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Behind the smile... In the dry runs yesterday | was consistently above 15
minutes... Am | now capable of hitting this 15 minute target?
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The points below hope to hold your attention!

= The reason for collecting and analysing data

= Being a statistician isn’t always easy

= Some fundamentals surrounding process capability
= Degrees of freedom for a measure of dispersion

= Giving degrees of freedom an understandable and communicable
meaning to non-statisticians

= Some examples to better understand the “How many data...?”
guestion

= Conclusions
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The reason for collecting
and analysing data
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Only statisticians collect and analyse data
for fun

For the rest of the world:

The Only Reason to Collect
Data is to Take Action!

As so well stated by William Scherkenbach, former Corporate
Director of Statistical Methods at Ford Motor Company
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Only statisticians collect and analyse data
for fun

For the rest of the world:

The Only Reason to Collect
Data is to Take Action!

Some key points

6 | March 24, 2016 | Scott Hindle This document should not be reproduced or disclosed without prior authorisation

Action is unlikely to happen unless the data represent something important
Action may not happen (when it should) if data are analysed ineffectively
Ineffective actions may result if data are analysed ineffectively

The expected benefits of the action (improvements in quality, productivity,
other cost element etc.) should be understood and communicable

etc.
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Being a statistician isn’t
always easy
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Setting the scene

One of the most asked questions: How many data

do | need to for
My Process
capability study?

N
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Setting the scene

Probably the most frequent answer to the “How many data?” question:

It depends

O Sanshoe
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Setting the scene
Probably followed by a question like...
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Setting the scene

Might the reaction be something like this?

Why didn’t | just
go for 30 data?
All  want is a
simple answer

ANy
21\
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Setting the scene

The statistician might now be in “recovery mode”
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Setting the scene

To which the colleague (searching assistance!) might think

And there | was
thinking this
meeting would
take 5 minutes!

ANy

21\
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Some fundamentals
surrounding process
capability
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Getting started...

= A manufacturer’s question: How good is a production process?
= This important question needs answering
= But, as a rather vague question it needs to be made more specific

= How about this: “Is fully conforming process output expected?”

= “Process capability” can help, but only if the collected data form a
basis for action (remember Scherkenbach’s message)

= S0, data are needed, but how many?
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Process Capability

= Definition: Uses actual data from the process to assess if the process
output is acceptable or not based on the customer’s requirements and
expectations (i.e. specifications)

= Definition: Quantifies the relationship between the Voice of the
Customer and the Voice of the Process

A more personal definition:
= “Process capability” provides a basis for action on the process if:
= A predictable process is characterised as not capable
= A predictable process is operating off-target
= A process is characterised as unpredictable
(The only other possible outcome is predictable, capable and on-target)

Predictable process — Statistically controlled, or “in control”, process (within 3-sigma limits)
Unpredictable process — Not in statistical control (“out of control”)

=/ ST\
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Putting “process capability” into numbers

= Many capability indexes are in circulation (see Bothe, 1997)
= We will focus on the commonly used C, and C,

~ _USL—LSL
’ 6 X SDWE!‘F;EH
.| X—-LSL USL-X
C , =min :
3 3 X SDwirhin 3 X SDwifkiH

= To compute these statistics we need:

= Voice of the Customer — the specifications (e.g. LSL and USL)

= Voice of the Process — in the formulas represented by summary
statistics for location and dispersion

= SD,in IS @ Within-subgroup dispersion statistic (or an average or
median dispersion statistic) — not a global measure of dispersion

SInENL
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Putting “process capability” into a picture

= Let us visualise a “"good” capability in terms of C, USL — LSL
? 6 X SDWE!‘F;EH
Space “available” for the process: USL-LSL
<€ >
3_LSLE, 9.57 — 10.36 USL 12
)= 128 __ 4 505
6x0.132 0.792
¢ 24 u
1 |
0 I I I I H I I I
8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0
<€ >
Space required by the process
6XSDithin

= Here the space available for the process is ~500% wider than the
space required by the process

18 | March 24%, 2016 | Scott Hindle
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When the Voice of the Process iIs well-defined

A process in “statistical control” is said to speak with one voice

Process data that allow for a characterisation of predictable process behaviour
(“in statistical control”) will look something like this:

13- UCL=12.785 ———— —
L ]
12- Future
+ . “routine”
11- . ? process
E ? h ﬁ ﬂ N output
m = .
> 1011 ¢ fﬁ-’ X=10.044 — predicted
- % V V y to fall
9 )y . within
) f these
g t limits
LCL=7.304 —— —
}"_
1 9 17 25 133 41 49 57 65 73
Observation
Proprietary informati(m%., Vevey, Switzerland .‘.‘ ‘*/w R ()Sea rC h
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A well-defined Voice of the Process is not enough

What if the specifications fall inside the natural limits of the process —
the “red lines” (3-sigma limits)?

131

UCL=12.785
12 !
11 ' ? *
s ! ? M ﬁ ﬂ N Customer
:E 10- | 41 fh..? X=10.044 accepts
) \P VV y product in
9 l ¢ this range
: i
B t Capable
LCL=7.304 process?
7 -

Observation

Control chart for individual values —
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Degrees of freedom for a
measure of dispersion

CONFIDENTIAL @\ R h
Proprietary information of Nestlé S. A., Vevey, Switzerland _ esea rC
Nestie

22 | March 24t 2016 | Scott Hindle This document should not be reproduced or disclosed without prior authorisation




Standard deviation and degrees of freedom

= The sample standard deviation statistic, s, has a well-defined number
of degrees of freedom (d.f.) equal to n minus one

M

Z(Xf_f)z

i=1

S:
n—1

= d.f. can help to an answer to the “How many data?” question

= But, are d.f. understandable and communicable in the workplace?

S%iﬁ
=/ /71-\\
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Giving degrees of freedom
an understandable and
communicable meaning to
non-statisticians
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Degrees of freedom and uncertainty

= Using d.f., we can speak of the uncertainty associated with an
estimate of standard deviation by using its CV (Coefficient of
Variation):

= CV is obtained from the ratio of the standard deviation of a variable to the
mean of the variable

1

Jexd.f.

= The relationship, on the next slide, between CV and d.f. is non-linear

= |t can be shown that (Wheeler, 2004) CV =
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Proprietary information of Nestlé S. A., Vevey, Switzerland = |
25 | March 24?2016 | Scott Hindle This document should not be reproduced or disclosed without prior authorisation Nestle

Research




Degrees of freedom and uncertainty CV

e /0% | As d.f. increases, the uncertainty in an estimate of standard
© deviation decreases

> 60%- .

ks d.f. may be understood as depending on:

E 50% - - The number of data used to compute the estimate of

= standard deviation

E 40% - - The efficiency of use of these data in the actual

% computation of the estimate of standard deviation

2 30% -

£

o 1

£ 20%- CVr—ee—xnro
2 i NJ2xd.f.
c

T 10%-

g

S 0%-

| I I I | | I I | I | |

| | I |
1 10 20 30 40 50 60 70 80 90 100 110 120 130 140 15
Degrees of freedom
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An important learning from this graph

= The first few d.f. are very important, perhaps critical
20%J ¢ " But, DIMINISHING RETURNS SET IN VERY EARLY!!!

60% - To reduce the uncertainty CV by half, a four-fold
Increase in d.f. is required

Uncertainty in computed standard deviation

I | I I |
1 10 20 30 40 50 60 70 80 90 100 110 120 130 140 15
Degrees of freedom
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CONFIDENTIAL AN

Proprietary information of Nestlé S. A., Vevey, Switzerland w
27 | March 24,2016 | Scott Hindle This document should not be reproduced or disclosed without prior authorisation Nestle

Research




Interpreting this relationship in practice:
How “good” is your estimate of standard deviation?

10 to 30 d.f.
: » Estimate of standard deviation starting to solidify
1 / ¢ The payback from more data is starting to weaken
: (in terms of reduced CV / improved precision)

70% -

60%

50%

40% -

Uncertainty in computed standard deviation

|

> 30 d.f.

» Estimate of standard deviation effectively solidified
 Other factors aside from CV potentially more
important if more data (more d.f.) desired

<10 d.f.

1

10 20 30 40 50 60 70 80 90 100

Degrees of freedom

» High uncertainty in estimated standard deviation
* More data likely to be highly desired (in most/many cases)

28 | March 24%, 2016 | Scott Hindle
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Process capability and SD

29 | Marc

within
s as a global estimator of dispersion, is not suitable for process

capability applications (or for control charts which are always needed
to make sense of process capability statistics)

The examples herein are based on the use of individual data

To estimate SD,,,, When using individual data — no subgrouping — we
can use the “average moving range” method

_ n—1
mR=>|X,, —X| /(n -1)

i=l
=mR/d, = mR/1.128

But, SD,,,i, does not have d.f.=n-1 (where n means the total number
of data used)

3053 \
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Effective number of degrees of freedom

= As shown by Wheeler, 2004, for the average moving range method:
Effective d.f. ~ 0.62 x (n-1)

= \Where n is the total number of individual data values we have

= Example:

= 30 individual data have an effective number of d.f. 18.0 and an
associated uncertainty of ~16.7% in the calculated value for
SD,inin (Wheeler, 2004).

S?//‘.,_' "
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CV vs. number of data using the average
moving range

70% - . .
The x-axis is now number of data behind SD

60% (before it was degrees of freedom)

within

50% -

40% -

30% -

20% A

10% -

Uncertainty in estimated SD, i

0% -

Number of data used to generate limits for an XmR chart
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CV vs. number of data using the average
moving range

70%

60% -

50% -

40% -

30% Calculating SD,+,,, from 30 data has an uncertainty CV

0% of ~16.7% (based on 18.0 effective degrees of freedom)
b -

10% - \

0% -

Uncertainty in estimated SD, i

I I I I I I I I I I I I I I I I I I I I I I I I
O 4D 2D 10 B © A0 & o, PaP0,00, 10,680,000, 8, PP 00000,

Number of data used to generate limits for an XmR chart

V) ',‘w\'\‘;
CONFIDENTIAL ’r,' &7 ~CAAra
Proprietary information of Nestlé S. A., Vevey, Switzerland pla= _ R (; S(;d ’ (/ h
32 | March 24, 2016 | Scott Hindle This document should not be reproduced or disclosed without prior authorisation N§§tle



CV vs. number of data using the average
moving range

Uncertainty in estimated SD, i

33 | March 24, 2016 | Scott Hindle

70% —

60% -

50% -

40% -

30% -

20% -

10% -

0% -

Calculating SD,;,i, from 10 data has an uncertainty CV
of ~29.8% (based on 5.6 effective degrees of freedom)

O A0 a0 pO P P A0 P P, P,20,40,00, 10, <P, P, A, 8, o QQQ(}
WA R0 P A R P LD PO RL D PSP DS

Number of data used to generate limits for an XmR chart
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Summary to this point

Process capability compares the Voice of the Process with the Voice
of the Customer

= A capable process is one where the Voice of the Process fits the Voice of
the Customer (“good news” for a manufacturer)

= The Voice of the Process is based on a within-subgroup estimate of
dispersion (hence the name SD i)

= The Voice of the Process is only well-defined if the process is
characterised as predictable (“statistical control” on a control chart)

= Statistical theory allows us to estimate the uncertainty in SD ;i

=  How “solid”, or “soft”, is SD,in?

= The uncertainty CV is well-defined (as an estimate of a standard
deviation parameter) only if the process is characterised as predictable
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Some examples to better
understand the “How
many data...?”’ question

=/ /71-\\
NNNNNNNNNNNN CT N R h
rietary information of Nestlé S. A., Vevey, Switzerland = _ ‘ esea rC
Nestle

This document should not be reproduced or disclosed without prior authorisation



Example: 13 data values

The context

= The production process is in operation every three to four weeks, and
one data value per production run is judged appropriate

= Specifications are LSL=8 and USL=12

= Process target is 10, the midpoint of the specifications
= After some 9 months you have 13 data values

= 13 values see a high uncertainty in SD, i, at ~25.5%

S?//‘.,_' "
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Example: 13 data values

= Below an X chart and histogram with specs and process limits

10.44 UCL=10.36
g
= 10.24
>
whd
c
E 10.0 /\‘\\ /\ //\\ %=9.97
E 9.8 1
]
=
9.6 LCL=9.57
I I I I I I I | I I I I
1 2 4 5 6 7 8 9 10 11 12 13
Observation number
LSL 8 9.57 10.36 UsL 12
3_ —
Cp=5.04
Cpk=4.96
z 2 -
c
]
=
o
£
1_ |
0 I I I [ I I I
8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0
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Example: 13 data values

Measurement value

10.44 UCL=10.36
102 This chart is
100- i /\ T consistent with
5 a predictable
o5 ___ | process
i1 2 3 4 5 & 7 8 9 10 11 1 13
Observation number I
Space “available” for the process
<€ >
LSL 8 9.57 10.36 USsL 12
3 | —
Cp=5.04 Looks good?
Cpk=4.96 .
z 2 - The process fits and
: is well aligned to
B a meet the Voice of
H the Customer (the
’ 8.0 8.|5 9.|0 9.|5 1[.‘:.0 requ I rement) 12.0
“— >
Space required by the process
Proprietary informati(m:%., Vevey, Switzerland ”’iﬁ/\\/ Resea rCh
39 | March 24,2016 | Scott Hindle This document should not be reproduced or disclosed without prior authorisation Nestle




Example: 13 data values

10.44 UCL=10.36
S
= 10.2
=
el
c
g 1004 /\‘\\ /\ /'/‘\'\ %=9.97
E 9.8
o
=
9.6+ LCL=9.57
T T T T T T T T T T T T
2 3 4 5 6 7 8 9 10 11 12 13
Observation humber
LSL 8 9.57 10.36 UsL 12
3 |
Cp=5.04
Cpk=4.96
T 2-
=
7]
=
o
£
1_
0 T I T T T T
8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0

Measurement value

= Question: Do we have enough data?
= Reminder: It's taken around 9 months to get these 13 values!
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Example: 20 data values

The context

= A production process has been operated over four days, and five
values per day have been obtained

= Twenty data are available to be analysed

= Specifications are LSL=30 and USL=35

= Process target is 32.5, the midpoint of the specifications

= 20 values have an associated uncertainty in SD, i, &t ~20.5%
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Example: 20 data values

= Below an X chart and histogram with specs and process limits

36
UCL=35.72
Q =
3 7 /\ Predictable
whd
[
g 347 /\/\\./ /\\ X=33.85
8 33-
1]
=
32 LCL=31.99
I I I I I I I I I I I I I I I I I I I I
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Observation number
LSL 30 31.99 USL 35 35.72
4.8 —
Cp=1.34
= 3.6+ Cpk=
by pk=0.62
o 2.4
g
[T
1.2
00 I I I | | | I
29.5 30.5 31.5 32.5 33.5 34.5 35.5

Measurement value
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Example: 20 data values

= Looking at the histogram Current
Target average
LSL 30 31.99 | USL 35 35.72
4.8
> 3.6
g 2.4+
I8
1.2
0.0 T T T T
29.5 30.5 31.5 32.5 35.5

Measurement value

= One non-conforming unit has been found
= The process is off-target (relocate the average towards 32.5)

= |f centred (on-target), we have some rationale to expect that the
process would be characterised as capable (because C,=1.34)

Questions to consider:
= Do we not have enough data to justify action on the process?

= \What action would we take?
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Example: 127 data values

The context
= Atotal of 127 values were obtained over one long production run

= The frequency at which data were collected was based on good
process understanding (“rational sampling” in SPC)

= 127 values have an associated uncertainty in SD,;,, at ~8.1%

= To have much impact on reducing the CV of 8.1% many more data
would be needed

= Example: To reduce by half, to ~4%, some 500 or so data values
would be needed!

=  Are 127 values sufficient data?
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Example: 127 data values

8.2 UCL=8.19

8.0

7.8

7.6 - " X=7.61

7.4

Measurement Value

/.2

LCL=7.04
7.0

1 15 30 45 60 75 90 105 120
Observation number

= This process demonstrates a reasonable degree of consistency

» Characterising the process as predictable (“in statistical control”) seems
reasonable
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Example: 127 data values

= We have 127 data, so we are not short of data... reducing the

uncertainty in SD,;.;, IN @any meaningful manner would require a lot
of extra data:

» |s 127 data enough in this case?
= |f we'd like two production runs worth of data, then no
= |n the data already obtained:

= Do we have information (data) on the consistency of re-setting
up the line (i.e. between-production run variability)?

= Do we know of different shift influences, if any?

= Do we know of inconsistencies in raw materials, if any?

= etc.
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Example: 30 data

= Thirty data — shown below on an X chart — were recommended as a minimum
to safeguard an analysis of process capability

= All data were collected before the analysis started

:
1 I I I I I I I I I T I I
EENENENANE B R R R g R R Al i R vy

Production Production Production Production
Run One Run Two Run Three Run Four
< > £ > <€ > £ >
5.0+
UCL=4.95
S 4.9-
e
-
5 !
& 4.8+ X=4.78
)
T
=
8 4.7-
]
=
LCL=4.62
4.6 L \,/l"fz
A

&

1 1 1 1 | 1
NY D RS b
Observation number
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Example: 30 data

* For “process capability” to make sense, wanting predictability is implicit

= |f the below chart doesn’t lead to action, “process capability” is not the
“way of working”

= |f action is an aim, should action have started earlier?

Production Production Production Production
Run One Run Two Run Three Run Four
< > £ > € > £ >
5.04
UCL=4.95
S 4.9-
[
-]
g !
g 4.8+ X=4.78
)
}
=
8 4.7-
L]
=
LCL=4.62
4.6 ! \,/r?z
1 4“:‘ 1 1 1 1 1

1
I 1 I I I 1 1 I I I I I I I I I I 1 T 1 I
VARS8 A0RLeARODIDPED LR DS

Observation number
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Example: 30 data

Production runs one and two only

One signal is present, giving a licence to investigate a detected process

change

e
]
|

ya

Measurement Yalue

+
~

Observation number
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Example: 30 data

= Production runs one and two and three: The previous chart showed the
process to be unpredictable, we now have more evidence of this

= The User has a choice:

= |dentify the assignable causes and better control them to improve the process
= Do nothing and suffer the waste associated with this excessive variability
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Example: 30 data

You can only learn something if you look at the data, no matter how many, or
how few, you have

With 30 data we learn that the process is unpredictable, but that we could
have learnt looking earlier...
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Conclusions

How many data for
capability?
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Conclusions: How many data for capability?

Is this answer good enough?

30 datais a
pretty good

O Sanshoe

CONFIDENTIAL —

CONEIDENTIAL ﬁ\tul
Proprietary information of Nestlé S. A., Vevey, Switzerland

54 | March 24™ 2016 | Scott Hindle This document should not be reproduced or disclosed without prior authorisation Nestle

Research




Conclusions: How many data for capability?

Is this a better answer?

You have enough
data when any
actions you plan to
take are well

O Sanshoe

This answer will only make sense if the rationale behind it is understood
(e.g. that timely action is important and that capability is about action)
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In summary

= Statistical theory helps to answer the “"How many data?” question

= But, statistical theory alone is not enough
= Judgement, based on context and understanding, is also needed

= A “standard answer” might not be the best answer because each case
Is different

= “How many data?” will be best answered only if the problem at hand is
understood
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