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Goal: Show how Multivariate Analysis (MVA) 
and Design of Experiments (DOE) can be 
used together.

Part 1: Frank Westad from CAMO Software
Use Unscrambler® X version 10.4 to 
model properties of 45 organic 
solvents using Principal Component 
Analysis (PCA). 

Part 2: Pat Whitcomb from Stat-Ease
Use Design-Expert® version 10 to build 
an optimal design using the principle 
components, simulate results, analyze 
and optimize. 

Agenda
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Part 1: Properties for 45 Organic Solvents
Common Organic Solvents: 
• Table of Properties1,2,3

https://www.organicdivision.org/orig/organic_solvents.html

Notes:
1. This table was originally from: Prof. Murov's

Orgsoltab, which was edited and reposted by Erowid

2. You can find more detailed information (Health & 
Safety, Physical, Regulatory, Environmental) on 
various organic solvents from NCMS

3. The values in the table above were obtained from 
the CRC (87th edition), or Vogel's Practical Organic 
Chemistry (5th ed.).

4. T = 20 °C unless specified otherwise.
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The data table, Solubility was represented as three 
dummy variables
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Looking at the raw data

• Visualizing the raw data as scatter plots, histograms and summarized 
as descriptive statistics is recommended to decide if some variables 
need to be transformed and how to scale them before modelling

 Histograms: Reveal the distribution of the samples for the variables 

 Descriptive statistics: Plot of the standard deviation indicated that 
the variables should be scaled to unit variance 

 Note that PCA in itself does not require normally distributed 
variables, however variables might be transformed based on 
underlying theory and/or background knowledge (a skewed 
distribution in the score plot will indicate non-linearity) 
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Plot of the standard deviation

• “Mice and elephants”: The variables must be scaled to unit variance
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Principal Component Analysis (PCA)

• The “mother” of all multivariate methods, representing the data in 
terms of latent variables (principal components, PCs). 
 Objective: Find a new coordinate system that maximizes the 

variance in the data. 
 Score plot: Gives a map of the samples. A confidence ellipse may be 

added for outlier detection.
 Loadings or Correlation Loadings: A map of the variables. 

Correlation loadings give a direct interpretation of the explained 
variance for the variables and their correlation.

 NB!: Although this is “only mathematics”, the PCs often describe 
inherent underlying structures such as polarity etc. 

 Model validation is important to find the optimal model rank.
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• Score plot, PC2 vs. PC1

Properties for 45 Organic Solvents
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• Correlation loadings plot, PC2 vs. PC3.

Properties for 45 Organic Solvents
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• Scatter plot of Flash point vs. Boiling point; Correlation 0.95
• Grouped after solubility

Properties for 45 Organic Solvents
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Part 2: Design of 
Experiments & 
Optimization
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How to select design points

• Given how many factors (k) you want to study and the number of 
coefficients (p) in the model you select, the design will be built as follows:

 Model:  p points using an optimal criteria 

 Lack-of-Fit:  5 points, based on distance – an approach that fills in 
the gaps (see notes below for detail on this criteria)

 Replicates:  5 points, using the model optimality criteria
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Principal Components
45 Organic Solvents
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First Two Principal Components
45 Organic Solvents
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Candidate points for DOE
44 Organic Solvents
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“Good” Design Properties
An Experimenter’s Wish List  

 Allow the chosen polynomial to be estimated well.
 Give sufficient information to allow a test for lack of fit.

 Have more unique design points than model coefficients.
 Provide an estimate of “pure” error.

 Remain insensitive to outliers, influential values and bias from model 
misspecification.

 Provide a check on variance assumptions, e.g., studentized residuals are N(0, 
σ2); normal, mean zero, constant variance.

 Generate useful information throughout the region of interest, i.e., provide a 
good distribution of standard error of prediction.

 Do not contain an excessively large number of trials.
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Optimal Design
Design-Expert’s modified algorithm 

1. Select a polynomial that you think is needed to get a decent 
approximation of the actual response surface.
 Usually a quadratic.

2. Select good points to estimate your model.
(There are two basic algorithms: point exchange and coordinate 
exchange.)

3. Select design points for:
 Model:  To allow estimation of all coefficients.
 Lack-of-fit:  To test how well the model represents actual behavior 

in our region of interest.
 Replicates:  To estimate pure error.
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Point Selection by Computer vs Expert
Linear model with 10 runs allowed

• Optimal Selection Good Selection
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Optimal Point Exchange
Selecting Points from Candidate Set

• Given how many factors (k) you want to study and the number of 
coefficients (p) in the model you select, the design will be built as follows:

 Model:  p points using an optimal criteria 

 Lack-of-Fit:  5 points, based on distance – an approach that fills in 
the gaps (see notes below for detail on this criteria)

 Replicates:  5 points, using the model optimality criteria
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I-optimal Point Selection

• An I-optimal design seeks to minimize the integral of the prediction 
variance across the design space.  These designs are built algorithmically 
to provide lower 
integrated prediction variance 
across the design space.  This 
equates to minimizing the 
area under the FDS curve.

Statistical
detail

©20
16

 Stat
-E

as
e, 

Inc
. &

 C
AMO Soft

ware



Design Point Selection
Point Exchange Algorithm

1. Start with a candidate list of points.

2. Randomly pick a nonsingular set of model points.

3. Perform 1-point exchange steps until there is no improvement in the 
design.  Then perform 2-point exchange steps, and so on through a 5-
point exchange.  If at any time, there is improvement, start over with 
1-point exchanges.

4. The exchanges continue until there is no further improvement in the 
optimality criterion all the way through the 5-point exchange.
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Candidate set for DOE
44 Organic Solvents

• In our example point exchange is used to chose a design from the 44 
organic solvents (represented by their principle components). 
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First Two Principal Components
Build an Optimal Design (page 1 of 3)
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Choose Design Points (from 44 solvents)
Build an Optimal Design (page 2 of 3)
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Candidate points for DOE
44 Organic Solvents
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Candidate points for DOE
6 Model points selected using I-optimality
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Candidate points for DOE
5 Lack of Fit points selected using Distance
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Candidate points for DOE
5 Replicates selected using I-optimality
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Solvents Used in DOE
Uses 11 solvents with 5 replicates
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First Two Principal Components
Build an Optimal Design (page 3 of 3)
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Simulate Response, Analyze 
and Maximize

• PC1-PC2 w data.dxpx©20
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Simulate Response, Analyze
and Maximize

• Significant Lack of Fit

• Perhaps two principal 
components are not 
enough to describe the 
response!

• More on this later.
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Simulate Response, Analyze 
and Maximize

Optimum

PC-1 = 0.31

PC-2 = 0.91
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Points near Optimum
PC-1 = 0.31 and PC-2 = 0.91

PC-1 (37%)
-4 -3 -2 -1 0 1 2 3 4 5 6

P
C

-2
(2

1 %
)

-3

-2

-1

0

1

2

3

4
Scores

Xm-xylene 59.82

o-xylene 59.99

nitromethane 30.58

p-xylene 59.88

0.31

0.91

©20
16

 Stat
-E

as
e, 

Inc
. &

 C
AMO Soft

ware



First Three Principal Components
45 Organic Solvents

• A correlation loading plot 
of PC3 vs. PC2 revealed that 
the binary variable Insoluble 
spanned the third PC 
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First Three Principal Components
45 Organic Solvents
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First Three Principal Components
Build an Optimal Design (page 1 of 3)
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Choose Design Points (from 44 solvents)
Build an Optimal Design (page 2 of 3)
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First Three Principal Components
Build an Optimal Design (page 3 of 3)
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Simulate Response, Analyze 
and Maximize

• PC1-PC3 w data.dxpx©20
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Simulate Response, Analyze
and Maximize
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Simulate Response, Analyze 
and Maximize
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Points near Optimum
PC-1 = 0.5, PC-2 = 1.1 and PC-3 = 3.2

x

x

x

x

nitromethane 30.58

nitromethane 30.58

nitromethane 30.58

nitromethane 30.58

xylenes ∼ 60

xylenes ∼ 60

xylenes ∼ 60

xylenes ∼ 60
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THANK YOU!

The presentation and recording will be posted on
http://www.camo.com/training/webinars-seminars.html

Frank Westad

CAMO Software

fw@camo.com

Pat Whitcomb

Stat-Ease

pat@statease.com
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