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Course Contents

• History and Philosophy of SPC

• Understanding Variation

• Control Charts:
- Control Charts for Variables

- Control Charts for Attributes

• Measurement Capability Analysis

• Process Capability Analysis
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Section 1

History aud Philosophy ofSPC
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History of SPC

.. 1920's: Walter Shewhart ofBell Telephone Labs
develops SPC as an econOOlical means to control
quality in manufacturing

.. 1930's: U.S. telecommunications indusby is world
standard for quality

.. 1940's: During ww:rr. Bell Labs personnel train
armament manufacturers to use SPC

.. 1940's -1950's: Use ofSPC following the war:
- U.S. economy intact. SPC" disappears"Jttt.- Japanese devastated, W. Edwards Deming arrives
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History of SPC

+ 1960's-1970's: Quality temnicpes blOSSOOl in
Japan

+ 1980's: The wood begins to recognize '"Made in
JlIplIIi' as a sign of IJJ8lity. In U.s., II1tclmolive
and eleclrooics indJsby lead the "quality
revolutioo"

+ 1990's: SPCnowrec¥izedbymoslU.S.
industries as a vital quality maoagemeottool.
- In wood products industry.prinicipal use is size control

in primary sawmillsDt_



6

Philosophy of SPC

.. Variation is inevitable

.. Real quality improvement comes from defect
prevention, not defect detecti on- "You can't inspect
quality into aproduet"

.. Prevent defects by monitoring, controlling &
reducing variability
- Reduce scrap and rework = increased productivity,

increased profits, increased employee morale

.. Cmtinuous process improvement to reduce

JtH.Variability
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Continuous Process
Improvement:

Ods--
- brainstorming

- cause and effect
diagrams

- Deming's 14 points of
TQM

- process fIow <Ii llgraID

- scatter diagrams

- de signed experiments

- trend charts

- nominal group
technique

- process teams

- check sheets

- Pareto analysis

- histogram

- process capabiJity,,_.- -. ----.',
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Statistical Process Control­
What is it?

.. Statistical- With the help of numbers or data...

.. Process- we study the characteristics of our process...

.. Control- in order to make it behave !he way we want
i tto behave.

S<>urco: Tho St.1istnl Q1IIllilyContlO1 Hmdbook.
W","m Electric COin""'),; 1956

...w\.j~\ JI ("Ij}i\ S~~ - .;t......:.:..l ­
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Source: The Statistical Quality Control Handbook,

Western Electric Company, 1956
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A change ofmindset-

+ Product Quality Control
- Activities to evalu.e and regul* quality follO'il'ioa

production ("inspect and reject! rework"')

-t'l"Process Quality Control
- Activities to ensure a quality product is produced

during manufacturing through tItt/I1Ct~1I
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Who needs to understand and
commit to SPC?

Giving O~ person all of the responsibilty
for SPC will riot work

... Everyone in the plant
./ management
./ production
./ engineering and design
./ sales 4!l
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A partial list ofbenefits of SPC

• Increase p-o:fits by:
- re<hce scrap

- reduce rework

- increase production

• Improve anployee mlll'a1e
.Imp'ove mstomer coofideoce

• Better undetoming ofprocel'll

• Documeuts md tracks improvement
.. One aspect towards attaining ISO 9000 ca1i:fic:alicm

:Jul:. i.F- C4}JI~..i ­
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~ Increase profits???

.. Publicly traded Baldridge Award winners have
inaeased stock value 324.9% between 1988 and 1995

.. Publicly traded Baldridge Award applicants have
increased stock value 167% between 1990·1995

.. Many companies report 15% or more imp-ovement in
profits following SPC implementation

Source: JeuyWelsh, SPC Specialist, La:ne o,mmunilyCoUege
citing3- NIST SlDck Investmenl Study; 2/97
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IfSPC is the answer,
What was the question?

13

• How capaUe is the process ofmeeting aJStcmer
(mternal ex external) expectatioos?
- or. is lhe supplier"s product meeting specs.?

• What is the dstribllion ofJX'ocess output?
- centering. rllftge or-spread"•likelihood of an ememe vllue

• What is causing the variability?
- When is it reasonable to -get tough- wilh employees?

Jat.



If SPC is the answer,
What was the question?

o can we afford to minimize the variability?

.. Over time, how can we be sure the process haSll't
changed?

ill When should we "tinker" with the process and when
should we leave it alone?

~1~l.·U ~'il~ UlS 10il
!uoil JI)wJ\ ".. W '":oll~ .JA
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Section 2

Understanding Variation



Statistics- Who Needs It???

.. Statistics- The Science ofVariation

.. "In God We Trust- All Others Must Use Data"

.. Answers to, "IfSPC is the Answer, What was
the Question?":
- process capability?
- process distribution?
- causes of variability?
- afford to minimize variability?
- changes over time?
- to tinker or not to tinker?

at.
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Sources of Variation:

• "4M's and DE"
-Mac:bine
-Material

-Method
- Measuremenl

- Operator

- Enviromnenl

17
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Variation-
• Random, chance, constant, common,

unknown causes
- the "rhythm" of the process

.Assignable, special causes
- something has changed

18
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What is Variation?

Loss Function

What is the target for a given process?

?.

Target

How far away from the target is still OK?

at

-*ill u~

t~~~ .".1..
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What is Variation?

Loss Function

Loss
in

Quality

target Measurement

A curve representing loss in quality as a
function of a measured value

JOl

Jill! ;UI.l



Loss
in

Quality

What is Variation?
Traditional "Loss Function"

Lower Upper
5pl!c 5pl!c
Umit Umit

Spec limits define acceptable and
unacceptable quality

21
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Loss
in

Quality

What is Variation?

Modern "Loss Function"
Loss in Quality

Increases as
Variation from

Target Increases

Target

Target: Desired Value or Outcome

u"fJl

y)h.J1 ~Ul\ Ji 4....;il1~ :.....Jtll



What is Variation?
How the Loss Function Affects Product

lSL USL lSL USL

o o

lSL

Both are within spec
Which is more desiiable?

!UI~'" t...
F ~ .JiilI u~ .;~ ~

USL LSL USL

o
o
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What is Variation?
Loss Function for Defects

Loss
in

Quality

Number of Defects
Target

24
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At.

At.

What is Variation?

Less Variation

Higher Quality
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Distribu~fPr9cess Ouput

Neither accurate,
norpreClse

JtM. Preci se, but
not accurate

Precise and
accurate

Neither accurate,
nor precise

..-

.,

26

Preci se, but
not accurate

Precise and
accurate



Distribution ofProcess Output
Histograms:

+ Frequency distribution- a tally ofprocess
output falling into speclllC "categcries"

+ Histogram- a pictcrial represenlatim of the
frequency disbibution
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Estimating Process Parameters:

... Central tendency- arithmetic mean ("average")

... Dispersion- range or standard deviation
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Estimating Process Parameters:

+ Process centering

n .
- ~XI

mean m avenge, X = .£.J-
i=l n

.lit. (lID estimate oflbe pqmalion mean. Jl)

:~~.J:t~

~ jSyOi-

'I Xj

mean cr lIYerage, X = L­
i=] n

29
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Why isn't the average alone,
good enough?

795
4.05
6.95
5.05

X=6.00

Target 6"
6.10 '~...
5.90 ~
6.05
5.95

X=6.00

*We need a way to quantify the "<nf1~~A"
in the data

•
!4ilS O~.J ~.Jl43\ rJJS.J'i \jLt.1

7.95
4.05
695
505

X= 6.00

Target&'
6.10 '~..
5.90 ~
605
595

X=600

30



Estimating Process Parameters:

.. Process "spread":

standard deviatim s =,
11 - 1

range,R=X -X·au am

(both are esmmdes of thepopJIaiioo
.Itt. standard devialioo. a)

:l;, ..D.~,.

n-l
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Do 2 little numbers really
tell us that much?

• Woulm't it be nice, ifknowing only the mean and
standard deviation, we could predict the amOWlt of
product that will be produced within the specs. or
any given range?
- For example, with a mean of3.5 inchJs, and a S!mIdard

deviation ofo. 05 inches, how MAch product can '19,",

expect to produce that is 4 inches or larger?

*Todothis, you need an equation to describe the

D.distribUtiOn.
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'------
F(r) =Ae-(Ar)

Haw about one of these equations?

Gamma
Normal

P{.t)-~e~
a-t~.

"- ,
F(r) = 1-e-(r~_,. __

Weibull

Gamma
Normal

. () A.a a-1-....mr
=f(a)X e 1 -{.~

p(.t)--z:-e-V­
a"~.
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Determining the "limits":
The Nonnal Distribution

34
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The Nonnal Distribution

•)I

MII'l oneftp•

4 ~-------,r

~3.5+---------:

l;' 3 +-------­
12.5+----­
!" 2 +-------,J
; 1.5+----.

11 1+--­..
Ill: Q5 +---,.

•)I

Milt onc:tlp•

4~------

-3.5+------
if.
l;' 3 +-----.

12.5+----­
!" 2+----­
IL 1.5+---

i~.-.~
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So what?

.. By knowing the mean and standard
deviation, and that the numbers are
approximately normally distributed. we
know everything we need to know about the
distribution- it is predictable...

IF- we can somehow be sure that the
process is stable

Dt-
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Is the Process "Stable"?
or

in SPC lingo,
Is the process "in statistical control'?

!U~"~~
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"Statistical Control"

• The tenn "in control" in SPC does not have
entirely the same meaning as in common
usage:
-'The process is out of control!!!

• "A process is described as in control when a
stable system of chance causes seems to be

b. operating." (Grahl & Leavenworth, S~tislical QualityC01\bol)

"~'i' ~'"
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":w:. WI '-'~ l:i..1:; t...1..l:..;.J .. .
(Grant & Leavenworth, Statistical Quality Control)



The affect of "contror'
on the process

.. '"In coolrd"· • staNe system of
c:hmce causes seems to be in
opendim. The variability of
the process is reasonably
p'edic:taNe.
- It is likely to be unprofitable to

sean:h for assignable causes of
variability.

39
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D1

Examining Variation
Definition

A Stable Process has the same
normal distribution at all times.

A stable process is In Control

A stable process still has variation
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D1

Examining Variation

Common Causes

The cause ofvariations in a stable
process is called a Common Cause.

A common cause is a natural cause of
variation in the system.

~~~~ u4!4:>Il~~~
~~~Clb,01
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Examining Variation

Common Cause Examples

• Machine vibration

• Temperature fluctuations

• Slight variation in raw materials

• Human variation in setting control dials

. ~\ ~\~. .).
I • tI ,. .. .. •

.ti~, ( ". " ) ~\
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Examining Variation
Stable Process

NonnaJ distribution at all times

'1'
I I '

I I I

fT\ /1\
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The affect of "control"
on the process

.. "Out of control"- assignable
Cmlses of variability must be
present. A little investigation
is suggested to find and
diminate those causes.

flIP SnatisUcaDy rare ocwrences
are indications or lack of
control

.-~. .
• -iii
'-•••



A statistically rare event-

.. an outcome with a very small probability of
OCClD"alce ("'the odds are against it")

.. In manufacturing. an outccme chat is
..statistically rare" usually signals the
presence ofassignable causes ofmation

.. How can you know what is statistically rare
and what is commonplace?

SPC

45
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What is a "statistically rare
occurrence"

.. Obtaining a sample value tlut is "very far away"
from the average is a highly UII1ikely event

.. In SPC, we usually define "very far away" as 30

99.73%~>..

.Itt. fl-3a

1
~

,

I

fl+3a

!)!).73%~

I·
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Normal Distribution

-30 -2<1

115.5'll.

19.7%

a = stud..... dlIvIaIIon

47
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Examining Variation

200 200
1~ 1~

100 100
~~ ~

~m =
'tl1OO tf1Ht-!'-\,4,,L\--!rf-'---ll\cI++--+1+-+-+f'--\-InIt-++f-\-I1rJ-+Prf-><;-:--I++ 100
~~- ~

Foo- 00
~- m
w W
o 0

Time
Trend Chart: A plot showing the behavior of a

process over time.

• L.U3\ LW.\O:! • ..).

200 200
180 180
100 100
140 140
1W - 120

_ 100 +f\-It-/-1Ihft-!rf-'--iltcItf--+ft-+-+f'--tl'nIt-+tI-tfIHIlf-'r,--+++ 100

J~ :
~- m
20 - 20
o - 0
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Examining Variation

10 ~

5-;

15 -:

35~-~

30 --i Tools for Examining Stability
2$-'

~
.l!I 211-;

J

35 ~'-_·---.:.~""~""-"'lli"·.,.,.,,JL..-------
30-' • J. .J

2$-

20-
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Examining Variation
Activity: Comparing stable processes

1SO
140
130

~120
.110 r-..

~1~ I/VY
80
70
60
so

/\

"
A II /

v v

150
140
130

11
120

~
110

100 h-h--f---=.,.-/-4----.WAf-4-+-t
'90
p 80

70
60
50

o

c
I I I I
5 10 15 20

Sequence
25 o

o
5 10 15

Sequence
20 25

Which process has better quality?

~1.J4A1
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,.----------, r--------~
150
140
130
120
110 !'-

_100 /vy
~90

80
70
60
50

/\
v

A II /
v

150
140
130
120
110
100 h-h--f---=.+'t--l'cAA+-+-+-+

"1 90 ,
'I 80

70
60
50

I I I I
o 5 10 IS 20 25

C ,)\yll
o 5 10 15 20

o ,)Ifll
25

50



Examining Variation
Activity: Comparing stable processes _

(coord)
...----------, ...----------,

101520 25 0 51015211 25
Sequence D Sequence

Which process has better quality?

lSI
140
130
UlI

f----~-~-=--=-...:.....-_1f: ~,A..-J'-==>~""""'..,p......,..~_1
lID
70
IiO
50

lSI
140
130
UlI;:
lID
10
IiO
50

0 5

C

.Dl

~ ..J.iA'
<&i) ta,15lI~~)i.

lSI lSI
140 140
130 130
UlI UlI
lW nof:: ~~--"--=....:.........:...--1 i:: "'-_{..::::.~:>".",...P~.........:....j

lID III
70 70
IiO 60
SI SI

o 5 10

C "..;.»

.Dl
15211 25 051015

D "';4
fO~~ jJ.o.'U~ djl••1 1/1

25
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Examining Variation
Unstable Process

Prediction

Any process that is not stable is called an unstable
or out-of-control process.

~..HAl
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Examining Variation
Kinds ofInstability: Excursions

Time

~J.iA'
J.p..;ll :~ ~ t l)

2lIO 2lIO
180 I.
lliO lliO
ItO ItO
131 131t: +f\tffiIl't-flHlf~ft+--it+-H~-tfttt--+HI-tf\j'-tftlr-'r':"f-'l-t:

to to
M M
o 0



54

Examining Variation
Kinds of Instability: Shifts

200 200
180 180
160 160B: :

.fj100 +f\-+--...---4,----+~---'-+---.._I_____J,f+_1++1,_+ 100

~: :
~ ~

20 20
o 0

Time

. liill ~Ic..J:!. -J .

~~\.ili~1 :~~I ~ tl.Joil

200 200
180 180
160 160
1~ 1~

120 120fE +f\-+------<r--+----'-+-'----...-I~Y_+t_+\_t IE
~ ~

20 20
o 0
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Examining Variation
Kinds ofInstability: Drifts

2lIO 2lIO
111I 111I
160 160

,
~ ~

till I:»
100+ftw----l'-----Hl-.r+--t1'-J1----"'HAf--iH+-t"111I
III III
60 60
C •
» »
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111I 111I
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Examining Variation
Kinds ofInstability: Cycles

200 200
180 180
160 160

B:: :
-!l100 ++++------4------{-'------\1\+\,-+ 100

~~ ~
~ ~

w w
o 0

Time
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Examining Variation
Kinds ofInstability: Chaos

200 _

110 110
la la
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o ' •

Tune

. UilI ~IOL .) •

~~ :~~tl.,;l

:llJO :lID
110 110
Ifill 1110
110 110
UO UII,; ~
~_ ~lilI10 . 10
~ »
o 01-.- ,



Assignable Causes of Variation:
The Backbone of SPC

+ Examples of things that may be assignable
causes ofvariation:
- machine troubles (damaged saw teeth, plugged

blOWJipe, etc.)
- faulty measuring device

- operata' ovcrcootrol
- w(J'ker fatigue

JtM.-«tastie manges in raw material
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Examining Variation

Special Causes

Anything that causes variations that are not
part ofthe stable process is caII~ a m.ecial

cause, assignable cause, or unnatural
cause.

.v-i•..»~'J~~~c.;l~~
~.) ,)".J~ ,c.:,y..JI c ..,!,.I~~ c-"J'."

..~~



Examining"Variation

Examples ofSpecial Causes

• Batch ofdefective raw material
• Faultyset-up
• Human error
• Incorrect recipe
• Blown gasket
• Earthquake

1M.

U:!l+U1 J4A1

~I~W. ..
Y.JF~~l ~1.iJI .)I,JI u--~ ­
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Section 3

The Control Chart

~I
..
'2 ae
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Determining the state of control:
The Control Chart

.. Graphical view ofthe process over time-
- central tendency - trends

- spread - changes
........................................._ ..

;-- -.- -..------.-.. -.-.-.-.- -··--1 UCL
L~ _ __ )

•• . - _ ~

i·········..········-····_ ~

Time

?-------------:! LCL

................................__••..j
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m.

~~~Ai
~U;,l.

- Cellini tendency

- spread

d)llS~~~~41 )1al.
-trends
- changes
..- . - __..__..,

?-------------IUCL,
, ••••••••••••••••••••••••••••••••••••••••••••••••••••• ................-i
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•
•

m.
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.......................................•._...:

Time
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. ,

The Control Chart:
(a.k.a- The Shewhart Control Clun)

.. Developed by Dr. Walter A. Shewhart of
Bell Telephone Labs in the 1920's

.. Emphasis was on developilg procedures~
.ct1IUJ.ue1lll1 control quail}' of
manufactured product

.. Mathematical and statistical theory provides
the foundation

~ ..<,~.n d ..,.»'i'~~.J ~ JlSjU~ ­
.'Jl!,."iliI~ 5.),

.oJ-'1l "'" lJI' o=~l.J ~,o" duJiaiI -
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Jat.

What the
Control Chart

is intended to do:

x



Control Charts:
.. Two di1fermt broad categcries:

- aaributes
• fradioo defective (go/no-go dada)

• defect counts

-VlriaHes
+measurement dIt.

65
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Control Charts for Variables

R~•
.dl1etoea·
'. '(R=xl\lar·~~/

... Process centering

• X (mean)
• individuals

... Process spread

• s (ltandard deviation)

• R(range)

at.

~ I .- J3~ ..J ••u jJL1' I at' "~ ..

u...JI ~.( .. ­'" ~y

(.h...ji.Jl) X ..

~.;i ..

~I ..)t.:wl -

(liJy..JI ul~"il) S ­
(c.sJoJ1) R -
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Determining the state ofcontrol:
Interpreting thR CordTol Chart

va.

f---.-----·~_~___IX
.........._ __ _--_ -
l:=========::j La..

Time

._ _.......... .._ _-
Time

~~~--- X

LCL
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To be useful, control charts
should be updated, interpreted,
and actions taken in real time



Control Chart

•

OUtfll _
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Jat.
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R-chart

m.

x-Chart

m.

Does DOt
detect abift

Detects shift

Does not
detect shift



Mean and Range Charts

Rei ,0..

......
mal..........•

R-dtart

8,I.
t::::--«:::---ii'{---;~--ft__,.""III'••, ......111

.Does_
..-I1ncl' T T

Ret Till_ II
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Detecting Variation

To~l: Control Chnt
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Time
Benefit: Prevents tampering or ignoring
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Detecting Variation
Control Chart for Detecting Variation

Control
Chart

uJ..jJJ « i,~

•. J .~" • "<1 _<_,,: . ~1..
~ «'pc r-- cs---

~,
..
'2 ,.
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Detecting Variation
Control Chart for Detecting Variation

Control Chart

Trend Chart + Center Line . + Control Limits

JOt.

--------- Upper Control Limit

--------- CenterLine

--------- Lower Control Limit

'. j ·0:'1 • ,,(~ I ',M
• '~ll • "SI _<~~ ..
U:!~ 'I., r-~

JOt.
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Lower
Cordrol ,
Limit

I. I
I
I
I

. I
I
I
I

Detedin2 Variation
Control Limits

. .. .
Control limits ten us where the measurements in a

stable process should fall
Upper

CcIIlIruI
Limit

I
I
I
I
I
I
I
I
I

.. ..,... ,s.JJ

'1' "r-I . . I
i . . I
I I
I I
I I
J I
I I .
I J
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Detectine: Variation
Control Limits

.30" +30"
J ~ I

ffi~ I ~~~ I ffi~
Unlikely I ~ ~ ~ 1 Unlikel

I ~~~~~ I Y
1.5 out of I ~ ~ ~ ~ ~ I 1.5 out of

1000 I ~ ~ ••• ~ ~ I 1000
__'- • ~ ~ • ~ ~ ~ ~ ~ _I__

Calculated statistically, based on:
- Historical Data
- Characteristics ofthe stable process

Also called 6 sigma limits
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ffighly
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1.5 out of

1000

at.
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I
I
I
1
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I
I

+30"
I

I Highly
I Unlikely
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I 1000
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Detecting Variation
_____ Creating a Control Chart

- --- - -- - - - - UpperOJnlroil UmiI

________ ,.s.:.:m~~
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Detecting Variation

Can we use spec limits as control limits?

Can we compute control limits for an
unstable process?

U:!4:U1" • ,,(
, • 1 "

" .
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Detecting Variation

Creating a Control Chart

What is the Center Line?

Process mean, based on historical data
or

Process Target

fl.jjS.>-'J JuJI .JA 1..

l p :!.J:il~~~ I.jrJ ",.1 eel J....J.
Jt



Detecting Variation

Creating a Control Chart
Selecting the Center Line

Measurements:

Defects:

The center line should be the target,
unless we are unable or unwilling to
control the process to target

Since the target is zero defects, the
center line is the process mean.

.•.•1 .-:tt • • (~r 1ft'S

80
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Detecting Variation
Control Limits vs. Spec Limits

Control Limits Spec Limits
• Based on • Based on

performance ofthe performance oftbe
process. . product.

• Tell us when to • Tell us when to
take action on the disposition the
process. product.

.Dl

di.•I.,JI.:I~~~ .:I.p-

.-.j..I,.J ~.e ~ ~.e

.F.IJ~~. .-t.t..••I.~ ~~ •
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Detecting Variation
Control Limits V5. Spec Limits
Focus On

. It..
Contro .LImIts

t
Improve Process Improve Product

Quality --~.~ Quality

6:f4:U1 ••(
• l ., 't-.

~~I..".JI ~~ ~t.i.G ~I .3~

~ jfiJilI

t
~I~~
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Detecting Variation

Uses of a Control Chart

• On-Line: Assess the present stability ofa
process. as part ofaprocess control system
(PCS)

• Off-Line: Assess the historical stability ofa
process

«J.e -.,»S L.~~~ rP :(JJJ r1~ ­
(PCS) .-.t,Jl._1I ~~ rUU .

1JI._ll~~~ :IJJJ JJiI r1~')'1 -
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Control Charts for Attributes

• p marts· counts ofpercent nonconfonning in a
sample (sample size may vary)

• lip dllrtJ· counls ofnumber ofitems
nooconfonning (requires unifam sample size) .

• c ch..-ts-·counts of noocooformitiespcr uriit
(sample lize may be 1)

• " mart· counts ofnoocooformities per unit area

1M.

~ iF ~~~ .J:!&J1 ~l ~I yl.....:.. :p charts ­
(~I ~: ' ;t;;.; ~1 L.

' .•lb;;) ~Ua:i.. .J:!&JI ~l;!.....yl ..JJC. yt..- :np charts ;.
. (~~~ JAY\ .

o~-' ~ :ii)bjo ..»&11 ~~~l .JJC. ~t..-. :c charts ­
(' ~I ~ u.!-; ~

o~-' JSl.U:bi o ..»&11 ~~~I .JJC. yt..-. :u chart ­
~t......

1M.
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Use of ,.curts
• When observations can be placed into two

categories.
- Good or bid
- PISS or filii
- Operate or don't opende

• When the data consists ofmultiple samples of
several observations each

U:ii';'~ ,.JJ;..."I!"~~ ­
tpoa)~­

J\ii.! ) Cl,J ­
J;ti'~)J;=' ­

U--~~~~~~&ljia:a~ ­
~ cJ5,I ,·JIjn~ ••
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Use of c-Charts

• Use only when the number ofoccurrences per
unit ofmeasure can be counted;
nonoccurrences cannot be counted.
- Scratches, chips, dents, or errors per item
- Cracks or faults per unit ofdistance
- Breaks or Tears per unit of area
- Bacteria or pollutants per unit ofvolumn
- Calls, complaints, failures per unit of time

e-Charts J I'\~\

• • " ..•_11 ••C .• ' •• _ t '!! ••
o~-' -r u."......., ~ ~ 0-":l ........." .J:IU r '" I. ":! -

.~ 'i ~I ~I~\rl ~ ~ 'i ,U"l..IilI
~~.1 ~ .u.,;.YI .11 e,;,4-~~1 ',;.,..sl\ 't.ft~\ ­

~t.... ~~.1 ~ .u.,;.'il .11 e,;,Iji,O;;!I -

~I.....J\ {)A ~~.J ~ ~I ­

~ {)A ~~.1 ~ e,;,Ci."l.o .11 \uiiS.i J~.J ­

{)Ay\ (jA ~~.1 ~ Jlb.).1 /.S.1lS.:i. -
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Section 4

Measurement CapabUity Analysis

. t p.,RJ\

u-a.uJ~ ,Ji.i i~~



Measurement Capability
Have you ever been bitten by a

measurement system?

True
---'l~

Data

bfack box

Observed
- .... Data

88
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Measurement Capability
A Measurement Process

• Measurement tools themselves
-hardware
- software

• All the procedures for using~e tools
- which opetalors

- set-uplhand1ing procedures
- off-line calculations and data entry
- cahbration frequency and technique

89
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~easarementCaDahUitv
-'""W1iy Do Measuremehts Vary'?

Work ~ethods
"ease ofdata enIIv

onerator lnlinin£ ",,""caJi='bmtiC='on""',=freoluau:'--C-V-

~~~~~techni~~tiQl~...~~m~a~;nt~c:M§nce~of~stan~dards~~~~standmd sufficient time for work
Measurement

line yo!.. /~ / ~~ Variation

.
vartati.on, humidi.ty wear , elc:<lrica1

aI orithm ,. . .
, . g .. ,. ,

Environment Tool

NOTE: Not all of these will necessarily be significant sourcesD. ofvariation for every measurement system.
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·Measurement Capability

Assumptions We Often Make

• Metrology tools are perfectly accurate

• No day-to-day variation in performance

• No operator-to-operator variation

I~.~J1,..J~ ­

y..~ f'~ r.)o .1,)'11 c,i oH 4~"l ­

y..'/~ r.)o oH 4~"l -
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Measurement Capability
MeA Tells Us:

• How big is the measurement error?
• What are t1)e sources of measurement error?
• Is the tool stable over time?
• Is the tool capable of making the measurements for this

project?
• Is the tool capable of making the measurements for this

process?
• What needs to be done to improve the measurement

process?

D.
.

: 1.1... LiII 'L.lli'·;U1 .•f.T'O U"..J U:!""-",J- ~-"

,~ tl:.i.~ ,.HS lS~ t.. ­

'0"1;iI1 IJa;.. jlt......~ t.. ­

Ycl)1 lS~ .,k ~~ O"YiJI ~.J J,\ ­

't.J-~1I l~ v-I,till~ ~bl .)c. i jlli U"YiJI ~.J J,\ - .
,~, ~ U"\,tilI~ ~bl .,lc. ijlU cJ"YiJI ~.J J,\ ­

'U"I:!iI'~~j..~1~ tJ.iII t.. -



Measurement Capability
Capability V5. Calibration

Calibration
Procedure to compare readings ftom a tool

with a standard and then correct for any
deviations.

Statistically: centering the mean ofthe
distribution ofreadings on the "true value"

(obtained ftom a standard).
,
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Measurement Capability
Capability vs. Calibration (cont'd)

Capability
Procedure to identify and quantify sources of
variation in readings and then eliminate them.
Statistically: fitting the model to the readings

so that the components ofvariance can be .
estimated.

Both work together to keep measurement .
.IQt. . tool perfonning optimally.



Concepts and Vocabulary
Sources OfVariation

~
+

Process Variation

~
Measunment Variation

-
-~

95

Total Variation
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Concepts and Vocabulary
Relationship Of These Distributions

Averages
lDtotaI =~oduct + tD"....un:ment error

or, if the measurement tool is calibrated
mtotaJ = ~oduet

Variabilities
82

totaJ = 8
2
product + S2meaoun:ment error

Never Add Standard Deviations.
Note: These Relationships Are True Regardless OfThe Distribution.1M. (Normal, Skewed, Bimodal, ...).

~IJ~I.J &Li.J\
WL..;j.;l1 .illi~ wlnW\

..b..jWl

Iltotal = ~uct + lJ.measun:ment error

U"4il~ ~., oj,!L.... u..:; IjJ .,1
. Iltotsl = ~uct

wl~1

a2totsl = cr2product + (j2measurement error

cJ)/.J2'!' uk ~t;...J1 .:;,liIy.;YI 4iL...;"J~ Y
~I "" .,Jolli ...,..... "-- "'lI:>.alI .;lIl :u,..,J.

(NonnaI, Skewed, Bimodal, ...)
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Concepts and Vocabulary
Activity

Suppose you have a process which has been
operating for a significant period oftime

and has a cr of 10 lDlits. Then a
measurement capability study is done and

the measurement error (cr.) ofthe
metrology system is found to be 6 units.

tlWhat is the true variability ofthe product'?_HOw could you confirm that?

f-':~~II j';'» ..J .,,:1 ... l. _
~". ~~



Product

Introduction
Total Variation

Measurement
System

98

Accuracy

u.ul

Precision
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Concepts and Vocabulary

Accuracy
The degree to which a process mean is on

target

Related Terms
True Value

Bias

.i'."~~y.,,, .J....J \A~ ~~ ~~
J.A.e1I

~dJd,tL,.c
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m.

m.

Concepts and Vocabulary

Precision
The degree ofvariability in a process

Related Terms
Repeatability

Reproducibility

~/ u/J L:,,(, 'I.. 0"

\ '~~'I ~lS..\.)..>- • •

;..lL.:i..oYI ~lS..1. .
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Concepts and Vocabulary
Bias

Distance between the average value ofall the
mCllSW'CDlents and the true value. Can be

positive or negative.

Bias = J.l. - True Value
• Measures the amount by which a tool is

consistently offtarget from the troth.
• Bias is the numerical value we use to IIlClISUIe

accuracy.
• Synonyms: systematic error. offset.

1M

..:a'J';w.J f:t'\i.tS\
~

~~.J~~.J~W~J..."t.lJWu ,r'
~)~,.~J

Bias = J.l. - True Value
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Concepts and Vocabulary
Bias

Observed True
Average Value

102

1M.
Observed True
Average Value
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Concepts and Vocabulary

Precision Says Nothing About How
Close The Measurements Are To The

Troth.

Accuracy Says Nothing About How
Close Measurements Are To Each Other.

I" ee! 0- dulJjJl y,} c.s.1A~ ~I J.11 'i

cJAa.:l'



Concepts and, yocabulary
PrecIsIon

Can be separated into repeatability and reproducibility

Total Variation

Measurement System

Repeatability Reproducibility

Dl
These characteristics have the relationship:

c:s2 = (;:;2 + 0'2ms rpl rpd

~"~.;i.J'.J~~
b.,. al'

•.>W..),I ~lS..!.J ).fi"Ji ~IS.! ~! ,-i,t J~
~Ul~

104
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Concepts and Vocabulary
Repeatability

Variation that results when lepeated measurements are
made ofthe same parameter under B.bsolutely identical

conditions.
-Same operator

-Same set-up procedure
-Same part

-Same environmental conditions
Repeatability (a2.,J is usually much smaller (better) than.Itt. the precision ofthe system.

~'J~.J H'\i..D
~lfiiD

:::::; ';;"'» u-i-i i.)fi.oI~uA~~'1~~

...;.,,;liI~

JL.U~ ­
j~'11 .1.»1~ -

•.»1 u.ii ­
~h." u ~Y;.I u.ii ­
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Concepts and Vocabulary
Reproducibility

The variation that results when different conditions
are used to make the measurement.

-Different Operators

-Different Set-Up Procedures

-Different Measurement Tools

-Different Environmental Conditions

-Different Days

Reproducibility (cr~. is approximately the standard deviation of the
dages of measurements from different measurement conditions.

~\J.;i..!\,J ~I.i...s\

i..lw...'il ~~\
~ .
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Concepts and Vocabulary
Repeatability vs. Reproducibility

I
Ei

•
•

• •
I -
• •
~ •-EE • 1eJ..... ~ • •

:

I I I I 1
1 2 3

operator

f 5

•
•

• •
I- •
~ •tt • : ...'. ~ •

:

1 -I T r I
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Concepts and Vocabulary

Suppose the results ofyour measurement
capability study show that O'rpt is 2.4 Units

and O'tpd is 1.1 Units.

What Is The Precision?

108
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Concepts and Vocabulary
Summary ofConcepts

A><=-I
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Measurement Capability Indices

Now that we understand the impact that
measurement has on variation, how can we

determine its impact on the product and
process?

Two Approaches
• Compare measurement error to specs
• Compare measurement error to process variability

Dl

Dt.



Measurement Capability Indices
Compare Measurement Error To Specs

"How much ofthe specs window is eaten up
by measurement error"?

Dl ISL USL

~ i,jJi ~'NJ
din 01"JI ~~ tJ.i. ~ji.o

"f,-Un ol".JJ~ tJ.i. j~ lS.3.0 J" L. •
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ISL USL
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Measurement Capability Indices

Compare Measurement Error to Specs
prr =Precisionrrolerance Ratio

=6 * crms /(USL - LSL)

• Tolerance = Upper Spec Limit - Lower Spec Limit

• You Want PIT To Be Small.
• The position of the measurement distribution relative

to the product specs does not matter!

D1

ou4il1 0J~ ~'N J

u\i.."I.,J1 t'" U"'4i1\~~Ji...
prr = Precisionrrolerance Ratio

=6 * crms /(USL - LSL)
~'J' ~ - u\i.."l..,.Jl ",,,wI ~I = u.JUilI ­

u\i.."lyJ1

1.J:!A.- prr ~I c,j~ wi ~y -
_";;AI\ u\i..,,1 _.1~ Will . ~ ~ '1 -<:..- Y".. U"'. ~..J-" (:'.,.. /'t:!
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Measurement Capability Indices
Compare Measurement Error To Specs

• prr is designed to measure how much ofthe
spec window is lost to measurement error.

• prr uses only the standard deviation ofthe
measurement error distribution.

~ o,JJi ~-NJ
c-u· .I".l1 ~ uJ:ti1I tw. ~.Ji..

ulj· ol".l1 ()A Jili1\ lS~~ I ... eo~ prr ­
.~ tw.1~I"~



Measurement Capability Indices
Interpretation ofPff

Large PIT Increases the Probability That We Will
Misclassif)r Product As Defective When Really It

Is Good, or Misclassif)r the Product As Good
When It Is Really Defective

m.
LSL

True Value

LSL
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m. True Value True Value



Measurement Capability Indices
Compare Measurement Error To Process

Variability
"How well can we discriminate where in the product

distribution a measurement error came from?"

~ijoli~nJ

1JI .•D~1.;a r:-~UA~)i.o

~ tJ.i.~ ~ Ji~ r:t» ~U.ill/' Jui'1I~ Ufo •
"fv-l.ail'

115

lSL USL



116

Measurement Capability Indices

Compare Measurement Error To Process
Variability

SNR = Signal-To-Noise Ratio

= <1product / <1ms

You want SNR to be big.



])7

Measurement Capability Indices
Interpretation ofSNR

Small SNR Increases The Time Before An Out.()f­
Control Process Is Detected By A Control Chart.

Time

~o,JJiaNJ

SNR~

..;JJ~~ f>J,:J ~~.". Uoo~ iJio- up. L..1&. SNR
~ ..,;w.u....I.,Hi~ ~,.,;;p. ':"p

Time
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Measurement Capability Indices

Typical Target Value for Pff

Pff: <= 0.30

Typical Target Value for SNR

SNR: > 10

UM~ o.)~ ~'N J

~ Pff Jl ~',;!.oll~I

Pff: <= 0.30

~ SNR Jl ~"j...l\ ~ oJil1

SNR: > 10

lM-
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Measurement Capability Indices
Cautions

• PoorJy developed spec limits imply meaningless
prr.

• Large prr does not mean that engineering effort
should be expended on improving metrology. The
process may be so poor that improving metrology
won't help in the short run.

• prr and SNR do not indicate where the problem
exists in the measurement system (operator, tool,m repeatability).

~ OJ.)':"'NJ
4l.~~~~ J.lil

J,li~ poi~ 4-a-' I":i.J c;J .~Ji ..I'" ~~ -
.~~"i prr~

~~"i etl1jdil~PII' ~~1.)i c ­

c}~~~.~~~.JH-e ~ ",;1 ~

1S.1.olI~ u-YiD~rJ~ "i~ ...,..JI 2 #
.~

c} 21q·D o.oS:i uJ u"i~"i PII', SNR ()o~ d ­m (.JfiiD ~J <u-l:!iD ~-' <Ja.U)~~
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Measurement Capability Indices

Caution (coot'd)
• Poor Pff performance may be partially overcome

by increasing the sample size.
• Need to look at both PIT and SNR to get the full

story.
• Confidence intervals for PIT and SNR can be

calculated.

at.

>.ltD Jul. U' ~I Ptf -.Jl ~bl~ yl&;ll ~.» ­
.~IF

t.".......".JI4.iy.-J SNR .J Pff 6'" ~~ i)i.l ~LiI! ~ ­
.~4

.SNR -.J\ .J ptf ..Jl ~jI1 J-I.."il\ yt-.~ -
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Section S

Process Capability Analysis

o ,..RJ

uyLuJ\ o.;Ji ua~
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. Is the process "capable" of
meeting specifications?

Process Capability Analysis:

... Process capability- A measure ofprocess
"potential" by relating the spread of the
process to the specification width

... Many custcrners are setting capability index
requirements for their suppliers

Y~I~ ~1jU'i1 ~ "o.)Jli"~~

:~lo.)Ji~

.J..u ~~ '-F •ul.:!1-ll ·s~ U"t:!:ul.:!1-l1 syi ­
.uUw.l.,.J1 ~~ ~ ~1 J ·~jl

,.::-,,:lbj.l\ ~y. W-""~ ~l ~~\ LJ.o ~l ~ ­
("+.I').J.,.J ul.jJill~ t....Wl

Jat.



Process Capibay

~2'
"..........,,, S$

,. m '.....

I.-. - /"- --J•.IP[/ ~_---,--1.-. __...-"".- - .II 1",.. ~
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/ \
LSL

A visual look at process variation

11\j j \,

(1\
/1'

J01""""""""'" LSL'------,'Il----"USL
(Target)
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Capability Indices:

C _ USL-LSL
p- 6u

=

Cpl= X -LSL
3u

c _USL-X
IN- 3u

c _USL-LSL
p- 6u

X-LSL
Cpl=---3u

c _USL-X
IN- 3u
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Process Capability­
An Example

.. Customer specificltions are 3.20 inches ± 0.10
- LSL =3.10 inches. USL =3.30

.. Process operates at an estimated mean (X) of3.15
inches and estimlted standard deviation (8) of 0.05
inches c: = 3.30- 31 0 _ 0.666

1 6(0.05)

115 - 3.1 0
e". 3(0.05) • 0.333

C.=3.30-3.15 tOO
1 3(0.05)

Cpt = m in {Cpt, Cpu} = 0.333

Jli.
3.20 inches ± 0.10 ~ ~1..:.u....1-,," uP ­

- 1SL = 3.10 inches, USL = 3.30

~y. (X)ofJ.H JI~jli...l.....J~~I~rlJ­

(0) ofO.OS JIp..ftJ1 (j..>t;....!1 u.F-l"JI u~ J

a= l3O-1lO =a.666
I 6(0.05)

3.15-310
eli· 3(005) • o.m c.= 130-115 =100

I 3(0.05)
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Process Capability­
Wlnt does this example tellus?

+ cp < 1.0 :. p'ocesB vllriatmty too high (p'oc:eSB
auradIy "incapable" armeeting specs.)

+ c;. < 1.0 :. aJlTeUIly podJcing excessive defedB

+ Cpl" Cpv process is amenlly aff·cmter. (Cpl< C'"
process is centered "too dose" to the LSL)
- Excessive cle£ects win be produced (below the LSL)

~.jJi

! J1.D .." 4..J:f CS 1D l.

LJP) 1~~~Jl..11~~: . Cp <1.0 ­
,#.:lb;.~ ~\i)l ~ ojii Ji:o yb ~p.•'

~y.. I.:-'.JIC' ~#J.-. <:F-~: c;.. < 1.0 ­

.l:.:;J\ C::P~ d)l e"i ~Jl ..l1 : . <;." C.... ­
Io:-UJ~~Y·_l'o~.>"faJ Cpl<C", ) c;~y:J

{LSL ..11 LJo- \4

(LSL LJo- tJ1) cSP! I.:-'.JIC'~
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About how much defective product
will be made?

/
Pra:_llleon- 3.15 iD:hes
Slmiud deviation - OD5 iDchos

X
3.15

3.20 USL
3.30

'-. Pra:_llleon-3.15iD:hes
", Slmlozd deviation- om iDchos
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defects

LSL
3.10 X

3.15
3.20 USL

3.30



What ifwe could shift the process
mean to 3.20 inches?

1'Ja:__-12I'"

"< 'SIIIIIud...~iotiua-om...

:
"

,i.E_ ,
, 2.28%'...- /

....--

LSL
3.10

-,
" .

New X =3.20

1'Ja:__-12I...

. SIIIIIud_iotiua- om ..

LSL
3.10
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New X = 3.20

-.'.

USL
3.30



USL
3.30NewX=3.20LSL

3.10

What ifwe could reduce the process
standard deviation to 0.03 inches?

.' ".\ Preeoos",oon - 3.21 iIIc_

\ \.

\ ,

\
d!foct.

, O:04~;"""- .....

,#.J4a-J1 ul~YI ~~i I~j ~hJ"! I~l.o

~~~ .,.r ~j~

<' '. \ Preeoo.moon- 3.21 iIIcJ.s

\,...._.'m~..

\

defects
0.043%

d!foct.
0.0430/0

LSL
3.10 NewX=3.20 USL

3.30
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