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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been

establishe
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hmental, in liaison with ISO, also take part in the work. ISO collaborates closely with
al Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

al Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.
task of technical committees is to prepare International Standards. Draft International Standa

y the technical committees are circulated to the member bodies for voting. Publication as
al Standard requires approval by at least 75 % of the member bodies casting.a-vote.

brmally published as an International Standard (“state of the art”, for example), it may decide b
ority vote of its participating members to publish a Technical Report! A Technical Report is enti

in nature and does not have to be reviewed until the datarit,provides are considered to be
 or useful.
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Introduction

The Six Sigma and international statistical standards communities share a philosophy of

1:2007(E)

continuous

improvement and many analytical tools. The Six Sigma community tends to adopt a pragmatic approach
driven by time and resource constraints. The statistical standards community arrives at rigorous documents

through long-term international consensus. The disparities in time pressures, mathematical rigor and statistical
software usage have inhibited exchanges, synergy and mutual appreciation between the two groups.

ThE present document takes one specific statistical tool (full factorial designs with four factors, 24 ddsigns) and
deyelops the topic somewhat generically (in the spirit of International Standards) but then'illustrates it through

thg use of five detailed and distinct applications. The generic description focuses on thexeommonali
24 Hesigns. These commonalities hold more generally for arbitrary numbers of factors)but a value

lies across
pf four was

chsen for this Technical Report. The annexes containing the five illustrations follow'the basic framework but
alsp identify the nuances and peculiarities in the specific applications. Each ‘example offers af| least one

wrinkle” to the problem, which is generally the case for real Six Sigma applications. It is thus

hoped that

prgctitioners can identify with at least one of the five examples, if only to_femind them of the basic material on

fadtorial designs that was encountered during their Six Sigma training. Each of the five examples is
angl analysed using statistical software of current vintage. The éxplanations throughout are

developed
devoid of

mgthematical detail — such material can be readily obtained.¥rom the many design and gnalysis of

experiments textbooks available (such as those given in the Bikliography).
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Scope

s Technical Report describes the steps necessary to specify, to use and to analyse 24/full factor
bugh illustration, with five distinct applications of this methodology.

pending on the application, a number of factors other than four may be considered’in the experin

TE 1 Each of these five illustrations is similar in that sufficient resources were,available to implement
er commonalities among the five examples are noted (e.g. study objective, two-levels for factors, response

sence/absence of repetitions, centre points, interactions, or different typés of response variables. Eac:ll
bs place in a different environment such as marketing, software, manufacturing, telecommunications a
cessing.

he existing designs was excluded from this Technical Report, although their use is noted in some of the
pwise, Taguchi designs and blocking designs were not included.

“

TE 3  Full factorial experiments are often employed by individuals (so-called “black belts” or
n addressed in detail in ISO International Standards.
Normative references

b following referenced~documents are indispensable for the application of this document.

cument (includingrany amendments) applies.

bability

D 3534+2, Statistics — Vocabulary and symbols — Part 2: Applied statistics
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the design.
variable(s),

ors effecting the response). The individual illustrations have some salient features that are distinct such as

illustration
d chemical

TE 2 For the purposes of this Technical Report, the selection of four factors with two levels (aside ffrom centre
hts) was made in advance. Furthermore, the detailed use of response surface designs as a follow-up or afigmentation

llustrations.

gfeen belts”)
ociated with Six Sigma methods. Six Sigma methods are concerned with problem solving and continuous improvement.
LIl factorial experiment with four factors is .one*of many tools available to Six Sigma practitioners, but hitherto has not

For dated

brences, only the edition cited applies. For undated references, the latest edition of the feferenced

D 3534-1:2006; Statistics — Vocabulary and symbols — Part 1: General statistical terms and terims used in
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3 Terms and definitions

For the purposes of this document, the terms and definitions in ISO 3534-1, ISO 3534-2, ISO 3534-3 and the
following apply.

3.1

analysis of variance

ANOVA

technique which subdivides the total variation of a response variable into meaningful components associated
with specific sources of variation

NOTE

3.2
binomial

Adapted from ISO 3534-3:1999, definition 3.4.

distribution

discrete distribution having the probability mass function

!
P(X 4 x)=—"— p*(1-p)""
x!(n—x)!
where x =, 1, ..., n and with indexing parameters n =1, 2, ..., and 0 < p <1.
NOTE Adapted from ISO 3534-1:2006, definition 2.46.
3.3
block
collection ¢f experimental units more homogeneous than the full et of experimental units
NOTE Adapted from ISO 3534-3:1999, definition 1.11.
3.4

centre polint
vector of f

the factors

NOTE

3.5

ctor level settings of the form (a4, a5, ¢ a;), where all ¢; equal 0, as notation for the coded levels

Adapted from ISO 3534-3:1999, definition 1.36.

design matrix
matrix with rows representing individual treatments (possibly transformed according to the assumed moq

which can

etc.) but afe dependentduupon the assumed model

NOTE

3.6
factor

Adaptedfrom ISO 3534-3:1999, definition 2.7.1.

predictor variable that is varied with the intent of assessing its effect on the response variable

NOTE

3.7

Adapted from ISO 3534-3:1999, definition 1.5.

full factorial experiment
experiment consisting of all possible treatments formed from two or more factors, each being studied at two or
more levels

NOTE

Adapted from ISO 3534-3:1999, definition 2.1.

of

el)

be extended by\deduced levels of other functions of factor levels (interactions, quadratic terms,
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3.8

interaction

effect for which the apparent influence of one factor on the response variable depends upon one or more
other factors

NOTE Adapted from ISO 3534-3:1999, definition 1.17.

3.9

level

potential setting, value or assignment of a factor

NQTE Adapted from ISO 3534-3:1999, definition 1.6.

3.10
normal distribution

continuous distribution having the probability density function
1 _(-p)?
fx)=—e 25°
o\2n

where —o < x < 0 and with parameters —o < y< o and o> 0

NQTE Adapted from ISO 3534-1:2006, definition 2.50.
3.1
predictor variable

variable that can contribute to the explanation of the outcome of an experiment
NQTE Adapted from ISO 3534-3:1999, definition 1.3.

3.12
randomization

prgcess used to assign treatments to-experimental units so that each experimental unit has an equal chance

of being assigned a particular treatment

NQTE Adapted from ISO 3534-3:1999, definition 1.29.
3.13
replication

design, in which a group of experimental units (plot) to which the same level assigned to the princig

viviw v, O—a O aCry O O O OoTrrarr partacto v cl

NOTE Adapted from ISO 3534-3:1999, definition 2.3.6.

© 1SO 2007 — All rights reserved
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4 Symbols and abbreviated terms

The symbols and abbreviated terms used in this Technical Report are as follows:

y Response variable

A B,CD Factors

AB, AC, AD, BC, BD, CD 2-way interactions

ABC, ACD, BCD 3-way interactions

ABCD 4-way interactions

+1/-1 High and low settings

24 Four factors each with two levels
o Standard deviation

5 Gengric description of full factorial designs

5.1 Ovdrview of the structure of the four factor examples in Annexes A through E

This Techhical Report provides general guidelines on the designj:conduct and analyses of two-level ffull
factorial dg¢signs and illustrates the steps with five distinct applications given in Annexes A through E. Each of
these five examples follows the basic structure given in Table 1.

The steps|given in Table 1 apply to design and analysisof experiments in general, although this Technical

Report foduses on 24 full factorial designs. Each of the seven steps is explained in general below. Spedific
explanatiops of the substance of these steps is provided in the examples in Annexes A through E.

Table 1 — Basic.steps in experimental design

1 State the overalhobjective(s) of the experiment

Describe the_response variable(s)

List thie factors that might affect the response(s)

Select a “full” factorial design

Analyse the results — Numerical summaries and graphical displays

Present the results

ol |DN

Perform a confirmation run

5.2 Overall objective(s) of the experiment

Experiments are conducted for a variety of reasons. The primary motivation for the experiment should be
clearly stated and agreed to by all parties involved in the design, conduct, analysis and implications of the
experimental effort. There may be secondary objectives which could be addressed with the full factorial
experiment.

The ultimate outcome of the experiment could be to take immediate action on factor levels or to obtain a
predictive model, both of which dictate some elements of the analyses.

4 © 1SO 2007 — All rights reserved
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5.3 Response variable(s)

Associated with the objective of an experiment is a measurable outcome or performance measure. A

response of interest could involve maximization (larger is better), minimization (smaller is better)
target value (be close to a specified value). The response variable (denoted here by the variable y)

or meet a
should be

intimately (if not directly) related to the objective of the experiment. For some situations, there may be multiple
characteristics of interest to be considered, although there typically is a primary response variable associated
with the experiment. In other cases, multiple responses must be considered; however, for purposes of this

document, a single response is considered in each example.

)

angl a proposed value. In other cases, the two settings could be a nominhal adjustment from the
sefting. In any event, the settings should be sufficiently far removed to have an opportunity to revea
subject to the inherent uncertainty, while not being so disparate thatthe settings are unreasona
prdctical, safety or sensibility standpoint. The setting of levels of centinuous factors benefits from f
expert collaborating on the experiment.

There may be additional factors that could impact that response variable but may be deemed less
thgn the chosen four factors or are too difficult or expensjve to control. Finally, it is the case that
arg to be set independently from each other. It could,.however, be discovered that the factors in
sefting of one factor impacts how a second factor affects the response).

5.% “Full” factorial design

This classical design consists of 16 runs’ obtained by considering all combinations of four factor
possible levels. Table 2 provides thelbasic layout in a standard order for ease of understanding. E|
thq table represents one set of experimental conditions that when run will produce a value of the
vafriable y. The four factors are-designated as A, B, C and D. For an individual factor, the level “-1”
sefting, or one of the two levels-if the factor is categorical. The level “+1” is the “high” setting, or the

of the categorical factor. Fhe €olumn “)” is a placeholder for the response value once a run has occy

In pddition to providing-the explicit 16 experimental runs to be conducted, Table 2 provides an ex
rarjdomized run otder. The experiment should not be run in the standard order (for example, an
trepd in the response could be confused with the effect of factor D on the response). The final tw

prqvide abbreviated names for the 16 runs. The first name coincides with the “+” or “-” levels of

r could be
p relate to
bly lines A
perimental
actors with
Is, there is
rical value
b historical
an impact
ble from a
he domain

important
the factors
teract (the

s with two
ach row of

response
s the “low”
other level
rred.

ample of a
increasing
0 columns
the factors

given in thexorder for ABCD. The second naming convention includes a lower case letter for each factor at its

high level='By convention, the four settings at the low level are designated as “(1)” since oth
abbreviation would be null.

erwise the
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Table 2 — Layout of a generic 24 full factorial design

Row A B c D » Run order Name Alternate
number of run name of run
1 -1 -1 -1 -1 1 6 -———- (1)
2 +1 -1 -1 -1 Vo 14 +-—= a
3 -1 +1 -1 -1 V3 4 —+—-= b
4 +1 +1 -1 -1 V4 11 ++-—- ab
5 =t = il =t V5 9 =—=F= T
6 +1 -1 +1 -1 Vs 2 +—+- ac
7 -1 +1 +1 -1 V7 3 —++ - bc
8 +1 +1 +1 -1 Ve 1 +++ - abc
9 -1 -1 -1 +1 Y 8 € d
10 +1 -1 -1 +1 Y10 13 K6 + ad
1 - +1 1 +1 Y11 7 Fo -t bd
12 1 + -1 +1 Y12 10 4t abd
13 1 1 +1 +1 13 15 ——t+ cd
14 1 — +1 + Y14 16 +—++ acd
15 -1 +1 +1 +1 V15 5 —+++ bcd
16 +1 +1 +1 +1 Y6 12 +4+++ abcd

In the situation with all four factors being continuous (quantitative), some experimenters elect to run additional

“centre” pd
of centre p
as a guide

In the situ
experimen

One final
setting ac
testing pun

ine. It also provides the means to testfor non-linearity (curvature) of the response.

t could be conducted in “bloeks®, one block for each level of the difficult factor.

ints. The levels of the centre point are at.the midpoint of the two levels of each factor. The inclusjon
oints facilitates statistical testing of effects, using the variability of the responses at the centre points

btion where a particular facton.is -difficult or expensive to change from one level to the other, the

situation concerns replication of the runs in the design. Multiple replications at each experimental

poses.

5.6 Anglyse theresults — Numerical summaries and graphical displays

commodate estimates,of the overall inherent variability which can then be pooled for statistical

At the completion of the conduct of the experiment, the y, values would be replaced by the actual obseryed

responses

Many existing statistical software packages exist to facilitate the generation of output to aid in the

understanding of the results of the experiment. Of immediate concern is the determination of the impact of the
four factors individually on the response variable. Thus, the main effects for A, B, C and D are to be estimated
as well as the following interaction terms:

— two-way: AB, AC, AD, BC, BD, CD;

— three-way: ABC, ABD, ACD, BCD;

— four-way: ABCD.

© 1SO 2007 — All rights reserved
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In addition to the actual estimates, it is useful to arrange the estimated effects from largest to smallest in the
form of a Pareto Chart. The effects can also be presented on a normal or half-normal plot to identify the
stronger effects. Depending on the inclusion of centre points or replication, the experimental error can be
estimated directly and in turn the standard error of the effects can be determined. In the absence of these
experimental runs, the experimental error can be estimated indirectly by presuming that three-way and four-
way interactions are negligible. Effects plots, interaction plots and residual plots are also generally considered
in assessing the results of an experiment. These are illustrated in Annexes A through E.

5.7 Present the results

ten

(typically linear) of the estimated effects and possibly interactions. Alternate mathematjcalmode
isaged depending on examination of the residuals (collection of predictive values minus observed values).

en

5.8 Perform confirmation runs

Fo

experiments are verified in subsequent runs. A natural follow-on experiment could be to identify a
direction in which to adjust the factors for improved performance in the fesponse variable.

6

6.1
Fiv
foll
Ta

6.2

Ta
we

Fremmmmmmvmummmmﬁ
of the factors. Contour plots are available from most software packages. Moreover, with a predic

tative consideration of optimal settings can be identified. The predictive model will consist of

Description of Annexes A through E

Comparing and contrasting the examples
e distinct examples of 24 full factorial designs are illustrated in Annexes A to E. Each of thesg

ble 2.

) Experiment summaries

ble 3 summarizes the five examples detailed in the annexes and indicates aspects of the analy
re unique to each experiment,

Table 3 — Experiment summaries found by annex

te settings
ive model,
a function
Is may be

low-up experiments may prove useful to demonstrate that the lessons tearned from the 24 fyll factorial

promising

examples

ows the same general template as given in Table 1 and follows a version of the standard design given in

ses which

Annex Experiment Problem-specific aspects

Mixture of discrete and continuous factors; repetitiq

A Solder bars important 2-way interaction

Proportion response variable, standard errors basg

R Direct mail campaign binomial distribution

d on

Button tactility Centre points; curvature in response

PVC formulation optimization Split-plot; centre points; contour plots

E Genetic algorithms replication; dispersion effect

Randomized order not necessary; set up for interim analyses;

© 1SO 2007 — All rights reserved
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A1 Ge

Annex A
(informative)

Solder bar experiment?)

eral

The mater
The bars 3

A.2 Ovgerall objective for the experiment

The proce

were a large number of “rosettes” (small pits on the surface of the solder bar). This\led to numerous custor

complaintg
bars was &

The opera
produced

problem. |
defect and

A.3 Desicription of the process

Solder bar
the bars to

Ingots of S
by filling a

similar to the kitchen utensil of the same name but with extra spouts, thus enabling several bars to be pou

simultaned
The bars

moulds ar
Before cas

After a sha

al solder can be produced in a number of forms. One of the most common is a bar of solid\sold
re sold by mass, namely 0,5 kg, 1,0 kg and 2,0 kg.

5s had recently been relocated to a new site and subsequently, on the underside of the bars th

, customers assuming that the solder was of an inferior standard. The-current level of rosettes
ssessed to be about 30 per bar.

ional staff had tried over several months various “one-factor-at-a-time” experiments, none of wh
B large enough improvement for the producer to say to their customers that they had solved

was decided to design and then run an experiment to.understand the factors responsible for
then how to manage the process so as to minimize the number of rosettes.

S are produced by pouring molten solder into moulds pre-selected according to the target mass
be produced.

older are firstly melted in an electric furnace at about 290 °C. An operator then produces the b

usly.
hre cast upside dewn’so the bottom of each bar is uppermost and open to the atmosphere. 1
b arranged in banks on a table with water-cooling integrated into it that can be turned on or
ting, the moulds'Can be “smoked”. This is a layer of carbon applied with an oxyacetylene torch.

rt periodof’time during which the bars solidify, they are de-moulded, stacked and then packed.

A.41 Ch

er.

ere
ner
on

ich
the
the

of

Aars

“kettle” with the molten solder:and then by pouring the solder from the kettle into moulds. A kettl¢ is

red

'he
Dff.

oice of variable

The response chosen for the experiment was the average number of rosettes counted on the surface of the
bars. The objective was to minimize the average number of rosettes.

1) This example has been kindly donated by Cookson Electronics (Fry's Metals Glasgow).
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A.4.2 Measurement of the response variable

Approximately 160 bars were produced in each experimental “run”. The number of rosettes was counted
across all of the solder bars and the arithmetic mean of the number of rosettes per bar calculated for each
experimental run. This became the output for that experimental run.

A.4.3 Relationship of the response variable to the objective of the experiment

Th

A.

A.

Th
op

Th
Fa
tha
the

Th
fag

A.

Th

e mean number of rosettes per bar is directly linked to the objective of the experiment.

5 Factors affecting the response

6.1 Description of each factor (continuous/discrete) to be varied

b factors chosen to be varied within the experiment were determined using the knowledge of the
brators and the technical staff. These were:

A: the casting temperature of the molten solder;

B: water-cooling, applied or not;

C: the pouring rate of the molten solder into the moulds; and

D: whether the moulds were smoked or not.

b experiment was to be run using these four factors:each at two levels.

ctor A was clearly a factor that could be adjusted to any given temperature. Factor C was, in t
t could be varied as a continuous variable, However, in practice, it was handled as a categorical

rate was either “Normal” or “Maximum”.

e other two factors were categorical Water cooling, factor B, was either “Off” or “On” and tk
tor D, were either not smoked “No™or smoked “Yes”.

6.2 Selection of levels-(related to size of effect to be determined)

e factors used in thecexperiment and their associated levels are given in Table A.1.

Table A.1 — Factors and their associated levels

production

heory, one
factor and

e moulds,

Factor Level 1 Level 2
A: Casting temperature (°C) 260 320
B: Water cooling Off On
C : Pouring rate Normal Maximum
D: Mould conditioning No Yes

The casting temperatures selected were determined to be the extremes that would be considered during
production. This was a result of discussions with the technical and metallurgical staff.

The levels for the remaining factors were deemed to be discrete, e.g. “On” or “Off”.

© 1SO 2007 — All rights reserved


https://standardsiso.com/api/?name=70f109aeb1ae58574a2492c486847e95

ISO/TR 29901:2007(E)

Prior to the experiment, it was really not known if the selected factors would have any effect on the response,
and so this might be regarded as a “screening” experiment. The considered opinion of the technical
department was that these factors were very likely to be linked to the response and that the levels chosen for
the casting temperature were wide enough to generate an observable change in the response.

A.5.3 Other factors noted but not incorporated due to issues with controllability or relevance

Other factors that might have been considered, but were not included in the experiment, are given in

Table A.2.

Table A.2 — Factors not included in the experiment
Factor Reason for exclusion

Air temperature Air temperature was not regarded as important to the response and the factory was ot
temperature controlled and this would have been very difficult to control.

Humidity Considered irrelevant and the factory did not posses air conditioning so”therefore it wotild
have been impossible to control.

Air cleanliness The atmosphere within the factory was naturally smoky and ittlwould have been impossible
to control the level of cleanliness.

Operator There was only one operator involved with this processyand so the inclusion of differ¢nt
operators for this experiment was seen as irrelevant,

Day The day of the week was regarded as irrelevant for this experiment.

A.6 Fulllfactorial design

A.6.1 Depign matrix (standard order, run order)

The desigh selected was a full factorial that allowed™for all interactions to be examined. Table A.3 shows fhe

design.

10
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Table A.3 — Design matrix

ISO/TR 29901:2007(E)

A: B: C: D:
Casting Water cooling Pouring rate M?Pld. Standard order Run order
temperature °C conditioning

320 On Maximum No 8 1
320 Off Maximum No 6 2
260 On Maximum No 7 3
260 on Norrat No 3 4
260 On Maximum Yes 15 5
260 Off Normal No 1 6
260 On Normal Yes 11 7
260 Off Normal Yes 9 8
260 Off Maximum No 5 9
320 On Normal Yes 12 10
320 On Normal No 4 11
320 On Maximum Yes 16 12
320 Off Normal Yes 10 13
320 Off Normal No 2 14
260 Off Maximum Yes 13 15
320 Off Maximum Yes 14 16

The experiment was randomized and the column headed “Run order” was the order in which the[runs were
performed during the experiment. Thecolumn “Standard order’ specifies where the particplar factor
combination would be found in the “design matrix” for the 4-factor 2-level design.

A.6.2 Centre points

Centre points were not selected for this experiment, partly because three of the four factors werg taken as

cafegorical (binary) factors; making centre points inconvenient to arrange.

A.6.3 Replication and repetition

The factory<could not afford any more experimental time than that needed to conduct the 16 run ¢xperiment
shpwn above. Therefore, there was no replication of any of the experimental runs. However, once an

experimental run had been set up, about 160 bars were produced, providing abundant repetition.

Repetition is important 1o Overcome elfects ol measurement uncertainty and to improve the refiability of the
analysis. The decision taken to average the number of rosettes was seen as appropriate in this case. At other
times different decisions might be taken, e.g. to calculate a standard deviation from the repeated
measurements for each replicated run. These repetitions provide the analyst with information about factors
that might influence the process variability.

© 1SO 2007 — All rights reserved
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A.7 Analysis of results

A.7.1 Data acquired through the experiment and analysis considerations

The results from the experiment are given in Table A.4. The response analysed is the mean number of
rosettes per bar per run. They were keyed into a software program called MINITAB™2) .

Table A.4 — Experiment results

A: B: C: D:
Casti:Jg w . . Mould Standard Mean rosetth

temperature °C ater cooling | Pouring rate conditioning order Run order per_bar

320 On Maximum No 8 1 85,1

320 Off Maximum No 6 2 77,9

260 On Maximum No 7 3 89,1

260 On Normal No 3 4 87,7

260 On Maximum Yes 15 5 92,2

260 Off Normal No 1 6 100,4

260 On Normal Yes 11 7 84,7

260 Off Normal Yes 9 8 75,4

260 Off Maximum No 5 9 84,5

320 On Normal Yes 12 10 15,3

320 On Normal No 4 1 80,6

320 On Maximum Yes 16 12 8,1

320 Off Normal Yes 10 13 1,0

320 Off Normal No 2 14 84,8

260 Off Maximum Yes 13 15 87,6

320 Off MaXximum Yes 14 16 23
A decision| was taken that only.the/first-order interactions, e.g. AB, would be analysed, together with the mfin
effects. THerefore, the higherorder interactions were initially considered to be unimportant and insignificant
(subsequently confirmed).

2) MINITAB™ is the trade name of a product supplied by Minitab Inc. This information is given for the convenience of
users of this document and does not constitute an endorsement by ISO of the product named. Equivalent products may be

used if they can be shown to lead to the same results.

12
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A.7.2 Estimation of effects

Estimated Effects and Coefficients for Mean rosettes

Term Effect Coef SE Coef T P
Constant 66.04 1.606 41.14 0.000
Casting temperature (deg C) -43.31 -21.66 1.606 -13.49 0.000
Water cooling 3.61 1.81 1.606 1.13 0.312
Pourio—Tt T —+ + t

Mould conditioning -40.44 -20.22 1.606 =-12.59 0.000
Casting temperature (deg C)* 2.16 1.08 1.606 0.67 0.531

Water cooling

Casting temperature (deg C)* -1.69 -0.84 1.606 -0.53 0.622
Pouring rate

Casting temperature (deg C)* -34.99 -17.49 1.606 =-10.90 03000

Mould conditioning

Water cooling*Pouring rate 1.94 0.97 1.606 04,60 0.573
Water cooling*Mould conditioning 4.89 2.44 1.606 1.52 0.188
Pouring rate*Mould conditioning 3.84 1.92 14806 1.20 0.286
S = 6.42204 R-Sq = 98.94% R-Sqg(adj) = 96.81%

Analysis of Variance for Mean rosettes
Source DF Seq SS Adj SS Adg MS F P
Main Effects 4 14097.5 14097.50) 3524.36 85.45 0.000

2-Way Interactions 6 5096.1 5096.1 849.34 20.59 0.002

Residual Error 5 206.2 206.2 41.24

Total 15 19399%W7

Figure A.1 — Estimated effects and ANOVA table

The above output(in Figure A.1) indicates that there are significant main effects (“Casting tempefature” and
“Mpuld conditioping”) as well as an interaction between these two factors.

In gdditiony.the probability plot in Figure A.2 indicates the significant factors.

© 1SO 2007 — All rights reserved 13
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99
Effect Type
j @ Not Significant
95 B Significant
90 F Factor Name
[ A Casting temperature (deg C)
80 B Water cooling
]. C Pouring rate
70 j. D Mould conditioning
€ 60 ®
8 50
84
3p m AD j
1D A Z
|
b [
(
-15 -10 -5 0

Standardized Effect

Figure A.2 — Normal probability plot of the standardized effects

The size of the effects and their significance can be seen in the Pafeto chart in Figure A.3.

A.7.3 Pareto chart of effects

2,57
Factor Name
A A Casting temperature (deg C)
B Water cooling
D c Pouring rate
D Mould conditioning
AD
BD
e ¢D
o
= |B
AB
BC
AC
C

0 2 4 6 8 10 12 14
Standardized Effect

Figure A.3 — Pareto chart of the standardized effects

The vertical line on the Pareto chart indicates the point beyond which the size of the effect would be
considered significant (at the 0,05 level). It clearly supports the analysis that factors A, D and their interaction
are significant in influencing the occurrence of rosettes.

14 © 1SO 2007 — All rights reserved


https://standardsiso.com/api/?name=70f109aeb1ae58574a2492c486847e95

ISO/TR 29901:2007(E)

The plot shows the “standardized” effect. This means the actual effect has been standardized in the statistical
sense.

A.7.4 Estimation of experimental error and standard error of effects

It was mentioned above that only the two-factor interactions were considered. The degrees of freedom of
those discounted interactions (ABC, ABD, ACD, BCD and ABCD) are all assigned to the estimation of the
residual error. Therefore, the degrees of freedom in the ANOVA table in Figure A.1 show 5 for the residual
error. If all of the terms had been used, it would have resulted in zero degrees of freedom to estimate the
residual error and would have prevented any statistical analysis to have taken place in this experiment.

The standard error of the effects have been calculated using the usual formula, i.e. o, /Nn. Thecestimate of o,
can be found by taking the square root of the adjusted mean square (Adj MS) value)for tHe residual
errpr, i.e. V41,24 or 6,422. Since each level of each factor occurs 8 times in the experimerit, the standard error
can be calculated as 6,422 /\8, or 2,271.
A.B Presentation of results — Effects plots
The main effects plot is shown in Figure A.4 clearly indicating that the “€asting temperature” needp to be set
at the 320 °C level and that moulds need to be conditioned to reduce the.level of rosettes.
Casting temperature (deg C) Water cooling
90
80
70 7 —
[0} o—
© 604
©
g 50
% T T T T
g 260 320 Off On
5 Pouring-rate Mould conditioning
= 904
3
= 801
70
60 1
50
| | | |
Normal Maximum No Yes
Figure A-4—Main-effectsplot

Figure A.5 is an interaction plot between the factors. The interaction of note is that between the “Casting
temperature” and the “Mould conditioning”, indicating that it is important to have both of these factors set to
their “higher” settings to really reduce the level of rosettes.
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] ] ] ] ] ]
100
o———=@ o———=0 i\. Casting
\ temperature
e — - AN 50 (deg C)
.- - N\ —— 260
\‘ — - — 320
0
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Water
*-E' ™ cooling
Water cooling X 50 o o
— & — Off
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Figure A.5 — Interaction plot

A.9 Presentation of results — Optimization recommendations

The above analysis indicates that it is important to have the casting.temperature set at 320 °C and the moulds
to be conditioned for the response to be minimized. The other, factors and their interactions were unimportant.
Consequeptly, it was decided to run the process with the settings shown in Table A.5.

Table A.5 — Process settings

Factor Setting
A: Casting temperature (°C) 320
B: Water cooling Off
C: Pouring rate Normal
D: Mould conditigning Yes

A.10 Confirmatiofn‘results

A run was [conducted“with the chosen settings described in Table A.5 above. The results were that no roseftes

were found.

There was—on

symptoms of oxidation

ow

ing to the high casting temperature. Th,is gave a slight

ight
“yellowing” of the bars

instead of the usual bright shiny appearance. A subsequent experiment was then called for to determine a
temperature below 320 °C at which the process could be run and still hold a very low occurrence of rosettes.

16
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Annex B
(informative)

Direct mail marketing campaign?)

B.1_General

DirJect mail material for a direct marketing campaign can be sent in a variety of packaging-styles and with
vafious textual and graphical cues to encourage a high response rate. Historically, the conmppany had
experimented with a small subset of their campaigns in which one aspect of the package-weuld be yaried. The
company was receptive to an approach that was more sophisticated than their previoas,“one factor at a time”
styfe.

B.2 Overall objective for the experiment
The objective of the experiment was to maximize the magazine subscription response rate based pn a direct
mdiling campaign.

B.B Description of the process
A {ypical mailing involves solicitations to 400 000 potential subscribers. The actual package mailed can be
valfied regarding outer envelope design and other-features that had previously enhanced responsg rate. For

thi$ study, the parent company opted to devote~40 000 packages to the experiment. The mailing itself is
subcontracted to a third party that specializes in assembling these packages.

B.4 Response variable
B.4.1 Choice of variable

The response is the number ‘of people who subscribed and paid (either by credit card or cheque).

B.4.2 Measurement of the response variable

Expctly 2 500,\mailings went out for each combination of package contents. Subscribers were |tracked to
defermine.which package of materials they had been sent.

B.f,.3 Relationship of the response variable to the objective of the experiment

The publisher expected a response rate of about 2 %. Furthermore, the publisher wanted to be fairly certain to
be able to recognize a 0,5 % increase and at least a decent chance of detecting a 0,25 % increase. The
response rate is the critical factor in addressing the objective of the experiment as the package variations
have roughly the same cost in preparation. Of secondary interest is the proportion of positive responders who
pay immediately as well, which avoids a later billing.

3) This example has been adapted from the article “Using a Fractional Factorial Design to Increase Direct Mail
Response,” by J. Ledolter and A. J. Swersey (2006), Quality Engineering, 18, pp. 469-475. Used with permission from the
publisher, the American Society of Quality, Milwaukee, Wisconsin.
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B.5 Factors affecting the response

B.5.1 Description of each factor (continuous/discrete) to be varied

The factors chosen to be varied within the experiment were determined using the publisher’'s assessment of
possible improvements and an appreciation of cost-effective adjustments. These were:

A: Presence/absence of an “Act Now to Respond/Pay today” insert;

B: Additional option of paying by credit card (rather than only by personal cheque);

C: dffer wording strength;

D: Presence/absence of phrase on outer envelope with mild profanity.

Each of thgse factors are categorical with two levels.

B.5.2 Selection of levels (related to size of effect to be determined)

The factorg used in the experiment and their associated levels are given in Table.B1.

Table B.1 — Factors and their associated-levels

Factor Level 1 Level 2
A: Act now No insert Insert
B: Payment Personal cheque Cheque or credit card
C: Pffer phrase No mention Mention “hot off press”
D: Profanity No profanity Mild profanity

B.5.3 Other factors noted but not incorporated due to issues with controllability or relevan

ce

Other factprs that might have been(considered, but were not included in the experiment, are shown| in

Table B.2.

Table B.2 — Other factors considered

Factor

Reason for exclusion

Enclosure pf bumperdticker

An attractive but costly bumper sticker mentioning the magazine could induce some| to
respond favourably to the campaign. The size of the bumper sticker impacts the
mailing package and postal costs. No significant improvement with bumper sticker was
expected.

Guarantee Money-back guarantee for part or all of the subscription was considered. This factor
suggests a defeatist attitude and was rejected for consideration. Moreover, the
implementation of a money-back policy incurs costs that directly impact profits.

Testimonials

Celebrities could be hired to extol the virtues of the magazine. In light of the subject
matter content, it was not determined who would be most appropriate and if in fact this
celebrity could discourage some respondents.

Personalized salutations

For considerably more expense in preparation of the package, the customer’'s name
could be used. To recoup this cost, an extraordinary response rate would be required
and this was deemed risky.

18
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B.6 Full factorial design

B.6.1 Design matrix (standard order, run order)

The design selected was a “full” factorial that allowed for all interactions to be examined.

Table B.3 shows the design.

Table B.3 — Design matrix

ISO/TR 29901:2007(E)

A B: ¢ : Stander order
Act now Payment options Offer phrase Profanity
No insert No credit card None None 1
Insert No credit card None None 2
No insert Credit card None None 3
Insert Credit card None None 4
No insert No credit card Hot off press None 5
Insert No credit card Hot off press None 6
No insert Credit card Hot off press None 7
Insert Credit card Hot off press None 8
No insert No credit card Nore Mild profanity 9
Insert No credit card None Mild profanity 10
No insert Credit card None Mild profanity 11
Insert Credit card None Mild profanity 12
No insert No credit card Hot off press Mild profanity 13
Insert No credit eard Hot off press Mild profanity 14
No insert Credit card Hot off press Mild profanity 15
Insert Credit card Hot off press Mild profanity 16
Randomization was used in selecting the 2 500 addresses out of the 40 000 addresses consfituting the
sampling frame. Considerable effort was expended to ensure that the third party provider correctly fassembled
thg mailed packages.
B.5.2 Centre points

Centre points were not selected for this experiment because the variables are categorical. Movleover, the
regponse rate can be assessed as a binomial random variable with a nominal response rate of 2 %| so that an

independent estimate of the uncertainty can be calculated.

B.6.3 Replication, repetition

As mentioned in B.4.2, the mailings were sent to 2 500 potential subscribers. This experiment had neither

replication nor repetition.

© 1SO 2007 — All rights reserved
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B.7 Analysis of results

B.7.1 Data acquired through the experiment and analysis considerations

The results from the experiment are given in the Table B.4. They were keyed into a software program called

JMP4).
Table B.4 — Experiment results
A: 8 C B Response rat¢
Act npw Payment options Offer phrase Profanity Standard order o8
No ingert No credit card None None 1 2,08
Insefrt No credit card None None 2 2,52
No ingert Credit card None None 3 2,36
Insefrt Credit card None None 4 2,12
No ingert No credit card Hot off press None 5 2,12
Insert No credit card Hot off press None 6 2,52
No ingert Credit card Hot off press None 7 1,96
Insert Credit card Hot off press None 8 2,64
No ingert No credit card None Mild profanity 9 2,40
Inseirt No credit card None Mild profanity 10 2,76
No ingert Credit card None Mild profanity 11 3,24
Inseirt Credit card None Mild profanity 12 3,04
No ingert No credit card Hot off press Mild profanity 13 2,36
Insetrt No credit card Hot off press Mild profanity 14 3,12
No ingert Credit card Kot off press Mild profanity 15 2,64
Insetrt Credit card Hot off press Mild profanity 16 3,20
All effects |can be estimated sinee“we have an independent estimate of error based on the binomial response
variable. Bach effect is estimated by the average response rate for the effect at the high level minus the
response fate for the effect)at its low level. Since the overall response rate is 2,57 %, the standard erroff of
each estimated effect is(¥[4(2,57)(100 — 2,57) / 40 000] = 0,158 %. The Z ratio is effect divided by standard
error for dach term:~The expression “Prob>|z|” refers to the probability that a standard normal variablg is
greater thgn z or less'than —z.

4) JMP is the trade name of a product supplied by SAS Inc. This information is given for the convenience of users of this
document and does not constitute an endorsement by ISO of the product named. Equivalent products may be used if they

can be shown to lead to the same results.

20
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Table B.5 — Estimation of effects

ISO/TR 29901:2007(E)

Th
Th
cal

In

e above summary (Table B.5) indicates the significance of terms A and D and a marginal AC
b coefficients were generated in JMP and the results stored in a data sheet. The Z ratio and Prg

Term Coefficient Effect Standard error Zratio | Prob>|z|
A 0,172 5 0,345 0,158 2,18 0,029
B 0,082 5 0,165 0,158 1,04 0,297
A*B -0,0725 -0,145 0,158 -0,92 0,359
C 0,002 5 0,005 0,158 0,03 0,975
A*C 0,127 5 0,255 0,158 1,61 0,107
B*C -0,0425 -0,085 0,158 -0,54 0,591
A*B*C 0,082 5 0,165 0,158 1,04 0,297
D 0,277 5 0,555 0,158 3,51 0,000
A*D 0,0125 0,025 0,158 0,16 0,874
B*D 0,102 5 0,205 0,158 1,30 0,195
A*B*D -0,022 5 -0,045 0,158 -0,28 0,776
C*D -0,017 5 -0,035 0,158 20,22 0,825
A*C*D 0,017 5 0,035 0,158 0,22 0,825
B*C*D -0,052 5 -0,105 0,158 -0,66 0,507
A*B*C*D -0,037 5 -0,075 0,158 -0,47 0,636

culated using the formula feature.

addition, the probability plot in Figure B/l indicates potentially significant factors. However, the s

is hased on a separate calculation that.is Aot pertinent to the binomial response.

nteraction.
b>|z| were

gnificance

0,3

0,2

0,1

0,0

Estimate

01

+D
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B.7.2 Pareto chart of effects

The relative size of the effects can be seen in the Pareto chart (see Figure B.2).

Term Estimate
D 0,2775000
A 0,1725000
AzxC 0,1275000
BtD 0,1025000
AgBz+xC 0,0825000
B 0,0825000
ArB -0,0725000
BtCxD -0,0525000
BtC -0,0425000
AiB+CtD -0,0375000
AgBxD 0,0225000
AgC+D 0,0175000
CegD -0,0175000
AgD 0,0125000
C 0,0025000

Figure B.2 — Pareto chart of estimates

B.7.3 Estimation of experimental error and standard error of effects
Each effeqt is estimated by the avetage response rate for the effect at the high level minus the response rate

for the effgct at its low level. Since the overall response rate is 2,57 %, the standard error of each estimated
effect is V[#(2,57)(100 — 2,57)./40 000] = 0,158 %.

B.8 Presentation of results — Effects plots

3_
S5 P B pd
Auc% 2,5
N 205
2_
1T 1 1T T 17 1T 1 1T 1T 1T 1T 1 1T T 17 1T 1 LI
0 T HOWL T TWOW ™ W TIDOIW ™ B T 100 W~
A < AR < AR < AR < -~
0 0 0 0
A B C D

Figure B.3 — Effects plots

22 © 1SO 2007 — All rights reserved


https://standardsiso.com/api/?name=70f109aeb1ae58574a2492c486847e95

ISO/TR 29901:2007(E)

The relative slopes of the lines in Figure B.3 are consistent with the significance of the factors (D, A, B and C).

Figure B.4 is an interaction plot between the factors. The interaction of note is that between factors A
(Act now) and C (Offer phrase).
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Figure B.4 — Interaction profiles

B.p Presentationmof results — Optimization recommendations

T

=

e preferred settings for future mailings are given in Table B.6.

Table B.6 — Preferred settings

Factor Setting
A: Act now Insert
B: Payment options Include credit card option
C: Offer phrase Include “hot off press”
D: Profanity Include “off-colour” word

Note that although factor B was not deemed statistically significant (the subscription rate was increased by an
estimated 0,165 %), it was noticed that the number of people who returned the reply card without payment
declined from 10 % to 5 %.
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B.10 Confirmation results

Subsequent mailings confirmed the benefits of offering the credit card payment option in addition to the
personal cheque option.
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Annex C
(informative)

Button tactility experimentd)

1 General

Bu
a

pu

>

[ton tactility (perceptibility by touch) is a critical requirement for wireless products such as-two-
j cellular phones. Poor button tactility will lead to customer complaints and dissatisfaction.
pose of this experiment is to provide good button tactility for two-way radios by optimizing s

seftings of the existing component using statistical tools.

Cc

Th

.2 Overall objective for the experiment

b objective of the experiment is to achieve good button tactility on‘the emergency button. Th

fodqused on the emergency button due to more frequent customer complaints associated with thig
previous products.

C.

3 Description of the process

When a keypad button is depressed, the keypad button plunger pushes on a metal dome. Once

ex
for

ceeds the actuation force of the dome, the domé& collapses and the force subsequently reduce
ce called the return force. The ratio of these\two forces, called the snap ratio, is a measure

Elgctrical connectivity is activated in the interyal between the actuation and the return forces.

A

ivay radios
The main
ecification

e study is
button on

this force
5 to a new
of tactility.

ustomer experiences tactility when hg/she feels a “click” as a button is depressed. Tactility is impportant as

it gives feedback to the user that thé button has been activated. When a button has poor tactility, the user
does not receive physical feedback that the key has been actuated and has to check by some other means,
which is not desirable in a mission\critical situation.
C.4 Response variable
C.4.1 Choice ofvariable
The button-tactility is defined as the snap ratio (%) = [(F— F5) / F4] x 100 %
where
F, is the actuation force, expressed in gram force (gf) ®); and
F, s the return force, expressed in gram force (gf).
5) This example has been kindly donated by Motorola (Penang Engineering Group).
6) 1gf=9,80665x 1073 N.
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C.4.

2 Measurement of the response variable

To measure F, and F,, a mechanical plunger is used to depress the button and the force curve graph is
plotted. The first peak on the graph (Figure C.1) is the actuation force and the lowest point after the first peak
is the return force.

Key

X
Y

C.5 Factors affecting the response

C.5.

The

engineering staff. These wefe:

Y A

F,

Xy

travel gistance, in millimetres (mm)
force, In gram force (gf)

Figure C.1— Force curve

1 Depcription of each factorjto be varied

factors chosen to be varied, within the experiment were determined using the knowledge of the desjgn

A: uro hardness'button;
B: r vent width;

C: tuation force of dome; and

D: Plunger length.

The experiment was to be run using these four factors each at two levels:

26

factor A: measure of the hardness of the button, higher is harder;

factor B: width of the vent required under the metal dome which allows the metal dome to collapse and
return;

factor C: force required to collapse the metal dome;

factor D: length of the plunger located beneath each key of the keypad.
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5.2 Selection of levels (related to size of effect to be determined)

The continuous factors used in the experiment and their associated levels are given in Table C.1

Ot

Ta

Cc

Th
po

Ta

Th
pe

combination weuld be found in the “design matrix” for the 4-factor 2-level design. The three centre

de

.p.3 Other factors noted but not incorporated due to issues with controllability or r

.p Full factorial design

.6.1 Design matrix (standard order, run order)

Table C.1 — Continuous factors and their associated levels

Factor Level 1 Level 2
A: Duro hardness button 40 80
B: Air vent width 0,6 1,8
C: Actuation force of dome 120 200
D: Plunger length 0,7 1

ner factors that might have been considered, but were not included in\the experiment, are
ble C.2.

Table C.2 — Other factors

elevance

shown in

Factor Reason-for exclusion

Surface area of the button The area for the button.on"this product was finalized upfront by
industrial design team based on user feedback

the

b design selected was a full factorial design that allowed for all interactions to be examined. Th
nts were added to detect curvature and estimate the pure error.

ble C.3 shows the design.

b experiment was-randomized and the column headed “Run order” was the order in which the
formed during\the experiment. The column “Standard order” specifies where the partic

iberately<spread throughout the runs in order to capture variation in the course of the experiment

ree centre

runs were

lar factor

oints were
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Table C.3 — Design matrix

A: B: C: D:
Cen_tre Blocks Duro hardness Air_vent Actuation Plunger Standard Run order
point button width force of dome length order

1 1 40 0,6 120 0,7 1 1
1 1 80 1,8 120 1 12 2
0 1 60 1,2 160 0,85 19 3
1 4 86 48 266 677 S 4
0 1 60 1,2 160 0,85 17 )
1 1 40 1,8 120 1 11 6
1 1 40 0,6 200 0,7 5 7
1 1 40 1,8 120 0,7 3 8
1 1 40 1,8 200 1 15 9
1 1 80 1,8 200 1 16 10
1 1 40 0,6 120 1 9 11
1 1 80 0,6 200 0,7 6 12
1 1 80 1,8 120 0,7 4 13
1 1 40 1,8 200 0,7 7 14
1 1 80 0,6 120 1 10 15
1 1 80 0,6 120 0,7 2 16
1 1 40 0,6 200 1 13 17
1 1 80 0,6 200 1 14 18
0 1 60 1,2 160 0,85 18 19

C.6.2 Centre points

Three cenfre points were added to'the original design.

C.6.3 Replication, repetition

Since threp centre points were included in the design, it was not necessary to replicate other design points.

The centrqg points previded the estimate of pure error.

C.7 Analysisofresults

C.7.1 Data acquired through the experiment and analysis considerations

The results from the experiment are given in Table C.4. They were keyed into the software program
MINITAB™ 7).,

7) MINITAB™ is the trade name of a product supplied by Minitab Inc. This information is given for the convenience of
users of this document and does not constitute an endorsement by ISO of the product named. Equivalent products may be
used if they can be shown to lead to the same results.
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Table C.4 — Experiment results
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A: B: C: D:
Centre Blocks ha?:r::ss Air vent Actuation Plunger Standard Run Respond

point button width force of dome length order order pon
1 1 40 0,6 120 0,7 1 1 24,76
1 1 80 1,8 120 1 12 2 27,17
0 1 60 1,2 160 0,85 19 3 33,24
1 1 80 1,8 200 0,7 8 4 33,55
0 1 60 1,2 160 0,85 17 5 33,27
1 1 40 1,8 120 1 11 6 18,01
1 1 40 0,6 200 0,7 5 7 19,55
1 1 40 1,8 120 0,7 3 8 35,07
1 1 40 1,8 200 1 15 9 17,16
1 1 80 1,8 200 1 16 10 32,78
1 1 40 0,6 120 1 9 11 22,38
1 1 80 0,6 200 0,7 6 12 39,77
1 1 80 1,8 120 0,7 4 13 27,95
1 1 40 1,8 200 0,7 7 14 20,37
1 1 80 0,6 120 1 10 15 27,23
1 1 80 0,6 120 0,7 2 16 21,56
1 1 40 0,6 200 1 13 17 19,22
1 1 80 0;6 200 1 14 18 36,79
0 1 60 12 160 0,85 18 19 32,58

An
the
Th
wal
err

Dr.

initial assumption was made-that only the first-order interactions, e.g. AB, would be analysed, to
main effects. Therefore, the higher-order interactions were considered to be unimportant and in
s assumption was later-confirmed by fitting a saturated model and recognizing that the three-wa
y interactions were'in-fact not statistically significant, using the centre points to provide an estim

pjether with
significant.
y and four-
ate of pure
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C.7.2 Estimation of effects

The abovs
(Duro harg
force of da

In addition

A reduced
be refitted

Estimated Effects and Coefficients for Respond (coded units)

Term Effect
Constant

Duro hardness button 8.785
Air vent width 0.100
Actuation force of dome 1.883
Plunger length -2.730

*TAq 1 -

Duro hardness button® 7.863

Actuation force of dome
Duro hardness button*Plunger length 3.015

Air vent width?* -2.968
Actuation force of donme

Air went width*Plunger length -2.725

Actuation force of dome* 0.907

Plunger length

Coef

27.495

4.392
0.050
0.941

-1.365

3.931

1.508

-1.4384

-1.362

0.454

5 = 4.87905 R-5gq = 78.83% R-5qg(adj) = 52.37%

Analysis of Variance for Respond (coded uni

Source DF

Main Effects 4 352.732 352.732

2-Way Interactions 6 356.480 356.480

Residual Error § 190.441 190.441
Curvature 1 109.131 109.130, 1
Lack of Fit 5 81.006 §1.006
Pure Error 2 0.304 0.304

Total 18 899.653

Figure C.2 — Factorial fit: Respond versus Duro, air vent, force, plunger length

ts)

882
§9.
23.
09.
16.

0.

Seq 55  Adj) S5 Adj (M3

183
413
805
131
201
152

SE Coef

106.

.70
.50

.40

1.119
1.220
1.220
1.220
1.220

1.220

1.220
1.220

1.220
1.220

oo

o

52

o

T P
24.56 0.000
3.60 0.007
0.04 0.968
0.77 0.462
-1.12 0.296
- 0.67]1
3.22 0.012
1.24 0.252
-1.22 0.258
-1.12 \0,296
0.37 W0.720
P
.054
.115
.018
.009

output (see Figure C2)jindicates that there are significant differences for some of the main factprs
ness button) as well-as an interaction between the Duro hardness button (Duro) and the actuafjon

me (force). The gutput also indicates curvature and lack of fit is significant (see C.9).

the probability plot (see Figure C.3) indicates the significant factors.

modeltincluding Duro hardness button and actuation force of the dome and their interaction could

to eonfirm the significance of these factors.
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99
Effect Type
/ + gpt sfigniﬂcant
95 B Significant
mA
90 /// Factor Name
A Duro
80 / mAC B AirVent
+ C Force
70 F D Plunger length
5 60 +
© 50
S 40 /
30 T
20
+
10 /
+
5 /
1 / T T T
-3 -2 -1 0 1 2 3 4

Standardized Effect

Figure C.3 — Normal probability plot of the\standardized effects

C.7.3 Pareto chart of effects

The size of the effects and their significance can be seen in the Pareto chart in Figure C.4.

2,306
Factor Name
A Duro
B Air Vent
C Force
D Plunger length

Term

0 1 2 3 4
Standardized Effect

Figure C.4 — Pareto chart of the standardized effects

The vertical line on the Pareto chart indicates the point beyond which the size of the effect would be
considered significant (at the 0,05 level). The chart clearly supports the analysis that factor A and the
interactions between A and C are significant in influencing the button tactility.
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The plot shows the “standardized” effect. This means the actual effect has been standardized in the statistical
sense.

C.7.4 Estimation of experimental error and standard error of effects

It was mentioned above that only the two-factor interactions were considered. Therefore, the degrees of
freedom of those discounted interactions (ABC, ABD, ACD, BCD and ABCD) are all assigned to the
estimation of the residual error. Two degrees of freedom for centre points are also included in the residual
error. Therefore, the number of degrees of freedom in the ANOVA table is eight for the residual error.

The stand@rderror of the eiffects has been calculated using the usual formuta, 1.e. O'e/\/n. The estimate of] o,
can be found by taking the square root of the adjusted mean square (Adj MS) value for the residual
error, i.e. 23,805 or 4,879. Since each level of each factor occurs eight times in the experiment, the 'standard
error can Qe calculated as 4,879/V8, or 1,725.

C.8 Presentation of results — Effects plots

See Figurgs C.5 and C.6.

Duro Air Vent Point Type
33 [] L —@— Corner
| Center
40 - /'
27 . . .
o 44
c
o
o
2 21 T T T ] T T
14 -1 0 1 -1 0 1
ks Force Plunger length
c 33 [] ]
©
—~
30
S
47 ./. \.
44
21 T T T T T T
-1 0 1 -1 0 1

Figure C.5 — Main effects plot

C.9 Presentation of results — Optimization recommendations

The above analysis indicates a presence of curvature, i.e. quadratic terms could be included in the model. It is
recommended to follow up with a Response Surface Experiment using two factors: 1) the Duro hardness
button (Duro); and 2) the actuation force of dome (force).
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Figure C.6 — Interaction plot

The residuals versus Duro plot (see Figure C.7) shows that the residual values at the centre points fre on one

side of the zero line. This indicates the presence of curvature.

10
2
: _
// \\\
= ~ ~N
3 ol e NS
2 $ N
o
¢
: :
-5 ’
L g
=10 - T T T T T
40 50 60 70 80
Duro

Figure C.7 — Residuals versus Duro plot

C.10 Confirmation results

A confirmation run should be performed after the Response Surface Experiment is conducted.
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Annex D
(informative)

Optimizing a customer PVC formulation?)

D.1 General

Processing Aids (PA) facilitate the manufacturing of PVC parts by changing the physical properties:of
plastic. Formulation of PVC varies depending on application, equipment and component types and load
used. Thegl PA manufacturing company is now selling a new, more efficient product that requires so
modificatign to the PVC formulation, based on customer specifics. One of the PA manufacturing company
customersf a PVC manufacturer, has just switched to the new product with a reduced PA (oading. He repg

that the n

product is responsible for degraded processing conditions.

D.2 Overall objective for the experiment

At the ma

nufacturing company laboratory, it was decided to design and _run an experiment to reproduce

customer g¢xperience. As a starting point, the same formulation and processing conditions were used with

new produ
point, so tl
conditions

nat the analysis of the experiment would determine the optimum component loadings and procs

D.3 Desicription of the process

A standarg
Table D.1.

Table D1 — Components (in pellet form)

Components Quantity
PVC suspension resin 100
Stabilizer 2t04
Lubricant 2
Processing Aid (PA) 4t08
Blowing Agent (BA) 0,5t01,5
Filler 5to 20

foam formulation, like that used by the ‘eustomer, has the components (in pellet form) showr] i

the
ing
me

rts

the
the

ct that was used for the old one. Key factors were varied within an experimental window around this

ESS

Components are thoroughly blended and the resulting material placed in the extruder hopper as shown in
Figure D.1. Material is conveyed continuously forward by a rotating screw inside a heated barrel. Softened
plastic is forced through a die and directly into cold water where the product solidifies. See Figure D.1.

8) This example has been kindly donated by Rohm and Haas, European Laboratories.
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1
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Key
1 hopper
2 | barrel
3 | screw
4 | die
5 | cold water
6 | caterpillar
Figure D.1 — PVC blend
Temperature can be varied in four different zones of the extruden barrel. It is not known precisely at which

ten
prq

=

D

D.4.1 Choice of variable

M3

crifical, is presented here.

D.4.2 Measurement of theresponse variable

Th
die

shapes.

D.4.3 Relationship of the response variable to the objective of the experiment

Th
rol

.4 Response variable

nperature profile problems may have been experienced by ¢ustomers. It was decided to study ty
files, one flatter than the other, with ranges representing most of the customer’s operating condit

ny responses were studied in this experiment. Only one of them, the expansion ratio, amongs

b expansion ratio is a measure of part swell. It is calculated as the ratio of the extruded rod diam
diameter. A higherCratio is better, indicating that the melted PVC will mould more easily arod

b expansion ratio is directly linked to the objective of the experiment — to develop a formulation
ust’against processing problems.

o different
ons.

t the most

eter to the
nd difficult

that will be
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D.5 Factors affecting the response

D.5.1 Description of each factor (continuous/discrete) to be varied

Four factors were investigated in this experiment:

A:  Type of PA used (old or new PA) — The old PA was needed as a baseline against which the new PA
would be matched;

Dhr
ng

the

the
S a

on

B: PA loading;

C: BJowing Agent (BA) loading;

D: Temperature profile in the extruder barrel.
The experiment was run using these four factors each at two levels.
D.5.2 Selection of levels (related to size of effect to be determined)
The factorg used in the experiment and their associated levels are shown in Table'D.2.

Table D.2 — Factors and their associated-levels
Factor Factor type Level 1 Level 2

A: BA Joading Continuous N6 2,0

B: PA fype Discrete Old New

C: PA |oading Continuous 4 6

D: Temperature profile Discrete Rising Flatter

(135/165/190/160 °C) (150/170/180/160 °C)

The levels|for the Blowing Agent (BA) were fixed at 1,6 phr 9 and 2,0 phr to frame the current level of 1,8
used with|the old product. These were determined to be the extremes that would be considered dur
production
The levels|for the Processing Aid-(PA) were fixed at 4 phr and 6 phr with 6 phr the recommended level of
old PA. It was known that the.néw PA was more efficient, thus requiring a smaller quantity to be used.
Each compination of factors A, B and C represented a unique blend. Thus, there were eight blends in
experimenft. Two samples of each blend were tested each at a different temperature profile. This constitute
split-plot design.
It was known_prior to this experiment that the three formulation factors (A, B and C) would have an effect
the response—Fhere-was-no-certaintyaboutthe-effectof factorD-

D.5.3 Other factors noted but not incorporated due to issues with controllability and
relevance

Other factors present in the formulation were the loading of PVC, stabilizer, lubricant and filler (customer
specific); these were not varied.

9) phr = parts per hundred resin.
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D.6 Full factorial design

D.6.1 Design matrix (standard order, run order)

ISO/TR 29901:2007(E)

The design selected was a full factorial that allowed for all interactions to be examined. Table D.3 shows the
design. This table contains the 16 expected runs from the full factorial design plus eight additional runs for

centre points.

Table D.3 — Design matrix

ooy | e |PAlasang| | S| runorer | B | Ssnelel| o
1,6 Old 6 Rising 1 1
2 Old 4 Rising 2 2 1
1,8 New 5 Rising 18 3 14 1 CcP
2 New 4 Rising 4 4 1
1,6 New 6 Rising 7 5 7 1
1,8 New 5 Rising 22 6 12 1 CP
1,8 Old 5 Rising 21 7 10 1 CP
1,6 Old 4 Rising 1 8 1 1
1,6 New 4 Rising 9 3 1
1,8 Old 5 Rising 17 10 9 1 CP
2 New 6 Rising 11 8 1
2 Old 6 Rising 12 6 1
1,6 Old 4 Flatter 13 1 2
1,6 Old 6 Flatter 13 14 5 2
1,8 New 5 Flatter 24 15 12 2 CP
1,6 New 4 Flatter 11 16 3 2
2 New 6 Flatter 16 17 8 2
2 Old 6 Flatter 14 18 6 2
2 Old 4 Flatter 10 19 2 2
1,8 Old 5 Flatter 23 20 10 2 CP
2 New 4 Flatter 12 21 4 2
1,8 Old 5 Flatter 19 22 9 2 CP
1,8 New 5 Flatter 20 23 11 2 CP
1,6 New 6 Flatter 15 24 7 2
Eathofthebtends—in—the U)\pcl;llICIlt wasdivided—into—two balllpicb, one balllpic extroded—with a flatter

temperature profile, one sample with a rising temperature profile. The column headed “blend” contains the

blend number. The column headed “sample” contains the sample number for a given blend number.

This experimental arrangement is that of a split-plot design. There are two sizes of experimental units. One is
the “blend”, or whole plot, which was used to test the three blend factors (BA loading, PA type, PA loading)
and their interactions; the other is a “sample”, or sub-plot, which was used to test the process factor,
temperature profile and all its interactions with the blend factors.

Because temperature is difficult to vary, all samples to be tested at flatter temperature profile were processed
first, followed by all samples to be tested at “rising” temperature profile.

© 1SO 2007 — All rights reserved

37


https://standardsiso.com/api/?name=70f109aeb1ae58574a2492c486847e95

ISO/TR 29901:2007(E)

Thus, the experiment could not be completely randomized. The column headed “Run order” was the order in
which the runs were performed during the experiment. The column “Standard order” specifies where the
particular factor combination would be found in the “design matrix” for the 4-factor 2-level design.

D.6.2 Centre points

A centre point was selected for each PA type and replicated, thus giving four additional blends. From each of
these blends, two samples were taken and tested at different temperature profiles. Centre points have blend
numbers ranging from 9 to 12 with the BA loading set at 1,8 and the PA loading set at 5.

D.6.3 Replication, repetition

Five rod s

thus providing five repetitions from each individual set-up of the experiment.

In this cas
the effect

analysed 4

logged ang monitored for assessing control.

Two replig

measured

for each. The average expansion ratio was reported and analysed.

D.7 Analysis of results

D.7.1 Data acquired through the experiment and analysis considerations

The results from the experiment are given in Table D:4<They were keyed into a software program cal

JMP 10),

D.7.2 Es

timation of effects: Full model

First, a fullmodel was fit to assess significant effects. Results are shown in Table D.5.

amples were taken from each of the 24 samples and the expansion ratio was measured)for each,

p, this repetition is important both to overcome the effect of measurement uncertainty and to smopth
of blend inhomogeneity. The average expansion ratio from the five repetitions Was reported gnd
s the response variable. The standard deviation from the repeated measuréments was calculated,

ates were obtained from each of the two centre point combination's and the expansion ratio was

ed

10) JMP is the trade name of a product supplied by SAS Inc. This information is given for the convenience of users of this
document and does not constitute an endorsement by ISO of the product named. Equivalent products may be used if they
can be shown to lead to the same results.
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Table D.4 — Experiment results
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BA loading PA PA loading Tem'p. Standard Run Blend Sample Expan_smn
type profile order order ratio
1,6 Old 6 Rising 5 1 5 1 2,778
2 Old 4 Rising 2 2 2 1 2,379
1,8 New 5 Rising 18 3 11 1 2,96
2 New 4 Rising 4 4 4 1 2,67
1,6 New 6 Rising 7 5 7 1 2,995
+8 New 5 Ristng 22 6 12 4 2,89
1,8 Old 5 Rising 21 7 10 1 2,65
1,6 Old 4 Rising 1 8 1 1 2,38
1,6 New 4 Rising 3 9 3 1 2,73
1,8 Old 5 Rising 17 10 9 1 2,63
2 New 6 Rising 8 11 8 1 3,185
2 Old 6 Rising 6 12 6 1 2,68
1,6 Old 4 Flatter 9 13 1 2 2,385
1,6 Old 6 Flatter 13 14 5 2 2,732
1,8 New 5 Flatter 24 15 12 2 2,88
1,6 New 4 Flatter 11 16 3 2 2,515
2 New 6 Flatter 16 17 8 2 3,05
2 Old 6 Flatter 14 18 6 2 2,55
2 Old 4 Flatter 10 19 2 2 2,25
1,8 Old 5 Flatter 23 20 10 2 2,46
2 New 4 Flatter 12 21 4 2 2,567
1,8 Old 5 Flatter 19 22 9 2 2,545
1,8 New 5 Flatter 20 23 11 2 2,87
1,6 New 6 Flatter 15 24 7 2 2,891
Table D.5 — Full model: Fixed effect tests
Source Nparm?2 | DFP | DFDen¢ F Ratio Prob > H
BA loading 1 1 4 0,056 9 0,823 2
PA type 1 1 4 96,510 5 0,000 6
PA loading(4,6) 1 1 4 90,084 9 0,000 7
Temperature profile 1 1 8 23,208 8 0,001 3
BA'loading*PA type 1 1 4 5,793 7 0,073 8
BA loading*PA loading 1 1 4 0,458 7 0,535 4
BA loading*Temperature profile 1 1 8 0,4305 0,530 2
PA type*PA loading 1 1 4 0,868 0 0,404 3
PA type*Temperature profile 1 1 8 0,102 8 0,756 7
PA loading*Temperature profile 1 1 8 0,016 7 0,900 3
BA loading*PA type*PA loading 1 1 4 25377 0,186 4
@ N parm = number of parameters.
b DF = degrees of freedom
¢ DFDen = denominator degrees of freedom
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Because of the split-plot structure, there are two error terms in this experiment, one for each size of
experimental units. For a full model, the error term to test whole plot factors (A, B, C and their interactions)
has 4 degrees of freedom: 12 total from which 8 are used to estimate whole plot effects. The error term to test
the sub-plot factors (D and all its interactions with whole plot factors) has 8 degrees of freedom: 24 total from
which 8 are used to estimate whole plot factors and 8 are used to estimate sub-plot factors. This information is
shown in Table D.5, in the column “DFDen”.

In Table D.5, low “Prob > F” values (also known as p-values) indicate significant effects. Three main effects
(PA type, PA loading, temperature profile) are significant. The interaction (BA loading*PA type) with somewhat
a low p-value (0,073 8) was also investigated further. Other effects, with the exception of BA loading needed

because it

D.7.3 Es

The mode
Table D.6

was involved in an interaction were removed from the model
y

limation of effects: Reduced model

Table D.6 — Reduced model: Summary of fit

RSquare 0,979 001
RSquare Adj 0,973 168
Root Mean Square Error 0,046 022
Mean of Response 2,692)583
Observations (or Sum Wgts) 24

Table D.7 — Reduced model: Fixed effect tests

| was reduced to a final form by removing unsignificant terms. The summary of(fit is given| in
and fixed effect tests in Table D.7.

Source Nparm DF, DFDen F Ratio Prob > F

BA loading 1 1 7 0,050 6 0,828 4
PA type 1 1 7 85,903 3 <,000 1
PA loading(4,6) 1 1 7 80,184 0 <,000 1
Temperature profile 1 1 11 29,859 2 0,000 2
BA loading*PA type 1 1 7 5,156 9 0,057 4

D.7.4 Estimation of factor effects and their standard errors
Estimates [for each factor and their corresponding standard errors are given in Table D.8. As indicated by fhe
magnitude| of the-estimates, PA loading and PA type have the strongest effects. New PA increases the
expansion|ratip,\thus allowing use of a smaller quantity. A higher temperature profile increases the expansjon
ratio as wall;
Table D.8 — Parameter estimates
Term Estimate Standard error DFDen t Ratio Prob>|¢|

Intercept 2,692 583 3 0,017 011 7 158,28 <,000 1

BA loading -0,004 688 0,020 834 7 -0,22 0,828 4

PA type [OId] -0,157 667 0,017 011 7 -9,27 <,000 1

PA loading (4,6) 0,186 562 5 0,020 834 7 8,95 <,000 1

Temperature profile [Rising] 0,051 3333 0,009 394 11 5,46 0,000 2

BA loading*PA type [OId] —-0,047 313 0,020 834 7 -2,27 0,057 4
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D.8 Presentation of results — Effects plots
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Figure D.2 — Effects plots

The relative slopes of the lines in Figure D.2 are consistent with the significance of the factors (B, C| D).
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wegk interaction, but indicates that the new PA is more efficient withimore BA.
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Figure D.3 — Interaction plot — Temperature profile

D.p Presentation of results — Optimization recommendations

ure D.3 is an interaction plot between factor A and factor C (BA leading and PA type). The pl¢t shows a

The @bove analysis confirmed that the new processing aid is more efficient than the old, and that a rising

settings shown in Table D.9.

© 1SO 2007 — All rights reserved

Table D.9 — Settings for a confirmation run

Factor Level
A: BA loading 2
B: PA type New
C: PA loading 4,48
D: Temperature profile Rising

temperature profite s TeededtoTmaximize theexpansionm ratio. - was decidedtoTurmtheprocess  with the
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At these settings, as shown in Figure D.4, the fitted model predicts a mean expansion ratio value of
2,83 £ 0,09. This is not the maximum expansion ratio value that can be predicted, but constraints on other
responses restricted the ability to perform better.

3,2 =
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® o0 28— -
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%Dﬁ > < 2,6
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| | | | | | | | | | |
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1,8 Old 5 Temp
BA Loading PA Type PA Loading Profile

Figure D.4 — Expansion ratio prediction

The contoyrr plots given in Figure D.5 illustrate in a graphical form optimizéd settings and illustrate to the uger
changes ir] the response when the significant factors vary.

Horiz Yert Factor Current X

O [ WnolePlots [] | of 1
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— Ejpansion Ratio [] [ ¢ 1 27| 28044866 | Jl
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Figure D.5 — Contour plot for expansion ratio
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