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Today’s Objectives:

»What is an Order Experiment?
» How do we design an Order Experiment?
» How should the experimental results be analyzed?

» What are the Factors and Factor Levels?




What is an Order Experiment?

An Order experiment is one in which there are multiple process steps and
the order in which the steps are performed is studied.

Examples:

* Knee brace - The order in which the straps are tightened

» Survey - The order in which questions are asked

« Coatings - The order in which multiple coating layers are applied

* An important special case: Order-of-Addition - The order in which mixture ingredients are added
* Paints Resins/Polymers Adhesives

« Cosmetics Pesticides Foods

6 PPG
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What would be the “Full Factorial” equivalent of an Order Experiment?

Full Factorial equivalent = all possible permutations
Lady tasting tea: m = 2 components:

Permutation 1: Milk =» Tea
Permutation 2: Tea = Milk

Consider m = 3 components:

. Each of the 6 rows is
" I% I : o
_ a unique permutation of
JIJD the three colored balls.




What are the factors and levels in an Order Experiment?

Palr\lee ordering
Permutation 1: Milk =» Tea Milk = A

Permutation 2: Tea = Milk Factor Level: Does

Tea=B
2 ™ 1 M enter before T?

Lady tasting tea: m = 2 components:

1 =true, -1 = false

Just one factor

RN : Red = R 1 1 1 !
; 333 Green = G 2 RBG 1 1 ?
3 000 Blue =B 3 GRB -1 1 ?
4 JQJ 4 GBR -1 -1 ?
5 QDD S} BRG 1 -1 ?
6 Q0 6  BGR -1 . .

3 factors
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Order Experiments with All Possible Permutations (Full Factorial)
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number of
number of pairwise number of
components, factors, permutations,
m (E) m!
2
1 - 1
2 1 2
3 3 6
4 6 24
S 10 120
6 15 720
/ 21 9,040
8 28 40,320

As the number of components increases:
» pairwise ordering factors increase
» permeations increase

A new JMP Addin is available:
» All possible permutations
» Pairwise ordering factors

Addin by Bradley Jones and Joseph Morgan

Fractional Experiments?

» JMP Custom Design

> Pairwise ordering factors
» Covariate Factors
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Case Study: Automotive Clearcoat
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Component code (4, 24) (5, 15) (6, 24) shear thinning
primary binder resin A 4 v v 150 -

secondary binder resin
flow and leveling additive

Viscosity

v
v
rheology modifier #1 v

50

NN X X

crosslinking resin

MmO O W
X XN X X X

0.1 1 10 100 1000
Shear Rate
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Four Component Experiment Run
Order Order fA<B  fA<C | fA<D | fB<C  fB<D | fC<D Y

) ) . 1 BCAD -1 -1 1 1 1 1 0.037
24 total permutations, 6 pairwise factors 2 |ACBD 1 1 1 1 1 00M
3 CDAB 1 -1 -1 -1 -1 1 0.414
4 BCDA -1 -1 -1 1 1 1 0.510
Experimental notation: Order (4, 24) 5 CBAD i I i 1 1 0004
6 ABDC 1 1 1 1 1 -1 0.009
7 DCBA -1 -1 -1 -1 -1 -1 0.491
= Components (m) = 4, 5 DBAC 1 1 5 1 1 4 043%
_ 0 BDAC -1 1 -1 1 1 -1 0.482
=> Runs (N) =24 10 ADBC 1 1 1 1 -1 -1 0.027
11 JACDE 1 1 1 -1 -1 1 0.033
In general: Order (m, N) 12 . - S o B
13 [BACD -1 1 1 1 1 1 0.020
14 CADB 1 -1 1 -1 -1 1 -0.019
The order column provides the instructions 15 . ! . et | = il 0
. . 16 (CEDA -1 -1 -1 -1 1 1 0.537
to how to run the experiment: 17 - : : : - —
18 ADCE 1 1 1 -1 -1 -1 0.059
10 [EDCA -1 -1 -1 1 1 -1 0.534
The factor columns used to analyze 20 3 S S
» Forward 2-stage stepwise regression 21 [DBCA -1 -1 -1 1 -1 1 0500
. . 22 CDER -1 -1 -1 -1 -1 1 0.502
- Maln eff_eCtS fIrS‘_t . . 23 CAED 1 -1 1 -1 1 1 -0.038
» 2-factor interactions with heredity 24 BADC -1 1 1 1 1 4 0016

Order (4, 24).jmp m
12




Case Study Example: Order (4, 24)

13

1) Stage 1: Use forward stepwise
regression with only the “main effect”
pairwise ordering factors

=% Fit Model - IMP

4 ~|Model Specification

Select Columns Pick Role Variables

Personality: Stepw

ise

I ol Aiog (L7H)
| Run Order optiong
A Half-Fraction . il
| & Order of Addition ‘ | [ Keep dialog o
AfA<B il
1R
4iacc ,
|dfa<D =
diBec :
|MfB<D
|MfC<D Construct Model Effects
4
|dLsv 2 facc
e — |
lfB<C
[ TS |
[Cvagm=] o0

2) Stage 2:
significant interactions between pairwise ordering

factors involving only the important main effect factors

/'

(employing the strong heredity assumption)

Use forward stepwise regression to add

4 1=| Stepwise Fit for log (L/H)

4 Stepwise Regression Control
Stopping RUlE | Minimum AlCe | E
Direction: e 4] [Remove All] [Run Model
bEGe | Stop | | Step
SSE DFE RMSE RSquare RSquare Adj Cp p AlCc BIC
0.02593684 21 0.0351448  0.95804 0.9785 -0.74284 3 -857077 -B3.1008
4 Current Estimates
Lock Entered imate nDF 55 ob>F*
Intercept 0.24627343 1 9] 0.000
fA<B -0.0143671 1 0.004403 3.565
] fA<C 0 1 0.000133 0,103 0.75117
[+ fA<D -0.2273538 1 1102715 892770 1.1e-18
[ fB<C ] 1 1.462e6 0.001 0.97354
O fB<D 0 1 0.000212 0.165 0.68031
[ £C<D 0 1 116e5

A4 = Stepwise Fit for log (L/H)
4 Stepwise Regression Control

Stopping Rule! | Minimum AlCc = [ =] [[Enter All"| [Make Model
Direction: Ermiarde i ] Remove All| | Run Model
Rules: Combine w

Go Stop | Step

RMSE RSquare RSquare Adj Cp p
132 20 0.0317269  0.9848 0.9825 4 4 -88.35616 -B6.
4 Current Estimates
Lock Entered Parameter Estimate nDF 55 "FRatio” “"Prob>F"
v v Intercept 0.24077418 1 Q 0.000 1
[l fA<B -0.0143671 2 0.01021 5.071  0.01654
fA<D -0.2273538 2 1.108521 550628  3.3e-18
fA<B¥ A<D 0.01649774 1 0.005806 5768  0.02613
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Case Study Example: Order (4, 24)

Summary of Fit g'g
RSquare 0.984791 5 .
BeSt RSquare Adj 0.98251 3 oA /
Root Mean Square Error 0.031727 :_(G 3
i Mean of Response 0.246273 > 02
06 Observations (or Sum Wgts) 24 g;
' f A<B Analysis of Variance B4
05 1 ° Sum of 01 0102 040506
_“‘3 - Source DF  Squares MeanSquare F Ratio Y Predicted
04 ®1 Model 3 13035773 0.434526 431.6775 RMSE=0.0317 RSq=0.98
03 Error 20 0.0201320 0.001007 Prob> F PValue<.0001
Y ™ C. Total 23 13237093 <0001
0.2
0.1 Source LogWorth PValue
' fA<D 18.215 [0} | | 0.00000
00 :'—1 fA<D'fA<B 158 [I| Piofof o ioi i i |002615
G fA<B 1306 ¢ (P P P i P i P 004944 A
il = 1 -1 1 . .
fA<B  Primary before Secondary Binder Priaton Profiee
< 1 f A<D Primary before Rheology Modifier 06 .
05 -
0498003 047 !
> [0.47559, g'g
. . - 0.52239) o5 |
To maximize the efficacy of the rheology modifier: il
+ fA<D =false and f A<B = false R o o e s e
« Thus, primary binder should be added after both the Vg R
rheology modifier and secondary binder i P

14 PPG




Generating Optimal Fractions with JMP - Order Experiment

1) Use JMP Order of Addition addin 3) Add Covariate factors = pairwise ordering factors

3 bead

B Order of Addition - PWO - IMP Prc — O X ¥ beda : | 4Factors
File Edit Tables Rows Cols DOE Anslyze Graph Tools Ljbedac 1 DRemove | Ade N Factors | 1
Kbl Tri: R Window - Conti Aole
..—.clcl Ins \.-_IEr'\.- indo Help = ontinuous P o
I'_g ﬁ L_.: LH EE) 'ﬁ o e lrv\ﬁ‘ ‘:E:' ﬂ,“}] o = Q\ + _ Discrete Mumeric * ) da<c Covariate
B : AT T8 TR = Categorical Ala<d Cavariate
b= Covariate
Mumber of components | 4[5 db=d Covariate
F dc<d Covanate
Go sotional ite
Soecifv Factars
4) Define model and number of runs
2) Custom Design 4 Model
|Mair| Ef'fects”lnteractions '|| R5M || Cross ||Powers '||Rem0\re Term|
Exl pWo - IMP Pre | Narme Estimability
E . | 5 Mecessary
File Edit Tables Rows C_l:l_l_ Analyze Graph Tools Add-ins Necessar:f
" . kT - ¥
el = Custom Design }| Create a design tailored to meet [ MNecessary
| 5 - sp ecific PEgUirEmients, - Mecessary
Augment Design 3
i & £ 9 Mecessary
Definitive Screening (5o 3sh = o m:i:zz::’:
| I
" lacciral ®

[/ Alias Terms
4 Design Generation

[] Enforce use of selected covariate rows
umber of Runs: 12 >
15 Make Design




Evaluating Designs

Order (4, 24) ucé’“""a“‘“‘““‘m The 12-run experiment has:

E0 a0 =L o 20 a0 <L 08 o U 58 en iU as L U

£ Power Analysis

Significance Level 0.05]

Anticipated RMSE | 1]  Half the number of runs
Anticipated
Term [ Cnefficlert Power
Intercept |_ 1| 0.99
e o » Lower power to detect effects
s L (increased chance to miss an
o e effect — type Il error)
Order (4, 12) AR S CeRIG  More correlation of main
4Power Analysis SEEmSiiesiessansin effects with 2-factor
Significance Level | 0, J qqqq{;;;;;: 2% Yohehah . .
Ajtl'cipated RMSE!:_% —wwm Interactions

Anticipated Io
Term Coefficient Power
Intercept 1| 0.789
fA<B 1| 0548
fA=<C 1| 0548
fA<D 1] 0.548
fB=C 1| 0548

16 fB<D 1| 0.548 I

fC<D 1 0548 .
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Summary

An Order experiment is one in which there are multiple process steps and
the order in which the steps are performed is studied.

Order-of-Additions experiments are an important class of order experiments.

Pairwise order factors (e.g. B enters before C: B<C) are used to:
* Analyze the experiment — treated as you would any other process variable

» Find optimal subsets of the full permutation experiment to create manageable sized experiments
* The factor levels are (1 = true; -1 = false)

The recommended analysis method is 2-stage forward stepwise regression:
« Stage 1 — main effects; Stage 2 — interactions (limited to those with strong heredity)

Fractional subsets can be created by using the pairwise ordering factors as “covariate” variables with the
custom design platform in JMP

Forward thinking:
* Mixture-Order experiments — ingredient amounts and order
» Process-Order experiments — e.g. change process step order and reaction temperature.

: PPG
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