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Mixture Design Tutorial
(Part 2 — Optimization)

Introduction

This tutorial shows the use of Design-Expert® software for optimization of mixture
experiments. It's based on the data from the preceding tutorial (Part 1 - The
Basics). You should go back to that section if you've not already completed it.

Much of what's detailed in this Mixture Design Tutorial (Part 2 — Optimization) is a
repeat of the Multifactor RSM Tutorial (Part 2 - Optimization). If you've already
completed that RSM tutorial, simply skip over the areas in this tutorial that you find
redundant.

For details about optimization, use the software’s extensive on-screen program
Help. Also, Stat-Ease provides in-depth training in its workshop titled Mixture
Designs for Optimal Formulations. Call for information on content and schedules,
or better yet, visit our web site at www.statease.com.

Start the program by finding and double clicking the Design-Expert software icon.
The detergent design, response data, and appropriate response models are in a file
named Mix-a.dxp. To load this file, click the Open Design option on the opening

screen.
File name: Mic-a.dup -
Files of type: |AII design files (".dwp, * dez, “xml, *dx7, " de?,’ v| | Cancel |
File Open dialog box

Once you have found the proper drive, directory, and file name, click Open to load
the data. To see a description of the file contents, click the Summary node under
the Design branch at the left of your screen. Drag the left border and open the
window to see the report better. You can also re-size columns with your mouse.

File Edit View Display Options Design Tools Help Tips
=y = &2 7%
31 Hotes for Mix-a.dxp
=] Design (Actual) Design Summary
] summary
-] Graph Columns
=] Evaluation
i L. Constraints
L B Analysis
i R1-Viscosity (Analyzed)
1 R2:Turbidity (Analyzed)
i. 47 Optimization
3] Mumerical
¥4 Graphical
%] Point Prediction

Study Type  Mixure Runs 14
Design Type  Simplex Lattice Blocks o Blocks
Design Model Quadratic

Component  Name Units Type Minimum  Maximum  Low Actual High Actual Low Coded High Coded Mean std. Dev.

I3 Water % Mixture 3.000 5.000 3.000 5.000 0.000 1.000 3687 0,890

8 Aleohol % Mixture 2.000 4000 2.000 4.000 0.000 1.000 2667 0,690

c Urea % Mixture 2.000 4000 2.000 4.000 0.000 1.000 2667 0,530
Total= .00 L_Pseudo Coding

Response Name Units Obs Analysis Minimum  Maximum  Mean Std. Dev. Ratio Trans Mode!

1 Wiscosity mPa-sec 14 Polynomial 348 144 66.3857 352357 413793 None Quadratic
v2 Turbidity 14 Polynomial 323 122 879 243578 3.47368 None Special Cubic

Design summary

The file you just loaded includes analyzed models as well as raw data for each
response. Recall that the formulators chose a three-component simplex lattice
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design to study their detergent formulation. The components are water, alcohol,
and urea. The experimenters held all other ingredients constant. They measured
two responses: viscosity and turbidity. You will now optimize this mixture using
their analyzed models. In the design-status screen above you see we modeled
viscosity using a quadratic mixture model - and turbidity using the special cubic.

Numerical Optimization

Design-Expert software’s numerical optimization maximizes, minimizes, or targets:
e Asingle response

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

e Combinations of two or more responses.

We lead you through the last above case: a multiple-response optimization. Under
the Optimization branch of the program, click the Numerical node to start the

process.
(L1 Motes for Mix-a.dxp
A Criteria Solutions | [#| Graphs |
.. 177 Design (Actual) + B
i~ Summery A:Water
L] Graph coumns B:Alcohol
i %] Evaluation C:lrea
i Viscosity Goal |in range -
i F1] Constraints Turbidity o g
@ .).knah.rsis Lower Upper
] R1Viscosity (anatyzed)
- Limits: 3 5
R2 Turbidity (Analyzed)
.. 4] Optimization Weights:
El Numerical i
— ] Importance: | ++=+
ﬁ Graphical Options...

Setting numeric optimization criteria

Setting the Optimization Criteria

Design-Expert allows you to set criteria for all variables, including components and
propagation of error (POE). (We will get to POE later.) The limits for the responses
default to the observed extremes.

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

e None (responses only)
e Maximize,

e Minimize,

e Target->,

e Inrange,

e Equal to -> (components only).
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Desirabilities range from zero to one for any given response. The program
combines 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, Montgomery and Anderson-Cook in Response Surface Methodology, 31
edition, John Wiley and Sons, New York, 2009.

In this case, components are allowed to range within their pre-established
constraints, but be aware they can be set to desired goals. For example, because
water is cheap, you could set its goal to maximize.

A:Water

B:Alcohol

C:Urea

Viscosity ’

Turbidity Goal lln range v]
maximize -
minimize
target -=

1 gqual o = o

Options for goals on components

Notice that components can be set equal to specified levels. Leave water at its “in
range” default and click the first response - Viscosity. Set its Goal to target-> of
43. Enter Limits as Lower of 39 and Upper of 48. Press Tab to set your entries.

AWater Viscosity
B:Alcohol
C:Urea

Turbidity Goal |target -= | 43
Lower Upper

Limits: 39 45

Weights: 1 1

Importance: n
]

Viscosity

Setting Target for first response of viscosity

These limits indicate it is most desirable to achieve the targeted value of 43, but
values in the range of 39-48 are acceptable. Values outside that range have no
(zero) desirability.

Now click the second response - Turbidity. Select its Goal to minimize, with
Limits set at Lower of 800 and Upper of 900. Press Tab to set your entries. You
must provide both these thresholds to get the desirability equation to work
properly. By default they are set at the observed response range, in this case 321 to
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1122. However, evidently in this case there’s no advantage to getting the
detergent’s turbidity below 800 - it already appears as clear as can be to the
consumer’s eye. On the other hand, when turbidity exceeds 900, it looks as bad as

it gets.
AWater Turbldlty
B.Alcohol
C:Urea
coa
Lower Upper
Limits: 800 900
Weights: 1 n
Importance:
800
|\ 900
|
|
323 1122
Turbidity

Aiming for minimum on second response of turbidity
These settings create the following desirability functions:
1. Viscosity:
e ifless than 39, desirability (d;) equals zero
e from 39 to 43, d; ramps up from zero to one
e from 43 to 48, di ramps back down to zero
e if greater than 48, d; equals zero.
2. Turbidity:
e ifless than 800, d; equals one
e from 800 to 900, d; ramps down from one to zero
e ifover 900, di equals zero.

Do not forget that at your fingertips you will find advice about using sophisticated
features of Design-Expert software: Press the screen tips icon ¥ for an overview
about Numerical Optimization.
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¥ |

A criteria 7 soutions | [7]  erephs
AWater Turbidity
B:Alcohol
C:Urea
ISID-SIW Goal {m\mmize vI
2 X8 Help SRIER X §
= i
Show Pt Qptions
Options... Numerical Optimization Tips

Numerical optimization will search the design space, using the models you created in the analysis to find factor settings that meet the goals you define.
First you must have good and useful models (garbage in equals garbage out). Then you define the goals for each response (factors too if response goals
can be met). Finally, the software will generate a list of potential factor settings that provide responses that meet the criteria you defined.

Start by clicking on each response and selecting a Goal for it. Set the Lower and Upper Limits for each goal. (The software uses the defaults of the
response range as the lower and upper limits, but those may not meet your true needs.)

For instance, if you want to maximize a response such as Yield, the Goal would be "maximize” and the Upper Limit would be 100%. The lower limit
would be the minimum acceptable yield. Perhaps this is 80%. Even though the range of you data goes lower than 80%, values lower than 80 are not
323 acceptable and you would not want to generate solutions in this area

;

Optional Criteria - not needed for first optimization pass. just for possible fine-tuning

Importance - Specify the relative importance of one goal versus another. Some goals may be critical (assign them 5 +s), while some may be of
medium importance (assign them 3 +'s) and some are of lowest importance (1 +).

Weight - This value can range from 0.10 to 10. It fine-tunes how the optimization process searches for the best solution. A low weight (near 0.10) will
allow more solutions that don't quite meet the optimal goal. A high weight (close to 10) will cause the optimization to seek a solution close to or beyond
the stated goal  From a practical standpoint, leaving the weights at 1.0 is a good place to start.

Options Button: There is rarely a need to change from the default setting of the optimization options_ if you wish, click this button and use the dialog
help.

Screen tips at your fingertips

Close out Tips by pressing X at the upper-right corner of its screen.

Changing Desirability Weights and the (Relative) Importance of Variables

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, d; varies from 0 to 1 in linear fashion. Weights greater
than 1 (maximum weight is 10) give more emphasis to goals. Weights less than 1
(minimum weight is 0.1) give less emphasis to goals. Weights can be quickly
changed by ‘grabbing’ (via left mouse-click and drag) the handles (the squares =)
on the desirability ramps. Try pulling the handle on the ramp down as shown

below.
Weights: | 1 1o
Importance: |+++ -
800
\D 900
| |
|
1122
Turbidity

Weights change by grabbing handle with mouse

Notice that Weight now reads 10. You’'ve made it much more desirable to get near
the turbidity goal of 800. Before moving on, re-enter Upper Weights to its default
value of 1 and press the Tab key. This straightens the desirability ramp.

“Importance” is a tool for changing relative priorities for achieving goals you
establish for some or all of the variables. If you want to emphasize one variable
over the rest, set its importance higher. Design-Expert offers five levels of
importance ranging from 1 plus (+) to 5 pluses (+++++). For this study, leave
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Importance at +++, a medium setting. By leaving all importance criteria at their
defaults, none of the goals is favored over any other.

For an in-depth explanation of constructing desirability functions, and formulas for
weights and importance, select Help from the main menu. Then go to Contents
and select Optimization,thenNu mer i c a | Optimization
Branch down to the topic of Importance as shown on the screen shot below.

% DXB Help = | B |
& i

Hide Back Print  Options

Contents | |ndex | Search

[7] Welcome to Design Expert v.7

Importance

[7] Program Hints and FAQ's

@ Experimentation - Getting Started
Q Web-based Tutorials

@ Factorial Designs

@ Response Surface Designs

In the desirability objective function D(X), each response can be assigned an
importance relative to the other responses. Importance (r) varies from the
least important ( + ) a value of 1, to the most important ( +++++ } a value of
5. Ifvarying degrees of importance are assigned to the different responses,

i St at

the objective function is:
@ Mixture Dasigns

@ Combined (Mix-Mix or Mixture-Process) Designs
@ Using the Design Layout Screen

@ Quick Analysis - Getting Started

@ Factorial Model Selection Details

@ RSM/MIX Model Selection Details

L. Analysis of Variance Details

@ Diagnostics Details

1
A n ™
D={df xcdf xxcf J5 =| T]etf
=1
where n is the number of responses in the measure. If all the importance

values are the same, the simultaneous objective function reduces to the
narmal form for desirability.

@ Model Graph Details See Also:
Q_Ql Optimization Weight

@ Optimization Overview

@ Numerical Qptimization "How to"

A Mumerical QOptimization "Statistical Details”
; Desirability Details

2] Weight

Bl importance|

Numerical Optimization Algarithm

Desirability Details

Copyright 22009 Stat-Ease, Inc. All ights reserved. v8.0 CD-03102009

Details about Importance found in program Help

When you finish viewing Help, close the screen by pressing X at the upper-right
corner of its screen.

Click the Options button to see how to gain control over how numerical
optimization is performed. For example, using optimization you can change the
number of cycles (searches). If you have a very complex combination of response
surfaces, increasing the number of cycles gives you more opportunities to find the
optimal solution. The Duplicate solution filter establishes epsilon (minimum
difference) for eliminating essentially identical solutions. Simplex Fraction
specifies how big the initial steps are relative to factor ranges. (The word “simplex”
relates to search geometry. For two factors, the simplex is an equilateral triangle.
By stepping through the three corners, the program figures out the path of steepest
ascent. For more detail, go to Help and search “numerical search algorithm.”)

Another optimization option is to not use random starting points, but rather those
points in the design itself. However, these are limited to 100 unless you change
default. Leave this and all other options at their default levels shown below. Click
OK or Cancel (PS. This screen shot shows underlined letters that indicate Alt keys
for jumping to fields via keystrokes versus mousing. The underlining occurs when
you press Alt.)
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Cptimization Options Iﬁ

Random Starting Points; 30

Useupto S0 design points

Duplicate Solution Fitter: |- Epdllon  +
1 1

Simplex Fraction (0.01 to 0.2): 0.1
Maximum Number of Solutions: 100

|:| Include Standard Error Models

[ oK |[ Cancel ” Help ]

|

Optimization Options Dialog Box

Running the optimization

Start the optimization by clicking the Solutions icon.

v Solutions Tool @
A criteria | /" Solutions Graphs
soutions[ 1 2 | 3| 4| s |6 | 7|89 |w]|]az]1a] Baigre
|:| Bar Graph
| | | | | | =1 Pop-Out View
Constraints
| Lower Upper Lower Upper
| Hame Goal Limit Limit Weight Weight Importance
| A Water iz in range 3 5 1 1 3
| B:4lcohol iz in range 2 4 1 1 3
| C:Urea iz in range 2 4 1 1 3
_ Viscosity is target = 43 39 43 1 1 3
| Turbidity minimize 200 500 1 1 3
_Solutions
Number Water Alcohol Urea Viscosity Turbidity Desirability
| 1 4.455 2379 2165 43 574273 1.000 Selected
| Z 4.841 21589 2.000 43 412802 1.000
| 3 4221 2512 2.267 43 T02.3 1.000
| 4 4325 2.453 2272 43 544187 1.000

Numerical Optimization Report on Solutions (Your results may differ)

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 40 cycles of optimization (starting from the 10 design points plus 30 more
at random), Design-Expert sorts the results for you. It shows the best solution first
in report format. You get a summary of all the cycles. (If the report doesn’t fit in
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the window, move your cursor to the left border and drag it open.) In addition to

solutions, the report includes a recap of your optimization specifications as well as
the random starting points for the search.

The floating Solutions Tool palette provides three views of the same optimization.
(Drag the tool to a convenient location on your screen.) Click view option Ramps.

Soutins [ 2 | 3 | 4[5 (6| 7] &[5 |0[n]|n]
[ Rames

&
[]_esrGram @
oo view

3.000 5.000 2.000

Solutions Tool []
Report

4.000

A:Water = 4.455 B:Alcohol = 2.379

| | i

I I
2.000 4.000 34.8 144

C:Urea = 2.165 Viscosity = 43

Desirability = 1.000

‘ 900

323 1122

Turbidity = 574.273

Ramps report on numerical optimization (Your results may differ)

The ramp display combines 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. The red ones representing the component levels move
around quite a bit, but do the responses remain within their goals (desirability of
1)? Near the graph’s top, click the last solution (solution 13 in this case) on your
screen. Does your solution look something like the one below?

8 e Mixture Design Tutorial — Part 2 Design-Expert 8 User’s Guide
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soutons| 1 [.2 |3 |4 ].5 |6 |7 ]88 |10 ]| [m]

3.000

5.000

4.000
A:Water = 3.000

B:Alcohol = 3.318

_
N

39 /%48
2.000

I I
4.000 34.8

C:Urea = 2.682 Viscosity = 44.8881

Desirability = 0.612
800
‘ 900

323 1122

Turbidity = 839.82

Sub-optimum solution that ranks least desirable

If your search also uncovered the above local optimum, note that viscosity falls off

target and turbidity becomes excessive, thus making it less desirable than the
option for higher temperature.

Select the Bar Graph view from the solutions tool.

Desirability

Solutions Tool  [=]
FReport
Ramps
|| Barcrapn

Pop-Out Wiew

A'Water

B:Alcohol

0622376
Viscosity

0.601798
Turbidity

0612001
Combined

0.000

0.250

0.500

0750 1.000

Solution to multiple-response optimization Z desirability bar graph

The above bar graph shows how well each variable satisfies the criteria and the
overall combined desirability: values near one are good.
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Optimization Graphs

Press Graphs to view a contour graph of overall desirability. It now becomes
obvious that at least somewhat desirable formulations fall with three distinct
‘sweet spots’ as indicated by the three graduated color areas within the blue

background.
A\ criteria |/~ Sotions Graphs
soutons| 1 | 2 |3 | s | s |6 | 7] |s|w0|n]|m[HI reorse: [Desirabiity <]
Design-Expen® Software
Desirability
# Design Points [Gauges ) sheet
!
r
0 [z Eiaizonar
|ﬁcu,ea
X1=A: Water 1
X2 =B: Alcohol Tem| <
X3=C: Urea

4.000 3.000 4.000
B: Alcohol C: Urea

Desirability

Desirability contour graph

The screen shot above came from a graph done showing graduated colors - cool
blue for lower desirability and warm yellow for higher. If you just completed part 1
of this tutorial, your graph came up in only one color. This can be easily fixed by
right-clicking over the graph and selecting Graph Preferences, then Surface

Graphs.
Graph Preferences l_J&
Components | Contours |
Forits and Colors I All Graphs | Surface Graphs

30 and Contour Graph Options

Graph resolution: [High v]
Add flag 3D graph shading: ’Graduateﬂ vl
Add contour
P e e Contour graph shading: lGraduated v]
Std Error -
Graph Preferences... 30 y-sxis offzet from base
B Banded
Show projection lines from de: Plain Background il

Graph preferences via right-click menu Z Selecting graduated (color) shading

Make sure Contour graph shading is set to Graduated. Press OK and see what
you get.
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Design-Expert software sets a flag at the optimal point for solution 13. Click
through the numbered Solutions choices atop your screen until the flag relocates to
the largest sweet spot (the one with the largest area) at the top of the triangular
mixture space. To view the responses associated with this desirability (sweet
spot), press the droplist arrow for Response and select Viscosity. Right-click the
flag and press Toggle size. Now you see confidence intervals (CI) on the mean
prediction and prediction intervals (PI) on the individuals, as well as the
composition at point (X1, X2, X3). This is helpful!

Response: (Viscosity -

A: Water
55000

Prediction 43
95% Cl Low 35.5633
95% CI High 50.4366 | TougleSie
95% Pl Low 28.3966 = ditinfo.
95% PI High 57,6033 | DeleteFlsg
=1 . = z SE Mean 3.22489
ssponse: | Viscosity - SE Pred 6.33274
PEETT — X1 4.841
Desirabili X2 2159
X3 2.000
Turbidity

Viscosity contour plot (with optimum flagged on largest sweet spot)

The colors look nice, but what if you must print the graphs in black and white? This
is easily fixed by right-clicking over the graph and selecting Graph Preferences.
Click the Surface Graphs tab and set Contour graph shading to Plain

background.
Components I Contours |
FontsandColors |  AlGmphs |  Suface Graphs

3D and Contour Graph Options.

Graph resolution: [High vl
3D graph shading: ’Graduateﬂ vl
Contour graph shading: lPlﬂil‘l Background v]

Std Error -
3D y-sxis offset from base |Graduated
Banded
Show projection lines from de =y Background =

Graph preferences set to plain background

While you’re at preferences, checkmark-on Show contour grid lines.
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Components |
Fonts and Colors I All Graphs |

Contours
Surface Graphs

3D and Contour Graph Options

Graph resolution: [High vl
)

™

3D graph shading: [Graduated

Contour graph shading: [Plain Background

3D y-sxiz offset from base 25 0 to 50%

Show projection lines from design peints on 30 graph

Show contour grid ines Show 3D graph grid ines

Show grid lines option

Finally, to make your graph truly plain, go to the Fonts & Colors tab, choose
Contour Background under Colors, click Edit Color and select white from the
Color grid. Press OK to close the color palette.

— A: Water
Graph Preferences =
Components | Contours | 2®
Forts and Colors Al Graphs Surface Graphs
Fonts Colors.
- Cantour -
Model Editor Font B [ Contour background | 3
Dialog Control Font 3D contour background —
Graph Contour Font E Highlighted line 55633
||| Graph Label Font Point group 0.4366
hted t
Color SX0) e 8.3968
Basic colors rface desion point ™ 7.6033
il il 10 ggggi ®
HM T NENN . = .841
N . 1 159
HN ... 1 000 .
EEEEEEEN 4 -
I T[] i d
Custom colors:
Defauls .
o s
o o o o \
restart of program) @ \
*
T opaque \
(&0l
* = )
- 2 = "

Graph changed to black and white with grid lines

There are many other options on this and other Graph preferences tabs. Look them
over if you like and then press OK to see how options specified by this tutorial
affect your contour plot. If you like, look at the optimal turbidity response as well.

To view the desirability surface in three dimensions, again click Response and
choose Desirability. Then from the floating Graphs Tool select 3D Surface.
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Response: | Desirability ~

Graphs Tool =]

Trace

Two Component
Contour

3D Surface
Pop-Out View

Desirability

C (4.000)

B (4.000)

3D view of desirability at default resolution in color

In this case the desirability surface is a bit too jaggedy for the colors to provide
much advantage for interpretation, so right-click over the graph and select Graph
Preferences. On the Graphs 1 tab change the Graph resolution to Very High.

Graph Preferences Iﬁ

Components | Y Awis | Forts and Colors I All Graphs | Surface Graphs

30 and Contour Graph Options

Graph resolution: [Very High v]

Low a
3D graph shading: | Medium
High
Contour graph shading: 5

Changing to very high resolution for the 3D plot

Press OK for the new graph preferences. Then to get the view shown below, select
View, Show Rotation tool and change the horizontal control h to 30 and v to 50.
Click on the graph for a spectacular view!
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File Edit [View] Display Options Design Tools Help Tips
D& & Trace {

oiions [[5]_cveons

b [ «] 5|6 [7]e|s]| Resoose [Desirabi

Software

in
1 rd ¥ Show Rotation 1000
A3 optim ¥ Show Legend

Pop-Out View

%) pd ¥ Toolbar
v StatusBar

Desirability

A (5.000)

C (2.000)

B (4.000)

Toqggles rotation tool box on/of. HUM

3D desirability plot at high resolution

Now you can see one high ridge where desirability can be maintained at a
maximum level over a range of compositions. Another high point can be achieved,
but it requires sharp control of the composition. The other peak is less desirable
(lower).

When you have more than three components to plot, Design-Expert software uses
the composition at the optimum as the default for the remaining constant axes. For
example, if you design for four components, the experimental space is a
tetrahedron. Within this three-dimensional space you may find several optimums,
which require multiple triangular “slices,” one for each optimum.

The best way for pointing out the most desirable formulation for your mixture is to
demonstrate it on your computer screen or with the output projected for a larger
audience. In this case, you'd best shift back to the default colors and other display
schemes. Do this by right-clicking and selecting Graph Preferences and pressing
the Default buttons for the Graphs 1, Graphs 2 and Fonts and Colors (Colors

side only).

Adding Propagation of Error (POE) to the Optimization

If you have prior knowledge of the variation in your component amounts, this
information can be fed into Design-Expert software. Then you can generate
propagation of error (POE) plots showing how that error transmits to the response.
Look for compositions that minimize transmitted variation, thus creating a formula
that’s robust to slight variations in the measured amounts.

Start by clicking the Design node on the left side of the screen to get back to the
design layout. Select Column Info Sheet from the floating Design Tool palette.
Enter the following information into the Std. Dev. column: Water: 0.08, Alcohol:
0.06, Urea: 0.06, as shown on the screen below.
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L:"I Notes for Ml pecign Tool (=] Name Units Type | Std. Dev. | Low High
E Design Desion Layout LWater % Component | 0.08 3 5
S |
: um Alcahol % Component 0.0 2 4
[-I Run Sheet

oo oumminoshent|

. ] Evand Column Infa Sheet L_ Urea % Component . 51 2 4

m Ccongl Pop-Out Wiew L\.Fiscus'rty mPa-sec Response 54501 348 144
.@ Analysie 1__Turbidity Response 03.5402 323 1122

Column Info Sheet with standard deviations filled in

Now you can calculate propagation of error by generating graphs for each
response. First, click the Viscosity analysis node and press the Model Graphs
button. Next, select View, Propagation of Error, which previously was grayed
out. Also choose 3D Surface view. Now your screen should match what’s shown
below.

File Edit [View) Display Options Design Tools Help Tips

DSl  Mod
Svomer  StandardError —
(0 Natss 1o N — ~ =
] Desig ¥ Propagation of Error y* Transtorm | =2 Ft Summary | f(x) Model [ aNovA | - Disgnostics | |)-|madel Graphs
ES Trace
L @
Two Component Mix Design-Expert® Software
TE Comour POE Viscosity)
e ¢ a7
2 Predicted vs. Actual 9.67522
i) Analy 7 || Graphs Toal a8
| B urface 5.46282
i Trace
B R showTrsce Choices e — 10
LA Optin sy e ctors Tool X1= A Water _Two Component |
B e e X2 = B: Alcohal G|
1 of || S E ST X3=0C: Urea Pred. vs. Actual a
% Show Crosshairs Window 3D Surisce
] pd
Show Rotation Fop-Out view — 8
¥ Show Legend =
@
Pop-Out View § 7
¥ Toolbar Z
= 6
o 5
A (5.000)

FactorsTool &
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Use to create Propagation of error graph NUM

3D view of the POE graph

The surface reaches a minimum where the least amount of error is transmitted
(propagated) to the viscosity response. These minima occur at flat regions on
model graphs where formulations are most robust to varying amounts of
components.

Click the Turbidity node, press the Model Graphs button and select View,
Propagation of Error and look at its 3D Surface. Rotate it so you can see the
surface best.
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POE(Viscosity)
967522
Graphs Tool
546282 a8
Trace
X1=A Water Twn Component 10
X2 =B: Alcohol _ Contowr |
X3=C:Urea Pred. vs. Actual 9
3D Surface
wfiptilen | = 8
Z
3
o 7
o
S &
o
o 5
A (5.000)

C (4.000)

C (2.000)

A (3.000)

B (4.000)

POE surface for turbidity

For additional details about POE, attend Stat-Ease’s Robust Design and Tolerance
Analysis workshop.

Now that you've found optimum conditions for the two responses, let’s go back and
add criteria for the propagation of error. Click the Numerical optimization node.
Select POE (Viscosity) and establish a Goal to minimize with Limits of Lower at

5and Upper of 8.
(21 Motes for Mix-a.dxp e
{_ ] Design (Actusl) A\ Criteria /" Solutions D Graphs
- £] Summary Aoviater POE(Viscosity)
-] Graph Columns B:Alcohol
-] Evaluation C:Urea
Viscosity T
Constraints Goal | minimize: -
Analysis Turbidity
) POE(Turbidity) Rty Upper
R1:Viscosity (Analyzed)
i Limits: 5 8
| | RZ:Turbidity (Analyzed)
Optimization Veights: | 1 ﬂ
E] Humerical ] Importance: |+++ ¥
Graphical Options...
| Point Prediction
5
4|7\D\B
5.46282 9.67522
POE(Viscosity)

Set goal and limits for POE (Viscosity)

Select POE (Turbidity) and set its Goal also to minimize with Limits of Lower at
90 and Upper of 120.
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AWater POE(TU rbldlty)

B:Alcohol

C:.Urea )

gg&ﬁgo sity) Goal

ﬂ Upper

Limits: 90 120
Weights: | 1 n
Importance:
90
94.5081 125.026

POE(Turbidity)

Criteria for POE (Turbidity)

Now click the Solutions button to generate new solutions with the additional
criteria. The number 1 solution represents the formulation that best achieves the
target value of 43 for viscosity and minimizes turbidity, while at the same time
finds the spot with the minimum POE (most robust to slight variations in the
component amounts).

M criteria | 7 Solutions Graphs
Solutions |1_ 2 | 3 | 4 |
| | | | |
__|Constraints
- Lower Upper Lower Upper Solutions Tool @
__|Name Goal Limit Limit Weight Weight Importance
| |Aswvater is in range 3 5 1 1 3 Ramps
L B:Alcohol is in range 2 4 1 1 3 |:| Bar Graph
_|cirea is in range 2 4 1 1 3 PDD-OUT WIEW
| |Viscosity is target = 43 39 48 1 1 3
- POE(Viscosity minimize 5 i 1 1 3
| Turbidity minimize 200 500 1 1 3
| POE(Turbidity) minimize 80 120 1 1 3
__|Solutions
Humber Water Alcohol Urea Viscosity POE(Viscosity  Turbidity POE(Turbidity) Desirability
. 1 4.041 2614 2.345 42.5555 565059 800 102.118 0823 Selected
. 2 4.241 2159 2.000 42,9999 6.11978 412,602 98.7803 0.816
- 3 3.927 2170 2903 43 5.76362 &00 105.474 0773

Solutions Generated with Added POE Criteria (Your results may differ)

Be sure to review the alternative solutions, which may be nearly as good based on
the criteria you entered. In this case, the number 2 solution, which you may or may
not get due to the random nature of the optimization, increases the water level
(presumably cheaper) and reduces turbidity, so it may actually be preferred by the
formulators.

Viewing Trace Plots from Optimal Point

Continue on to the numerical optimization Graphs to look at the desirability
contour plot. It does not look much different from before because adding POE
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criteria had only a small impact on the result. However, this is a good time to get a
feel for the sensitivity of responses around the optimum point. Observe this by
changing Response to Viscosity.

A criteria | /7 Soltions Grapghs

Sr.llutiunsl 1 2 | 3 | 4 | Response: Desirability ~

Desirabili

Design-Expert® Software  otiiseos™™)

Desirability POE(Turbidity]
# Design Points

Changing the response to be viewed from the optimum point

Select Trace from the Graphs Tool palette. Select Cox from the Trace Graph
palette. Click Solutions 2 and beyond to see how graphs shift with varying
optimal reference points. Return to Solution 1, which may produce the trace
pictured below (remember that your results may vary due to random elements in
the numerical search algorithm used by Design-Expert software).

AN\ Criteria

orephs
souters[ T 2 | 3 | s | mesvons: [Viscasity -]

Design-Expert® Software

Viscosity Trace (Cox)
Actual Components 140 —]
A: Water = 4.041
B: Alcohol = 2.614
C:Urea=2.345
120 —
100 —|
Trace Graph [=]
Direction
Piepel =
© Cox 7]
® C i3 80 —|
5]
L
FactorsTool [ >
Gauges . Sheet 0 —
Default
[
’,_EW a0 —|
Term [A -]
20 —

-0.600 -0.400 -0.200 0.000 0200 0.400 0.600 0.800 1.000

Deviation from Reference Blend (L_Pseudo Units)

Trace plot viewed from optimal point

Take a look at the trace for the other response - turbidity. It looks even more
interesting!

Graphical Optimization

By shading out regions that fall outside of specified contours, you can identify
desirable sweet spots for each response - windows of opportunity where all
specifications can be met. In this case, response specifications are:

e 39 < Viscosity < 48
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e POE (Viscosity) <8
e Turbidity <900
e POE (Turbidity) <120

To overlay plots of all these responses, click the Graphical optimization node. For

the Viscosity response, if the following values are not already pre-set, enter a
Lower limit of 39 and an Upper limit of 48.

(L1 Notes for Mix-a.dxp
Criteria Graphs
.. 271 Design (Actual) M B
21 Sunmary iscosi
L‘I Graph Columns. POE(Viscosity) VISCOSIty
L Turbidty
=] Evaluation POETurbidity)
i.Fl Constraints
Lower Upper
- ] Analysis
i 7 R1:Viscosty (Analyzed) Limits: | 39 48
R2:Turbidity (Anahlyzed)
&] Optimization
_i"| Humerical
& Graphical
. ] Point Prediction
39 K8
34.8 144
Viscosity

Setting criteria for Graphical optimization: Viscosity response

Click the POE(Viscosity) response. If the following value is not already pre-set,
enter an Upper limit of 8. Do not enter a lower limit - it will not be needed for the
graphical optimization when simply minimizing.

casty]

Turbidity
POE(Turbidity)

POE(Viscosity)

Lower Upper

Limits: 8

\ \
5.46282 9.67522

POE(Viscosity)

Graphical criterion for POE of viscosity

Press forward to the Turbidity response and, if the following value is not already

pre-set, enter an Upper limit of 900. This again is a minimization, so don’t enter a
lower limit.
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Viscosity .
POE (Vistosiy) Turbidity
Turbidity

POE Turbidity)

Lower Upper
Limits: 900

800

323 1122

Turbidity

Setting criteria for turbidity

Click the POE(Turbidity) response and, if the following value is not already pre-
set, enter an Upper limit of 120.

Viscosity
POE(Viscosity)

POE(Turbidity)
Turbidity

POE (Turbidity)
Lower Upper

Limits: 120

120

94.5081 125.026

POE(Turbidity)

The criterion for POE of turbidity

Press the Graphs button to produce the “overlay” plot. If the feasible regions are
not already colored by default, visually improve the graph by adding yellow (or the
color of your choice) to the contour background via Graphs Preferences.
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Graph Preferences @ ~ A
£.U
E 00N
Components | Forts and Colors ‘ Al Graphe | Surface Gmphsl LU
Fonts Colors
- Contour -
WModel Editor Font B | Contour background /gl
Dialog Control Font 3D contour background
‘Graph Contour Font = Highlighted line
Graph Label Font Point group
Graph Axes Font Highlighted point .81
Graph Legend Font m Design point f 02
Graph Title Font i Subsurface design point ™
28
28

Font Size

Edit Color... b
Comom. |

Sample

|
Use color icons (change effective after restart of program)

Color filter transparency: |_ |13% + Opaque

4.000
B: Alcohol

Adding visual appeal to contour background

Your graph should now appear similar to that below.

N\ Criteria Graphs

SD\U[IDHSI

Design-Expert® Software A: Water
Overlay Plot 52000

Viscosity
POE(Viscosity)
Turbidity
POE(Turbidity)
#+ Design Points

X1=A Water

Viscosity: 39

POE(Viscosity): 8

4.000 3.000 4.000
B: Alcohal C: Urea

Overlay Plot

Graphical optimization
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Notice that regions not meeting your specifications are grayed out, leaving
(hopefully!) an operating window or “sweet spot.”

Notice the flag remains planted at the optimum. That’s handy! This Design-Expert
display may not look as fancy as 3D desirability, but it is very useful to show
windows of operability where requirements simultaneously meet critical
properties. Grayed areas on the graphical optimization plot do not meet selection
criteria. The clear “window” shows where you can set factors to satisfy
requirements for both responses.

The lines that mark the high or low boundaries on the responses can be identified
with a mouse-click. Notice that the contour and its label change color for easy
identification. Click outside the graph to reset the contour and its label to the
original color.

Let’s say someone wonders whether the 900 maximum for turbidity can be
decreased. What will this do to the operating window? Find out by clicking the 900
turbidity contour line - you know you’ve got it when it turns red. Then drag the
contour until it reaches a value of approximately 750. Finally right-click over this
contour, select Set contour value and enter 750.

\ Contour Level LéJ
Delete contour Enter new value:
Set contour value... 750
Add flag
Graph preferences...
Default View Window [ ok [ cancsl |[ Hep |
3

Setting the turbidity contour value

Press OK to get the 750 contour level. Right-click over the flag and select Delete
Flag to make it easier to see how this change in turbidity affects the sweet spots.
Notice the smaller sweet spot has disappeared.

A: Water
52.000

Turbidity: 750

Viscosity: 48

A
POE (Viscosity) 8

2

4.000 3.000 4.000
B: Alcohol C: Urea

Overlay Plot

Changing the specification on turbidity to 750 maximum
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Graphical optimization works great for three components, but as the number
increases, it becomes more and more tedious. Once you find solutions much more
quickly by using the numerical optimization feature, return to the graphical
optimization and produce outputs for presentation purposes.

Response Prediction at the Optimum

Click the Point Prediction node (middle left on your screen). Notice it defaults to
your first solution.

File Edit View Display Options Design Tools Help Tips
Ol Boo g S T
3 Notes for hioe foctor ool [
i 22 Design (A [GaugesT sheet oltore] 1 ﬂﬂﬂ
~ %] Summg * Defaut | | ‘ |
g Graph ’—I— Component Name Level LowLevel High Level Std. Dev. Coding
=] Evalua| e |~ Water 404 2.00 5.00 0.080 Actual
- F1l] Constr ' I ' ' L B Alcohol ze1 2.00 4.00 0.060 Actual
-, | Gues v 1l c Urea 2.35 2.00 4.00 0.080 Actual
) | Total= 9.00
L 90% of Population
Re Prediction SE Mean 95% Cllow 95% Cl high SEPred 95%Pllow 95% Plhigh 95% Tllow 95% T1high
-] Numerical [ viscosity 429999 269 36.80 4920 5.08 28.99 57.01 2266 53.34
e [ o
| Turbidity 800 50.58 680.39 919.61 106.35 548.52 1051.48 42763 MT2.37
__|PoE(Turbidity) 102.119

Point prediction set to Solutions 1 (yours may be different)

Save the Data to a File

Now that you've invested all this time into setting up the optimization for this
design, it is wise to save your work. Click the File menu item and select Save As.

Edit View Display Opticns  Design Tools B
MNew Design... l
Open Design... Ctrl+ 0O
Close Design... Ctrl+W [
Save Ctrl+5 t
Save As...

Save As selection

You can now specify the File name (we suggest tut-MIX-opt) to Save as type
*.dxp” in the Data folder for Design-Expert (or wherever you want to Save in).

Final Comments

We feel that numerical optimization provides powerful insights when combined
with graphical analysis. Numerical optimization becomes essential when
investigating many components with many responses. However, computerized
optimization does 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 down the ranges as you gain knowledge about how changing factor levels
affect responses. Often, you will need to make more than one pass to find the “best”
factor levels that satisfy constraints on several responses simultaneously.
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Using Design-Expert software allows you to explore the impact of changing
multiple components on multiple responses — and to find maximally desirable
solutions quickly via numerical optimization. For your final report, finish up with a
graphical overlay plot at the optimum “slice.” (Don’t forget you can set goals on the
components themselves. For example, in this case it might be wise to try
maximizing the amount of cheap water.)

Learn more about mixture design methods at our workshop titled Mixture Designs
for Optimal Formulations. To get the latest class schedule, give Stat-Ease a call.
Also, 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 contact information and email links at www.statease.com.

Postscript: Adding a Cost Equation

In the comments above, we suggested you consider maximizing the cheapest
ingredient — water in this case. Conversely, you may have an incredibly expensive
material in your formulation that obviously needs to be minimized. With only a
small amount of effort, you can set up cost as a response to be included in Design-
Expert’s numerical optimization.

Re-open the Mix-a.dxp file. In the Design branch, right-click the last response
column. From the menu, select Insert Response, After This Column.

Response 2
Turbidity
Edit Info... |
Insert Response 3 Before This Column
Delete Response After This Column
Fill With Randem

Simulate Response

Equation Only

Sort by This Response

Inserting a new response

Next, right-click the new untitled response header and select Equation Only.

Response 3
Untitled

Edit Info...

Insert Response 4
Delete Response

Fill With Randem

Simulate Response

Equation Only

Sert by This Response

Equation only option

In the dialog box enter Response Name as Cost and Response units in $/kg.
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Equation Edit @

Response name;  Cost

Response units: S-'kg|

Model terms: 0 [ Model equation l

Current transform: Mone [ Transform Response l

Specifying name and units for new response

Press Model equation and enter with no spaces .5b+.2¢ (alcohol at $0.50 per kilo
and urea at $0.20 cents - assume water costs practically nothing).

Simulation Model =)

Example equations: Mixture components

Process: 45+ 24 - 30 + C + GAC + 25447

Mixture: 1.54 + 5B + 4C + 0.3AB

Categoric: 2.3A + {2,418 + {1 35}C Process factors
+{-3,1} AC +{0,0,.1,0,0,038C
Levels: A=2, B=3, C=4 with levelz-1 coefficients for each.
Categoric factors
Coded

Type in an equation

Sbe 2]

Entering the cost equation

Press OK to accept the equation and OK again to calculate costs for all
formulations in this mixture design. To make these more presentable, right-click
the Cost column header, select Edit Info, and change Format to 0.00. Press OK.

Response 3 | Response @
Cost
Slkg
160 Mame: Cost
163 Units:  S'kg
2.10 Format: m
240 General -
13T Sid dev: 0
0.0
183 Advancedm_
1.40 Anakyz ggggu
1.80 ©) Analyz g goE+00
o 0.0000E+00 -
- POE options
1.40 @ Use ANOVA std dev
1.80 () Enter std dev
1.87
150 DAnah‘rze only design model
213 [ oK l [ Cancel ] [ Help ]

Costs calculated and formatted

Now, under the Analysis branch, click the Cost node to bring up the model graph
directly - no modeling is necessary because you already entered the deterministic
equation.
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= Motes for Mie-s dxp.
gl-h':-l:m Design-Expert® Software A: Water
i Cost 5.000
et ® Design Points 2
- ) Anayss 24
111 Rivacosty (Anayzea)
1 ) RaTwrbisty (Analyzed) 14
L) mcoutmans
fiome
i B Gaasnel X1=A: Water
WL b X2 = B: Alcohol
X3 =C: Urea
2
4.000 3.000 4.000
B: Alcohol C: Urea
Cost
Contour plot of cost

The water shows blue due to it being so cheap.

This sets the stage to include cost in your multiple response optimization. As
pictured below, go to Optimization node Numerical, select Cost and set its Goal

to minimize.
(L1 MNotes for Mix-a.dxp T
Criteria Solutions Graphs
=7 Design (Actual) LS e P
Si
ummany AWater Cost
-] Graph Columns B:Alcohol
.. %] Evaluation C:Urea
.. {1l Constraints POE(Viscosity) oal
-8 .én avsis ;gr:g:thuh) ;anTmiZe i Upper
- 4 Ri:Viscosiy (anayzed) 24
- | RZ:Turbidity (Analyzed) ?arget-> .
.. |1 R3:Cost (Analyzed) ynange 1
u L _ Importance:
m Numerical Options...
h Graphical
.. %] Point Prediction

1.40 240

Cost

Minimizing cost

Pressing Solutions at this stage only tells you what you already know: The lowest
cost formula is at the greatest amount of water within the specified constraints. Re-
enter the goals for viscosity and turbidity if you like, but it really isn’t necessary
now. Wait until you do your own mixture design and then make use of this
postscript tip to take costs into account.

26 o Mixture Design Tutorial — Part 2 Design-Expert 8 User’s Guide



