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Multifactor RSM Tutorial
(Adding categorical factors)

Combining categorical with numeric factors

Procter and Gamble (P&G) engineers working on a new sealing process became
concerned about how maximum peel strength would be affected by changing
suppliers of packaging material (Brenneman, William A., and William R. Myers,
“Robust Parameter Design with Categorical Noise Variables,” Journal of Quality
Technology 35, no. 4 (October 2003): 335-341). They set up an 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 resources, a maximum of 37 runs can be
performed. Therefore, simply conducting a standard central composite design
(CCD) or Box-Behnken design (BBD) for each of the three suppliers will not do -
these design choices produce far too many runs (60 and 51, respectively). Instead,
P&G engineers use a D-optimal design.

The data below come from a simulation loosely based on the predictive model
reported in the cited article. (For tutorial purposes, some liberties are taken to
make the procedural outcome more challenging.) Assume the maximum peel
strength ideally hits a target of 4.5 pound-force (lIbf). However, it must exceed 3 Ibf
to prevent leaking and not exceed 6 lbf because the package becomes too difficult
to open.

This tutorial explains how a design is constructed via D-optimal criteria with added
points for lack of fit testing and pure-error estimation. Notice we use nearly all
budgeted runs. Also, aided by a feature in the software that forces balance, we
make sure each supplier receives an equal number of design runs.

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

1. Can the process be adjusted to attain a maximum peel strength target of 4.5
Ibf for any one supplier?

2. The purchasing agent intends to break down suppliers as follows: 50% to
S1,25% to S2, and 25% to S3. Can you find a process setup that works for
all suppliers? If not, a two-supplier option might be satisfactory, provided
S1is one of them. In other words, assuming the process is not robust for all
three suppliers, can the process be set up in a manner that either S1-S2 or
S1-S3 meets specifications?
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3. Ifitis not possible to achieve a common process for even two of the three
suppliers, perhaps the upper limit of 6 can be raised on the maximum peel
strength specification. (Assume customers are willing to use scissors or,
better yet, package designers notch the plastic for easier opening.) Does this
open a window of operability for multiple suppliers at one set of process
conditions?

Here is the simulation data loosely based on the above cited 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
15 211.5 2.7 32 S2 2.9
16 230 3.2 32 S2 1.7
17 211.5 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
31 211.5 3.2 41 S3 7.2
32 230 2.2 50 S3 9.5
33 230 2.2 50 S3 9.8
34 211.5 2.7 50 S3 6.2
35 193 3.2 50 S3 5.9
36 230 3.2 50 S3 4.8

Data based on package sealing experiment
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Design the Experiment

Start Design-Expert® software and initiate your design process by clicking the
blank-sheet icon [1 on the left of the toolbar, or select File, New Design, or 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 easy-start design options

Click the yellow Response Surface folder tab, select Optimal as your design. For
Numeric Factors choose 3 from the droplist. For Categoric Factors choose 1.
Key in (and tab over) Name, Units, L[1] (lower limit) and L[2] (upper limit) for
numeric factors A, B, and C as shown below. For categoric factor D, key in (and tab
over) Name, Units, Levels (3), and L[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 e

< 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 categoric factor levels for optimal design

In the above screen shot, the Type column automatically selects via default either
“Nominal” or “Continuous.” “Nominal” applies to categoric factor D because its
treatments are discrete names (S1, S2, S3). When entering ordered treatments (1,
2, 3, for example), it is best to set these up with “Ordinal” contrasts - available as a
droplist option - because subsequent model construction and ANOVA layout are
then properly applied.

Press Continue. Notice the “Search” droplist defaults to “Best” and “Optimality”
defaults to “IV.”
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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 both Point Exchange and Coordinate Exchange searches of the design space. Thiz could result in
=ome 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 the Search to
Point exchange.

Search: [F‘uint Exchange - ]

—— Best ]
@ Coordinate Exchange
Point Exchange

Changing search to point exchange

Change the Optimality 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 Design-Expert’s optimal model selection screen press the
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:

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

[| Force categoric balance Total runs: 28

£n

£n

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 peints that minimize the:
volume of the confidence ellipsoid for the coefficients (i.e. it minimizes the determinant of the XX inverse matrix).

Changing to D optimality

At this stage the runs total to 28, which is not divisible by 3 - desirable for splitting
evenly among your three suppliers. To compensate for this, bulk up your design to
36 runs (12 to each supplier) by increasing To estimate lack of fit to 9. Tab to
Replicates and again enter 9. Set a check-mark at Force categoric balance. Not
doing this could result in a design with more of one supplier than another, which
would doubtless generate questions from the purchasing department because it
would seem unfair. A warning alerts you that forcing categoric balance might
require adjustments.
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Warning &J

Replicates may be lost in order to maintain categoric
balance.

Forcing categoric balance might require adjustments

Press OK to continue. Now press Edit candidate points so you can see which
combinations Design-Expert starts with, from which only an optimal subset will be
chosen. A pop-up screen appears. Press Calculate points to see if the point
selection produces more than the minimum needed to fit the selected model.

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 identifies 53 candidate points for 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. Design-Expert will add 9 more runs with unique factor
combinations to test lack of fit. Finally, 9 of the 27 points already identified will be
replicated.

Press OK, then press Continue. Enter response Name and Units as shown below.

Responses: |1 -

Name ‘ Units |

WMax peel strength | IBf

Response names and units - name field expanded horizontally
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Press Continue again. A warning may alert you Design-Expert is preserving a
balanced design for you, which causes a slight loss in optimality.

[ Warning Iﬁq

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

[ ves || No [[ Hep |

Forced-balancing warning about a slight loss in optimality

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

Analyze the Response

Your layout may match what’s shown in the original data table, but there are

actually many possible and equally good point selections. To avoid the possibility
of a mismatch, but more importantly, to save you time in entering responses, click
the open design icon (the one that looks like a folder that's shown below) or select

File, Open Design.

File Edit View Display Options Design Tools Help Tips
i3] =] & 7Y
3 not Open Design P |5 Factor 1 Factor 2 Factor 3 Factor4 | Response 1
E De=ign (Actual % Std | Run |ATemperaturd B:Pressure C:Speed D:Supplier |Max peel str...
i w degrees C Bar cpm material lbf
=] Summary o
Q Graph Columns ] 1 217.05 285 32.00 33
<] Evaluation | s =2 214.08 2.20 37.76 51

Opening a design

Find the file named Peel.dxp and open it. If you are asked to save changes to

“MyDesign.dxp”, choose no.

IEERETR
File name: Peel dvp

-

Files of type: INI design files (".dep, “dez, “xml, “.dx7, " de?,” '] [

Cancel ]

Opening the file previously created for this case
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Notice that the header for the Response 1 column is truncated (Max peel str...). To
expand the width of the column automatically, just mouse over the right border
until you get the double sided arrow (shown below) and double-click. Now, the
whole column header (Max peel strength) can be seen.

File Edit View Display Options Design Tools Help  Tips

D H & ? &

[_1 Notes for Peeldxp 5 Factor 1 Factor 2 Factor 3 Factor4 | Rezponze i | =
El Design (Actual) % Std | Run |A:Temperaturel B:Pressure C:Speed D:Supplier [Max peel st
w degrees C Bar cpm material Ibf
- B Summary =
L__-I Graph Columns L 1 230.00 2.20 50.00 53 9.8
:.. 2] Evaluation | = 2 193.00 2.70 41.00 52 2

Automatically adjusting column width using the double arrow

Under the Analysis branch, click Max peel strength. Then press Fit Summary
atop the screen.

[Z1 Notes for Peel dxp
: A e ) )
: Tranzform Model AMONA ++ Diagnostics Madel Graphs
i 171 Design (Actual) y = E I¥] |:| T3]
- 57 Summary | | | | |
|-] Graph Columns .
O_-I P : | Response 1 Max peel strength Transform: None . @
| T __| = WARNING: The Cubic Model and higher are Aliased! =
. E]| Analysis Tap
‘[ rR1:Max peel streng || _ Summiary
B Summary (detailed tables shown below) —
éﬂ Optimization — _ ] ) ] Sum of Sguares
3] Numerical | Sequential Lack of Fit Adjusted Predicted | ack of Fit
ﬁ Graphical | Source p-value p-value R-Squared R-Squared R-Squared
#] 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 design-for model, quadratic, is suggested. On the Bookmarks palette,
click Lack of Fit. This looks good (insignificant at p>0.1), so press ahead to the
Model button, then ANOVA with this chosen model.
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yh Transfarm

Fit Summary

fix

) Model LN anova < Disgnosties

|:| Maodel Graphs
|

Response

Source

__|Model

A-Temperature
B-Pressure
C-Speed
D-Supplier
AR

AC

AD

BC

B0

co

Az

Bt

c?

Residual

Lack of Fit

Fure Error

Cor Total

| Std. Dev.

Mean

CV. %

_|PRESS

1

Sum of
Squares
197.2%
17.15
15.69
0.017
85.30
44 50
0.61
0.63
0.22
1.26
159.28
225
2.60
0.73
4592
272
221
20231

0.52
6.45
211
17.85

Max peel strength

df
17
1

ANOVA for Response Surface Quadratic Model

Analysis of variance table [Classical sum of squares - Type ]

Mean
Square
11.64
17.15
15.69
0.017
44 65
4450
0.61
0.31
0.22
0.63
.64
225
260
0.73
027
0.30
0.25

R-Sguared

Adj R-Squared
Pred R-Squared
Adeq Precizion

Value
4257
6273
.01
0.062

163.30

16276

222
1.14
.52
231
35.25
5.24
9.50
268

1.23

0.8757
0.8523
0.9120
25.851

p-value
Prob=F
< 0.0001
= 0.0001
= 0.0001
0.8058
= 0.0001
= 0.0001
0.1534
0.3405
0.3777
0.1276
= 0.0001
0.0102
0.0064
0.1150

0.3805

ANOVA for quadratic model

The statistics are excellent. Some terms come out insignificant, but carry them
along by pressing Diagnostics (look these over - they shouldn’t alarm you). Now
view Model Graphs. This is where it gets intriguing because the suppliers and
purchasing agent are anxious to see the findings! Select View, Perturbation (or
click this option on the floating Graphs Tool) to see an overview plot before
generating contours and 3D surfaces.
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B vow | i omneses | rancnmne

One Facter
- xpert® Software =
e strength Perturbation
;.::::.m ctors 10 —] Warning! *Labels not drawn.
rature = 211.50
e re =270 B
Show Croshain Window =41.00
Show fotation ier = 51
¥ Show Legend Factors
Pop-Out View ?— c B
¥ Toolbar
o Status e FactorsTool  [B
:
8 -
8
=
T
5 —
T T T T T
1000 -0 500 0000 0500 1000
Deviation from Reference Point (Coded Units)

Perturbation plot

Remember that 4.5 Ibf is the target, so supplier S1 - chosen by default - is coming
out high. Lowering factor C will help bring the response down towards the target
value. Return to View, Contour (or click this plot option on the Graphs Tool). On
the Factors Tool, click C:Speed and slide it left. At the lowest response levels -
the defaulting blue-green graduated color shading - see what’s predicted via a
right-click and Add flag.

Max peel strength

320

3.00

2380

(0]
—
=3
7]
7]
[
P
a
i}

260

Prediction 467775

193.00 200.40 207.80 215.20 222 60 230.00

A: Temperature

Supplier 1 is not able to produce the target response, even at lowest speed (factor C)
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On the Factors Tool at D:Supplier, click the middle dot to see S2 results. Then
right-click the graph, Add Contour, and drag it near the required 4.5.

2380

260

B: Pressure

Factors Tool E

[Faag shee

X1 A:Temperature:

240

220

193.00 20040 207 80 21520 222 60 230.00

A: Temperature

Supplier 2 contour plot

On the Factors Tool, click C:Speed and slide it right. Then right-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 specification of
maximum peel strength on their packaging material.

Max peel strength

2.80 Prediction 4.50052

45008

2560

B: Pressure

Factors Tool  [z]

B e )
T

20040 207 80 21520 222 60 230.00

A: Temperature

Supplier 2 is looking good!

On the Factors Tool at D:Supplier, click the right dot to see S3 results - it doesn’t
look good - the peel strength goes too high again. ® Select from the Graphs Tool
the Perturbation plot to get an overview of what’s occurring with this supplier.

Click Default on the Factors Tool to center C:Speed. Then click the right dot at
D:Supplier to reset it for S3.
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Perturbation
Warning! *Labels not drawn.

Max peel strength

Deviation from Reference Point (Coded Units)

Perturbation plot for supplier S3

Notice the high factor C level might allow the 4.5 target to be achieved at certain A
and B settings. Go back to View, Contour, and on the Factors Tool click C:Speed
and slide it right. Then right-click the graph and select Graph preferences.

Factors Tool @

[Gaugest shest [ 1|
EEC==T=
=R
OD:SU(SD“EIEE Add contour

50.00 290 Default View Window
Term | AB - _| Graph Preferences...

193.00 U

240 —

Add flag

Third supplier chosen for contour plot with Graph preferences selected

On the Contours tab for graph preferences, select Incremental option. Enter a

Start of 0.5, Step of 0.5, and set Levels at 20 (the maximum). Then change
Format to 0.0.
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Graph Preferences 8 . l&]

Fonts and Colors | All Graphs Surface Graphs |
X1 Aois | 2 fiis Contours
- 0E Ec
©) Auto i
(7)) Manual 1.0 6.0
@ Incremental 1.5 6.5
20 7.0
Start 05 35 75
Step 0.5 3.0 3.0
Levels 20 o E ax
Min 4.1 4.5 8.5
Max 9.5 5.0 10.0
Format m
General -
0
0.00
0.000
0.0000
0.00E+00
0.0000E+00 ~

Changing contour levels

On the Surface Graphs tab, select for Contour graph shading the Std Error
shading option (better for black and white printing).

Graph Preferences 8 — ﬁ
X1 Auis | X2 Pods | Contours |
Forts and Colors I Al Graphs | Surface Graphs

3D and Contour Graph Options

Graph resolution: [High v]
3D graph =shading: [Gradu ated v]
Contour graph shading: |Std Error -

-
3D y-zxiz offzet from baze |Graduated

o Banded
Show projection lines from de Plain Background -

Standard error shading selected for contour graph

Press OK. Click the 4.5 contour line and note where the specification is met by this
supplier with the proper process setup. It becomes a red line for easy viewing and
tracking.

The contrast on the graph is not sufficient to see what’s going on, so right-click on
the shading bar in the legend. In the Edit Legend dialogue box (see picture below)
change the high value to 0.9. This will cause the grey shading to get darker at a
lower level, creating more contrast. This trick can be used with a color contour
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plot, too. Adjusting the high and low levels on the shading bar can create better
looking plots with more colors.

Design-Expert® Software
Factor Coding: Actual
Max peel strength
# Design Points
Std Error Shading

&470609 0.470609
1261449 L 0.5 3.00

X1=A Temperature
X2 = B: Pressure

Max peel strength

320

Scaled

2380
Actual Factors

C: Speed = 50.00
D: Supplier =53

B: Pressure

2,60

193.00 20040 20780 21520 222 60 23000

A: Temperature

The target of 4.5 highlighted as a contour for supplier 3. Right-click the shading bar
to edit the legend and change the high to 0.9

The red dots represent conditions where actual experimental runs were performed
and, in one case, replicated (as indicated by the “2”). Unfortunately, no points are
seen near the desired contour. Thus this region is shaded darker by Design-Expert
to indicate a higher standard error for predictions.

Graphical Optimization

Recall the questions asked at the outset of this tutorial about the new packaging
machine developed by the engineers at P&G. We now know the answer to the first
one - yes, the process can be adjusted to hit the maximum peel strength target of
4.5 1bf for one or more suppliers.

The purchasing agent intended to break down the supply in this manner: 50% to
S1, 25% to S2, and 25% to S3. This led to the second question: Can you find a
process setup that works for all suppliers? The contour plots for S1 make it clear
that this supplier, despite being favored by the purchasing agent, will not achieve
targeted peel strength within current factor levels. That foils the next most
acceptable alternative of a two-supplier option with S1 being one of them. (For
some reason, hopefully based on cost, the purchasing agent really likes the first
supplier!)

All that’s left for the engineers is the following fallback position: If it is not possible
to achieve a common setup for even two of the three suppliers, perhaps the upper
limit of 6 could be raised on the maximum peel strength specification. (Assume
your customers are willing to use scissors or, better yet, package designers can
notch the plastic for easier opening.) Will this open a window of operability for
multiple suppliers using one set of process conditions?
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It’s time to explore the operating windows of each of the three suppliers for making
packaging that exceeds 3 Ibf (to prevent leaking) and not exceed 6 1bf (making the
package too difficult to open). Under the Optimization branch, click the
Graphical node. Enter the Limits at Lower 3 and Upper 6.

D Notes for Peeldxp
27 Design (Actual)

- B Summary Max peel
\ L[] Graph Columns SEEEE Max peel strength

. %] Evaluation
] Analysis

_M Criteria Graphs

_U R1:Max peel strength (Analyzed) bowrer ueper
@ Optimization Leat=s] 3 €
- 11 Numerical
e ﬁ Graphical
= gﬂ Point Prediction
3 3
I |
1.7 11
Max peel strength

Criteria for graphical optimization

Click the Graphs button. You'll see there’s no operating window at the default
settings. On Factors Tool you must therefore click the bar for C:Speed and slide
it left, thus opening a sweet spot for favored supplier (S1).

A it [[7] crapns

Solutions

Design-Expent® Softw:
Overiay Plot o Overlay Plot

Max peel strength
® Design Points

X1 =A: Temperature 200 —§
X2 = B: Pressure

Actual Factors
C: Speed =32.00
D: Supplier = 81

280 —|

260 —|

B: Pressure

240 —|

193.00 200.40 207.80 215.20 22260 230.00

A: Temperature

Sweet spot for supplier 1 at low speed (C)

Next click D:Supplier dots for alternatives S2 (middle) and S3 (right). Notice only

S2 works at this level of C, but it offers no window of opportunity co-existing with
S1.
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B: Pressure

Overlay Plot

3.00 —

2.80 —

260 —

Factors Tool  [8]

[GameE] shest
Defautt
Xi[ATempersture
mm
F'm
o |

2 -

240 —|

Max peel strength: 3

’—o(_\
Max peel strength: 3

Term ‘ v‘

193.00

200.40 207.80

A: Temperature

215.20 222,60 230.00

Window for supplier 2 at same level of factor C

Now the only remaining alternative is to click the D:Supplier dot for S1 (left dot),
then click and drag the border for Max peel strength to the right, causing it to

increase above 6. Go ahead and push it all the way up to near 7. (Better have your

scissors handy for opening the package!)

Overlay Plot

B: Pressure

2.00 —]

280 —]

260 —]

240 —|

[Max peel strength: 7.00004

Max peel strength: 7.00004

192.00 200.40

207.80 215.20

A: Temperature

222,60 230.00

Dragging the border up to 7 for max peel strength

That’s far enough into this case study for tutorial purposes. If you like, click
through the other suppliers to see if there’s a common condition where even the
newly raised packaging specification can be achieved. The answer may surprise

you.
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