AOI
view Model Graphs. This is whereit getsintriguing becausethe suppliers and
purchasingagent areanxious to seehe findings! SelectView, Perturbation (or

click this option on the floating Graphs Tool}o seean overview plot before

generating contours and 3D surfaces.
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Max peel strength
L
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Deviation from Reference Point (Coded Units)

Perturbation plot

Rememberthat 4.5 Ibf is the target, so supplier St chosen by defaultz is coming

out high. Lowering factor C willhelp bring the response down towards the target

value. Returnto View, Contour (or click this plot option on the Graphs Tool).On

the Factors Tool, click C:Speed andslide it left. At the lowestresponselevelsz

the defaulting blue-greengraduated cobr shadingzseex EA0O8 O DORAAEAOAA
right-click and Add flag.

Max peel strength

320

3.00

2380

B: Pressure

260

Prediction 467775

e
X1| ATemperature

193.00 200.40 207.80 215.20 222 60 230.00

A: Temperature

Supplier lis not able to produce the target responseven at lowest speed (factor C)
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On theFactors Tool at D:Supplier, click the middle dot to see SZesults. Then
right -click the graph, Add Contour, anddrag it near the required 4.5.

B: Pressure

Factors Tool @

Gaugess Sheet[ |

W ATemperature

[%2BPressure

O Ow 193.00 20040 207 80 21520 222 60 230.00

A: Temperature

Supplier 2 ontour plot

On theFactors Tool, click C:Speed andslide it right. Thenright-click and Add

flag near the middle that achieves the response specification. This second supplier
(S2) looks much better. With their material, the process need not be pushed too
hard in one factor direction or another to meet the critical specificatiorof

maximum peel strength on ther packaging material.

Supplier 2islooking good

On theFactors Tool at D:Supplier, click the right dot to see S3esultszEO AT AOT 6 O
look goodz the peel strength goes to high again L Selectfrom the Graphs Tool

the Perturbation plot to get an overviewof x E A Go6u@ing with this supplier.

dick Default onthe Factors Tool to center C:Speed. Thenclick the right dot at

D:Supplier to reset it for S3.
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