Rev. 3/12/01

Section 6 — Response Surface
Methods (RSM) Tutorials

Response Surface Design and Analysis

This tutorial shows the use of Design-Expert” software for response surface
methodology (RSM). This class of designs is aimed at process optimization. A case
study provides a real-life feel to the exercise.

Due to the specific nature of the case study, a number of features that could be helpful
to you for RSM will not be exercised in this tutorial. Many of these features are used in
the One Factor or Two-Level Factorial tutorials, so you will benefit by doing those first.

We will presume that you can handle the statistical aspects of RSM. You will find
overviews in the on-line Help system. If you need in-depth education on RSM, we
recommend you attend our Response Surface Methods For Process Optimization
workshop. Call Stat-Ease or visit our website (www.statease.com) for a schedule.

The case study in this tutorial involves production of a chemical. The two most
important responses, designated by the letter “Y”, are:

e Y, - Conversion (% of reactants converted to product)
e Y, - Activity.

The experimenter chose three process factors to study. Their names and levels can be
seen in the following table.

Factor Units Low Level (-1) High Level (+1)
A - time minutes 40 50
B - temperature degrees C 80 90
C - catalyst percent 2 3

Factors for Response Surface Study

You will study the chemical process with a standard RSM design called a central
composite design (CCD). It’s well suited for fitting a quadratic surface, which usually
works well for process optimization. The three-factor layout for the CCD is pictured

below.
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Central Composite Design for Three Factors

Assume that the experiments will be conducted over a two-day period, in two blocks:
1. Twelve runs: composed of eight factorial points, plus four center points.

2. Eight runs: composed of six star (axial) points, plus two more center points.

Design the Experiment

Start the program by finding and double clicking the Design-Expert software icon. Take
the quickest route to initiating a new design by clicking on the blank-sheet icon [ on the
left of the toolbar. The other route is via File, New Design (or associated Alt keys).

D MyDeszign - Design-Expert 6.0.0

File Edit “iew Dizplay Options Design Toolz  Help
Ol & =2 = 2]

|- I

Main Menu and Tool Bar

Click on the Response Surface folder tab to show the designs available for RSM.

T Factorial

Crozzed

Central Composite Desigh

Each numeric factor is varied over 5 levels: plus and minus alpha (axial poirts), plus and minus 1 (factorial points) and the center-point. To check for infeasible extremes | click the
option for "Factor lows and highs ertered in terms of alpha". Then adjust low and high levels as needed. If categorical factors are added, the central composite design will be
duplicated for every combination of the categorical factor levels.

Mumeric Factors: (2 w | (2ta10)
- e Categarical Factors: [0 | (0o 10y
Central Composite

Box-Behnken | Marme | Units | Lo High |

3-Level Factarial
evel Facioria A A 1 1
Blp -1 1

Mixdure

Response Surface

Hyhrid

One Factar
Pentagonal
Hexagonal
D-Optimal
Distance-Based
Modified Distance
User-Defined

Response Surface Design Tab
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The default selection is the Central Composite design, which will be used for this case
study. The picture shows the layout of the CCD for two factors. Click on the choices
for Box-Behnken and 3-Level Factorial to see what these alternative designs look like.

After exploring the Response Surface menu, re-select the Central Composite design.
Then click on the entry field for Numeric Factors and enter 3. (The maximum
allowable number of factors is 10.) Ignore the option of including categorical factors in
your designs (leave at default of 0).

Mumeric Factors: Iw vI [2to 1)

Categorical Factors:; m (Oto 107

Mame | Linits | Ly | High
Al -1 1
B -1 1
] -1 1

Factor Selection

Replace the default entries for factor Name (A, B, C), and levels for Low (-1) and
High (1), by tabbing or clicking to each cell and entering the details given in the
introduction to this case study. The top of your screen should now match that shown

below.
Mame Unit= Loy | High
__|time fmiin 40 a0
| temperasture  deg C al a0
- |catalyst % 2 |3

Completed Data Entry Form

The low and high values you entered above will be assigned to the limits of the factorial
part of the design, i.e., the low and high levels will be coded -1 and +1. In the on-screen
picture of the CCD, the factorial portion is represented by the gray points forming a box.
The star (axial) points are located at the end of the arrows that come from the center
point.

Now look at the bottom of the central composite design form. Leave the Type at its
default value of Full. You will need two blocks for this design, one for each day, so
click on the Blocks field and select 2.
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[ Factor ranges entered in terms of alphs

Type: IFuII | Blocks: |2 "I

—Foint=
Mot center points & 3 3 K

Center pointz 4 2

alpha = 168179 Op‘tigns_“ | 20 Experiments

Central Composite Design Dialog Box - After Selecting 2 Blocks

The default selection of “Alpha,” set at 1.68179 in coded units, is the axial distance
from the center point and makes the design rotatable. A rotatable design provides
equally good predictions at points equally distant from the center, a very desirable
property for RSM. You can change alpha to other values via Options.

Normally the coded value for alpha exceeds the plus or minus one range of the factorial
points, thus pushing the star points outside the factorial box. Therefore, if you enter low
and high limits in terms of the factorial portion of the design, you must check the star
points to be sure they don’t exceed your operating limits. If you must keep your CCD
within specified limits, you will need to check the “Factor ranges entered in terms of
alpha” box and then enter the extreme values for each factor. The impact of doing this
will be much clearer if you actually click the alpha box and see what happens, then click
it again and leave it blank. Do this now. Notice that the ranges change to the more
extreme values of the axial points.

Click on the Continue button to reach the second page of the “wizard” for building a
response surface design. Select 2 from the pull down list for Responses. Then enter
the response Name and Units for each response as shown below. At any time in the
design-building phase, you can return to the previous page by pressing the Back button.
Then you can revise your selections.

Responzes: |2 - |

Mame | |nits |

Converzion %

Completed Response Form

Press the Continue button to get the design layout.
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[ notes for Rsm dx6 Factar 1 Factar 2 Factor 3 | Response 1 | Response 2
] Std | Run Block A:t.ime Bitempersture| Cicatalyst | Conversion Activity
= Status min. deg C kS %

< Evalustion I Block 1 40.00 80.00 200
. H] Analysis | 2 2 Block 1 50,00 80,00 2.00
- }] Conversion | 8 3 Block 1 50.00 a0.00 3.00
_L-| Activity | 9 4 Block 1 4500 85.00 250
. & | Optimization | 1 s Black 1 40.00 80,00 2.00
#] Numerical | 5 & Block 1 40.00 50.00 3.00
- ] Graphicel | 11 7 Bkt 45.00 85.00 250
<X PortPredeton |y g gag 45.00 85.00 250
| g 9 Black 1 50.00 80.00 3.00
| 12 10 Black 1 45.00 300 250
| 4 11 Black 1 50.00 90,00 2.00
| 7 12 Black 1 40.00 90,00 3.00
| 20 13 Black 2 45.00 8500 250
| 19 14 Black 2 45.00 3200 250
| 18 15 Black 2 45.00 8500 334
| 13 16 Black 2 3659 3200 250
| 15 17 Black 2 45.00 7658 250

Completed Design Layout (Only partially shown, your run order may be different.)

The three columns on the left of the design layout identify the experimental runs.
Design-Expert will randomize the order, so your runs will probably not match the layout
shown above. If you like, adjust the widths of the columns by dragging them with your
mouse wherever a double-ended arrow appears on your screen. By right-clicking at the
top of a column, you are presented with an option to sort the design by any given
variable. The right-click menu also offers an option called Edit Info, which allows you
to reformat or change the factor levels. Try it! For example, right-click at the top of
Factor 1 (A:time). Notice that you can also change factor names and units of measure.
See the on-line Help system for more details on Edit Info and other ways in which you
can manipulate the design layout.

Save the Data to a File

Now that you’ve invested some time into your design, it would be prudent to save your
work. Click on the File menu item and select Save As.

File Edit Miew Display Options Design Tool

Hew Design...

Open Dezign... Chrl+0 -
Cloge Dezign... Chrl+w

Save Chrl+5

-

Printt.... Ch+P

Frint Presigw 2
Page Setup. 3
E xport Design ta file... 4

Save As Selection
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You will be shown a standard dialog box that you can use to specify the name and
destination of your data file.

Save As [ 7] |
Save i I {3 Tutarials j gl I: i
Bhh166.d«6 dem510.dx6 Mix-a.d6

Bhha25.d46 dem522. 446 Fiam.ds6

Bhh426.d+5 filrate. dv6 Rsm-a.d«6

bowling. duG fish d-opt. dub T aguchi-L16. dws

dom235.d46 8360, 446 T aguchi-L16b.dv6
dom319.d46 Wi s

File name: Itut-ram.dHE Save I
Save as lwpe: IDesign File[* dxE) j Cancel |

File Save As Dialog Box

Now you can enter a file name in the field with the default extension of dx6. (We
suggest tut-rsm.dx6). Then, click on Save.

Examine the Design Runs

The design layout contains the completed design in run order showing the actual factor
levels. You can also view this in coded factor levels by selecting Display Options,
Process Factors, Coded from the menu bar.

pssssanssseanncnsnre
i Display Options  Design Taals  Help

P 3 v Actual
Mixture Components k

v Eesporses i nghs Seale
Eespanses i rensfamed Seale

[T . —
Display Options menu for Coded Factor Levels

You can then right click on the Run column header and select Sort by Standard
Order (or do the same on the Std column, or select View, Std Order from the menu).

Factor 1 Fact
Block Atime

B:tem
Bandomize... 1‘3

1 S Sort by Fun Order
W Sork by Standard Order

Std [ Runm

2
3 1 Re-order as curently displayed

4. 11 T 1001
Right Click Menu for Run Column
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Factor 1 Factar 2 Factar 3 Response 1 | Response 2
Std | Run Block Actime Biemperature| Cicatalyst Conyersion Activity
min. deg C k) o
- 1 1 {13 -1.000 -1.000 -1.000
- 2 12 11 1.000 -1.000 -1.000
- 3 7 [ -1.000 1.000 -1.000
- 4 5 11 1.000 1.000 -1.000
| 5 11 11} -1.000 -1.000 1.000
= [ 9 {1} 1.000 -1.000 1.000
| T 2 {1} -1.000 1.000 1.000
- g g {1} 1.000 1.000 1.000
- 9 10 {13 0.000 0.000 0.000
- 10 3 1} 0.000 0.000 0.0oo
- 11 ] [ 0.000 0.000 0.0oo
- 12 4 11} 0.000 0.000 0.0oo
| 13 14 1% -1.682 0.000 0.0oo
| 14 13 {114 1 682 0.000 0.000
_| 15 20 {11 0.000 -1 682 0.000
| 18 18 {14 0.000 1.682 0.000
| 17 16 1% 0.000 0.000 -1.682
- 15 17 1 0.000 0.000 1652
- 19 19 1 0.000 0.000 0.0oo
- 20 15 1% 0.000 0.000 0.0oo

Design Layout with Coded Factor Levels in Standard Order

Add, delete or duplicate any experimental points by right clicking on the button (empty
square) to the left of the row. (It’s best to have your design in standard order before you
do this.) If you add or delete runs, the experiments can be re-randomized by right
clicking on the run column heading. You can change block names too, if you like. Go
ahead and try some of these editing functions. See the Help system for more details.

Analyze the Results

Assume that you have completed the experiment. You now need to enter the responses
into Design-Expert. We see no benefit to making you type all the numbers, particularly
with the potential confusion due to differences in randomized run orders. Use the File,
Open Design menu and select Rsm.dx6 from the Design-Expert software program
Data directory. Click on Open to load the data.

Let’s examine the data. Move your cursor to the top of the Block column and do a
right click. Choose Display Point Type.

| Factor 1 | F:
n Blork Atime Frtr
Mew block. ..

Edit Block, Info...

¢ Display Blocks
Paint Type

¢ Sort by Block
Sort by Point Twpe

th = L bha

Displaying the Point Type
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Again move your cursor to the top of the Type column (previously the Block column)
and do a right click. This time select Sort by Point Type. The results can be seen

below.
Factor 1 Factar 2 Factar 3 Response 1 | Response 2
Std | Run Type Atime: Bitemperature| Cicatalyst Conversion Activity
min. deg C P P

| g 3 Certer 4500 g5.00 250 750 604
| 12 4 Center 4500 g5.00 250 830 606
I -] Center 4500 g5.00 250 B0 5941
| 9 10 Center 4500 g5.00 250 10 592
| 0 15 Center 4500 g5.00 250 910 589
| 19 19 Center 4500 g5.00 250 0.0 605
| 14 13 Axial 2341 g5.00 250 730 659
| 13 14 sl 3658 g3.00 250 TG0 336
| 17 16 Axial 4500 g5.00 166 550 a7 4
| 18 17 Axial 4500 g5.00 334 1.0 632
| 16 18 Axial 4500 9341 250 97 o 607
| 15 20 Axial 4500 7659 250 g50 G600
| 1 1 Fact 40.00 g0.00 200 740 532
| 7 2 Fact 40,00 90.00 3.00 660 595
| 4 a3 Fact 50,00 90.00 200 700 G256
| 3 7 Fact 40,00 90.00 200 a0 534
| g g Fact a0.00 90,00 300 a7 o G675
| 5} 9 Fact 50,00 g0.00 3.00 900 678
| 5 11 Fact 40.00 g0.00 3.00 EAN] 573
2 12 Fact 50,00 g0.00 200 510 6249

Design Sorted by Point Type

Now you can examine the results. Notice the variation in response for the replicated
center points.

Before doing the analysis, it might be interesting to take a look at some simple plots.
Select View, Graph Columns.

Digplay Optionz O
v Bun Order
Std Order

v Design Layout
Data Entry Sheet
LColumn Info Sheet

Graph Columng

v Show Cell Borders

v Show Graph Legend

Graph Columns Feature for Design Layout

By default the graph shows a plot of factor A versus the first response. Click on the
Y-axis and choose Activity (the second response). The graph shows a strong
correlation between the levels of time and the activity response.
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DESIGN-EXPERT Plot
Correlation: 0.865 57.9 g
|
64225 4
=}
B
Fn
Z 6085 g
< B g
B
Kaxis: |Atine - D
¥ axig: | Activity - 56875 — 8
5324 7 B
Conversion
T T T T T
3659 40.80 4500 49.20 5341
Actime

Graph of Factor A: Time versus Response: Activity

Go ahead and explore the data further by changing the x-axis and/or y-axis. You may
want to graph individual factors versus one or the other response. In this way you can
get a feel for the relationships. When you are done exploring, get back to the design
layout screen by selecting View, Design Layout.

You will now start analyzing the responses numerically. Click on the node labeled
Conversion. A new set of buttons appears at the top of your screen. They are
arranged from left to right in the order needed to complete the analysis. What could be
simpler?

D Motes for Rem.dx6
" Teanstarm mﬁw‘ Mot ‘ ANOTA ‘M| J i |
: Status To analyze this response, click on the above icons in succession.
PoL 2 Evalustion ) )
& Transformation Erjuation
Analysis
e Manes
Seuare root None  (lambda=1.0)
; Activity Matural log ,
i fa Base 10 log Yo=Y
: Ciptimization
A o Inverse =gt
i humerical Inverse u
Graphical Poweer 2
o . Lagit = og
i ¥:] Point Prediction Arcin sort -
=
n
o

Predicted Yalue

Use with a typical response.

Response ranges from 51 10 97, Ratio of max to min is 190196

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

Begin Analysis of Conversion
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Design-Expert provides a full array of response transformations via the Transform
option. See the on-line Help system for details. For now, accept the default
transformation selection of None.

Click on the Fit Summary button next. At this point Design-Expert fits linear, two-
factor interaction (2FI), quadratic and cubic polynomials to the response. The program
displays a measure of progress during the calculations. For large data sets you may
have to wait a few moments while your PC works. In most cases it will be done before
you know it.

After the computations are complete, the program displays the results. To move around
the display, use the side and/or bottom scroll bars. You will first see the identification
of the response, immediately followed in this case by a warning: “The Cubic Model is
Aliased.” Do not be alarmed. By design, the central composite matrix provides too few
unique design points to determine all of the terms in the cubic model. It's set up only for
the quadratic model (or some subset). Next you will see several extremely useful
summary tables for model selection. Each of these tables will be discussed briefly
below.

The “Sequential Model Sum of Squares” summary table shows how terms of increasing
complexity contribute to the total model. The model hierarchy is described below:

e “Linear”: the significance of adding the linear terms to the mean and blocks.

e “2FI”: the significance of adding the two factor interaction terms to the
mean, block and linear terms already in the model.

e “Quadratic”: the significance of adding the quadratic (squared) terms to the
mean, block, linear and two factor interaction terms already in the model.

e “Cubic”: the significance of the cubic terms beyond all other terms.
st [ e | moon |t i |
| | | | | |
i Response: Conversion

__| ™" WARNING: The Cubic Model is Aliased! =

__| Sequential Model Sum of Squares

| Sum of Mean F
| Source Squares DF Square Value Prob = F
| Mean 1.226EHI05 1 1.226E+HI05
| Block 64.583 1 54.53
| Linear 763.05 3 25435 1.96 0.1640
| 2FI 1191.38 3 39713 6.28 0.0083
| CGuadratic B07.39 3 202,46 12.00 00017  Suggested
| Cubic 30.95 4 7.74 032 0.8538 Aliaged
| Residual 120,90 ] 24.18
Total 1.254E+H105 20 5269.80

| "Sequentiai Model Sum of Squares”. Select the highest order polynomial where the

__| additional terms are significant.

Summary Table: Sequential Model Sum of Squares
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For each source of terms (linear, etc.), examine the probability (“PROB > F”) to see if it
falls below 0.05 (or whatever statistical significance level you choose). So far, the
quadratic model looks best — these terms are significant, but adding the cubic order
terms will not significantly improve the fit. (Even if they were significant, the cubic
terms would be aliased, so they wouldn’t be useful for modeling purposes.) Scroll down
to the next table for lack of fit tests on the various model orders.

__|Lack of Fit Tests

[ Sum of Mean F

[ Source Squares DF Square Value Prob = F

[ Linear 184537 11 167.76 6.38 0.0442

| 2FI B53.99 d 81.75 3N 01442

[ Cuadratic: 46 B0 =1 932 035 08574  Suggested
Cubic 15.65 1 15.65 0.59 0.4336 Aliased

Pure Error 105.25

=

26.31

|| "Lack of Fit Tests" “Want the selected model to have insignificant lack-of-fit.

Summary Table: Lack of Fit Tests

The “Lack of Fit Tests” table compares the residual error to the “Pure Error” from
replicated design points. If there is significant lack of fit, as shown by a low probability
value (“Prob>F”), then be careful about using the model as a response predictor. In this
case, the linear model definitely can be ruled out, because its Prob > F falls below 0.05.
The quadratic model, identified earlier as the likely model, does not show significant
lack of fit. Remember that the cubic model is aliased, so it should not be chosen.

__| Model Summary Statistics

| Std. Adjusted  Predicted

| Source Dev. R-Squared R-Squared R-Squared PRESS

| Linear 11.40 0.2812 0.1374 -0.4682 358414

| 2FI 7.95 07202 0.5803 0.3621 171198

| Quadratic 411 09440 0.5581 07831 27220  Suggested
Cubic 492 0.9554 0.8396 -3.6399 12591.11 Aliased

| "Model Summany Statistics”. Focus on the madel maximizing the "Adjusted R-Squared”
and the "Predicted R-Sguared”,

Summary Table: Model Summary Statistics

The “Model Summary Statistics” table lists other statistics useful in comparing models.
The quadratic model comes out best: It exhibits low standard deviation (“Std. Dev.”),
high “R-Squared” values and a low “PRESS.”

The program automatically underlines at least one “Suggested” model. Always confirm
this suggestion by looking at these tables. See the on-line Help system for more
information about the procedure for choosing model(s).
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Design-Expert now allows you to select a model for an in-depth statistical study. Click
on the Model button at the top of the screen next to see the terms in the model.

A [y
B [y
c [y
IE: M
B2 M
c2 ]
2B I
AC I
BC I
23
E|3
3
228 A
A2 s
AR2 Ay
ACE Ay
BaC P
BC2 P
ABC
Model Results

At this stage you could press the Add Term button and insert higher degree terms with
integer powers up to 6™ order in total, up to a certain number of factors. Check Help for
details. Also, remember that help is at your fingertips for program features. For
example, if you place your mouse over the Add Term button and right-click you get the
“What’s This” option. Click it to get the following explanation.

Use "Add Term" to create additional palynomial terms that are

Add Term I | not currently on the model term list, such as quartic terms.
Terms must be entered in palynomial form, such as: A1 ar
ASAEC

Getting Help via the Right-Click “What’s This?” Feature of Design-Expert

The program defaults to the “Suggested” model from the Fit Summary screen. If you
want, you can choose an alternate model from the Process Order pull-down list. (Be
sure to do this in the rare cases when Design-Expert suggests more than one model.)
For this case study, we’ll leave the selection at Quadratic. You could manually reduce
the model by clicking off insignificant effects. For example, you will see in a moment
that several terms in this case are marginally significant at best. Design-Expert also
provides several automatic reduction algorithms as alternatives to the “Manual” method:
“Backward,” “Forward” and “Stepwise.” Click the down arrow on the Selection list
box to use these.

Click on the ANOVA button to produce the ANOVA table for the selected model. The
ANOVA table is available in two views. The standard ANOVA will display all the
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statistical details necessary for analysis. If you choose View, Annotated ANOVA, you
will get the same statistics with text providing brief explanations and guidelines. The
software will default to whichever view was used last. The screen shown below is
selected by choosing View, ANOVA.

i

ARTVA

Bognostios| MVE0

RS- Conversion

ANOVA for Response Surface Quadratic Model

Analysis of variance table [Partial sum of squares]

Sum of

Source Squares
Block B4.53
hodel 25R1.82

A 14 44

= 222 96

o 525 64

Az 51.76

Bz 19 99

2 397 671

AB 36.13

A 103513

BC 12092

__|Fesidual 151.85
Lack of Fit 46 60

| Fure Eror 10525
__|Cor Total 277520
Std. Dev. 4.11
tlean 78.30
C .25
FRESS 57220

DF

=

—

L N o L R N e N T A e A

Mean
Square
B4.53
264 .65
T4 44
22296
52564
21.76
719.19
397 61
36,13
03513
12012
16.57
03z
26.31

R-Sguared

Ad] R-Squared

Pred R-Squared
Adeqg Precision

F

Value

16.87
.66
1329
3115
3.07
706
23.87
214
671,35
Fiz

.35

0.9440
0.5881
075891
16.294

Proh = F

0.0001
0.3790
0. Q054
0.0003
o.1738
0.0267
0.0009
17r4
= 00009
00257

08574

Statistics for Selected Model: ANOVA Table

The ANOVA in this case confirms the adequacy of the quadratic model (the Model
Prob>F is less than 0.05.) You can also see probability values for each individual term
in the model. You may want to consider removing terms with probability values greater
than 0.10. Use process knowledge to guide your decisions.

Scroll down to bring the following table to your screen.
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| Coefficient Standard 95% CI 95% CI

__|Factor Estimate DF Error Low High VIF

__|Intercent 81.60 1 1.69 777 85,43

__|Blnck 1 -1.92 1

__|Block 2 152

__|Atime 1.03 1 1.11 -1.49 3.54 1.00

__|B-temperatur 4.04 1 1.1 1583 £.55 1.00

| C-catalyst 6.20 1 1.11 369 872 1.00

A -1.90 1 1.08 -1.34 0.55 1.02

B 283 1 1.08 0.43 533 1.02

|2 A.25 1 1.08 .70 2.8 1.02

__|AB 213 1 1.45 -1.16 541 1.00

__|AC 11.38 1 1.45 8.09 14 BB 1.00
BC -3.87 1 1.45 716 0.54 1.00

Coefficients for the Quadratic Model

Following the ANOVA table you see the coefficients and associated confidence
intervals for each term in the model. The mean effect shift for each block is listed here
t0o.

Again scroll down to bring the next section to your screen.

Final Equation in Terms of Coded Factors:

Conversion =

+31 60
+103 * 4
+404 *B
+620 *C
-1.80 ® a2
+2858 *B?
525 *C2
+213 *A*B

+1138 *4a*C
-387 *B*C

Final Equation for Conversion Response: Coded

Just below the model coefficients table you will find the model equation in terms of the
coded factors and the model equation in the actual factors. Block terms are left out.
These terms can be used to re-create the results of this experiment, but they cannot be
used for modeling future responses.
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Finally, by scrolling down a little further, you see the predicted values (which do
include block effects), residuals and diagnostic information on the individual
experiments. (You may need to drag the border between the icons on the left and the
data table so you can get all the columns on screen. Give this a try.)

Diagnostics Case Statistics
Standard Actual Predicted Student Cook's Outlier Run

Order Value Value Residual Leverage Residual Distance t Order
1 74.00 7376 0.24 0.706 o107 0.003 0.1m 1
2 51.00 4882 218 0.706 0.a7a 0208 0487y 12
3 g3.00 8534 266 0.706 1193 0310 1.226 7
4 F0.00 65.90 110 0.706 0.434 0033 0.472 3
a 71.00 ar -047 0.706 -0.076 0001 -0.071 11
G 90,00 1.73 -1.73 0.706 -0.774 013 -0.736 9

Residuals and Diagnostics (partially shown)

The note below the table (“Predicted values include block corrections.”) alerts you that
any shift from block 1 to block 2 will be included for purposes of residual diagnostics,
but won’t be seen in the equations shown above the table. The residuals (errors of
prediction) should be carefully evaluated to ensure that you’ve satisfied the statistical
assumptions underlying the analysis of variance. You will make plots of these
diagnostics in a moment. The plots tell the story at a glance.

You cannot edit any of the ANOVA outputs. However, you can copy and paste the data
to your favorite Windows word processor or spreadsheet.

Diagnose the Statistical Properties of the Model

The diagnostic details provided by Design-Expert can best be analyzed by inspection of
various plots, which you will now generate. Click on the Diagnostics button.
Residuals will be studentized unless you uncheck the first box on the floating tool
palette (this is not advised). This counteracts varying leverages due to location of
design points. For example, the centerpoints carry little weight in the fit and thus
exhibit low leverage.

The most important diagnostic will be the normal probability plot of the studentized
residuals. It comes up by default. You can drag the line with the mouse pointer to ‘eye-
fit’ the residuals to a normal probability distribution. The data points should be
approximately linear. A non-linear pattern (look for an S-shaped curve) indicates non-
normality in the error term, which may be corrected by a transformation. There are no
signs of any problems in our data. You can identify the source of any data point on the
graph with a mouse click on the point.

At the left of the screen you see the Diagnostics Tool palette. Each button on the
palette represents a different diagnostics graph. Check out the other graphs if you like.
Explanations for most of these graphs were covered in the Factorial Tutorials. In this
case, none of the graphs indicate any cause for alarm.
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Studentized Residuals

Normal Probability Plot of the Residuals

Examine Model Graphs

The diagnosis of residuals reveals no statistical problems, so you will now generate the
response surface plots. Click on the Model Graphs button. The 2D contour plot of
factors A versus B comes up by default.

] iy e | oot [ [

DESIGN-EXPERT Plot Conversion

90.00

Conversion
X = A time
Y = B: temperature
® Design Points a7.50

Actual Factor
C: catalyst = 2.50

85.00

B: temperature

e
ks F.Iemperalure
_ CcaFlysl +

Term |AB A

§2.50 —

80.00

40.00 42.50 45.00 47.50 50.00

A time

Response Surface Plotting Range with Defaults
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Note that Design-Expert will display any actual point included in the design space
shown. In this case you see a plot of conversion as a function of time and temperature
at a mid-level slice of catalyst. This slice includes six centerpoints as indicated by the
dot at the middle of the contour plot. By replicating center points, you get a very good
power of prediction at the middle of your experimental region.

The Factors Tool comes along with the default plot. Move this floating tool as needed
by clicking on the top blue border and dragging it. The tool controls which factor(s) are
plotted on the graph. The Gauges view is the default. Each factor listed will either have
an axis label, indicating that it is currently shown on the graph, or a red slider bar, which
allows you to choose specific settings for the factors that are not currently plotted. The
red slider bars will default to the midpoint levels of the factors not currently assigned to
axes. You can change a factor level by dragging the red slider bars or by right clicking
on a factor name to make it active (it becomes highlighted) and then typing the desired
level in the numeric space near the bottom of the tool palette. Click on the C:catalyst
toolbar to see its value. Don’t worry if it shifts a bit — we will instruct you on how to re-
set it in a moment.

FEII::tI:IrE: TI:||:|| E I
3 Sheet [

|x| £ctime

I i Fl:temperature

- C:calalyst +

2.80
Term IAEE j

Factors Tool with Factor C Highlighted and Value Displayed

Switch to the Sheet View by clicking on the Sheet button.

Factorz Toal

. -
B |lemperature hd 000 a0 .00
C |catalyst 250 200 300

Factors Tool Palette —Sheet View

In the columns labeled Axis and Value you can change the axes settings or type in
specific values for factors. If the catalyst value shifted from its mid-point value of 2.50,
correct it now. Then return to the default view by clicking on the Gauges button.
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At the bottom of the Factors Tool is a pull-down list from which you can also select the
factors to plot. Only the terms that are in the model are included in this list. If you
select a single factor (such as A) the graph will change to a One Factor Plot. If you
choose a two-factor interaction term (such as AC) the plot will become the Interaction
graph of that pair. The only way to get back to a Contour graph is to use the menu item
View, Contour.

Perturbation Plot

Wouldn’t it be handy to see all your factors on one response plot? You can do this with
the perturbation plot, which provides silhouette views of the response surface. The real
benefit from this plot is for selecting axes and constants in contour and 3D plots.

Use the View, Perturbation menu item to select it.

File " Edit | View Dfsplay Options ~ Desian Tools ™ Help
O | v Model
[__“|_ Standard Error
Notesf| Propagation of Eron At Mot
| _ sy | Moter | AvavA | Bsostis [l
v Perturbation
One Factor
Interaction 3
Corlour N-EXPERT Plot Perturbation
3D Surface
Cube sion 97.0 —
Show Perturbation Chaices
v Show Factars Taal Factors
Etiow Batation =45.00 B
v Show Legend t = 85.00
v Show Design Points eraiure = - o5
v Show LSD bars yst = 2.50 BB
Pap out View
v Toolbar <
v Status Bar g
@ 740
> 7
=4
o
Q
B2.5
51.0
I I I I I
-1.000 -0.500 0.000 0.500 1.000
Deviation from Reference Point

The Perturbation Plot

For response surface designs the perturbation plot shows how the response changes as
each factor moves from the chosen reference point, with all other factors held constant
at the reference value. Design-Expert sets the reference point default at the middle of
the design space (the coded zero level of each factor).

Click on the curve for factor A to see it better. (The software will highlight it with a
different color.) In this case, you can see that factor A (time) produces a relatively
small effect as it changes from the reference point. Therefore, because you can only
plot contours for two factors at a time, it makes sense to choose B and C, and slice on A.
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Let’s look at the contour plot of factors B and C. Return to the contour plots via the
View, Contour sclection. Right click on the catalyst bar in the Factors tool
palette. Then select X axis by left clicking on it.

You now see a catalyst versus temperature plot of conversion, with time held as a
constant at its midpoint.

DESIGN-EXPERT Plot Conversion
90.00

Conversion
X = C: catalyst
Y = B: temperature

@ Design Points 87.50 —

Actual Factor
A:time =45.00

85.00 —

B: temperature

§2.50 —

Term IAEI j |

§0.00

C: catalyst

Response Surface - Time Constant

If you like, change the time constant by dragging the slider left and right. See how it
affects the shape of the contours. Also, notice how the plot darkens as you approach the
extremes. You’re getting into areas of extrapolation. Be careful out there! When
you’re done, put the slider back at its centerpoint.

Design-Expert draws five contour levels by default. They range from the minimum
response to the maximum response. Click on a contour to highlight it. You can move
the contours by dragging them to new values. (Place the mouse cursor on the contour
and hold down the left button while moving the mouse.) Give this a try —it’s fun! Add
new contours or set flags via a right mouse click. Check it out.

To get more precise contour levels for your final report, you could right-click each one
and enter the desired value. Check this out if you like. But we recommend another
approach: right click in the drawing or label area of the graph and choosing Graph
Preferences. Then choose Contours.
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Now select the Incremental option and fill in the Start at 66, Step at 3 and Levels
at 8. Your screen should now match that shown below.

Graph preferences x| I

Preference Area: ¥ Axiz
Y Axizs

Graph
Fonts & colors

st EZ I
= Manual Iag I
¥ |ncremental |?2 |
|

start [66 [72 |
Step |3 IEH I
Levels |8| |84 I
Ed |

Min 77 4461 | |
hiax 69 5241 | |

Formst ID.EI vI

Contours Dialog Box: Incremental Option

Press OK to get a good-looking contour plot.

o000 Conversion
a7.80 —
o
=
]
b 5]
o 8500 ®
£
o
o
g2.80 — m
84.0
g0.00 I I I
2.00 225 2.80 275 3.00
C: catalyst

Contour Plot with New Contour Values
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Right clicking on a contour gives you the following options: Delete contour, Set contour
value, Add flag, Add contour and Graph Preferences. Check it out. (First left click on a
contour line to highlight it, then right click to get the menu options.)

i
Delete cantour

Set contour value. ..
Add flag

Add contour

[Graph preferences. ..

Options Available with a Right Click on a Contour Line

Move your mouse to a spot near the top of the graph, where the response hits the
maximum. Click the right mouse button and Add flag. It displays the value of the
response at that point. Now do a right click of the mouse on the flag and select Toggle
size. The expanded flag displays a 95 percent confidence interval on the prediction.
Use this to ‘manage expectations’ about individual confirmation runs near this point.
Natural variability plus imprecision in the estimate of the mean (SE mean) will cause
actual outcomes to differ from the prediction. The larger flag also lists the point

coordinates.
0000 Conversion
Prediction  85.177 el
95% Low  79.048 Iogge size
85% High  99.308 Delete flag
SE mean  1.78236
— }S{E pred gzgvm
¥ 59 66
8
85.00 | @
a2.50 | (B30
54.0
80.00 | | |
2.00 225 250 275 2.00

Contour Plot with Larger Flag Planted

If you have a printer, you can print the contour plot by using the File, Print menu item.
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Selecting View, 3D Surface will result in a three-dimensional display of the response
surface. If you want nicer numbers on the response axis, do a right click to bring up the
graph preferences and change values for the Z-axis. Check it out.

File Edit | Wiew Display Options Design Taols  Help
v Modsl
Standard Eror

Eropanstion o Eiron Mo
R e — e |

Pattuibation

One Factor
Interaction

N-EXPERT Plot

sion
L opi i Pemueton Cheees patalyst
] 1 ¥ Show Eactors Toal emperature
v Show Aotation
v ShowLegend L
=" » Show Design Points Factor
v ShowL5D bars = 45.00

Pop out View

v Toolbar
v Status Bar

Conversion

C: catalyst

Term |BC hd

3D Response Surface Plot

The Rotation tool allows you to view the 3D surface plot from any angle.

R atatian E |

+

| 40 v:IEEI
Defautt | h

Control for Rotating 3D Response Plot

Move your cursor over the tool. The pointer changes to a hand. Now use the hand to
rotate the vertical or horizontal wheel. Watch the 3D surface change. It’s fun! Press
the Default button when you’re done playing. The graph then re-sets to its original
position. Notice that you can also specify the horizontal (“h””) and vertical (“v”)
coordinates.
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Remember that you’re only looking at a ‘slice’ of factor A (time) at its center point.
Normally, you’d want to make additional plots with slices of A at the minus and plus
one levels. But let’s move on to another plot provided by Design-Expert software.

Standard Error Plot

The standard error plot shows how the variance associated with prediction changes over
your design space. The shape depends only on input factors, so you really should look
at this plot before you gather data. It’s a great tool for evaluating your design. To
generate this plot, use the View, Standard E rror menu selection.

DESIGN-EXPERT Plot

StdErr of Conversion
X = C: catalyst
Y = B: temperature

Actual Factor 247553
A:time = 45.00
2.26975

2.06396

Ratatian x|

1.85818

16524

StdErr of Conversion

e e ==

W v
Default | ]
] 90.00 ‘((

I o A:tiFe +
| |

3D Plot of Standard Error

You can see that the central composite design provides relatively precise predictions
over a broad area around the centerpoint. Also, notice the circular contours. This
indicates the statistical property of rotatability, another desirable feature of central
composite design.

You can manipulate the standard error plot just like the response plots. Choose View,
Contour to get a better view of the circular contours. Let’s see what happens if you
extrapolate beyond the region of experimentation. First select Display Options,
Process Factors, Coded. Then do a right mouse click on the graph and select
Graph preferences. Change the default X Axis value for Low to -2 and the High
value to 2.
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Graph preferences

Preference Area:

Y Axis
Contours
Graph

Fonts & calors

Lowy |[-2 -1=-1

High |2

Ticks |3

Format |0.000 -

J A1

Detfaults

|

Changing X-axis Values

Next, click on the Y Axis tab and change the Low value to -2 and the High value to 2.
After making all these changes to the graph properties, press OK. (If you see any

leftover flags, right click on them and delete.)

DESIGN-EXPERT Plot
2.000

StdErr of Conversion
X = C: catalyst

Y = B: temperature
@ Design Points 1.000

Coded Factor
A:time = 0.000

0.000

B: temperature

[ Btemperatira
[x] coatatat
Terrn lﬂ

-1.000

-2.000

-2.000 -1.000

StdErr of Conversion

2.06396

0.000 1.000 2.000

C: catalyst

Contour Plot of Standard Error with Expanded Axes, Extrapolated Area Shaded
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Notice that the corners of the contour plot are shaded. These areas cannot be predicted
as well as the interior region. Design-Expert provides the shading as a warning against
extrapolation. It begins at one-half the standard deviation and increases linearly up to
1.5 times the standard deviation. You will also see the shading on response (model)
plots. So long as you stay within the specified factorial ranges, the pictures will remain
relatively clear, but if you widen the ranges, don’t be surprised to see considerable
darkening. Be wary of predictions in these nether regions! Remember that the darker
shading represents higher standard error. You now can see that it’s dangerous to
extrapolate outside the plus or minus one region, the factorial portion of this central
composite design. Select Display Options, Process Factors, Actual to view the
factors in their original units of measure.

Response Prediction

This feature in Design-Expert software allows you to generate predicted response(s) for
any set of factors. To see how this works, click on the Point Prediction icon in the
optimization section (lower left on your screen).

D Mates for Ram .dxE | | |
e L - Hame Level LowLevel HighLevel Std. Dev.

e time 45.00 40.00 50.00 o
BT B temperature 85.00 £0.00 90.00 0

Analysis |
c catalyst 250 200 300 o

Conversion(&nalyze |~

| &ctivity —
Prediction SEMean 95% Cllow 95% Cl high SEPred 95% Pllow 95% Pl high
Conversion 81.60 158 7779 85.41 444 7156 91 64
Activity not analyzed not analyzed not analyzed not analyzed not analyzed not analyzed not analyzed

Point Prediction Data Table

The Factors Tool again allows you to adjust the settings to any values you wish. Go
ahead and play with them now if you like. You can either move the slider controls, or
switch to the Sheet view and enter values.

Be sure to look at the 95% prediction interval (“PI low” to “PI high™). This tells you
what to expect for an individual confirmation test. You might be surprised at the level
of variability, but it will help you manage expectations. (Note: block effects are not
accounted for in the prediction.) You can print the results by using the File, Print
command.

Analyze the Data for the Second Response

This step is a BIG one. Analyze the data for the second response, activity. Be sure you
find the appropriate polynomial to fit the data, examine the residuals and plot the
response surface. Hint: The correct model is linear.

Before you quit, do a File, Save to preserve your analysis. Design-Expert will save
your models. To leave Design-Expert, use the File, Exit menu selection. The program
will warn you to save again if you’ve modified any files.
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Response Surface Optimization Tutorial

This tutorial shows the use of Design-Expert software for optimization experiments. It's
based on the data from the Response Surface Tutorial. You should go back to this
section if you've not already completed it.

For details on optimization, see the on-line program help. Also, Stat-Ease provides in-
depth training in its Response Surface Methods For Process Optimization workshop.
Call or visit our web site for information on content and schedules.

In this section, you will work with a three-factor central composite design on a chemical
reaction. The factors are: time, temperature and catalyst. The experimenters measured
two responses: yield and activity. You will optimize the process using models
developed earlier in the Response Surface Tutorial.

Start the program by finding and double clicking on the Design-Expert icon.

You will find the case study data, with the responses already analyzed, stored in a file
named Rsm-a.dx6. Use the File, Open Design menu to load the data file. The
standard file open dialog box appears.

Open HH|
Lookin: | 23 Tutorials =l =S
Bhhl66.d6 dom510.dx6 Mis-a.d46

Bhh325.d46 dcm522.dx6 Fism. d=6

Bhhd26.d46 Fitrate. d¢f [y
bowling. d«6 fish d-opt.dx6 Taguechi-L16.d+5

domz35.due 2360, d«6 Taguchi-L16b.dx6

dom319.dx6 Mix. dvB

File name: IFism-a.d:-:E Open I
Files of type: IDesign File[*.d«k) j Cancel |

File Open Dialog Box

Once you have found the proper drive, directory and file name, click on Open to load
the data. To see a description of the design status, click on the Status node. Drag the
left border and open the window to see the report better. You can also re-size columns
with the mouse. From the design status screen you can see that we modeled conversion
with a quadratic model and activity with a linear model.
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1[C0 Motes for Rem-a.dx6

p—

. O] Evalusti —
L Ettn Study Type  Responze Surface Experiments 20
- H| Analysis |
e Initial Design Central Composite Blocks 2
_L'| Canversion(Analyze |= . )
_L_l activity(Analyzed) | — Design Model Qusdratic
L_-I Cptimization - Response Hame Units Obs Minimum Maximum Trans Model
=) Numetical | Conversion kS 20 521.00 g7.00 Ione Guadratic
Graphical - W2 Activity 20 53.20 67.90 Mone Linear
. ¥ Pairt Preciction
o Factor Hame Units Tupe Low Actual  High Actual Low Coded High Code
A lime: min. Mumeric 40.00 =0.00 -1.000 1.000
o B temperature deg C Mumeric 80.00 90.00 -1.000 1.000
C catalyst ) Mumeric 200 300 -1.000 1.000

Design Status Screen

Numerical Optimization

Design-Expert software’s numerical optimization will maximize, minimize or target:

e A single response

e A single response, subject to upper and/or lower boundaries on other responses

e Combinations of two or more responses.

We will lead you through the latter case: a multiple response optimization. Click on the

Numerical node to start the process.

Cl Maotes for Rsm-a.dx6
- 221 Design

Lriterls m‘ braphs |

_l_'| Conversion Analyze
|| ActivitytAnalyzed)

A ctivity

Gosl Iis in range

= Steus time
.. ] Evaluation temperature
- H| Analysis catalyst
Canversion

[

Lowwver Upprer

F P "

- & | Optimization
—-I__I Limits: |4D ISU
- | Graphicsl Wi IFI I1
X5 Point Prediction Ontions... Importance; [+++ ¥
40.00 50.00

time

Setting Numeric Optimization Criteria
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Design-Expert allows you to set criteria for all variables, including factors and
propagation of error (POE). (We will get to POE later.) To be safe, the program sets
the factor ranges to the actual levels (plus one to minus one in coded values). The limits
for the responses default to the observed extremes. In this case, you should leave the
settings for time, temperature and catalyst factors alone, but you will need to make some
changes to the response criteria.

Now you get to the crucial phase of numerical optimization: assignment of
“Optimization Parameters.” The program uses five possibilities for a “Goal” to
construct desirability indices (d;):

e is maximum
e is minimum
e s target

e isinrange

e isequal to (factors only)

Desirabilities range from zero to one for any given response. The program combines the
individual desirabilities into a single number and then searches for the greatest overall
desirability. A value of one represents the ideal case. A zero indicates that one or more
responses fall outside desirable limits. Design-Expert uses an optimization method
developed by Derringer and Suich, described by Myers and Montgomery in Response
Surface Methodology, John Wiley and Sons, New York (available from Stat-Ease).

For this tutorial case study, assume that you need the conversion to be as high as
possible. Click on Conversion and set its Goal at is maximum. Set the Lower
Limit to 80, the lowest acceptable value. You must enter an Upper Limit to get the
desirability equation to work properly, so set it at the theoretical high of 100.

time Conversion
temperature
catalyst
COnyersion Goal Iis amUm vl
Activity =
Lowwver Uppet
Limits: |80 [100
Weights: Iﬁ |1
Options... | Importance: |+++ 'I
100.0
80.0
|
|
51.0 97.0
Conversion

Conversion Criteria Settings
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Now click on the second response, Activity. Set its Goal to is target of 63. Enter a
Lower Limit of 60 and an Upper Limit of 66. These limits indicate that it is most
desirable to achieve the targeted value of 63, but values in the range of 60-66 are
acceptable. Values outside that range are not acceptable.

ime Activity
temperature
catalyst
Conversion Gosl Iistarget . j IES
Lowver Upper
Litmits: IEEI |55
Wieights: I |1
Options... | Importance: |+++ vl
63.0
60.0 / ‘\\66_0
| | L
53.2 67.9
Activity

Activity Criteria Settings

These settings create the following desirability functions:
1. Conversion:
e if less than 80%, then desirability (d;) equals zero
e from 80 to 100%, d; ramps up from zero to one
e if over 100%, then d; equals one
2. Activity:
e ifless than 60, then d; equals zero
e from 60 to 63, d; ramps up from zero to one
e from 63 to 66, d; ramps back down to zero
e if greater than 66, then d; equals zero
The user can select additional parameters, called weights, for each response. Weights
give added emphasis to upper or lower bounds or emphasize a target value. With a
weight of 1, the d; will vary from O to 1 in linear fashion. Weights greater than 1

(maximum weight is 10) give more emphasis to the goal. Weights less than 1 (minimum

weight is 0.1) give less emphasis to the goal. Leave the Weights ficlds at their default
values of 1.

Importance is a relative scale for weighting each of the resulting d; in the overall
desirability product. If you want to emphasize one response over the rest, set its
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importance higher than the other response importances. For this study, leave the
Importance field at +++, a medium setting.

See the on-line help system for a more in-depth explanation of the construction of the
desirability function, and formulas for the weights and importance.

The Options button controls the number of cycles (searches) per optimization. If you
have a very complex combination of response surfaces, increasing the number of cycles
will give you more opportunities to find the optimal solution. The Duplicate solution

filter establishes the epsilon (minimum difference) for eliminating duplicate solutions.
Leave these options at their default levels (shown below).

Optimization Options I
Cycles per optimization: IM
Duplicate salution fiter: I_ Epﬁan +
1 1

Ok Cancel |

Optimization Options Dialog Box

Running the optimization

Start the optimization by clicking on the Solutions icon.

Report
Solutions l. 2 I |Ramps |
| | [ [EjHistogram]
0 Lower Upper Lower Upper
0 Hame Goal Limnit Limnit Weight Weight Importance
0 time i in range 40 a0 1 1 3
| temperature i=in range &0 o] 1 1 3
catalyst i=in range 2 3 1 1 3
Canversion maximize 80 100 1 1 3
| |Activity iz target = 63.0 B0 66 1 1 3
__|Solutions
| Humber time temperature catalyst Conversion Activity  Desgirability
1 47.02 90.00 268 1.3 63.0 0752 Selected
2 4635 50.00 293 ar.d4 B30 0603
|2 Solutions found
| Humber of Starting Points 10
time temperature catalyst
45 BB 89.25 218
| 4362 8654 225

Numerical Optimization Report on Solutions (Your results may differ)
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The program randomly picks a set of conditions from which to start its search for
desirable results. Multiple cycles improve the odds of finding multiple local optimums,
some of which will be higher in desirability than others. After grinding through 10
cycles of optimization, the results appear.

The report view shows the results in tabular form. Due to the random starting
conditions, your results are likely to be slightly different from those shown here. Note
that the last solution falls short of the first for conversion. There may be some
duplicates in between. These passed through the filter discussed earlier. If you want to
adjust the filter, go to the Options button and change the Duplicate Solutions Filter. If
you move the Filter bar to the right you will decrease the number of solutions shown.
Likewise, moving the bar to the left increases the number of solutions.

The Solutions tool provides three views of the same optimization. (Drag the tool to a
convenient location on the screen.)

Click on the solutions view option Ramps.

Su\uﬁunsl. 2 I
40.00 50.00 80.00 B0.00

time = 47 .02 termperature = 80.00

100.0

|| w1

200 3.00 1.0 970
catalyst = 2 B8 Conversion = 81.3
B30 Desirability = 0.752
600 §6.0
532 67.9
Activity = 83.0

Ramps Report on Numerical Optimization

The ramp display combines the individual graphs for easier interpretation. The dot on
each ramp reflects the factor setting or response prediction for that solution. The height
of the dot shows how desirable it is. Press the different solution buttons (1, 2, 3,...) and
watch the dots. They may move only very slightly from one solution to the next.
However, if you look closely at temperature, you should find two distinct optimums,
one near 80 degrees and the other near 90 degrees. You may see slight differences in
the results due to variations in approach from the various random starting points.

Select the Histogram view.
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Desirability

i=|Histogram

time

temperature

catalyst

Conversian

Activity

Cornhined

I ] ]
0.000 0.250 0.500

]
0.750

]
1.000

Solution to Multiple Response Optimization - Desirability Histogram

The histogram shows how well each variable satisfied the criteria: values near one are
good. Nearly duplicate solutions, as found by the duplicate solutions filter, will be
eliminated. In this example, you will find two or more somewhat different solutions.
You can cycle through each of the solutions: the best is listed first.

Optimization Graphs

Press Graphs to view the results of the first optimization run. Go to the Factor
control and right click on catalyst. Make it the Y axis. Temperature then becomes a

constant factor at 90 degrees.
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Design-Expert software sets a flag at the optimal point. You can plant additional flags
by doing a right mouse click at any location. Right click again on the flag and Toggle
size to see the associated desirability value and the factor levels.

To view the responses associated with the desirability, select the desired Response
from the drop down list. Take a look at the plot for Conversion.
Solutions “Ll Response: | Conversion j

Desirability
Conversion

DESIGN-EXPERT Flot  |Activi

Conversion

COonwersion
H=A time
Y = C catalyst

@ [Cesign Points 275 |

954
Preciction  81.318

Actual Factor
B: temperature = 90.00

C: catalyst

Ix Atime
I, Bitemperature |+
\ )

225

Term |AB VI

200 —’ T

40.00 42.80 45.00 47.480 50.00

Conversion Contour Plot (with optimum flagged)

If you like, look at the optimal activity response as well.

To look at the desirability surface in three dimensions, click again on Response and
choose Desirability. Then select View, 3D Surface from the main menu. Drag the
tools out of the way as needed to view the results. Then rotate the plot for a different
perspective by using the Rotation tool. Drag the rim of the wheels with your mouse
pointer to change the orientation of the 3D plot.

You can change the quality of the 3D graph by going to the Edit, Preferences menu
item, or by doing a right mouse click on the graph. Click on the Graph tab and then set
parameters as you desire. Give this a try. Then if you have a printer attached, make a

hard copy by doing a File, Print. Show your colleagues what Design-Expert software
will do!
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Adding Propagation of Error (POE) to the Optimization

If you have prior knowledge of the variation in your input factors, this information can
be fed into Design-Expert software. Then you can generate propagation of error (POE)
plots that show how that error is transmitted to the response. Look for conditions that
minimize the transmitted variation, thus creating a process that’s robust to the factor
settings.

Start by clicking on the Design node on the left side of the screen to get back to the
design layout. Then select View, Column Info Sheet. Enter the following
information into the Std. Dev. column: time: 0.5, temperature: 1.0, catalyst: 0.05, as
shown on the screen below.

3 Z:\Clazs data‘\Tutorial data\Rsm-a_ dx6 - Design-Expert 6.0.0

File Edit | Wiew Display Optiohs Design Tool:  Help
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v Toolbar

- U Status Bar
... ¥:| Point Prediction

Column Info Sheet with Factor Standard Deviations Filled In
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Notice that the software already entered the standard deviation for the analyzed
response, Conversion (4.10). Since you haven’t changed any other data, the software
will remember your previous analysis choices and you can simply click through the
analysis buttons. This time the Propagation of Error (POE) graph, which was grayed
out before, will be available from the Model Graph node.

Click on the Conversion analysis node on the left to start the analysis again. Then
jump past the intermediate buttons for analysis and click on the Model Graphs button.
Select View, Propagation of Error and View, 3D Surface.
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3D Surface view of the POE Graph

The lower the POE the better, because less of the error in control factors will be
transmitted to the selected response. The end result is a more robust process. However,
POE will only work when the response surface is non-linear, such as for the Conversion.
When the surface is linear, such as that for Activity, the error will be transmitted equally
throughout the region.

For an in-depth explanation of POE, attend Stat-Ease’s workshop Robust Design, DOE
Tools for Reducing Variability. Call, or check our web site for a schedule.

Now that you’ve found optimum conditions for the two responses, let’s go back and add
criteria for the propagation of error. Click on Numerical optimization node. Set the
POE (Conversion) Goal to is minimum with a Lower Limit of 4 and an Upper
Limit of 5 as shown below.
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Now click on the Solutions node to generate new solutions with the additional criteria.

Lower Upper Lower Upper
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- tirme: iz in range 40 a0 1 1 3
- temperature i in range &0 a0 1 1 3
- catalyst iz in range 2 3 1 1 3
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L 1 46 FE 2014 276 207 443709 B30 0650 Selected
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- 4069 g4.09 264

A4 15 LT 23

Solutions Generated with Added POE Criteria (Your results may differ)
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Click on the solutions view option Ramps. Click on the alternate solutions (2, 3,...).
Watch the red dots. What changes?

Sall z Taal
@
-
40.00 50.00 80.00 80.00 2.00 3.00
time = 46 .66 termperature = 39.14 catalyst = 276
63.0
100.0 4
B80.0 \F.\s 0.0 B6.0
|
I [
51.0 87.0 4.23329 5.84441 53.2 67.9
Conversion = 897 POE(Conversion) = 4 43697 Activity = §3.0
Desirability = 0.650

Select the Graphs node. Click the number 1 solution. If you haven’t already, choose
View, Contour. To make the view similar to what we had before, on the Factors tool
palette change catalyst to the Y axis. Also right-click on the flag and Toggle Size.
This solution represents the formulation that best maximizes conversion and achieves a
target value of 63 for activity, while at the same time finds the spot with the minimum
error transmitted to the responses. So, this should represent process conditions that are
robust to slight variations in the factor settings.
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Graphical Optimization

When you did the numerical optimization, you found an area of satisfactory solutions at
a temperature of 90 degrees. To see a broader operating window, click on the
Graphical node. The requirements are essentially the same as in the numerical

optimization:

e 80 < Conversion

e POE(Conversion) < 5

e 60 < Activity < 66

For Conversion, which comes up by default, enter 80 for the Lower Limit. You do
not need to enter a high limit for the graphical optimization to work.

1 Motes for Rem-a.dxE

- 21| Design

- | Status

- O] Evalustion

- EJl| Analysis

_l_'| ConversionAnalyze
« L] Activityr Analyzed)
- & | Optimization

- 2| Mumerical

- ¥ Point Prediiction

Lrfteris Q'

Conyersion

POE(Conyersion) CU”VE rSiﬂn
Activity
Lowver Upper
Limits: |50
80.0
|
51.0 97.0
Conversion

Completed Screen for Graphical Optimization: Conversion

Click on the response for POE(Conversion). Enter 5 for the Upper Limit.

Finally, click on the response of Activity. Enter 60 for the Lower Limit and 66 for

the Upper Limit.

Then click on the Graphs button to produce the “overlay” plot. Notice that regions not
meeting your specifications are shaded out, leaving (hopefully!) an operating window or

“sweet spot.”
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o000 Overlay Plot

Overlay Plot
X=Atime
Y = B: temperature

@ Design Points 87.50

Actual Factor
C: catalyst = 2.50

85.00

B: temperature

Conversion: 30.0

IY F:temperature Comversion: 30.0
- C:caFIySl + 3260 -
Terml 'l

§0.00
40.00 42.80 45.00 47.80 50.00

A time
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To match the numerical optimization, go to the Factors tool, right click on catalyst
and select it for the Y-axis. Then press the Sheet option and set temperature as a
constant Value at 90.

Factors Tool

(LI shest )

| | | Az | Az
Factor Axis Yalue Loy High
A time ¥ 40,00 s0.00
B ltemperature 50.00 50.00
C |catalyst Y 200 300

Sheet Mode to Set Constant for Temperature

Design-Expert now overlays response contours for each response. Click on the
Gauges option to make the Factors Tool less obtrusive. Now you can search for a
“compromise” optimum - windows of operability where requirements simultaneously
meet the critical properties.
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You can optimize a virtually unlimited number of responses on the same graph.
However, they must first be analyzed. In the first tutorial you developed a quadratic
model for conversion and a linear model for activity. Only those responses for which
you enter lower and/or upper levels will be plotted.

The shaded areas on the graphical optimization plot do not meet the selection criteria.
The lines mark the high or low boundaries on the responses. The clear (or colored
yellow if you haven’t made changes to your color scheme) “window” shows where you
can set the factors to satisfy the requirements on both responses.

Move the mouse pointer into the clear (or yellow) area. Right click to add a flag. The
flag shows the predicted value of conversion, the propagation of error for conversion
and activity, at that point on the plot.

L] o |
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Graphical Optimization Plot, Axes Changed, Flag Added

Plant multiple flags if you like. Delete flags by right clicking on them and selecting

Delete flag. You can also change criteria “on the fly” by clicking and dragging the
contour lines. You can explore this window for high values of conversion. You will
find the maximum conversion in the 90-degree slice is about 96%.

Graphical optimization works great for two factors, but as the factors increase, it
becomes more and more tedious. You will find solutions much more quickly by using
the numerical optimization feature. Then return to the graphical optimization and
produce outputs for presentation purposes.
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Final Comments

We feel that numerical optimization provides powerful insights when combined with
graphical analysis. Numerical optimization becomes essential when you investigate
many components with many responses. However, computerized optimization will not
work very well in the absence of subject matter knowledge. For example, a naive user
may define impossible optimization criteria. The result will be zero desirability
everywhere! To avoid this, try setting broad acceptable ranges. Narrow them down as
you gain knowledge about how changing factor levels affect the responses. Often, you
will need to make more than one pass to find the “best” factor levels to satisfy
constraints on several responses simultaneously.

The Response Surface Optimization Tutorial completes the basic introduction to doing
RSM with Design-Expert software. If you want to learn more about the methods shown
in this tutorial, attend the Stat-Ease workshop Response Surface Methods For Process
Optimization.

We appreciate your questions and comments on Design-Expert software. Call us, send
an annotated fax of output, write us a letter or send us an e-mail. You will find our
address, phone number and web site listed in the last part of the Introduction to this
manual.
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