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What does DOE mean?

DOE stands for Design Of Experiments

DOE techniques are used to generate a series of designs which satisfy
different requisites according to the objective of the analysis, which can
be however always summarized as:

“have the best with the smallest effort”

The main concern is to determine the relationship between factors
(inputs) affecting a process and the output of that process with the
lowest number of experiments as possible.
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In other words....

Have you flown a paper airplane before?
(Hopefully not in this class)

Do you always use the same type of paper?
Do you always use the same design?

e

Do you want it to fly straight or do tricks?
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What does DOE mean in this case?

A )

. | |
. X 4
L J 4

« Design of experiment is used here to test paper airplane flight distance
 We want the planes to fly as far as they can.

« We need to think about how we are going to design and perform the
experiment.

* What things do we need to think about? (Think about the steps of the
Scientific Method)

« What question are we trying to answer?

- We want to desigh an experiment to test how the addition of
paper clips will affect the flight distance of the paper airplane.

- How does adding paper clips to a paper airplane affect its

flight?
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Procedure

« How are we going to perform the experiment?
- What do we need to do?
- What needs to be kept constant?
- What is our control?
- Which are our independent variables? # of Flight
- What are we going to observe? How? e | P
0
1

2
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Making a graph of your data

How adding paper clips affects paper airpléhe'fﬁght
10 distance.
O
—~ 9
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The choice on experiments

Aim of the Activity: have a good sample from laboratory tests for statistic
study

Cost per Experiment: 1000 $

6 Random entries 8 Full Factorial entries 64 Full Factorial entries
Cost of the Campaign = 6,000 $ Cost of the Campaign = 8,000 $ Cost of the Campaign = 64,000 $

@ Cost @ Cost @ Cost
®  quaiy ©®  ouaiy © quaiy
W g P romo o MOdeFRONTIER
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Curse of dimensionality

 is the problem caused by the exponential increase in volume associated
with adding extra dimensions to a space.

1 dimension:
10 positions

For example, 100 evenly-spaced
sample points suffice to sample
a unit interval with no more than
0.01 distance between points;

2 dimensions:
100 positions
®

an equivalent sampling of a 10-
dimensional unit hypercube with
a lattice with a spacing of 0.01
between adjacent points would
require 10%° sample points.

3 dimensions:
> 1000 positions!
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Random & SOBOL

The DOE Random & Sobol Sequences cover sufficiently the domain
of the functions.

« The mathematical theory is the Random Number Generation.

e Sequence Random (function with “many” variables)
e Sequence Sobol (function with “few” variables < 10)

« Random sequences of experiments allow the sampling of a
configuration space with continuous and discrete variables without
pre-defined interactions

* The use of random sequences avoids the risk of “correlated
sampling” even in the case of limited sampling
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DOE: space fillers

Random and Sobol

Random sequence

0.8

0.6

0.4

0.2

Voo . ¥ LY RN
0218 THoT e T ek 2% ol
Pos 2 & L 3 BN RA !
0 PR :0 2 d o»°* ’t”‘.’_
0 0.2 0.4 0.6 0.8 1
Pseudo-random
High number of variables
Suitable for GA
.. pmrggEEtRo(?g‘gl_ll_igéci)ssarlregistered ! For more information visit:
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Better distributed designs
Suitable for a low number of variables (<10)
Suitable for RSM, GA
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Factorial DOE

Full factorial Pascaltriangle @I My

41!:.1,L;i"3 (gl (I, L‘j
Number of generated designs: m" s S,
m = variable level

X o MO S
~ Y ., - ) N LY o K In'l”
Ug;i (I , d .U (ly.lt ]_,' (l _:y

(number of “possible” states of a hot* g jj'»..,.‘;',‘jfi’zf’i..,,}1:51'.52":' 0y’
variable) W Gl ol gf“*-fiifl,;rjgf 0ty oyl
n = variables number
Full Factorial 2 levels Full Factorial 3 levels
2" designs allow to correctly 3" designs allow to correctly
capture the first order interaction capture the second order
(e.g. x*y) Full Factorial interaction (e.g. x2*y)

3 variables —_—

3 levels

i ——
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DOE: space fillers

Reduced factorial

Number of generated designs = 2P
p < n (number of variables)

n. design x1 X2 X3 x4 (=x1*x2)
1 + + + +
2 + T ] T Removing
3 + - + - the second
4 + - - - order
5 - + + - Information
5 ) + ) ) for x1*x2
7 - - + -+
8 - - - +
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DOE: space fillers

Cubic face centered

2" + 2*n +1 designs

allow to correctly capture the second order
interaction (e.g. x2*y)

T \
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3 variables
15 designs
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DOE: space fillers

Box Behnken

Very similar to the face centered algorithm, it uses the mid-side nodes
and the center of the (hyper-) cube

' 3 variables
/ .//‘ 13 designs

i T
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DOE: space fillers

Latin Square

The designs number (m?, where m is the required level) does not depend on

the number of variables

Suitable for statistical analysis
Only the zero order interactions can be captured

Example: Latin Square with 3 variables (x1, X2, X3) and 3 levels

-X1(1q2,3)
-Xz(]\JB,C»
- X3 (a,b,C)

modeFRONTIER® is a registered
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11213 a | b |c A | BJ|C
3 |12 c |a |b B |C]|A
2 1311 b [¢c | a CJ|A|B

alA b2B c3C

c3B alC b2A

b2C c3A alB
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DOE: space fillers

Latin Square oy

i L 2 »
A - [ ] e ]
B .
: b ]
5 : : :
> 3 . [ ] ° [ ]
™
hL - -
1 2 3
X
5% L  J L 5% L . 2 L]
it [ ] [} o] ® A% [ ] [ ] ® [ ]
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DOE: Reliability and Robustness

Montecarlo and Latin Hypercube

=& x|

= These techniques generate a series of randomly distributed designs according <

-

= to a given probability density function (Normal, Cauchy, Weibull,...)
@ DOE Sequence distributed. i[]]
o
‘;‘E _ Random Latin Hypercube is useful when a random sample is needed. It guarantees to be relatively uniformly distributed over each ig
» @ Sobol dimension. =l |g
% Constraint Satisfaction @
‘[? @ Cross Validation | The max number of generated desians is limited to 256000. !w_
= Parameters
&‘ S Statistical Designs / Sampling Scheme Latin Hypercube -
f % Full Factorial Number of Designs [1,256000]/10
ﬁ‘h J e S Reject Out of Bounds Samples v
» Cubic Face Centered : [Target Correlation Matrix Correlgtion Matrix Not Defined (]
E ”5 Bu IBC :c: eniere " |Random Generator Seed [0,899]|1
> WSS & Distributions
B ) Lanwaquare Input Yariahle Distribution Location Scalg Shaped Shape2
, @ Plackett Burman 1 Input3 Normal Mean=0.0000E0 Std=1.0000E0
iiz = —— N 2 Inputd Exponential 0.0000E0 Alpha=1.0000E0
z=7 | Ou Robustness and Reliability \ & 3 Inputs Weibull 0.0000E0 1.0000E0 0.0000ED
’ @ Taguchi Matrix 4 ? Inputs Uniform Mean=0.0000E0 Delta=1.0000ED
Bl | 7 5ol Input? Gamma 0.0000E0 1.0000E0 Theta=0.0000E0 -
f Latin Hypercube - Monte Carlo v
2. Optimal Designs
@ D-Optimal E Add DOE Sequence oy DOEBenuente |
. Correlation Matrix Editor x|
| DOE Designs Table | DOE Log| Inpularables ETE— 2 | & I
[ Tm[catecory| @inputs [ @nputd | Snputs | Einputs [ 9 Input? |
12 |-0.400
Define linear correlations > | 5 lmowt lnpus (o250 |
Input? L
it petween variables = | e I==
. Designs: | | N.ErrorDes.0 — -
E N. Designs:0
| oK | Cancel | Help | ﬂ

[ Logic Log | 7] Input Variable |, Output Variable | L, Buffer Variables & Transfer Variable <™ Design Objective| &3 Vector Objective " Design Constr.. % Vector Constraint 4] Vector Input Var.. | Vector Output . | )

M Ready

| Mode: EDIT
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o

NTIER 4.0.1 bZOUBDSU?iIZSMISOSM | Q‘[

-y

Copyright © ESTECO srl 1999-2007

& modeFRONTIER@esteco.com

TG O oU Y

T Oy

T GooIg O


mailto:modeFRONTIER@esteco.com

DOE: Reliability and Robustness

i Warginal Probahility Function in
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04 e
035 /
/ \
/ \
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03 / \ 4
/ \
/ \
/ \
e ] Cauchy
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015 \
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00 e 1
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0 L L
-3 2 - 0 1 2 3
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DOE: Reliability and Robustness

Montecarlo versus Latin Hypercube

Latin Hypercuoe

! ! | |
3 -3 -2 1 0 1 14 3

X X
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DOE: Reliability and Robustness
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Montecarlo versus Latin Hypercube

Heate Cerlo

i ; Latin Hypercuse
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DOE: hands on

Try to show the differences between Montecarlo
and latin Hypercube

For a two variables problem

Generate a Montecarlo DOE
Generate a Latin Hypercube DOE

Plot hystograms, curve fitting, correlation matrix, Q-Q plots,
compare results
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Statistical analysis

« Statistical tools can be used to analyze distributions, coming from
experiments or from DOE, to obtain information from the system (e.g.,
what is the most responsible cause of failures)

 Statistical tools can be used to find correlations, in particular which
Input variables have most influences in the system outputs; these
results can be obtained from an available database, from a DOE, or
after an optimisation phase

i 1 modeFRONTIER® is a registered For more information visit: I I lOdeF RO NTI E R
product of ESTECO srl ! il to:

: g www.esteco.com or send an e-mail to:
IE.’ Copyright © ESTECO sl 1999-2007 (éy modeFRONTIER@esteco.com the multi-objective optimization and design environment


mailto:modeFRONTIER@esteco.com

Statistical analysis

10deFRONTIER 4 - Project :madymod.prj % 10 4o FRONTIER 4 - Project :madymo4.prj
Edit Project Assessment View Wi

% modeFRONTIER 4 - Project :madymo4. prj

File Edit Project Assessment View Window Hel File  Edit Project Assessment View Window Help

L L I e R ITI- Y- T - IR 2o

[@kaﬂuwl@ Run LugsﬁDesigns Spaue] [ Deskiop [ngwkﬂuwl@ [y LUBSIﬁDES'WS Space‘
5 Daokop | BEDEHEG - ~ W [l Destiap

B55 5585 - <ie o ad BEHEAEE ~ + WP o BIESES

]
B Explarer

B

@ Inio

B Properties

- -] - - - 2

[E categories

Categaories I {E Properties J Ie Infa I raﬁT Explorer J

Prokabilty Dansity Funcian 7 s ]

Cumulative Distribution Function i fid Overall Student
Box-ihiskers m Overall Student 3D
Categories Box-Whiskers '
Categoties Surnmary
[ Quantile-Guantile Plot

A B comelation Matric
Broken Constraints

=

== - - G - (B - (] - - B

Som Components
Sorn Correlation
Sorm U-Matrix

Scatter Matrix & ctans Log Som D-Matri

I g Som P-atrix
g

AOw E Somm Response

DOE Main Efiects
[ DOE Interaction Effects

T

sueyo pue sajgel [

= @ Actions Log
Effacts Matrix

Statistics Summary B m

[ actions Loy |

Ready Mode: EDIT

Yarsion: 4.0 (build 2007.07.08 RFM ) |I33MJ’EDSM] jmf

Tools for distribution analysis

For more information visit:
www.esteco.com or send an e-mail to:
modeFRONTIER@esteco.com
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Several statistical tools are
available:

* Density and cumulative
Distribution

* Box-Whiskers

* Quantile Plot

» Statistics summary

« ANOVA

* Broken Constraints

« Main and interaction effects
« Student

« Correlation Matrix

* Scatter Matrix

*SOM
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Probability Density Plot

. The Probability Density chart
summarizes the distribution of a
data set (min, max, mean,
variance,...)

12

. This plot is obtained by splitting the

range of the data into equal sized

classes " i
e -
/] 990&0 0%

. The number of points that fall into :
each class are counted S T o[ s

Min 1.2106E0 Kurtosis | 3.2765E0

Max j 1.7293E0 Confidence Int. 95% [ (1.4272E0,1.4644E0)
Arithmetic Mean | 1.4458E0 | Confidence Int. 99% [ (1.4212E0,1.4704E0)
Variance 8.7766E-3 Variation Coeff. 6.4796E-2

. It reveals:

- the kind of distribution
where the data is located
- how spread out the data are
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Statistical analysis for distributions (Density and
Cumulative Distribution)

Cumulative Distribution function (for any

Probability density function (for any input/output variable);

Ity Function - i| hution Function -
1.000
&n j=poperiee ___________*
0.200 = il BY I
= General Infarmation 2]
0% Kvariahl 1 ~
0800 Tm:”a § (D)umuiaiive Distribution Fu
‘E‘.\ 'E-\ Tahle Desians Table
£ £
550 = 0700
=) Min 6.1302E0
20% = i 8.8658ED
E % 5 moo e 7.7400E0
= b4 Variance 3005661
m = Std. Deviation 54824E-1
o _ . m 1 Quaril 7.4300E0
2an Drensity Curve = 0500 Sample JCChart e 91434E0
o . . E ) Interguartile 7 0445E-1
o 0% eibull 3 — Wreibull ariation Coeff TDB24E2
o o 0400 T Canfidence Int. 95% (7.6321E0,7.8496ED)
"“l o Confidence Int 99% (7 59B0E0,7 8848E0)
- '\II Marmal T.740848726213025 0.54.
m Cauchy T.760336000688007 0.32.
ﬂ.l E 0300 L:i:itﬁii 7.756118069110695 0.30.,
= 2|:| -g Exponential £.130238153489480 1 61
10% D QDD Lognormal 4.502080177349653 1.15.
. Wieibull 5.01556135343441 2 942,
G:r‘wuna 2881197130982112 0.06.,
Chi Sguare B.125827431B8463535 23,
Bet: 3.7763224B676F5365 5.7.
0100 SiEu:eni 7.7423858701052336 36.
@ Graphics
i ¥ 0% 0000 iDDr:vlavi‘buiinns
3.8606E2 4.26086E2 4.8606E2 2EE05E2 4.0606E2 4.4B06E2 45606E2 0
head_aco head aca Logistie E
]
N. of Designs 177 Std. Deviation 2.7138E1 M. of Dezigns 177 | Quartile 3 ATO4EZ VGV:::! %
M. of Classes 20 Shewness 1.99:29E0 hdin 3 BE0GEZ Il Quartile 3.8254E2 Al
Min 2 BEOEEZ lurtasis 7.2024E0 Il 3z 5.1718E2 Interquartile 2.4557E1 L”;:;ae‘fmme
Max 5 17128E2 Confidence Int, 95% (2.8220E2,3.9025E2) Arithmetic hMean 3EGZZEZ Confidence Int. 35% (3.8220E2,3 Q025E2) e
Arithmetic Mean 3.8622E2 Confidence Int. 99% (3.8091E2,3.9153E2) Wariance 7.3846E2 Cenfidence Int. 88% | (3.8081E2,3.8153E2)
Varance T SE4EE2 Variation Coeff. T 0ZE5E-2 Std. Deviation 2.7138E1 Wariation Coeff. 7 O265E-2

* Select theoretical distribution from Properties>Distribution
« Distribution parameters are available in Properties>General Information
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Statistical analysis for distributions (Box Whiskers)

Box-WWhiskers - { pelvis_acc } on Designs Tahle

Q1 (first quartile): cut off lowest 25% of data
N Q3 (third quartile): cut off highest 25% of data
T . . .
Ul (upper fence) = Q3+1.5*%(Q3-Q1) : it is the limit over which
points are considered as outliers
gm ________ e [y _ L1 (lower fence) = Q1-1.5*(Q3-Q1) : it is the limit below which
i densesthakrange — zf::ff'd'::ce points are considered as outliers
d arithmetic mean median - 1Q mo o
& confidence inferval MEDIAN: 50% of the distribution data are expected to be lower
ST U | [ R (or greater) than the Median value.
—q
I DENSEST HALF RANGE: smallest range that contains half of
f the distribution samples
3 0452 | CONFIDENCE INTERVAL: 95% of confidence that the mean is
e inside this range
Gremdty | Tassseq | aossets | aoweez | aswrsts | a7iseer  [ACHESEENGoeERs

Reports statistical data (symbols and summary table) for any
iInput/output variable

1] . : m
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Statistical analysis for distributions (quantile-quantile plot)

470

Marmal Guantile-Cluantile Plot- head_acc on Designs Tahle

8

o
=)
[=]

head_ace Mormal Walues

40T

210
310 330 350

M. of Designs
hdin
Mazx
Arithmetic Mean
Variance
Std. Deviation

380

177
3.6E06EZ
S.4718E2
38622E2
T 3646E2
2.7138E1

410 430 450

head_aceo
| Quartile
Il Quartile
Interquartile

Confidence Int. 5%
Confidence Int. 9%
Wariation Coeff.

a0 510

2.4597E1
3.6794E2
3.9254E2
(3O223E2,3.0022E2)
(38097 E2 .3 .9145E2)
7 0265E-2

Quantile-quantile plot for any input/output variable: It is used to determine if the data points (abscissa) can be
represented by an analytic distribution (ordinate, you can change the type in properties)

* best fitting distribution would have points on the green 45° line

« if some points are outside the region bounded by red lines (Lillenfor’s test), distributions are different

LW
..  _

X
n

.x.i
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Statistical analysis for distributions (Statistic
summary)

roject :madymo4. prj

File Edit Project Assessment View  Window  Help
Ladbam&8ay CIREA SR X
EEkaﬂnw @Run Logs DES\QHSSFEEE
[ Desktop [ Statistics Summary_ X 4 b E

S100L B

Statistics Summary - head_acc

This page containg univariate descriptive statistics of head_acc together with simple statistical charts and tables.
It summarizes head_ace in a clear and understandahle way including measwres of location, dispersion, percentile and
outliers:

B Explorer

Infol

Available items
Prabability Density Function
Frabability Density Functian
Curnulative Distribution Function

Automatic creation

Quantile-Guantile Plat
Parameter Statistics

: of all the previous
chart on the

i | selected

iInput/output

variables

i
sueyD pue sajgel I

£ Properties

B catagories

@
2

@
L

&

@
8

head_ace Probability Density

©
8

o e e
3660BE2  38A0GE2  40G0BE2  42608E2  44606E2 466082 4BA0E2  5.080BE2
head_acc

Probahility Density Function up

This chart displays a frequency distribution for grouped data. The distribution is asymmetric and positively skewed, the values
tend to cluster toward the lower end of the scale. Hence, in this set of pointe, the mean will be higher than the median

[& Actions Log
Ready Mode: EDIT viersion: 4.0 (uild 2007.07.00 RFM 3 [[#107502M |
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ANOVA: import database

« Iimport database (or use existing one in Design table)

* each column is a different distribution

EE o rkefl ooy @Run Logs DesignsSpace

RHFF FIE v~ WP 5 IBHOHSES

 EE h
= D[ m| catEcory | #DanD | ¥iHugs | TiJackh | $JessR | ¥Johng | ¥lET | WPauN | WPett [ @iTomc | fwesk | % Total eg "y eac
s 2.300E1 2.300E1 8.000E0 1.000E1 1.300E1 1.200E1 2.400E1 1.800E1 1.000E1 1.000ED 1.470E2 .
Wiork Tahle 1.400E1 2.500E1 1.000E1 2.000E1 2.000E1 1.300E1 2.000E1 2.100E1 1.000E1 2.000E0 1.590E2 Column |S a
=t (2 [[] 1.200E1 2.300E1 1.200E1 3.300E1 1.700E1 2.000E1 1.300E1 2.000E1 4.500E1 3.000E0 1.910E2
' 2 | 1.000E1 2 400E1 1.500E1 0.000ED 2.000E1 2.500E1 1.500E1 2.000E1 4.G0O0E1 4.000E0 1.750E2 .
B[4 O 1.500E1 2.300E1 1.800E1 5.000ED 2.000E0 4.500E1 2.300E1 1.200E1 2.400E1 5.000E0 1.830E2 d |ﬂ:ere nt
m s O 2.000E1 1.500E1 2.300E1 1.400E1 3.200E1 5.000E1 3.000E1 1.000E1 1.400E1 £.000ED 2.080E2
a6 | 1.800E1 1.200E1 2.500E1 1.200E1 1.200E1 5.200E1 2.300E1 1.200E1 1.700E1 7.000ED 1.940E2 .
7 [O0 2.000E1 1 900E1 3.000E1 1.200E1 2 BO0ET 5.BO0ET 3.000E1 1.000E1 1 500E1 8.000E0 2.180E2 p ro d u Ctl O n
% s [ 2.000E1 2 300E1 2.000E1 1.200E1 1.400E1 4.000E1 2.700E1 1.000E1 1.000E1 5.000E0 1.7R0EZ2
SRERIE 2.000E1 1.800E1 1.300E1 1.500E1 1.600E1 2.500E1 2.700E1 1.400E1 .000E0 1.000E1 1.610E2 .
10| 2.000E1 1 BO0E1 1.200E1 1.FO0E1 1.800E1 2.000E1 2.600E1 1.500E1 .000ED 1.100E1 1.620E32 | | n e and
; 11| 1.900E1 1 400E1 1.400E1 1.7O0E1 3.000E1 2.100E1 2.400E1 1.300E1 £.000E0 1.200E1 1.680E2 !
== 12| ] 2.100E1 1.000E1 1.400E1 1.500E1 1.200E1 2.200E1 2.000E1 1.200E1 1.000E1 1.300E1 1.360E2
13|00 1.200E1 1.000E1 1.600E1 1.300E1 1.000E1 2.500E1 1.700E1 1.000E1 1.200E1 1.400E1 1.310E2 ShOWS the
» 14|00 1.000E1 1.200E1 1.300E1 2.000E1 5.000E0 2.700E1 1.600E1 8.000ED 1.200E1 1.500E1 1.280E3
15| 1.400E1 1.000E1 2.200E1 2.100E1 8.000E0 3.000E1 1.500E1 7.000ED 8.000E0 1.600E1 1.360E2 . . .
:f 16| 1.500E1 1.000E1 2.400E1 1.700E1 1.500E1 3.500E1 1.700E1 5.000ED 5.000E0 1.700E1 1.430E2 d|Str|but|0n
17| 1.600E1 8.000E0 2.300E1 1.FO0E1 2.000E1 3.300E1 2.000E1 1.3200E1 1.000E1 1.300E1 1.590E32
<= 18|00 1.800E1 8.000ED 2.200E1 1.800E1 2.800E1 3.100E1 1.700E1 1.300E1 1.000E1 1.300E1 1.6G0EZ
v 18|01 2.100E1 1.000E1 1.400E1 1.900E1 2.000E1 2.500E1 1.500E1 1.600E1 1.400E1 2.000E1 1.640E2 Of d EfeCtS
W Eilim| 2.200E1 1.000E1 1.600E1 1.500E1 1.200E1 2.600E1 1.500E1 1.200E1 1.300E1 2.100E1 1.410E2
21|00 1.800E1 8.000E0 1.700E1 1.000E1 3.000E0 2.300E1 1.400E1 1.600E1 1.000E1 2.200E1 1.240E2
22| 1.300E1 7.000ED 2.000E1 8.000ED 7.000ED 3.600E1 1.200E1 1.300E1 .000E0 2.300E1 1.240E3 per day
2310 1.200E1 5.000E0 2.400E1 5.000ED 8.000E0 3.400E1 1.400E1 1.200E1 3.000E0 2.400E1 1.170E2
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Question: which line is most defective?

Multi-History - { DanD Hunl

JohnB LizT Pauld PetP Tomc ton Machines

BOOOOE] T .......... oSO SO . FOUOOS SOt SUORORNt SOOURTUROE SO 3 R, O SOt SO PTOPR SRR
@
o :
GO000EA - eveeen L i FIRTTRTTTIN i L i i FERTTTR s i i TR L : TN i FIRTRUTOR s i R
{ eal . h
0 Feastie History chart
< Unfeasible .
Errar
+ for each line
g Virtual
: a M Feasible
H : ; ; : 4 Unfeasible
£ 3000081 - : : R — e : : e Erter
z : : : : : ‘ :
2 b :
E :
2 ] Wariables
T Canl
:/ Hugs
JackM
JessR
ZO000E1 T sl @t m 5 JohnB
/Aﬂ/ LizT
>TJ Faull
3 FetP
1 TomC
2 Week
1,0000E1 3|
r//“ [n]
0.0000ED i i
o 1 H 3 4 5 & 7 g g 10 11 12 13 14 15 16 17 18 19 20 21 2z 23
Crezign D
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Box Whiskers: Distributions Means and Variances

I DanD Hug : JohnB LizT Paull PetP Tan on Machin

Box Whiskers
can give a
preliminary
indication of
which is most
S defective:

| LizTseemsto
have highest
mean, but we
need a tool to
validate

—L —L distribution
analysis: this

[ Quartiles

[DanD, Hug@, JackM, JessR, JohnB, LizT, Faull, PetP, TomC] BoxWhiskers

0.000 .
w wo® sa"g& e so“‘“‘a o *?@“\‘A ¥ o IS A N OVA
Walue M. of Designs Min ol 3z Arithmetic Mean | Std. Deviation Std. Errar | Quartile Median Il Quartile Interquartile Range | Confidence Intensal
Canl 29 10.000 22.000 16702 2056 0.e0z 13.500 12.000 20.000 6.500 (15.410,18.173) ]
HugG 29 5.000 25.000 14542 6.286 1.204 10.000 12.000 21.000 11.000 (12311,16772)
JackN 29 £.000 20.000 12.125 5.242 1.091 14.000 12.000 22.500 £.500 (16.250,10.091)
JeszR 29 0.000 22.000 14.208 5687 1161 11.000 15.000 12.500 7.500 (12222 16.195) =
JohnB 29 2.000 22.000 15.832 FETZ 1.607 9.000 15.500 20.000 11.000 (12.084,12.523)
LizT 29 12.000 S6.000 20708 11.188 2284 22.500 27.500 25.500 12.000 (26.801,24.616) >

.‘ modeFRONTIER® is a registered ! For more information visit: I I lOdeF RO NTI E R
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Statistical analysis for distributions (ANOVA)

= Analysis of Variance (ANOVA)

Table Selected | Machines & . SeleCt ANOVA tOOI

Select Type of Chart

) Use Categaries » Select table

(*) Use Selected Yariables » Select variables

Select Variable (distributions) to analyze

Input Variahles Qutput variahles Ohjectives Coanstraints Transfer Variahles
DanD = Total
Hugiz
JackM . . i .
JessR * in this case LizT is
compared with other two
PaulN production lines
PetP -
’ Ok l ’ Apply ] [ Cancel ]
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Statistical analysis for distributions (ANOVA)

.+ madeFRONTIER 4 - Project :Discards.prj

File Edit Project Assessment View Window Help
PadE s @Sy

@kaﬂnw @Run Logs Designs Space

(ca]l Desktop | [T3 ANOVA_ >

@ - b

Available items

3

vatiance Check
AMNOVA Table
Box-Whiskers
Multi Range Test
Table Of Means

wariance Check

sapadug 5

The most important assumption requested by ANOVA is that the standard deviations within each group are the same. The
following two tests werify the assumption of homageneity of variance

Wariance Check

Hartley's test: true
Bartlett's test: true

These two statistics tests verify that the standard deviations within each groups is the same, the mostimportant assumption
requested by ANOWA s valid.

ANCWA Tahle

The ANOVA table shows the statistics used to test the null-hypothesis. It has six columns: 1) Source of the variahility. 2) Sum
of Sguares (55) due 10 each source 3) Degrees of freedom (Df) associated with each source. 4) Mean Squares (MS) for each
source that is the ratio SS/D1. 5) F statistic, which is the ratio of the two MS. 6) p-value given by the cdf of F. As F increases, the
p-value decreases.

ANOVA Table
Source of Variation SS Df Ms F-ratio p-Value
Between Groups 4.0058E3 2.0000E0 20028E3 1.8114E1 2. 4808E-7
Within Groups 7.2301E3 6.8000E1 1.0478E2
Total 1.1236E4 7.1000E1

Since the p-value is close tozero, this casts doubt on the null hypothesis and suggests that there are significant differences
between the groups, at least one sample mean is significantly different than the other sample means. Please, refer to the
Multi-Range Test and to the table of Means to identify the groups that generate the difference.

Version: 4.0 (build 2007.00.06 RFM ) |28 75000 | G

Ready Mode: EDIT
1] . . . o
Bl modeFRONTIER® s a registered ! For more information visit:
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* ANOVA analysis summary is
given to compare influence of
different variables

-Variance check: only if
variances of variables is similar,
ANOVA can be performed

-Hartley's test (F,. test) is
performed to verify that
different groups have a similar
variance, an assumption needed
for ANOVA.

-ANOVA table: determines if
variables have different
significance

MOdeFRONTIER
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Statistical analysis for distributions (ANOVA)

.+ modeFRONTIER 4 - Project :Discards. prj
File Edit Project Assessment View Window Help q

PagE s Eeas B - P&

@Wurkﬂuw @Run Logs Deslgns Space

(55| Deskiop | (73] ANOVA_ x il _ B _Wh k t bI f
R . . (0),4 ISKErS, tapie o means
T e e e e and differences: if previous tests
quartile (@3, which cuts off the highest 25% of the data), and the maximum {Jargest observation). - . .

are valid, indicates the most
significant variable

ECh

5.3000E1

B
4.3000E1

B : - here we conclude that LizT
HLH is statistically the most
— . defective line

1.3000E1 A |j ‘ :

3.0000E0 /
® o o

Multi Range Test up

This tabile shows which means are significantly different frorm which others. It computes the difiepénce hetween each pair of
rmeans, together with a confidence interval. Ifthe interval covers 0, we cannot rejectthe idea thafthe two means may be equal
for the specified confidence level

Multiple Range Test

Contrast Difference +/- Interval
JohnB - LizT -1.4875E1 -4.9267ED
JohnB - TamC 1.7600ED -4 4267E0
LizT-TomG 1662581 -4 9267E0
Ready Mode: EDIT Wersion: 4.0 (build 2007.09.06 RFM ) |18 75080 | T
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Tools for correlation analysis

* Main and interaction effects
» Student

» Correlation Matrix

« Scatter Matrix

u 1 modeFRONTIER®is a registered For more information visit: mOdeF RO NTI E R
& W product of ESTECO st )
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Statistical analysis for correlations (Effect matrix)

Effects Matrix - thorax_acc on Designs Table

Effects Matrix - thorax_ace on Designs Tahle

DOOE Main Effects - thorax_acc on Designs Table

47851E2
e EED ............... ............... e e Standard Deviation
43851E2
S S W T ] Standiard ror
o 3851E2 Means Comrectimg Lime -] High Level Mean Value
§I3.7351ez 1.9E5

53585“52 Ovutput Mean Valve —

' S — S E— o
3.3881E2 — Low Level Mean Value ——I_: - ! - [randars Leriahen
B ___ e e -1.1E4 ‘ E

— Inputi +
2.7851E2 ‘ FGle'OI" ‘
y1_prestensioner Low Level High Level

« Effect of one input (abscissa: range is » Same effect: output are in this case

split in — and + half) to one output represented by bars (mean and

(ordinate: mean value) STDEV)

i’ -
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Detalils on definition of Effect

Definition of Effect of input A for output Ob;j:
* Medium value of the function for every variable

Il - [s[ c D [GE (computed for half range + or -):
1 - - - - 65.6 _
2 |[-|]| -]+ |+ 793 A- A
3 - + - + 51.3
4 |\J|+ |+ ] -] 696 Effect = (Mean+) — (Mean-)
5 |/+\| -] -|+]| 598
6 |[+|| -[+]-] 777
! wl+ ] - - 4.2 *The same for the interactions between the
8 |\/[+ ]+ [+] 879 variables:
AB + +/ - - (concord); AB + -/ - + (discord)
A B C | D AB

Mean+| 75 | 70.8|78.8/69.5 Mean AB+ 76.7

Mean-| 6.5 70.6|62.8|71.8 Mean AB- 64.6

Effect| 85| 0.2 |16 | -2 Effect 15.1

. modeFRONTIER® is a registered For more information visit: I I IOdeF RO NTI E R
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Statistical analysis for correlations (Student charts)

Student - thorax_ace on Designs Tahle a Overall Student on Designs Tahle
ot LJ : B .
o0 awiteh_time ¥1_prestensioner #1_prestensioner - Factars 5 [Significance] w [Significance] |
_ 4 o712 mtoo T 31002 00
; ) ) | ]  Accordingly to t-Student
;Stu fe”t cha_lrts ows tble parameter definition, overall 3D
e ectdo_ elac '”pUtlva”aC‘I € chart shows the normalised
accordingly to a selecte effect of each input variable
output accordingly to each output

Significance indicates the probability that response variable and the factor are not
correlated (i.e. it is the probability that a difference in the response at factor variation is due

___ tochance).
E ~+—+ modeFRONTIER® s a registered l For more information visit: I I lOdeF RO NTI E R
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Detalils on Student test

|

- Effect size indicates the kind of
relationship between the factor
and the response variable: a Binvrs S
value less than zero indicates /
that the relationship is inverse. s | —,

3.2586E0 / -9.6499E-1 obj1

* An high value of
parameter (max value 0.5) | e e e AR R
indicates that there is a very

high probability that the factor
doesn’t influence the response

Varlable -3.4136E-1 .:.

-1.2414E0

5.5864E-1

Effect-x

-2.1414E0

-3.0414E0

-3.9414E0
Low Level Dist.(-) High Level Dist.(+)

obj1
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Detalls on Student test

response

 n, and n_are the numbers of values in the
upper and lower parts of domain of the input
variable

« M, and M. are the means of the values for
the output variable x in the upper and lower
parts of domain of the input variable

I
S, i @ factor « S is the general variance
t= M| ! « S,2and S? are the variances of the population
& N S_é for the output variable x in the upper and
n.oon, lower parts of domain of the input variable
g2 _(n_—DS: +(m, —1)S?
7 (n, +n_—-2) If t follows a well known distribution
called Student distribution then M.
_ D x —M) and M, are not statistically distinct
n, —1 I.e. probably there is no correlation
between factor and response variable
RN CEIS) (significance close to 0.5)
. —1
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Detalls on Student test

criticalt | criticalt | criticalt

Factors Effect Size Significance t-Student (@=0.10) (@ = 0.05) (@=0.01)
obj1 9.6499E-1 0.129 1.1688E0 1.3304E0 1.7341E0 2.5524E0

« critical t (¢=0.1)=1.33 — means that if t=1.33 the response variable and the factor are correlated with
a significance = 10% (i.e. there is 10% of probability that the difference between the range + and - of
the response variable is due to chance).

« critical t (=0.05)=1.73 — means that if t=1.73 the response variable and the factor are correlated
with a significance = 5% (i.e. there is 5% of probability that the difference is due to chance).

« critical t (¢=0.01)=2.55 — means that if t=2.55 the response variable and the factor are correlated
with a significance = 1% (i.e. there is 1% of probability that the difference is due to chance).

In the example t =1.688 and the significance is 0.129 — means that the
probability that the difference between the range + and - of the response
variable is due to chance is 12.9%.

The significance a is always between 0, i.e. correlation between factor and
response variable, and 0.5, i.e. not correlation between factor and response
variable (50% of probability that that the difference in the response variable
ranges is due to chance).

L mi modeFRONTIER® s a registered ! For more information visit: I I IOdeFRONTI E R
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Overall Student chart

Cwverall Student on Designs Tahle

Input Wariables

M
| I

Factors = [Significance] w [Significance]
269.8 [0.070] 1920.9 [0.017]
57 1.2 [0.000] 2168.2 [0.000]
29.4 [0.438] 191.3 [0.429]

For each response (S and V), effect of inputs are reported in an
overall chart on a common scale

3 ‘M‘ modeFRONTIER® s a registered l For more information visit: I I |OdeF RO NTI E R
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Statistical analysis for correlations (Correlation chart and
Scatter matrix)

prestensionet tharax_ace | on Desighs Tahle

Scatter Matrix- v

¥i_prestensi

pehis_acc o713
¥1_prestensioner
head_ace 0.599 0.754 |
0.754
0525
0.416
anitch_time 0603 0.430 0.522 0.247
n.o7e
-0.091
-0.260
-0.430
¥1_prestensioner 0423 0,362 -0.228 0599
-0.768
thor
1_prest 0312 0.087 0.140 0.065 0092
.ﬁ\% N
e B by b
L &
o QQ“‘ - e \ev-,\e“
W ¥

o

modeFRONTIER® is a registered
product of ESTECO srl 4
Copyright © ESTECO srl 1999-2007 é“

-0.423

Correlation chart:
* +1 max direct correlation

* -1 max inverse
correlation

* 0 no correlation

! For more information visit:
www.esteco.com or send an e-mail to:
modeFRONTIER@esteco.com

Scatter matrix:

* Report correlation,
scatter plot and distribution
charts for a pair of
variables
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Detalls on Correlation Matrix

. The correlation is a number
(between -1 and 1)
describing the degree of
relationship between two
variables

. The correlation is a aunmz| oo
measure of the linear | e
aSS OC | a_t| O n dummy1 0.016 0.010 0.000 0083

. If it is exactly equal to 1, the
two variables are perfectly
positively correlated and the

\(alues a” |ieqn a Straight X 0.016 ‘ -0.000 -0.071 -0.378

line with positive slope ot = o o )
. If it is equal to zero, the

variables are uncorrelated,

that is linearly unassociated =
- Ifitis equal to -1, then the DDDD G

two variables are perfectly

negatlvely Correlated 0 Correlations Ranking

-0.219

0.213 0.000 -0.040 I -0.708

-<

i ——
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Statistical Analysis: Interaction Effects

Neither the t-Student test nor the
correlation matrix are able to assess if
interaction effects between factors exist.

x[1] 0.73%
[ B
—
x[0] -0.000 -0.000
o Ra
(1] 4 g 05
*[0]
: e critical t critical t critical t
._ Factors | Effect Size ‘slgmflcance: t-Student | (a=0.10) _ ,(“=°,-°5) | (@=0.01)
\ X[1] . 6.8079E1 A 0.009 2.7074E0 1.3450E0 » 1.7613E0 2.6245E0
X[0] . -3.1086E-15 0.500 . 1.0016E-16 | 1.4149E0 1.8946E0 i 2.9980E0
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Statistical Analysis: Interaction Effects

By using DOE Interaction Effects and Effects Matrix is possible to assess if

factors interactions play a role in the response variable.

Statistic Charts

] Ll B8 56

€| = [ & 68
5 5 2:/; |I||l|.§| quE
i"' =1 modeFRONTIER®is a registered / For more information visit:
r .E /1 product of ESTECO srl &d  www.esteco.com or send an e-mail to:
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Statistical Analysis: Interaction Effects

Doe Interaction Effects

7.8667E1

5.8667E1

3.8667E1

1.86671

obj1

-1.3334E0

Effect Size -

-2.1333E1

-4.1333E1

-6.1333E1

-8.1333E1
1]

X[0]

If Xx[O] and x[1] are both set at upper or lower values the
response variable is higher, further information can be
obtained by the effects matrix chart.

RS
=. =1 modeFRONTIER®is a registered ! For more information visit: I I IOdeFRO NTI E R

(W] product of ESTECO srl www.esteco.com or send an e-mail to: . B - -
I.,.i Copyright © ESTECO srl 1999-2007 é&“ modeFRONTIER@esteco.com the multi-objective optimization and design environment


mailto:modeFRONTIER@esteco.com

Statistical Analysis: Interaction Effects

Effects Matrix - obj1 on Designs Table

It is possible to see that,

though x[0] has not a main

effect on the response

: variable, increasing both x[0]

i et and x[1] an higher value of

the response variable is

obtained. On the other side if

both variables are set to

...... e 1| e lower values there is no such
i an effect.

x[0] x[1]
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Example 1

How to use modeFRONTIER to get the most relevant
gualitative information from a data-base of experiments
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Statistical Analysis: Example 1

This experiment was conducted on a catapult — a table-top wooden device
often used to teach design of experiments and statistical process control. The
catapult has several controllable factors and a response easily measurable.

C www.esteco.com or send an e-mail to:
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Statistical Analysis: Example 1

Variables:

Response Variable Y = distance

Factor 1 = band height (height of the pivot point for the rubber bands —
levels were 3.25 and 4.75 inches with a centerpoint level of 4) ;

Factor 2 = start angle (location of the arm when the operator releases—
starts the forward motion of the arm — levels were 0 and 20 degrees with
a centerpoint level of 10 degrees)

Factor 3 = rubber bands (number of rubber bands used on the
catapult— levels were 1 and 2 bands)

Factor 4 = arm length (distance the arm is extended — levels were 0
and 4 inches with a centerpoint level of 2 inches)

Factor 5 = stop angle (location of the arm where the forward motion of
the arm is stopped and the ball starts flying — levels were 45 and 80
degrees with a centerpoint level of 62 degrees)

A reduced factorial technigue was used, the number of designs evaluated is

modeFRONTIER® is a registered For more information visit:

product of ESTECO st ! www.esteco.com or send an e-mail to:
Copyright © ESTECO srl 1999-2007

251=16 +4 center points = 20 designs

the muilti-ob and de
5 modeFRONTIER@esteco.com 1 S

ModeFRONTIER


mailto:modeFRONTIER@esteco.com

oy
Ry

Statistical Analysis: Example 1

Pattern band height | startangle | rbands [arm length| stop angle | Y distance
— 3.25 0 1 0 80 28
00000 4 10 2 2 62 99
PR 4.75 20 2 4 80 126.5
+-t4- 4.75 0 2 4 45 126.5
- 3.25 20 2 4 45 45
R— 4.75 0 1 0 45 35
00000 4 10 1 2 62 45
++--+ 4.75 20 1 0 80 28.25
+-—++ 4,75 0 1 4 80 85
—+--- 3.25 20 1 0 45 8
+4-+- 4.75 20 1 4 45 36.5
— 3.25 0 1 4 45 33
00000 4 10 2 2 62 84.5
+++-- 4.75 20 2 0 45 28.5
- 3.25 0 2 0 45 33.5
—++-+ 3.25 20 2 0 80 36
+-+-+ 4.75 0 2 0 80 84
—+-++ 3.25 20 1 4 80 45
00000 4 10 1 2 62 37.5
g'ggizRO?ggl-:;gccl)ssa”reglsmred ! mjgslfe::n;irg]n?tcl)?ns\ej:g.an e-malil to: I I 'Ode F Ro NTI E R
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Statistical Analysis: Example 1

¢ The probability density function and the
box whiskers chart show the large
spread of the data and a pattern that
should be explained by the analysis.

Design ID

INN . : . o m
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Statistical Analysis: Example 1

Student chart is useful to see the relevance and the effects of the different
parameters.

3.597E1

3.157E1

2.717E1

2.277E1

1.837E1

1.397E1
9.575E0

5.175E0 Input Variables
.armilength
Eband_height
Mrbands
Druniorder
Dstart_angle

M stop_angle

Y_distance

Effect Size
Epirect Effect
-3.625E0 ; : i 1 Minverse Effect

|
- 7.750E-1

|znluou j0U
lediiou Jou
lediiou Jou
lediiou 30U
lediiou jou

ize

-8.025E0

Effect S

-1.243E1

-1.683E1

-2.123E1

-2.563E1

-3.003E1

-3.443E1

-3.882E1
rbands arm_length band_height stop_angle start_angle run_order

Factors
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Statistical Analysis: Example 1

99999999

Interaction effects can play a
\" role as well. This can be
assessed by the DOE

m } interaction effects chart: it is

7777777
@

m "[.' easy to understand if some
\ / parameters have a strong
N interaction. Further details can

be gained by the matrix
interaction charts.

11111111

++++++++++++++++++++++++++++++

FFFFFF
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Statistical Analysis:

Example 1

e iEnath]

 Run order
interacts with arm
length, band height

@larrtENgth- i

and number of

rubber bands.

* Bands height and

o number of rubber

b o bands interact.

arm_length band_height bands _order
—$
P e
haneEight]
+
arm_length band_height band
[hands+|
e d
=
arm_length band_height tbands order

* Arm length and
number of rubber

bands interact.

modeFRONTIER
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Statistical Analysis

 An accurate assessment of the DOE is useful in any
case: it gives a better insight of the problem and can
reduce the complexity, limiting the number of
variables and the variables definition range.

« Be aware: the statistical tools need DOE tables able
to represent correctly all the design space.

1T X m
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Example 2

Choosing the proper DOE for statistical analysis

i e
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Statistical Analysis: Example 2

ROGY) =1+ (A +B) +(A, +B)] R(xy)=-I(x+3)" +(y+1)°]

Ai=Z(ai,j~sin(aj)+bi'j-cos(aj))
R X,y € [-m7]
B :Z(ai,j 'Sin(ﬁj)"'bi,j 'Cos(ﬁj))

05 10 20 -15
a= b= a=[10 20]
15 20 ~10 -05

B=y) € [z 7]

k=1

i Two different | |
mathematical | ¢

(o

2\\ |

i s eI I A A AV AT AN 1

-Bh T m L 2 -2 -1 0 1 2 3

) 2 -2 -1 0 f X
W : s v — rrrousr v IER
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Statistical Analysis: Example 2

16 Designs computed with Full Factorial

0] -3.14 -3.14 -100 -100 -9.45804 | -4.5992
1 -3.14 3.14 -100 -100 -9.45883 | -17.1592
2 3.14 -3.14 -100 -100 -0.45444 | -42.2792
3 3.14 3.14 -100 -100 -9.4553 | -54.8392
4 -3.14 -3.14 -100 100 -9.45804 | -4.5992
5 -3.14 3.14 -100 100 -9.45883 | -17.1592
6 3.14 -3.14 -100 100 -9.45444 | -42.2792
7 3.14 3.14 -100 100 -9.4553 | -54.8392
8 -3.14 -3.14 100 -100 -9.45804 | -4.5992
9 -3.14 3.14 100 -100 -9.45883 | -17.1592
10 3.14 -3.14 100 -100 -9.45444 | -42.2792
11 3.14 3.14 100 -100 -9.4553 | -54.8392
12 -3.14 -3.14 100 100 -9.45804 | -4.5992
13 -3.14 3.14 100 100 -9.45883 | -17.1592
N AN AN J
Y Y
Initial input Added input Results
variables variables
A proumer s o Qe
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Statistical Analysis: Example 2

dummyl and dummy2 have significance 0.5 in both functions.
Hint: “The number of design variables can be reduced.”

Full factorial (or reduced factorial) gives a
complete information on variables if t-Student

test is used.

%
-]
@
N Effect Size
ik Eoirect Effect
S Winverse Effect
&
&
o
©
I
. Effect Size
i’:‘,’ Epirect Effect
@ Minverse Effect
£
w
X ¥ dummy1 dummy2
Factors
) — critical t critical t critical t
Factors Efferctrsue Significance t-Student (@=0.10) (a=0.05) (@=0.01)
| X 3.5656E-3 T000 1.6194E1 1.4149E0 1.8946E0 2.9980E0
| y 8.2307E-4 0.208 8.6368E-1 1.4149E0 1.8946E0 2.9980E0 a 7 a
| dummy1 0.0000E0 0.500 0.0000E0 1.3450E0 1.7613E0 2.6245E0 : ¥ iy ummy2
\ dummv2 0.0000E0 2500 0.0000E0 1.3450E0 1.7613E0 2.6245E0 Factors
2 e critical t critical t critical t
Factors Effect Size Significance t-Student (€=0.10) (@=0.05) (@=0.01)
x 3.7680E1 0.000 1.1225E1 ] 1.4149E0 1.8946E0 2.9980E0
y -1.2560E1 0.116 1.2472E0 1.3450E0 1.7613E0 2.6245E0
[ dummy1 0.0000E0 0.500 0.0000E0 1.3450E0 1.7613E0 2.6245E0
dummy2 0.0000E0 0500 0.0000E0 1.3450E0 1.7613E0 2624560
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Statistical Analysis: Example 2

16 Designs computed with Random DOE

0 -1.83551| -1.05044| 46.17462| -17.9918| -42.0142( -1.35857
1 2.912641| 2.762534| 93.55936| -98.7799| -9.76235 -49.116
2 -0.64596| -0.95748| 89.43894| 87.41874| -61.4466 -5.5433
3 -2.41208| 1.699224| -41.1941| 1.290129( -4.06747| -7.63147
4 -0.76467 -2.2626| 31.9732| -68.6569| -39.9631| -6.59087
5 -3.1086| 0.145397| 38.9939| 61.05611| -5.06738| -1.32373
6 -0.11462| 0.279802| 48.79488| -71.5972 -32.432 -9.9633
7 0.774715| -1.97997| 15.43154( -59.0159( -22.5719| -15.2088
8 -2.02205| 0.253423| -97.8798| -67.7968( -17.0172| -2.52746
9 -0.66229| -1.77334| 94.77948| -50.9151 -52.725| -6.06293
10 2.449131| -2.89945( -13.5914| -53.3753 -6.8771| -33.3009
11 -2.38758| 0.957482| 18.47185| 31.0331 -3.9244| -4.20679
12 -0.78728| -0.23019| 96.87969| -58.6559( -49.5447| -5.48876
13 0.026065| 3.133719| -33.2733| -11.3511( -13.0261| -26.2447
- '\ J\_ J
Y Y
Initial input Added input Results
variables variables
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Statistical Analysis: Example 2

§
g s
2
— Effect Size
g Epirect Effect
@ Winverse Effect
£
w
¥ dummyt dummy2
Factors
- e critical t critical t critical t
Factors Effect Size Significance t-Student (@=0.10) (a=0.05) (€=0.01)
| y 2.8305E1 0.001 3.9826E0 1.3450E0 1.7613E0 2.6245E0
‘ dummy1 -2.3942E1 0.010 2.6057E0 1.3450E0 1.7613E0 2.6245E0
| X 1.5318E1 0.072 1.5461E0 1.3450E0 1.7613E0 2.6245E0
| dummy2 3.5457E0 0318 3.1781E-1 1.3450E0 1.7613E0 2.6245E0
T .. . : o
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Random DOE does not provide
reasonable coverage of the
experiments space unless the number
of samples is large enough to cover
uniformly the variables range.

o
)
°
& |
= Effect Size
2 ¢ 5 Eoirect Etfect
4
@ Hinverse Effect
£
w
X dummy2 dummy1 ¥
Factors
i T 7 critical t critical t critical t
Factors Effect Size goica (a=0.10) («=0.05) (a=0.01)

X -2.2990E1 0.005 3.9412E0 | 1.4737E0 2.0106E0 3.3508E0
dummy2 1.1509E1 0.070 1.5678E0 1.3450E0 1.7613E0 2.6245E0
dummy1 1.0342E1 0.094 1.3855E0 1.3450E0 1.7613E0 2.6245E0

y -6.4465E0 0.19_2 8.9852E-1 1.3450E0 1.7613E0 2.6245E0
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