Process Parameter Optimization
& Process Capability Prediction
with
Variable Tolerance Limits

Paul F. Jackson 4/25/2006




-~

Contents

\_

How to recognize a variable tolerance limit.

How discreet and continuous data is gathered for & @ @.

How the data is typically used in a capability analysis.

How a variable tolerance can be visualized in a histogram.

What statistical model reflects the probability of defect with a variable tolerance.
Why coordinate tolerance distributions are often non-normal.

How process potential can be examined and optimized with both constant and
variable tolerances.

How typical and proposed capability analysis methods compare relative to
variable tolerances.

What the risks are in applying the proposed analysis methods with variable
tolerance distributions

this presentation does not address process control. The capability predictions
herein are demonstrated assuming that the process variation is “in-control”, due
solely to common cause (random) variation, and void of special cause variation.

/
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/How Can \

Tolerance Limits Be Variable?

Specifications with (V) or (L)
make the tolerance variable

with respect to size. @TQ r
C
N\

R

D9. 4
D 0

?9.4—8.9 8.9
@@ 0.360@A[B]|C % VIRTUALC ONDITION |
B8.54

A gage built to the virtual
condition of the feature will
~- allow the larger hole “9.4” to be

further off-location than the

\ smaller MMC hole “8.9”.
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/ How Is Data Gathered For SPC? \
(Features With Variable Tolerance)

Discreet Data

With attribute gages

Continuous Data
With Variables Gages

X 14.962
Y 20.120
Z 18.307
Y
% 7 :
PASS / FAIL N /
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/ What Is Done With Continuous
Coordinate Data?

~

Individual coordinate deviations are
converted into the equivalent form as
the tolerance specified so that the
tolerance required to contain the
deviation can be compared directly to
the tolerance specified.

O (P0.36M|A|B|C

Commonly the feature axis must
reside within a diametrical or
cylindrical tolerance zone so the
individual coordinate deviations are

converted into their resultant
Qiametrical zone.

@ Deviation
= 2 (AX2+AY?2)”

Target

‘\Y Basic —>

Datum Reference X0, YO

X Basic

>

/
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How Is Conformance Predicted?

Discreet Data

% defective figured from the ratio of position go-
gage failures to the total number of parts sampled.

Continuous Data USL

% defective figured from
the area under the fitted
curve > USL compared to
the total area under the

f”:ted curve 0oQO0O v v« N RSS%%@Q
- ocNeoNoNoNololNeoloNoelNoNoeNoeNolNoelo)
Position Deviation ———»

Frequency —»

O
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What’s The Difference?

\

Typical continuous data predictions of variable tolerance limits compare the position
deviation to the specified limit as if it were a constant value whereas the discreet
data predictions use both the specified minimum value plus the variable portion of
tolerance to test acceptance.

#0360 Bonus Variable @ Dev< Variable
23 Y 19 X |[#|20.36W) @ Dev < Constant Hole Size (size - Tolerance Tolerance

Basic Deviation Basic Deviation @ Deviation Tolerance (0.36)? 9.4~8.9 MMC hole) USL+Bonus (0.36+Bonus)?
23.056 0.056 19.009 0.009 0.114 Pass 9.027 0.127 0.487 Pass
23.109 0.109 19.136 0.136 0.349 Pass 9.036 0.136 0.496 Pass
23.186 0.186 18.943 -0.057 0.389 Fail 9.078 0.178 0.538 Pass
23.014 0.014 19.066 0.066 0.135 Pass 9.069 0.169 0.529 Pass
23.063 0.063 19.290 0.290 0.594 Fail 9.057 0.157 0.517 Fail
23.036 0.036 19.218 0.218 0.443 Fail 9.049 0.149 0.509 Pass
22.943 -0.057 19.269 0.269 0.551 Fail 9.051 0.151 0.511 Fail
23.063 0.063 19.075 0.075 0.196 Pass 9.029 0.129 0.489 Pass
23.075 0.075 18.906 -0.094 0.241 Pass 9.057 0.157 0.517 Pass
23.199 0.199 19.063 0.063 0.417 Fail 9.018 0.118 0.478 Pass

! - \ /

g

: Constant Tolerance 0.417 > 0.36 Fail

T Variable Tolerance 0.417 < 0.478 Pass %, @1/

08885225 35838838 50% vs. 20% Defective!
Position D
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Can A Histogram Show A
Variable Tolerance?

Both size and position
are plotted on the same
histogram.
Feature sizes align with
their respective position
tolerances.

Virtual Condition
8.54 = 0.0 Position

MMC
8.9 = 0.36 Position

LMC
\9.4 = 0.86 Position
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With A Variable Tolerance?

‘\\\

iIguring The Probability Of A Defect

>

Frequency

The classic reliability distribution model for stress vs. strength parallels
the adjacent intersecting distribution analysis needed with the variable
tolerance. With both distributions “normal” the Z value of the probability of
failure is:

Strength N
Distribution Probability of
Stress \ failure
Distribution My Z ,US —lLll
Failure 2 2
M, \/GS -+ 0|

e

>

\_

Stress/Strength

/
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/ Zpper (CONstant Tolerance) Vs. \
Z,pper (Variable Tolerance)

A e Size —»
: ' USL
%)
S |
Q
= |
o
@ |
L |
|
|
l
—{ "
Tolerance
>
LBF/ IN USL,, \ MAX USL,,
. “USLp - Xp . ' USLp +(Xs —LSLg)—Xp
ARG Yo 68 +6%

\\\ %%2 &B0.36IABIC $P0.36WAB[C] G5 )//
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Distributions Often Non-normal?

Why Are Coordinate Position
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Process

Off Target

Normal

The diameter of the
deviation is always a
positive value so
equivalent radial
deviations in any polar
direction from the target
will have the same
value. A well centered
cluster with deviations
surrounding the target
will produce a more
skewed distribution.

On Target

Frequency

Frequency

Deviation Diameters
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X
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ﬁnalyzing Process Potential (Pp) With
Coordinate Position Tolerances?

Coordinate Scatter (Actual) Feature Size
0:250 9 % o'}o'}o'}o'}o'}o'}o'}o’}o’}o’}o’}o’}o’}o’}o’}o’}o’}o’}o’}o’}o’}o’}o‘}o‘}o‘}c‘
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Pp for a variable tolerance?

~

\_

The process potential of a variable tolerance distribution is not only

dependent upon the centrality of the coordinate distributions but it is also

dependent upon the target for feature size. As the mean feature size

moves away from the position deviation distribution variable tolerances

increases consequently as it moves toward the tolerance decreases.

_ o Smaller Hole Larger Hole
Size Distribution Larger Shaft ~ Smaller Shaft
> \
8 MMC / LMC
(]
o
et e, Less
L o ", Geometric
0 *, Tolerance More
.." Geometric
0 Tolerance
Tolerance

/
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iIguring Optimum Feature Size For
Variable Tolerance Specification?

A

Xp Xs
: Position Deviation Ppu
\ Potential Ppu 1 Size

100 —

Frequency

[6)]
o
I

I I I I Ii I I
00 01 02 03 04 05 06 07 08 09

Variable Tolerance

_ Xs-Xp USLg—Xs

Z = Z
Upper ~2 | 2 Og Upper
Position Os +0p Size

The % defective can be minimized for
both size and position simultaneously by
setting the equations for Zu or Ppu of the
size and variable tolerance equal to each
other and solving for the corresponding
value of mean feature size or mean
variable tolerance.

Since the corresponding size and
position are different scalar values one
must be converted to solve for the other.

Xp =MMC— USL + Xp Xs =Xs—MMC+ USL

(=Size) Size Position  Position (=Position)  Size Size Position
Y O_SXXP'l‘ GS+GP XUSLS
S =

Gs ++4/05 +6F j
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Typical Process Capability Results
Position (Non-normal Transformation)

Ppk 5 (Variable “bonus” Ignored)
Box-Cox Transformation (Actual)
Position Ppu =0.25

Position PPM Defective 228,123

Position Deviation XY(Actual)
Box-Cox Transformation, With Lambda = 0.562

A

Process Data usL*
USL 0.360000 I
USL* 0.563173

Mean 0.269912
Mean* 0.464279

Sample N 100000
StDev (Overall) 0.128595
StDev* (Overall) 0.132736

Overall Capability

PPU 025 | . . . .
Ppk 025 0.0 0.2 0.4 0.6 0.8 1.0

Observed Performance
PPM > USL 235470.00
PPM Total 235470.00

Expected Performance
PPM > USL* 228123.15
PPM Total  228123.15

Pp <

Box-Cox Transformation (Potential)
Position

StDev (Overall) 0.096816
StDev* (Overall) 0.115919

Position
\
} Position Deviation XY(Centered)
Box-Cox Transformation, With Lambda = 0.449
Process Data USL*
USL 0.360000 -
USsL* 0.632091 :
Mean 0.179043 I
Mean* 0.443903 !
Sample N 100000 "
|
1

Overall Capability
PPU 0.54 1 T T T T |
Ppk 054 0.0 0.2 04 0.6 0.8 1.0

Expected Performance
PPM > USL* .52247.36
PPMTotal  52247.36

Observed Performance
PPM>USL 48330.00
PPM Total 48330.00

4/25/2006
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ypical Process Capability Result

Size

~

S

\_

Size (Actual)

Process Data LSL USL
USL 9.40000, |
LSL 8. 90000| |
Mean 9.12847 |
Sample N 100000 |
StDev 0.0268126 |
(Overall) : :

| |
OveraII Capablll%/ | |
PPU 3.38 | |
PPL 2.84 | I I I I |
Ppk 284 gg 9.0 9.1 9.2 9.3 9.4

Observed Performance Expected Performance

PPM<LSL  0.00 PPM<LSL 0.00
PPM>USL 0.00 BRI el S | 000
PPM Total 0.00 BRMToldHl 000

/
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the Capability of a

iguring

Position @ & Size (Actual) — Potential Pos & Size (Optimum)

Variable Tolerance
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é\rgeting size to minimize PPM defective\
of size & variable position simultaneously

\_

Size (Optimum)

Process Data  LSL USL

USL 9.40000, |

LSL 8.90000, |

Mean 9.25654 | |

Sample N 100000: :

StDev 0.0268126 |

(Overall) : :

Overall Capability | I

Pp 3.1 : :

PPU 1.78 |

PPL 443 |

Ppk 1.7/8 | I I | T |

8.9 9.0 9.1 9.2 9.3 9.4
Observed Performance Expected Performance
PPM<LSL 0.00 PPM<LSL  0.00
PPM>USL 0.00 PPM > USL 0.04
PPM Total 0.00 PPM Total 0.04 /
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/How do the continuous data predictions\
compare with discreet data predictions?

Attribute predictions are typically unreliable when there are not significant
differences between the portion conforming and non-conforming, For typically
required levels of process capability very large samples are required.

How big must that sample be?

1000000 999968  g77250

—
1000000 998650 841345

Unilateral Tolerance ( Ppk vs. PPM Defective)

-1.67
-1.33
1.00
0.67
0.33
< 0.00
0.3

\22750

1
\J5 32
(a2} N~ o

()
2
8 Sample Size 500000 | Sample Size
3 Increasing Increasing
x
o

158655

167 § ©
2.00 * ©

o

0.6
1.33

-—

4 Attribute Sample Size (Defect Free) Required for h
Capability Predictions @ Confidence Levels
10000000000 n+1 = LN(1-C)/LN(Y) C=confidence Y=vyield
1000000000 //x
100000000 /
10000000
~ 1000000
n
2 100000 -
o
£ 10000
n
1000 1
./'/ —*—95%
100 |
75%
10
—8—50%
R IR NN R SR IR
\_ Capability Level Y,
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/ Monte Carlo Simulation of an
Attribute Gage

100,000 random - normally distributed values for x-dev, y-
dev, and size were generated. The X & Y values were
converted to position deviations and each instance was
evaluated as a variable tolerance.

Attribute Gage Attribute Gage
Variable Position with (X&Y Variable Position with X&Y
Actual) & Size (Actual) (Centered) & Size (Optimum)
1,398 Failed 5 Fail
100,000 Sampled 100,000 Sampled

\ PPM Defective 13,980 PPM Defective 50 /
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What is the difference in the
predictions?

Variable Tolerance
Actual Process Capability

Variable Tolerance
Potential Process Capability

250000 60000
228123 59247
50000 -
200000 - |
) Typ.ica.l O 400( Process
= 15001 Prediction = Centered
5 Over-Estimate Variable Limit o Potential Variable Limit
Q 1000 Defective Under-Estimate 52.2K PPM Under-Estimate
= 8.2K PPM 5 ool Defective 0.04 PPM
a Defective o v Defective
50000 —
Gage i} 10000 - Gage J\ /L
TSR 8197.5
| | — 50 0.04
0 0
Constant Attribute Variable Constant Attribute Variable
USL USL USL USL
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/What IS the probability of a defect
of a variable geometric tolerance?

The probability of a defect with a variable tolerance can be visualized as the
intersecting area relative to the combined area of adjacent distributions. The
shape of that intersecting area is a composite reflection of the tails of both
distributions back-to-back at the peak of the intersection.

r y

peak
intersection

Frequency

Posiiion

>
Tolerance

€ —>
\ Typically Typically /
Normal Skewed
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NVhat are the risks?

(Predicting variable tolerance capability with both
Intersecting distributions assumed “normal”)

~

Histogram of Pos, with Normal Curve

Position (X&Y Actual)

2500 —

2000 — “

1500 —

1000 —

I

0.0 0.5

Typical 4 and 5 sigma 1.33-1.67 Ppk customer targeted capability requirements
ensure that the area of a position distribution curve intersecting with the
distribution for size that could be considered for conformance to specification will
be limited to the distribution’s tail.

Histogram of Pos (XYCtr), with Normal Curve
Position (X&Y Centered)

2000 —

1000 —

0.0 0.1 0.2 0.3 0.5 0.6 0.7
Pos (XYCtr)

Typically skewed position distributions fitted with normal distribution curves show
that occurrence frequencies in the tail areas will be slightly underestimated.

\ Pos

4/25/2006

Ppk with Position(M)or(L) 23



