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1. Experiment Design
Applications

NIST

Example 1: WTC Impact Core Damage Assessment

Q. After the plane impact of the WTC South Tower, there was no recorded data as to how
many of the interior 47 columns of the building were damaged. A finite-element analysis
(FEA) program was written to simulate the impact. The plane was modeled by 1.4 million
elements. What factors most affected the performance of this FEA code? What factors

could be eliminated as unimportant?

FEMA Report, pp. 2-17, 2-29

Q. How many internal columns were destroyed?
Q. What factors affected the FEA code?




High Fidelity Aircraft Models

Construction: 1.4 Million Elements for Entire Plane
(Labor Intensive)

—

Applied Res. Assoc.

Factors Under Study (k): DEX = g(k,n)

1. Flight Speed
2. Flight Impact Location (Vertical)

3. Flight Impact Location (Horizontal) (k = 131 n < 50)

4. Engine Assignment Set

5. Engine Strength
6. Engine Failure Strain
7. Engine Strain Rate Effects

9. Perimeter Column Failure Strain

10. Perimeter Column Strain Rate Effects (DeSIQn and data baSEd on
11:-FEA Modet Erosion-Parameter research carried out by

12. FEA Contact Parameter . H

s FEA Friston Cocficiont contractor: Appl ied Research
Affordable Number of Runs: n < 50 ASSOCI&tES)

Y = # Core Columns Damaged
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k=13,n<50

Factors —

X1 X2 X3 X4 X5 X6 X7 X8 X9 XI10 X11 Xl‘ Xl}' Y

Runs

(50)
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Example 2: Bullet Casing Forensics

Q. If a casing is collected at a crime scene, is it possible (by comparing the markings
on the casing to national image data bases of such casing markings) to identify the
type of gun that was used in the crime? Is it possible to identify the individual gun

that was used?

Q1. Is a national casing image database feasible?

Q2. Is a casing traceable to an individual gun?
NIST

Example 3: Lifetime of CDs

Q. Compact Disks (CDs) do not have an infinite lifetime. The information on all CDs
will eventually degrade. How did NIST carry out an accelerated testing program
(with accelerants temperature and humidity) to most accurately estimate/predict the
failure time at ambient conditions for commercial CDs?

Q. How estimate the lifetime of a CD?
NIST
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Example 4: Scatterfield Optical Microscopy

Q. As computer chips get smaller and smaller, their line widths also proportionately
decrease. It is important to be able to measure such line widths accurately—it directly
affects chip performance. Scatterfield optical spectroscopy is a convenient and relatively
inexpensive method for doing such. How can NIST determine the critical parameters that
affect the quality of output from this method, and how can best settings be determined for
this method so as to make this an optimal metrology tool? <With thanks to Rick Silver,

MEL>

4 Objective BFP

100x objective

Conjugate BFP
fiber illuminator with mask
(Hg lamp source)
and
field stop

Scatterometry grating target

FIG. 1. Schematic of the microscope.

Q. What are optimal settings for Scatterfield Microscope?

NIST

Physics
Plutonium Troubleshooting (SURF)
Am 241/243 Peal Deconv. Alg. Acc.

E le 5
NIST

Chemistry
Carbon Nanotube Water Pollution
SRM 2396: DNA Base Biomarkers

Cesium 137 Detection

Efficiency of Gamma Ray Emitters
Remote Radiation Detection (SURF)
Sonoluminescent Light Intens.(SURF)
ASP (Adv. Spectrosc. Portal) Monitor.
PRD (Personal Radiation Detectors) .
Maritime Radiation Detectors

Soil Leeching Seq. Extraction Prot.

Material Science
MALDI TOF Spectrometry
Nanocantilever Atomic Force Mic.
Dental Polysac Adhesion
Bio Knee Cartilage Regeneration
Ceramic Machining Strength
Comb. Chemistry Tape Peel 3

Gate Dialectrics: SiO2 HRTEM Error
Microarray Sensors for Toxic Gas
DHS: Bio-Agent Detection
Radiocarbon C14 Albug. CO Pollut.
(Cu-AU) 3D Nanoscale Chem. Imaging
Dual Rotor Turbin Fluid Flow

SO2 Permeation Tube Mass Loss

KC (Key Comparison) Fluid Flow

o,

Graunds |

Elect. & Elect. E
OLES: Bullet Proof Vest Reliability
Eddy Current Probe

IACP/OLES: Safety/Speed Devices Acceptance Samp.
DAC (Digital-to-Analog Converter) Calibration

OLES: Firefighter Infrared Imaging Devices

OLES: Metal Detector Acceptance Sampling

Manufacturing Eng.
Scatterfield Microscopy
Genetic Alg. for Machine Tooling
SMS: Smart Machining System
NIJ/OLES: Forensic Imaging of Gun Casin

NN

Information Tech.
Abilene Network Loss Rate
Motion Imagery Quality Metrics
RAVE Visualization Facility Calibration
Accelerated Testing of Compact Discs
Apache/Linux Web Processing Time
FEA NanoCantilever Sensitivity

ng.

AN CEE

[}

gs

9 HUD Lead Paint Test Kit Accuracy

| Hospital Energy Consumption

] Remote Detection of Pre-Mold Moisture in Building Mats.

Build.& Fire Res.
World Trade Center FEA Core Damage
Cigarette Ignition Propensity
FHWA Highway Concrete Strength (COST)
Tall Building Deflection Safety Codes
HHS CONTAM Home Pollution Dissemination
Solar Sphere Testing of Polymeric Sealants
Optimization of Hot Plate Gap Parameters
Interlab: Thermal Hot Plate Conductivity
Tomographic Flow Detection in Polymer-Bonded Concrete

HUD Lead Paint Extraction

Evaluating Strategies for Fire Safety
Paint Peel Strength

Aerosol Spray Flow Rates

Asphalt Roofing Vertical Peel Testing

WTC FDS (Fire Dynamics Simulator) Sensitivity
WTC FDS Validation

WTC Impact Sensitivity

WTC FEA Insulation-on-Steel Thermal Propagation
WTC Structural Sensitivity

NISn
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Example 6: Bobcat PRD Testing

Q. Personal Radiation Detectors (PRDs) are devices that can be worn by law enforcement
and other public safety personnel to alert them to the presence of radioactive material and
are fast becoming standard equipment. The primary issue associated with the use of PRDs
by law enforcement and public safety personnel is the performance of a PRD in detecting
radioactive sources in certain operationally relevant environments. Given a group of PRD
models, evaluate their performance over a range of conditions and uses.

Q. Are all PRD models equivalent?
NIST
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Example 7: International General Aviation
Radiation Detection

Q. Handheld and portable radiation detection systems are used by Customs and Border
Patrol (CBP) officers to scan general aviation aircraft entering the country from abroad.
Compare the performance of the currently depolyed equipment to multiple alternatives.

Q. Are the considered portable radiation systems equivalent?
NIST




2. Problem
Solving
Framework

NIST
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1. What Problem are We Solving?

1. Every problem =» a question

2. If we cannot formulate our problem in the form of 1 or 2

discrete questions, then we do not yet have the specificity

and/or the consensus to construct a focused experiment design
to solve the problem

3. A problem without a question is not a problem--it is a
“problem area”

4. Experiment designs attack specific problems--not general
problem areas

NIST

15
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1. What Problem are We Solving?

1. Every problem =>» a question

2. If we cannot formulate our problem in the form of 1 or 2
discrete questions, then we do not yet have the specificity
and/or the consensus to construct a focused experiment design
to solve the problem

3. A problem without a question is not a problem--it is a
“problem area”

4. Experiment designs attack specific problems--not general
problem areas

Problem

Question =?

NIST
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2. What Constitutes a Solution?

1. Much discussion and specificity is needed to define precisely
what constitutes a solution to the problem at hand

2. This solution/deliverable is much easier to define if a specific

question has been crafted that encapsulates the problem being
attacked.

Problem) o o e e e e e e = = —

Question =?

NIST




3. Examples of solutions/deliverables:
yes/no
# + #
(ranked) list of factors (and interactions?)
fitted function f
k numbers: best settings (x1,x2,x3,...,XK)
go/no-go

Question =7

NIST
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2. What Constitutes a Solution? (cont.)

3. How Do We Get to the Solution?

Given a question ...

Question =?

NIST

19
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General Problem-Solving Framework/Structure

1. Characterizing 1. #, Distribution

2. Sensitivity 2. List: Ranked Factors

N

3. Optimizing 1 Principles 1. Principles 3. Vector: (x1,...,xk)
4.Modeling 2 Techniques 2. Techniques  4-f
5. Comparing 1. Classification 1. Estimation 3 YN
6. Predicting 2 Translatlo.n 2. Testing 6 #

3. Construction
7. Uncertainty 4. Execution 1. Graphical 7. SD(#)
8. Verifying 5. Recording 2. Quantitative 8.Y/N, Vector: (x1, ...,xk)
9. Validating 9. Y/N, Vector: (x1, ...,xk)

NIST
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Virtue of Experimental Design

Assures that the data has the capacity to
unambiguously answer the Scientific/
Engineering question at hand.

Assures also that the experiment is as
rigorous as is statistically and scientifically
possible, and is above reproach by the
scientific and legal community.

NIST

11



3. Experiment Design
Definitions

NIST
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1. Experiment Design

Experimental design is a systematic, rigorous,
data-based approach to scientific/engineering
problem-solving.

The goal of experimental design is to generate
valid, crisp, unambiguous, and reproducible
conclusions about the scientific/engineering
process of interest--and to do so in a time- and
cost-efficient fashion.

NIST
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2. Scope

1. The scope of an experiment is a set { ...} of factor
conditions over which we claim the results of the
experiment are true/valid.

2. If we vary no factors (that is, every factor is fixed at a
setting), then our scope will be narrow; if we vary many
factors our scope will be broad.

3. The scope is dictated by usage--who will use the
conclusions of our experiment, and under what
conditions will our conclusions be utilized.

4. If a primary factor exists, there will be a tradeoff between
primary factor discrimination and scope of conclusions.

NIST
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2. Scope (continued)

5. Step 1 is do decide/declare what factors Xi should be
included so as to achieve the desired scope--this
requires brainstorming and initially yields a superset.

6. Step 2 is to loop through each of these factors Xi and
decide what the population is over which we want our
conclusions to be valid.

Thus for each factor Xi ... : Population (Xi)

Sample (Xi) _
Representative

Inference/EEX

NIST

13
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3. Robustness

1. The scientific desire to have “general conclusions”--
conclusions in which we do not have to attach
qualifiers--leads to the property termed “robustness”

2. To achieve such robustness, expand the scope of your
experiment by collecting data over a wide a range of
(additional) factors as “reasonable” & affordable.

3. These additional robustness factors also must be
handled with care — i.e. balance, coverage, etc.

NIST
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4. Factors & Levels

Factors

Levels

Settings 7
Parameters

Variables

Treatments

NIST

14
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4. Factors, Levels & Response

Factors = Parameters = Variables (X;)

Levels = Settings = Treatments (x;)

Response (YY)

NIST
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4. Factors, Levels, Response & Runs

Y =f(X1, X2, X3, ..., Xk)
k factors

response nature’s f unknown

(k,n): k factors, n runs
(k,1,n): k factors, | levels per factor, n runs
A“run”:y = f(x1, x2, X3, ..., Xk)

NIST

15
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5. Effect

Science: Cause & effect
A factor (ball size) has an effect if ...
A factor (ball size) is significant if ...

NIST

e
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e
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. Effect (continued)

NIST

By default, “effect” by definition means shift in
location

Our ability to detect an effect depends on the
intrinsic variability of the data

“Effect” could also mean shift in variation

We conclude: “a factor has an effect” by
computing a minimum statistical significant
difference (via statistical hypothesis testing). Of
equal importance, is the minimum

engineering significant difference.

16
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6. Confounding

» Confounding occurs when levels of one factor are
directly correlated with levels of another factor

Ball Size | Operator | Result Ball Size - Operator
X1 X2 Y Confounding:
Small Ernest 7.24
-~ — o1 The observed
ma rhes i difference in the results
Small Ernest 6.98 Y cannot be
Small Ernest 7.40 unambiguou3|y
Large Gordon 10.23 attributed to either the
Large Gordon 11.05 ball size or the operator
Large Gordon 10.78 factor
Large Gordon 10.11

NIST
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6. Confounding (continued)

» Confounding is a curse to any experiment as valid,
crisp and unambiguous results cannot be drawn

» Confounding factors may not always be obvious:
— Environmental factors (Pres, Temp, Humi)
— Time (radiation sources decay over time)
— Time (mechanical wear)
— Time (learning curve)

NIST

17
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6. Confounding (continued)

» Five PRDs, Five operators. Each PRD is operated by a
single operator who takes 10 measurements

* Twelve maritime monitors are submitted for a one month
test program against a single source.
— Monitors 1-3 are tested in week 1;
— Monitors 4-6 are tested in week 2;
— Monitors 7-9 are tested in week 3;
— Monitors 10-12 are tested in week 4

» A portal monitor test explores runs at 5 mph and 2 mph.
The runs at 5 mph have a source inside a NORM
container, The runs at 2 mph have a source behind a
NORM container

NIST
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/. Randomization

e Atechnique for drift protection (insurance) — recall learning effect

» Basis for statistical estimation and inference:
— Allows one to infer from sample to population
Key: Representativeness
Fundamental tool: randomization
Better tool: blocking (stratification)
“Block what you can, randomize what you cannot”

sample (Y) Population
Inference
Representative
... Randomness
Summarization Blocking
- Inference

18



8. Blocking

» A technique applied to robustness factors to assure anti-
confounding.

» A robustness factor is a blocking factor if each & every
level of the robustness factor has each & every level of the
primary factor occurring the same number of times
(within-block balance).

» A robustness factor is a blocking factor if each (and every)
level of the robustness factor has each (and every) level of
the primary factor occurring the same number of times
(balance).

NIST
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8. Blocking (continued)

(k=3, n=16, 1=4)
N\ /
\ X, Car /
I \ I Pl v
= § A B C D
2
Design 1 X g% A C D Cell Entry =

BE A c o | Additive Type =X,

A A B D

N\

r Blocking Factor

X3 Car
1 II III v
H = B D A C
Design2 = §
XZE "3 C C B D
g A B D B
=3
D A C A
NIST
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0. Balance

A factor is balanced if every level of that factor occurs the
same number of times over the n runs.

Balance is a technique which
1. minimizes the SD(effect estimates) and
2. maximizes the Prob{concluding: an effect exists | the
reality  :an effect exists}
Balance is intuitively done when have a
single factor (k = 1)
Balance should be done regardless of the number
of factors (k >=1).

NIST
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9. Balance (continued)
(k=1, n=6, 1=2)

4&2 284 1&5 0&6

; X1 ; X1 ! X1 !
(Ball) (Ball) (Ball) (Bxa\lll)

El +1 -
(Small (Lafge) (Small) (Large) (Small) (Large) (Smlall) (L;rlge)

X1 Y
1 5.15 9 X
1 6.00 8 X
1 6.85

7 X X
2 7.15 6 X
2 8.00 5 X
2 8.85

1 2

NIST
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9. Balance: Min SD(Del)

Del =y2bar -ylbar=8-6=2

SD(Del) = Sqgrt(Var(Del))
= Sqrt( Var(y2bar - ylbar) )
= Sqrt( Var(y2bar) + Var(ylbar) )
= Sqrt( (sigma**2/ n2) + (sigma**2/nl))
=sigma * sqrt( 1/n2 +1/nl)
=sigma * sqrt( 1/n1 +1/n2)

nl n2=6-nl1 sqrt(1/nl+1/n2))

6 0 infinite
5 1 1.20
(k=1,n=6) 4 2 0.75
3 3 0.67
NIST
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9. Balance: Optimize the t Test

t = Del / SD(Del)
= (y2bar - ylbar)/ [s*sqrt(1/nl+ 1/n2)]

To determine if a statistically significant difference in location
exists, the t-test may be employed:

Vz B 71

t —

stat — A, 1/
+
S nl %2

t...: IS compared to t_;; where t;, is theoretical value taken
from t,,, .., distribution

nl | n2 tstat tcrit=t4, 0.975 Shift?

33| oo 2.88| 278 Yes

42| g 2.72|  2.18 No

51| .. 215 278 No
NI

41
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0. Balance: Optimize the t Test

n=ni+n2=6
0.4 di=nli+n2-2=4
ybar2 -ybard = 2
5=085
03 —

N 5&1:2.15
04 — s N eazmaT2

383: 288

4 3 2 Bl ] 1 2 3 4

Conclude: Conclude: Conclude:
Mot Equivalent Equivalent | Not Equivalent
-2.78 278

Balance provides optimal statistical discrimination

NIST

43

10. Orthogonality

* A pair of factors is orthogonal if each of the 2 factors is balanced and if
every combination of levels of the 2 factors occurs the same number of
times over the n runs.

e Orthogonality is a DEX technique which
1. minimizes the SD(effect estimates) and
2. maximizes the Prob{concluding: an effect exists | the
reality  :an effect exists}
3. minimizes the SD(2-term interaction estimates)
4. maximizes the Prob{concluding: a 2-term interaction effect exists |
reality  :a 2-term interaction effect exists}
* 5. allows for effective usage of highly efficient fractional factorial
designs--especially for sensitivity experiments
* 6. with robustness factors, allows for an optimal “fair sampling” of
the robustness factor space--especially for comparative and
robustness experiments

NIST
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10. Orthogonality (k =2, n = 4)

(k=2, n=4, 1=2) | Design Geometry

+1

X2

NIST
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10. Orthogonality (k = 2, n = 4)
(k=2, n=4, 1=2)
X1 X2
]
X2 X2 X2 1 +1
+1 -1
Xl ’ X1 ’ +1 +1
% 1-Dimensional Balance
2-Dimensional Balance
22 Full Factorial Design
NIST
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10. Orthogonality (k =2, n=3 or 4)46

(k=2, n=3) (k=2, n=3) (k=2, n=3)
1FAT 22 22
X2 X2 X2
X1 X1 X1

NIST

47

10. Orthogonality (k = 3, n = 4)

lg =3, n=4) (k=3, n=4)
1-FAT De5|gn 231 Orthogonal Design
X2 X2
X1 ) X1
X1 X2 X3 X1 X2 X3
+
+ - - + -
+ +
+ + o+ o+

NIST
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10. Orthogonality (k = 3, n = 4)

k=3, n=4) (k=3, n= 4I)
1-FAT DeS|gn 23-10rthogona DeS|gn

S ,

For a given number of factors (k = 3)
and a given number or runs (n=4),
not all experiment designs are equally good

NIST

10. Orthoqgonality (k=5,n =6 or 8)49

1-FAT Design 2520rthogonal Design
X1 X2 X3 X4 X5 X1 X2 X3 X4 X5
- - - - - - + +
+ - - - - + -
+ + +
+ - - + + - +
+ + +
-+ + - + - 4+
+ + -
+ + + + +

NIST
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10. Orthogonality (k =5, n=6 or 8)50

1-FAT Design 2520rthogonal Design
-
X5X5<
X2
N aq]
N g J
YO
X4
NIST
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10. Orthogonality (k =7, n = 8)

1-FAT Designs 24 Orthogonal Design
X1 X2 X3 X4 X5 X6 X7 X1 X2 X3 X4 X5 X6 X7
- - - - - - - - + o+ o+
+ - - - - - - + - - - -+ 4+
+ - - - - - -+ - -+ -4
+ - - - - + + - 4+
+ - + + - +
-+ - + + - + -
-+ -+ o+ -+
-+ + + 4+ + + + o+

NIST
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10. Orthogonality (k =7, n = 8)

1-FAT Design 27-40Orthogonal Design

(88 88 ©8 80

on &
o O

NIST
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10. Orthogonality (k =7, n = 8)

1-FAT Design 27-*0rthogonal Design

989 84
g8 G5

X@@ jaial
e OF

For a given number of factors (k = 7)
and a given number or runs (n = 8),
not all experiment designs are equally good

NIST
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10. Orthogonality (k =13, n = 16) 5

World
Trade
Center

NIST

Index| X1 X2 X3 X4 X5 X6 X7 X8 X9 | X10 | X11 = X12 @ X13

1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
2 +1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
3 -1 +1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
4 -1 -1 +1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
5 -1 -1 -1 +1 -1 -1 -1 -1 -1 -1 -1 -1 -1
6 -1 -1 -1 -1 +1 -1 -1 -1 -1 -1 -1 -1 -1
7 -1 -1 -1 -1 -1 +1 -1 -1 -1 -1 -1 -1 -1
8 -1 -1 -1 -1 -1 -1 +1 -1 -1 -1 -1 -1 -1
9 -1 -1 -1 -1 -1 -1 -1 +1 -1 -1 -1 -1 -1
10 -1 -1 -1 -1 -1 -1 -1 -1 +1 -1 -1 -1 -1
11 -1 -1 -1 -1 -1 -1 -1 -1 -1 +1 -1 -1 -1
12 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 +1 -1 -1

&
KN
KN
kN
KN
o
KN
KN
KN
KN
o
o
4
A
o

IS
o
o
o
o
o
KN
KN
KN
kN
o
o
KN
4
A

Index X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13
1 -1 -1 -1 -1 -1 -1 -1 -1 +1 +1 +1 +1 +1
2 +1 -1 -1 -1 +1 -1 +1 +1 -1 -1 -1 -1 +1
3 -1 +1 -1 -1 +1 +1 -1 +1 -1 -1 +1 +1 -1
4 +1 +1 -1 -1 -1 +1 +1 -1 +1 +1 -1 -1 -1
5 1 -1 +1 -1 +1 +1 +1 -1 -1 +1 -1 +1 -1
6 +1 -1 +1 -1 1 +1 -1 +1 +1 1 +1 -1 1
7 -1 +1 +1 -1 -1 -1 +1 +1 +1 -1 -1 +1 +1
8 +1 +1 +1 -1 +1 -1 -1 -1 -1 +1 +1 -1 +1
9 -1 -1 -1 +1 -1 +1 +1 +1 -1 +1 +1 -1 +1
10 +1 -1 -1 +1 +1 +1 -1 -1 +1 1 -1 +1 +1
11 -1 +1 -1 +1 +1 -1 +1 -1 +1 -1 +1 -1 -1
12 +1 +1 -1 +1 -1 -1 -1 +1 -1 +1 -1 +1 -1
13 -1 -1 +1 +1 +1 -1 -1 +1 +1 +1 -1 -1 -1
14 +1 -1 +1 +1 -1 -1 +1 -1 -1 -1 +1 +1 -1
15 -1 +1 +1 +1 -1 +1 -1 -1 -1 -1 -1 -1 +1
16 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1

4

10. Orthogonality (k = 13, n = 16) 5

NIST

(k =13, n = 16)

Orthogonal (n = 16)

All 13: _8 i
Xi
) 'z Z
AII[;] X,
|4 4
- x +

5
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4. Experiment Design
Principles & Techniques

56

57

General Problem-Solving Framework/Structure

NIST

>

1. Characterizjng (SN

1. #, Distribution

3. Optimizing 1 Principles

2. Sensitivity

4.Modeling | 2 Techniques 2. Techniques 4-f

5. Comparing 1. glassmc:atlon 1. Estimation 5.Y/N
. Translation .

6. Predicting . Constructio 2. Testing 6#

7. Uncertainty

2
3
4. Execution i 7. SD(#)
5. Recording 1. Graphical

2. Quantitative 8.Y/N, Vector: (x1,
/ 9. Y/N, Vector: (x1,

8. Verifying
9. Validating

2. List: Ranked Factors

1. Principles 3. Vector: (x1,...,xk)

.esXK)
.eesXK)
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(k.n)

Every design has a k and an n.
k = number of factors being varied
N = number or runs

k dictates the scope
n dictates the affordability

necessary: n >=1+ Kk
better :n>=1+k+C(k,2)

NIST
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DEX Principles & Techniques

Principles Techniques
Construct Efficient Designs Elicit Dominant Project Goal(s)
Construct Effective Designs Elicit Project Scope & Constraints
Infer about Population Randomize
Avoid Biased Factors Randomize, Block, Balance

Orthogonal
Maximize Test Sensitivity Balance
Estimate All Model Parameters n(distinct) >= k+1
Allow for Expanded Model Record Additional (e.g., Ambient
Variables
Estimate Sigma Model-Free Replicate
Estimate Main Effects & Int. Full Factorial or High Res.
Fractional Factorial Designs
Save $ Pilot Study, Fract. Fact. Designs
Make Conclusions Robust Design in Many
Robustness Factors
Assess Drift Controls, Replicate across Time
Avoid Bias from Drift Drift-Reducing Designs
Avoid Confounding Full Factorial or High Res.
Fractional Factorial Designs
Minimize SD(Estimates) Sample Where Variation Is
Realistically Sample the Process| Design in Vicissitudes
(Multiple Sets)
Reduce Effect Uncertainty Youden Pairs for Homogeneity
Assess Repeatability Replication
Assess Reproducibility Multiple Sets (Across Days)

N lsr dexprinciplesandtechniques.ppt _ dexprintech.dp

30



Framework Step 2: DEX: 5 Steps Unto Itself

2.1 Classification
2.2 Translation
2.3 Construction
2.4 Execution
2.5 Recording

NIST
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2.1: Problem Classification

2. Translation

3. Construction

4. Execution

NIST
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Problem Classification

Is this Factor Significant?

(= 1. Comparative Robust Inference)

62

Most Important Factors?

/ 2. (Screening/Sensitivity)

AN

™~

~

f_)‘ﬂ
Y = f(X1, X2, X3, ..., XK)

_/

N

Good Approximating Function?

3. (Regression)

Best Settings of the k Factors?

4. (Optimization)

NIST
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Problem Classification
Comparative Screening/Sensitivity
Focus: 1 primary factor Focus: all factors
Q1. Does that factor have an effect (Y/N)? Q1. Most important factors (ranked list)
Q2. If yes, then best setting for that Q2. Best settings (vector)
that factor = ? (vector) Q3. Good model (function)
Constraint: Want conclusions to be robust Designs: 24D, 2¥PD,TD
over all other factors BHH, Ch. 5-6
Designs: CRD, RBD, LSqD,TPD
BHH, Ch. 4
Regression Optimization
Focus: all factors Focus: all factors
Q1. Good model (function) Q1. Best settings (vector)
Continuous factors Continuous factors
Designs: BBD,XOD Designs: RSD, CD, BBD
BHH, Ch. 10-11 BHH, Ch. 12
NIST
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Problem Classification

Critical: The choice of design is dictated

by the probl

Comparative/Robust: CRD, RBD, LSD, TPD

em classification

Screening/Sensitivity: 2D, 2“PD, TD

Regression:
Optimization:

BBD, XOD
RSD, CD, BBD

64
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Problem Classification
Comparative /Screening/Sensitivity
Focus: 1 primary factor Focus: all factors
Q1. Does that factor have an effect (Y/N)? Q1. Most important factors (ranked list)
Q2. If yes, then best setting for that Q2. Best settings (vector)
that factor = ? (vector) Q3. Good model (function)
Constraint: Want conclusions to be robust Designs: 2¢D, 2¥PD, TD
over all other factors BHH, Ch. 5-6
Designs: CRD, RBD, LSqD, TPD
BHH, Ch. 4 \ /
Regression Optimizatior
Focus: all factors Focus: all factors
Q1. Good model (function) Q1. Best settings (vector)
Continuous factors Continuous factors
Designs: BBD, XOD Designs: RSD, CD, BBD
BHH, Ch. 10-11 BHH, Ch. 12
NIST
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Problem Classification (Revisited)

Is this Factor Significant? Most Important Factors?
(= 1. Comparative Robust Inference) / 2. (Screening/Sensitivity)

\/ A - 0

r_)\ﬂ
Y2 =g(Y =f(X1, X2, X3, ..., XK)) =

o _/
\W_} —~
Good Approxinating Function? >es\t§ettings of the k Factors?
3. (Regression) 4. (Optimization)

Accept/Reject this Product/System?

Worst
NIST 5. (Acceptance)

Problem Classification (Revisited)
Comparative Screening/Sensitivity *

Focus: 1 primary factor Focus: all factors
Q1. Does that factor have an effect (Y/N)? Q1. Most important factors (ranked list)

Q2. If yes, then best setting for that Q2. Best settings (vector)
that factor = ? (vector) Q3. Good model (function)
Constraint: Want conclusions to be robust Designs: 2D, 2¥PD, TD

over all other factors
Designs: CRD, RBD, LSqD,TPD

Regression Optimization
Focus: all factors Focus: all factors
Q1. Good model (function) Q1. Best settings (vector)
Continuous factors Continuous factors
Designs: BBD,XOD Designs: RSD, CD, BBD
Acceptance
, . Many real-world problems
Focus: all population points
=>all t-tuples of settings should be done in 2 stages:

Q1. Accept the product/system as safe?
Q2. Points = failure

Q3. t-tuples of settings 2 failure 2. ultimate objective
Q4. Factors affecting safety?
Designs: 2<PD,CD

1. exploratory (= sensitivity analysis)

NIST
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Problem Classification

Critical: The choice of design is dictated
by the problem classification

Comparative/Robust: CRD, RBD, LSD, TPD
Screening/Sensitivity: 2D, 2“PD, TD

Regression: BBD, XOD
Optimization: RSD, CD, BBD
Acceptance: 2kD, 2k-PD, CD

NIST
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2.2 Translation: Sc/Eng = Stat

‘L

NIST
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2.2 Translation: Minimal Info for an Experiment

NIST

Specificity is the key ...

1. Title =

For one’s own project/problem:

2. Problem/Question =

4. Sample Size n

3. Number k of Factors to Vary

2.2 Translation: DEX Worksheet

NIST

Date:

Experiment Design Worksheet:

1. Project/Problem Title:

2.R

3. Project Background & Importance:

4. General Project Question:

5. Specific Project Question (This Experiment Only):

6. (Generic) Stat Goal(s):

7. Scope of Conclusions:

DEX Essentials:

8. Response Variable Y

9. Current Typical Value for Y
10. Project Target Value for Y

Generic Stat Model: Y = f(X,X3,...,X)) + e

11. Project Min. Eng. Significant D for Y :
12. Project Min. Eng. Residual SD for

17. Factors & Factor Levels:

13. Run Time & Cost per Observation

14. Total Available Experiment Time & Budget:
15. Constraint: Max Affordable Number of Runs
16. Number of Factors to Vary/Investigate

k

Factor

C/ID

Range

#Level

Levels

19. Specific DEX:

18. General DEX Category (Pred&Unc, Comp, Scr/Sens., Regr., Optim., Robust/V&V):

dexworksheet.doc
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2.3 Construction

1. Construction is (relatively) easy
2. Having multiple designs “on the table™ is useful
3. 2-level designs (especially 2-level fractional
factorial designs are very powerful for
doing sensitivity problems.
4. Many tabulated designs
(e.g, Box, Hunter & Hunter, p. 410/272)

NIST
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2.3 Construction (How to start)

Start (conceptually) with the full factorial
design with all levels of all k factors

If affordable (n), then design may be done.

If not affordable (n), then ...

NIST
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2.3 Construction (4 ways to reduce n)

1. Reduce the number of factors (k)

2. Reduce the number of levels (1)

3. Reduce the number of replications (r)

4. (Orthogonal fractional factorial designs)

NIST
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2.3 Construction (orthogonal fractional factorial
designs)

Benchmark Problem

NIST
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Benchmark “FEA” Problem for "

Comparing/Evaluating Designs

5 Factor Model (“Truth”)
Y = (X, X, Xy, X, 65.5 +
05{-1.375 X, 0625 X, 5 + ME
1.375 X, X, + 0o, X, ~0.875 X, X, +0.125 X, X, +
0.875 X,X, zx X+ 2TI
1.125 XX, + 0.975 x3>®x5+

15X, XX, + L.375X, X, Xy =T 875X, X,X; -

O

— —
0.75 X, X3X, =2.5 X, X;Xs + 0.625 X, X, X, + 37|
1.125 X,X;X, + 0.125 X,X X, — 0.245 X2X, X +
0.125 XX, X +
0.0 X, X, XX, + 1.5 X, X,X X5 + 0.625 X, XX, X +
1 X XX, X5 = 0.625 X, XX, Xg — ATl
0.5 X; X, XX, Xc} 5Tl
‘ Box, Hunter, & Hunter, p. 377 ‘
Q. Most important factors = ?
NIST

Benchmark “FEA” Problem for
Comparing/Evaluating Designs(4)
| (k=5,n=32/16/8/6) |

Experiment Design
Problem: Determine Most Important Factors in a k = 5 Factor Experiment

Design Name Design Tableau Design Geometry Effect Estimators
I ) C .- nw )
2 M H M M- Fas B2 =
Full T H fa = -11.00
Factorial R H Co /’;S o1 ,B _ 19 5
Design Dt H : T - .
: : a : fy = -6.25 2
n=32 H . f= -138
B j = -0.63
Xt IC B, = 20.50 )
251 f. = 12.25 ~
Fractional f = 1075 20
Factorial N S = 5
g | n| =2
. fy = -6.25
n=16 - B = -2.00
< fy = 000
XL X2 X3 x4 X Y
i SRR B @ @
53
Fractional N . R N N ho
Factorial . . N . N % -
Design - - + + - 66
- - 55 N
n-8 B 54 =
e e e 82
XL X2 X3 X4 X5 Y
1-Factor- - e 61 A = -8.00 ~
at-a-Time P 53 By = -8.00 _ 2 0
Design e 63 8, 8.00 2 =
- ot 53 . fs = _-5.00
N IR, HE s
- - - - + 56 h

N Conclusions: 1-Factor-at-a-Time Designs are Poor. Orthogonal Designs are Excellent.
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2.4 Execution

Randomization

Blocking

NIST

78

2.5 Recording

The best of designs can be negated by poor recording /
database practices

NIST
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5. Statistical Analysis
Principles & Techniques

NIST

80

General Problem-Solving Framework/Structure

1. Characterizing
2. Sensitivity

3.Optimizing 1 Principles
4.Modeling 2 Techniques

1. Principles
2. Techniques

5. Comparing 1. Classmc:atlon 1. Estimation 4. Y/N
L. 2. Translation 2 .
6. Predicting 3. Construction . Testing b #
7. Uncertainty 4. Execution 1. Graphical 7. SD(#)
5. Recording

. Quantitativg

8. Verifying
9. Validating

NIST

. #, Distribution
A List: Ranked Factors

81

8. Y/N, Vector: (x1, ...,xk)
9. Y/N, Vector: (x1, ...,xk)

41
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Stat Analysis Principles & Techniques

Principles Techniques
Client Knows/Understands Graphics
the Conclusions
Conclusions Not Data-Based Analysis
Approach-Dependent Simple Statistics
Multiple Approaches
Graphics + Quantitative
General Conclusions (Robust) Subsetting
"True in General” Robustness Plot
Analysis => Comparison => Multiplotting
Juxtaposition Robustness Plot
Conclusion Validity <= Test Underlying Assumptions
Assumption Validity
Insight Maximization EDA
(Know the Data)
Conclusions Validity <= Minimize Modeling
Model Validity Data-Based Graphics
Let Data Speak for Self
Questions More Important Every Plot Should Have
than Methodology Lead Question
Question-Driven Graphics
Conclusions More Important Every Plot Should Have
than Methodology Trailing Conclusions
Conclusions-Driven Graphics
Analysis Graphics => Every Conclusion Should Have a
Presentation Graphics Best Presentation Graphic
NIST
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10 Step Graphical Analysis of 2-Level Designs (Dataplot)

1. Ordered Data Plot 2. Scatter Plots 3. Main Effects Plot 4. Interaction Effects Matrix
; : ===
AL ] SEE
. : ( T : [
6. Youden Plot 7. Pareto Plot 8. Half-Normal Plot

| JE— ==

H

Ho

o

v

|
|
|
|
|
|
|
|
|
|
I

Fha |

9. Cumulative ResSD Plot 10. Contour Plot

— TS
B PP e

E

1

NIST
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WTC Impact Core Damage Assessment

Q. After the plane impact of the WTC South Tower, there was no recorded data as to how
many of the interior 47 columns of the building were damaged. A finite-element analysis
(FEA) program was written to simulate the impact. The plane was modeled by 1.4 million
elements. What factors most affected the performance of this FEA code? What factors
could be eliminated as unimportant?

FEMA Report, pp. 2-17, 2-29

Q. What factors affect quality of FEA code predictions?
NIST

Factors ... 85

Engine)
Factors Under Study (k): DEX = g(k,n)

1. Flight Speed
2. Flight Impact Location (Vertical)

3. Flight Impact Location (Horizontal) (k = 131 n < 50)

4. Engine Assignment Set

5. Engine Strength
6. Engine Failure Strain
7. Engine Strain Rate Effects

9. Perimeter Column Failure Strain

10. Perimeter Column Strain Rate Effects (DESIQn and data baSEd on
11:-FEA Modet Erosion-Parameter research carried out by

12. FEA Contact Parameter . H

s FEA Friston Cocfisiont contractor: Appl ied Research
Affordable Number of Runs: n < 50 ASSOCI&tES)

Y = # Core Columns Damaged

NIST
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Design ...

=13,n=1+13=14 |

[

Y

X1 X2 X3 X4 X5 X6 X7 X8 X9 XI10 XI1 XI12 X13

1
2
3
4
5
6
7
8
9
10
1
12
13

Baseline

NIST
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Design ...

13,n =17+

(k=

X122 X13

X4 X5 X6 X7 X8 XY X10  XI11

X3

XN\ Xz

-1

-1

-1

-1

"Figure" 1.4 Data from 2139 (with center point) orthogonal experiment design

\/

Run

for engine/core-column impact study

NIST
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Data ... 88

(k =13,n=17%)

Run | 1 C|Core Damage
X1 X2 X3 X4 Xd> Xb X/ X8 XY X1V X11  X12 X113 Y
1 1 1 -1 1 1 -1 -1 1 1 -1 -1 -1 1 0.313
2 1 1 -1 -1 -1 1 1 -1 -1 1 1 -1 1 0.154
3 1 -1 -1 1 -1 1 -1 1 -1 1 -1 1 -1 0.162
4 1 -1 -1 -1 1 -1 1 -1 1 -1 1 1 -1 0.449
5 -1 1 1 1 1 1 -1 -1 -1 -1 1 -1 -1 0.295
6 -1 1 1 -1 -1 -1 1 1 1 1 -1 -1 -1 0.015
7 -1 -1 1 1 -1 -1 -1 -1 1 1 1 1 1 0.019
8 -1 -1 1 -1 1 1 1 1 -1 -1 -1 1 1 0.424
9 0 0 0 0 0 0 0 0 0 0 0 0 0 0.28
10 1 1 1 1 -1 1 1 -1 1 -1 -1 1 -1 0.08
11 1 1 1 -1 1 -1 -1 1 -1 1 1 1 -1 0.035
12 1 -1 1 1 1 -1 1 -1 -1 1 -1 -1 1 0.043
13 1 1 1 -1 -1 1 -1 1 1 -1 1 -1 1 0.095
14 -1 1 -1 1 -1 -1 1 1 -1 -1 1 1 1 0.288
15 | 1 1 -1 -1 1 1 -1 -1 1 1 -1 1 1 0.067
16 -1 - -1 1 1 1 1 1 1 1 1 -1 -1 0.063
17 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 0.301

"Figure" 1.4 Data from 2139 (with center point) orthogonal experiment design Y =175
for engine/ core-column impact study

NIST

Analysis ... 89
10 Step Graphical Analysis of 2-Level Designs (Dataplot)

1, Ordered Data

2. Scatter Plots 3. Main Effects P|

‘ T T I~ ***7["\

6. Youden Plot 7. Pareto Plot 8, Half-Normal Rlot
r ® = - =
0o " T T W
i LT s #
T i us ;& .
! ' mol s\l
. "
9. Cumulative ResSD Plot 10. Contour Plot

E

— TS
B PP e

1

NIST DEXPLOT.DP
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Analysis ... 90

‘ Ordered Data Plot

Step 1 ARA Engine Core Column Impact (k =13, n=16)
Ordered Data Plot
1 x
x
04
0.3 « % % x
0.2 7
> B x ¥
§ 0.1 — x
2 1 x x X
2 x X
& 0 - x
- X1 e T T S
xz: L N S T T N I P
X3 L T T L
X4: P R T T T
X5: EEEEEE N T I SR S
X6 C e . . A 4 s 4 4 .
A7 L T e N T A
X8 e
X9: L I A T T I S
X10: L I T T R
X B e I T I I
X1 . T S N T T
X13: B ST I I e

NIST

Analysis ... 91

‘ Ordered Data Plot

Step 1 ARA Engine Core Column Impact (k =13, n=16)
Ordered Data Plot

x
x
04
0.3 « % % x
0.2 7
> q x ¥
LY L
2 1 x X
= x X
& = x
- X1: + PR
Xx2: + .
X3 + P
X4: - LT
X5: + o+ - - -
X6: - EOEE T
X7 - LT S
Xg: + + -+ .
X3 + -
P
+

NIST
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Analysis ...

’ Main Effects Plot ‘

| Halfnormal Probability Plot of |Effects| |

Stap T ARA Engine Com Column bepact (b » 13,78 16} Swpd ARA Engine Cors Column Impact (k= 13 n = 16

Msin Fifacts it Matnormal Probability Pict of [EMacts]

Retd
ne i

22

.,,,_i N "\\‘ \\l \. jl. N j" \ \ ‘r 175 7

Burrage Response
Ordeewd [EMects]
1

B T T T T I S T T U T TR T T L
% N D W e I WR MR g gpm b W 0%

| Least Squares Estimates ‘

NIST
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Analysis ...

‘ Main Effects Plot ‘

| Halfnormal Probability Plot of |Effects| ‘

Stap ARA Engine Com Column bepact (ks 13,0 18) Step 8 ARA Engine Cors Column mpact ik = 13, n = 16}

Main Fifacts Ploa Matnormal Probability Pict of [EMacts]
(T3] k=
ne i

.,,,_i N "\\‘ \\l \. jl. N j" \ \ ‘r 175 7

22

Buerage Responie
Ordeewd [EMects]
1

I3

B T T T T I S T T U T TR T T L
PRI S LA TR L .

are ¥
KX
pxar
2 P AR
Joo LT, .L(.'.).'. .h(.'.).'. AN T 1 T T 7T T 1 T 1
ok ow xm ws ox ar o Jxa o xof xn !I!(l}!’ ] a8 1 15 2 28 3

‘ Least Squares Estimates ‘

NIST
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Analysis ...

’ Main Effects Plot ‘

Stap T ARA Engine Corm Column bepact (b » 13,78 16}
Main Fifects Pt

1175

5
2
&
)

Aperage Response
]

AN AL AN DI R8T 02 AT 6 b0 A2 4 B 4
% N TR W% SR 1% TR MR % NN PR TR 0%
Joo L L T T L T LT,
KOK: K WA X5 K6 KT AR X9 X0 K1 K12 XND

e L L
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Analysis ...

‘ Interaction Effects Matrix ‘

Step 4 ARA Engine Core Column Impact (k = 13, n = 16)
Interaction Effects Matrix
e es m‘ O I -IWL. P <a2_| A .:s’a o:l‘- — -o&:__.
x1 -w_‘ o nkl‘rgg__. . -m" a h._eo.n: e:l'a E U u;’_@
= rtv‘ 3 A TN og::J —n{;‘. g 4‘03_. — O:I-‘.
o .n..n_:“. .o..n_:L. -q‘l\‘- n;". nH a.:.:.__. og_. n‘l.‘ n:a‘_.
w n:r’. T 034 n._' [ Ddl\‘ o. . ni!—-" n. .
5 .adlz_. - n:i__- “U{‘. n:r" '“ﬁ_‘ e n.:u‘_.
T P 0 EER 2] 021 006
A L L LI ./'
Xlo = |8 N gl G31
X2*X4 = "Wf;.. 002 or_‘ -
X3*X6 T Joe [ o
X7*X12 Toe [oe |y |
X8*X13 I iy
az [0 o
x13

NS,

1+13+78
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Analysis ...

NIST

6. Conclusions

X10 -21 (-120%) (Perimeter Column Strain Rate Effects)
X3 -10 (-57%) (Impact Location: Horizontal)

X9  -.08 (-46%) (Perimeter Column Failure Strain)

X5 +.07 (+40%) (Engine Strength)

X2 -04 (-23%) (Impact Location: Vertical)

with least important factors being

X13 .00 (0%)  (FEA Friction Coefficient)
X1 .00 (0%)  (FEA Erosion Parameter)
X8 .00 (0%)  (Perimeter Column Strength)

96

Additional ARA Runs: LHC => f

FEA for plane: 1.4 million elements

NIST

6. Conclusions
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Conclusions

1. Approach: A structured problem-solving approach exists,
with generic and relevant questions, issues, & methodologies
2. Design: Design is more important than analysis
3. (k,n): Every design has a (k,n) (specificity)
4. Problem Cateqories: Scientific problems often generically fall into 4

categories--these categories have corresponding designs
5. Designs & Conclusions: Designs makes a difference in terms of the

quality of estimates and validity of conclusions
6. Orthogonal: 1FAT designs are poor; orthogonal designs are excellent
7. Eractional: If the number of runs n is an issue
then orthogonal fractional factorial designs are excellent
8. 2kp: 2-level orthogonal fractional factorial designs are
remarkably insightful and extremely n-efficient

NIST
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NIST Dataplot (Filliben/Heckert)

35 Dataplot 1 e - Netscop =18 %
Fie Edt

ﬁ -;'- 3 "ﬁ =, Q = ‘ ﬂ 3}
E ‘f A I it gon vl =] T et Relted

& Free AOL& Ul .&Immmqma & wetstad [ Colends [ Riodo [ Peope [ YelowPages [ Downkosd [ Customize..
Statistical Engineering Division NEr

Softw BT ity

sdurds wed Toubrnsiny

DEXPLOT.DP
(10-Step)

Dataglot is 2 free, public-domain, multi-platform (Unix, VMS, Linox, Windows
S5AEMEXIYNTZ000, etc.) software system for scientific visualization, statistical
analysis, s non linear modeling. The target Dataplot user is the researcher and analyst
engaged in the analysis, and
optimization of seientific and engineering processes. The original version was released

by James J, Filliben in 1978 with :nm:nnal Bmhlwmems to present. Authors: James J

Lahoratory, Wational Institute of Stand.anh and Technology, with tel'tk GUT interface by
Ruobert R. Lipman, formedy of the Mathematical anl C ional Sciences Division,
TProject co-sponsor: HPCC / STMA.

Some of the on-line documentation utilizes the Adobe Acrobat Portable Document
TFormat (FDF). If you do not already have a PDF reader installed for your browser, a link
to the Adobe Acrobat site is included under the " Docomentation" entry Tor your
convenience (the PDF reader can be downloaded for free).

v.m ran nerfvem  kevwnred seareh of the Datanlnt Weh nage =l
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http://www.itl.nist.gov/div898/software/dataplot.html/
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