CPR for Confidence in Your Measurements

Dilip “Darth” Shah . Henry Zumbrun

emc3solu@aol.com hzumbrun@mhforce.com

| E = n<’® Solutions

Greg Cenker

reg.cenker@indysoft.com

IndySoft

www.indysoft.com



http://mhforce.com
mailto:greg.cenker@indysoft.com
http://www.indysoft.com/
mailto:hzumbrun@mhforce.com

CPR for Confidence in
Your Measurements

-

-



Proper Evaluation of Uncertainty

Minimum Contributors to Consider:

1 Repeatability (Type A) (Testing Laboratory)

1 Resolution (Testing Laboratory)

1 Reproducibility (Type A) (Testing Laboratory)

1 Reference Standard Uncertainty (Testing Laboratory)

1 Reference Standard Stability
'] Environmental Factors



Calculating Repeatability and Reproducibility

* Take Repeatability data, compile R&R. Sounds simple right?
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Calculating Repeatability and Reproducibility

SUMMARY
Groups Count Sum Average Variance % of Total Variance
. Tech1 10 1000.001955  100.000196  25.697E-09
« Anything look out of place?
Anyt | ng OOK O Ut O p dCe: Tech 2 10 999.999 701 99.999970  64.973E-09 SA6% |
Tech 3 10 1000.000130  100.000013  22.046E-09 [19.6%
ANOVA - Single Factor
Source of Variation SS df MS F P-value F crit
Between Groups 2.86563E-07 2 1.43282E-07 3.813351641 3.478% 3.354130829
Within Groups 1.01449E-06 27 3.75737E-08
Total 1.30105E-06 29
Technician Repeatability/Reproducibility Runs
100.00060
100.00040
v
% 100.00020
~ il . —
= .1 T el e | ppeT TL
@ 10000000 | T e gl
%D e Mean
g 99.99980 e— | oW ET TL
Z
%9060 | — 000\ 000000\ 0000000000 e Linear (Mean)
99.59940

1 2 3 4

Number of Technicians (each making individual runs)



Calculating Repeatability and Reproducibility

Sub Groups 1 2 3 £l 5
1 0.9956| 1.0087 1.0069| 0.9927 1.0029
2 1.0092| 1.0000 0.9938| 1.0047 0.9908
3 1.0073| 1.0014 0.9943| 0.9913 1.0053
4 1.0049| 0.9926 0.9921 0.9919 0.9956
5 0.9940, 0.9986 0.9953, 1.0070 0.9940
Sum 5.01100 5.00130 4.98240| 4.98760) 4.98860
Mean 1.00220| 1.00026 0.99648| 0.99752| 0.99772
Range 0.01520| 0.01610 0.01480| 0.01570| 0.01450
Standard Deviation 0.00695| 0.00579 0.00594| 0.00766| 0.00613
Variance| 0.000048|0.000034 0.000035(0.000059| 0.000038
Repeatability (s,)| 0.006533|=SQRT(AVERAGE(B11:F11)) 0.020
Reproducibility (sg)| 0.002338 =STDEV(B8:F8)

s? + sg?=| 0.000048|scrms +s,-0.006939084

s ,_2 =| -0.000003 s, = 0.000000 SORT(§f+sL2)= 0.006533
SL2 = SX-Bar2 - Srzln
if s, 2 is negative, sets;>=0ands =0




Documented Measurement Uncertainty Budget.

Contributors Magnitude Type Distribution Divisor df Std. Uncert. Variance % Contribution ung/df
Repeatability 19.950E-6 A Normal 1 20 19.950E-6| 398.000E-12 56.4%| 7.920E-21
Reproducibility 16.793E-6 A Normal 1 4 16.793E-6| 282.000E-12 40.0%| 19.881E-21
Resolution 10.000E-6 B Resolution |3.464101615 100 2.887E-6| 8.333E-12 1.2%| 694.444E-27
Reference Standard Uncertainty 5.00E-06 B k=2 2 100 2.500E-6| 6.250E-12 0.9%| 390.625E-27
Reference Standard Stability 3.00E-06 B Rectangular |1.732050808 100 1.732E-6| 3.000E-12 0.4%| 90.000E-27
Environmental Factors 4.00E-06 B U-Shaped 1.414213562 100 2.828E-6| 8.000E-12 1.1%| 640.000E-27

Combined Uncertainty 26.563E-6| 705.583E-12 100.0%| 27.803E-21
Effective Degrees of Freedom 17
k= 2.1
Expanded Uncertainty 56.043E-6
1 2 3 4 5
1 1.00003 0.99997 1.00000 0.99997 0.99997
2 1.00002 0.99999 1.00002 1.00001 1.00002
3 1.00003 0.99998 1.00003 0.99998 1.00003
4 1.00000 1.00001 1.00003 0.99999 1.00003
5 0.99999 0.99998 1.00003 0.99997 0.99997
Sum 5.0001 4.9999 5.0001 4.9999 5.0000
Average 1.0000 1.0000 1.0000 1.0000 1.0000
Std. Dev. 18.166E-6 | 15.166E-6 | 13.038E-6 | 16.733E-6 | 31.305E-6
Variance 330.000E-12 | 230.000E-12 | 170.000E-12 | 280.000E-12 | 980.000E-12
Repeatability 19.950E-6
Reproducibility 16.793E-6




The Effect of UUT Resolution on Risk & Uncertainty

ERaanE

MEE@@D

1 000.0 kgf load cell example with a resolution of 0.01 kgf



The problem with averages: They hide extremes! You can have your head

in an oven, feet in ice, and
on average, you feel fine.

OVERWEIGHT PLANES
ARE NOT SAFE TO FLY

(l‘;easured Val@

32600 Based on averages,

31300 we are good to fly.
25300
= 32000

28800
Target weight:
\ 30,000 + 300 lbf




The Problem with Averages

A1 B c D SELECTION OF GUARDBAND METHOD
) E= o Sdutions | Reported Result [Acceptance Limit C';:‘::if::;i':" | AC G8:2009 Decision Rule(95% ########] C”sm"‘:i\;?fp“"ce 2
3 Nominal Value 30000 ( ki
4 Lower Specification Limit 29700 INDETERMINATE||0.00014
5 Upper Specification Limit 30300 INDETERMINATE
6 Measured Value 30000.0000 —
7 Std. Uncert. (k=1) 3.00E+3 '
8 Total Risk 92.032% / \
9 Upper LimitRisk 46.016% 0.0001
10 Lower LimitRisk 46.016% / \
1 Test Uncertainty Ratio (TUR) = 0.05 0.00008
12 Process Capability (Cpx) 0.033 / \
Area below for calculations
Sample Measurement Lo

1 32600.0 / \

2 31300.0 0.00004

3 25300.0 / \

4 32000.0 0.00002

5 28800.0

Sample Mean 30000.00 J \_
Sample Standard Deviation 2999.17 0 ' ; ' ; ; ; ;
0 5000 10000 15000 20000 25000 30000 35000 40000 45000
e |\| em=| S| ———NominalValue e===USL ———Uncert Dist ew=|Al e={AL
'\ J




Resolution in UNC budget

e 3 4 Meretrowse
—
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CMC (k=1) & $
Repeatability Uncertainty Liiil]
Resolution Uncertai * 2.89E-3|5.77E-3 A 400%

5 = 1000 _ 1000|1000
df - Repeatability Uncertainty 1000 1000

df - Resolution Uncertainty 1000 1000 0 200%
Combined Yariance (RSS) SE-06 | 3E-05 | 0.0002
Combined Uncertainty (k=1) k! 0.003 | 0.0058 | 0.0145 g A
Effective Degrees of Freedom 152_| 1038 | 1006 0.0%
2.00 2.00 2.00
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Nominal ¥alue 100
Lower Specification Li : 99.300
Upper Specification Limit
Measured Yalue
| ert. =

Total
5.000
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1 2
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The Effect of UUT Resolution on Risk & Uncertainty

Resolution and the Effect on Total Risk Using a 1 000 kgf Morehouse Load Cell and Varying the Indicator Resolution

Uncertainty Percent Contribution

Effect of Resolution on Total Risk

120.0%

100.0%

80.0%

60.0%

40.0%

20.0%

0.0%

0.001 0.01 0.02 0.05 0.1 0.2 1

0.4 0.6 0.8
Resolution of UUT

CMC % Contribution

The risk starts to increase quite dramatically as When the resolution is 0.001 kgf, it is
the resolution increases so, does the overall insignificant. At 0.01 kgf, itis 11.52 % of the
uncertainty overall budget, and when raised to 0.05 kgf; it

becomes dominant.
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Accuracy and Precision

1 2
This is what we see
High Precision (Small Random Error) High Precision .
High Accuracy (Low Bias) Low Accuracy (High Bias) happening a !Ot ?nd th_e
reason for this discussion.
3

A precise instrument with
a known Systematic Error

Low Precision (Large
Random Error)
High Accuracy (Low Bias)

Low Precision
Low Accuracy (High Bias)



Instrument Bias

Nominal Value of 10 Nominal Value of 10
Measured Value of 10, No Bias Measured Value of 11.75, Bias

A

Bias

Nominal Value
Nominal Yalue

(o]
-

0 12



Instrument Measurement
+ 9 |Ibf Bias

Nominal Value 10000.0
Lower specification Limit 9990.0 5 4
Upper Specification Limit 10010.0 : 1
Measured Value 10009.0 - '
Measurement Error 9.0 A I
Std. Uncert. (k=1) 0.085 ]
Total Risk 0.00% yi :
Upper Limit Risk 0.000% 3 |
Lower Limit Risk 0.000% | = o
25
TUR = 58.78043644 | + 9 |bf
Cpk= 5.999032319 2 '
TAR= 62.5 I
15 i
Simple Guard Band (Subtract Uncertainty) 1 |
Guard Band LSL 9990.170 I
Guard Band USL 10009.8299 05 |
Percent of Spec 98.30% :
0 ' ! . !
Guard Band Limits for Risk of 2.500% 9985 9390 9995 10000 10005 10010 10015
Guard Band LSL 9990.167
Guard Band USL 10009.833
Percent of Spec 98_33"/0 MV LSL Nominal Value usL e |J . Dist — —GBLSL - — GBUSL l

Graph Showing 10 009.0 as the measured value with a 58.789:1 TUR, which is achieved by using a lab with low
uncertainties (Morehouse actual example) There is a bias of + 9 Ibf in this example.



Instrument Measurement

+ 9 Bias
Force Applied Measurement Value Offset, Bias ,Systemic
Measurement Error
10 000.00 10 009.00 +9
10 000.00 10 009.00 +9

When we make repeated measurements or have enough history on
the device to know that replicate measurements will produce the
same result, we have a known systematic error (Bias).



Bias — Centered
Measurement

* Page 92 Section 5.2 Introduction to
Statistics in Metrology

5.2.1.5 Risk with Biased Measurements

While the 4:1 TUR requirement is commonly used to ensure a measurement is
adequate for making an accept/reject determination, this metric assumes that
the process distribution is centered between the specification limits, that is
H, = (SLy + SL;)/2. If this is not the case, TUR cannot be reliably used as an
indicator of risk, however, the PFA and PFR equations are still valid assuming
the correct p,, 1s used.

The measurement uncertainty distribution 1s also assumed to be centered about
the actual value r when calculating TUR. The measurement process is said to be
biased if it is not centered about 7 and systematically overstates or understates
the true value of the measurement. Properly accounting for measurement bias
provides a more accurate risk evaluation. If bias is ignored, the risk might be
understated, perhaps significantly.

In the presence of bias, the distribution of the measurement y, given the
actual value 7, shifts from a N(t,0;,) distribution to a N(t — b, 0;,) distribution,
where b,, is the measurement bias.

With bias b,,, the expressions for the PFA and PFR (without guardbanding)
become

SL; SLy; 2

"'ﬁ['“._“—bm : _?’: !_ﬂl’ 3
; J onV21 opV2n
—00 SL; .
(5.18)
+0oC SLy

| —L(y—(t—bn))’ 1 —Ly(t—p, )’
k / / = i dy —& " dt.
. - 0’" 2” Gp 2”

SLy SL;



What happens when we do not correct the bias?

Measurement BIAS BIAS CORRECTED
Uncertainty kK = 2| Measured Value With Bias | Measured Value Bias Removed
Primary 0.17 9991.0 10000.0
Reference (TUR 4:1) 2.5 9989.0 10000.0
Working (TUR 3:1) 3.3 9987.0 10000.7
General (TUR 2:1) 5 9989.0 10000.5
Process (TUR 1:1) 10 9980.0 10000.6




Not correcting for Bias

Bias Corrected ‘ =Bias Not Corrected

10005.0
10000.0 10000-0 10000.0 10000.7 10000.5 10000.6
9995.0
9990.0 9994=6.
9985.0
9980.0
9975.0
9970.0
9965.0

9989-6 : : 55838.0

o
i
©
>
o
©
R
5
(7]
o
®

Primary Reference (TUR 4:1) Working (TUR 3:1) General (TUR 2:1) Process (TUR 1:1)

The Figure above shows what happens when the reference laboratory does not correct for bias and applies
9,991.0 Ibf and not 10,000 Ibf.

In this scenario, instruments may have failed when they would have passed calibration.




Metrological Traceability

* Metrological Traceability: Property of a measurement result whereby the result can be
related to a reference through a documented unbroken chain of calibrations, each
contributing to the measurement uncertainty.
°NOTE 1 For this definition, a ‘reference’ can be a definition of a measurement unit through its

practical realization, or a measurement procedure including the measurement unit for a
non-ordinal quantity, or a measurement standard.

°NOTE 2 Metrological traceability requires an established calibration hierarchy.

°NOTE 3 Specification of the reference must include the time at which this reference was used in
establishing the calibration hierarchy, along with any other relevant metrological information
about the reference, such as when the first calibration in the calibration hierarchy was performed.

°NOTE 4 For measurements with more than one input quantity in the measurement model, each
of the input quantity values should itself be metrologically traceable.




Metrological Traceability

Measurement £
Uncertainty Data is e

cumulative from vl
INSTITUTE (NIST)
one level of (0.011)

[ ]
hlerarChY to REFERENCE METROLOGY
LABORATORIES (0.02)
another!
WORKING METROLOGY LABORATORIES
(0.05)

GENERAL CALIBRATION (0.07)
PROCESS MEASUREMENT (0.1)



Property of a measurement result whereby the result can be related to a reference
through a documented unbroken chain of calibrations, each contributing to the

measurement uncertainty

S¢q International Bureau of Weights and Measures (BIPM)
84( |

International Laboratory
Accreditation Cooperation (ILAC)
Defines Rules for Accreditation

Defines the 7 S| Units of Measurement I

Usipm@sss c.) = 1.000e-9

b

National Measurement

v

Unmi@ose c.i) = 10.05e-9

REGIONAL ACCREDITATION |"Stitm€.(_N|5T in US_A) >
COOPERATION Traceability to S| Units
Peer Evaluation of Accrediting 1
Bodies per ISO/IEC 17011 Traceabilit\‘to SI Units
| Verifies Accredited
e Primary |
I_Traceablhty Laboratory, OEM
1
Calibrates Standards
ACCREDITING BODY Y
Competence of Verifies Accredited
Laboratories per _Traceability" Laboratory | >
ISO/IEC 17025

Verlfle_s. el calibration
Traceability Laboratory

Calibrates Instruments

In-house

Instruments used

1
Calibrates Standards
A 4

in Process ey

Measurements

!

U(prIMARY LAB @95% c.1) = 100.5e-9

t

Ug(AcCREDITED LAB @95% c.1) = 510e-9

v

U(caLiBRATION LAB@95% C.1) = 1.12€-6

}

UnsTRUMENT@S5% C.1) = 1.64€-6




Metrological Traceability

‘ Metrological Traceability ‘

SI

NMI

Primary Standard

Secondary
Standard

Accredited
Laboratory

Unit Under Test




The Correct Definition and Calculation of TUR

Span of the + UUT Tolerance

2 X Kgso, (Calibration Process Uncertainty)
TUR Formula found in ANSI/NCSLI Z540.3 Handbook

TUR =

* The ratio of the span of the tolerance of a measurement quantity
subject to calibration to twice the 95% expanded uncertainty of the
measurement process used for calibration. ANSI/NCSLI Z540.3-2006

* The ratio of the tolerance, TL, of a measurement quantity, divided by the
95% expanded measurement uncertainty of the measurement process
where TUR =TL/U. ILAC G8:2019



TUR Defined ANSI/NCSL 2540.3 Handbook

Span of the + UUT Tolerance

2 X kg0, (Calibration Process Uncertainty)
TUR Formula found in ANSI/NCSLI Z540.3 Handbook

TUR =

"For the numerator, the tolerance used for Unit Under Test (UUT) in the calibration
procedure should be used in the calculation of the TUR. This tolerance is to reflect
the organization's performance requirements for the Measurement & Test
Equipment (M&TE), which are, in turn, derived from the intended application of
the M&TE. In many cases, these performance requirements may be those described
by the Manufacturer's tolerances and specifications for the M&TE and are
therefore included in the numerator.”

ANSI/NCSL Z540.3 Handbook "Handbook for the Application of ANSI/NCSLI 540.3-2006 - Requirements for the Calibration of Measuring and Test Equipment.”



The Correct Definition and Calculation of TUR

Span of the + Tolerance

2 ¥ . 2 o 2
2 x Kosa ( J(CMC) + (ResolutlonUUT) + (Repeata;)llltyum) + - (u Other)z)

TUR =

Kemce V12

Example of a TUR Formula (Adapted from the ANSI/NCSL Z540.3 Handbook)

In most cases, the numerator is the UUT Accuracy Tolerance. The denominator is slightly more
complicated. Per the ANSI/NCSL Z540.3 Handbook, "For the denominator, the 95 % expanded uncertainty
of the measurement process used for calibration following the calibration procedure is to be used to
calculate TUR. The value of this uncertainty estimate should reflect the results that are reasonably
expected from the use of the approved procedure to calibrate the M&TE. Therefore, the estimate includes
all components of error that influence the calibration measurement results, which would also include the
influences of the item being calibrated except for the bias of the M&TE. The calibration process error;
therefore, includes temporary and non-correctable influences incurred during the calibration such as
repeatability, resolution, error in the measurement source, operator error, error in correction factors,
environmental influences, etc."



Measurement Decision Risk

0.09 - Measurement Risk Graph

008 1

0.07 :
Anything to the left of

0.06 - i ine i .

0.05 Measurement Risk

0.04 //

003 / \

0.02 -

0.01 / ! 68|26 % \
A;za? % 1115.87‘}0\5

0 Y T . 1
9975 9980 9985 9990 9995 10000 10005 10010 10015 10020 10025

|

ISO/IEC 17025: 2017 Section 3.7 defines a decision rule as a rule that
describes how measurement uncertainty is accounted for when stating
conformity with a specified requirement

1
||
| Anything to the right of

Measurement Risk

Uncert. Dist

MV e Y- K Nominal Value e LIS
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A calibration laboratory cannot make a
statement of conformity or "Pass" an
instrument without violating ISO/IEC
17025:2017 as section 3.7 defines a Decision
Rule as a rule that describes how measurement
uncertainty is accounted for when stating
conformity with a specified requirement. Some
may argue that you can take it into account by
ignoring it.

To that end can we all decide to take all red
stop lights into account and start ignoring
them?



Global Consumers’ Risk in Evaluation of
Decision Rules

Direct Measurements

Data Input Reported Result
Nominal Value (Engineering Units) 100
Lower Specification Limit(+0.0045 %) 99.9949
Upper Specification Limit(+0.0045 %) 100.0051
Measured Value = [ 100.004 382
Combined Std. Uncty (k=1) 0.001275
In-Tolerance Probability = 71.338%
Total Risk = 28.662%
Upper Limit Risk = 28.661850%
Lower Limit Risk = 0.000 000%
Test Uncertainty Ratio (TUR) = 2.00

Process Capability (C,) =

Customer (Consumer) Risk =
Lab (Producer) Risk =
Test Point PFR =

1.8513%
1.3986%

10.8513%

Beginning of Period Reliability =

[98.1487% ]

300

250

200

150

100

50

0

99.98

Product Acceptance Risk

120

100

80

60

40

20

- . 0
99.985 99.99 99.995 100 100.005  100.01 100.015 100.02



Decision Rule Selection Guide for Calibration and Testing Applications Requiring a Statement of Conformance

Yes
\-::_'f.'_':__ 1. Legal, regulatory standard _—=——— Follow applicable legal or regulatory standard
No
_— 2. Applicable Standard that ——_ Follow conformity rule per
o . includes decision process?.— ISO/ASTM/EURAMET Standard
SeIeCtlllg tI le No

4a. Choose the decision rule based on joint probability or

_3_tsthere enough historical data__ Yes conditional probability that best takes into account
<___ todetermine"In-Tolerance" = —>———  both false accept and false reject for your application.
Probabilities? * ,— Examples include TUR based methods, Fluke RSS,

==t ANSI/Z540.3 M1.M2.M4, Root Diff Sum

Decision Rules —

choice a Use ILAC-G8 or Simple Risk guard band
producing < 2.5 % PFA

4b. Choose the decision rule based [choice b Use Constant CpK Method for the appropriate
on conditional probability or confidence level
specific risk for not having enough

product information

choice c

Use UKAS M3003 4th Edition Section M2 Method

choice d

Other conservative "bench-level" risk method

3. *Note: The formula to determine "In-Tolerance"
Probability from historical data is
SampleSize = In(1-Confidence)/In(Target z...q.,)




Selecting the Appropriate Decision Rules

GB Method Comparison

120.00%
100.00%
80.00% | —M1
' —M6
o —RDS
) = Fluke RSS
0 60.00% —RP-10
Y —M4
a
== Const Cpk
40.00% -G8
== Simple Risk
~=TUR Deaver
— UKAS
20.00% |
0.00% -
1 15 2 25 3 35 -

TUR



Global Consumers’ Risk in Evaluation of
Decision Rules

Global consumer's risk is defined in

JCGM 106:2012. The role of CPU in I"ml’.‘fth“rf:i,w WSTTUTES e
conformity assessment is defined as another! HoRATORIES (017
"the probability that a

non-conforming item will be acceptec
based on a future measurement
result.”

GENERAL CALIBRATION (5.00)

PROCESS MEASUREMENT (10.00)

If only one tier of the calibration chain cares about the measurement decision risk, then
the whole process is at risk. When this risk is propagated throughout succeeding tiers,
can we expect the process to work properly?




Why Cpk Might be the Most Useful Tool in
Making Conformity Decisions

Nominal Value 1000.0
Lower specification Limit 999.0
Upper Specification Limit 1001.0 i i
Measured Value 1000.9 1 ﬁ
Measurement Error 09 :
Std. Uncert. (k=1) 0.031 4 fé
Total Risk 0.05% :
Upper Limit Risk 0.05% 1 ;
Lower Limit Risk 0.000% 9 g
TAR= 50 : i
TUR= 16.36591312 i
Cpk= 1.669991134 1
Simple Guard Band with Subtraction Uncertainty Only :
Guard Band LSL 999.061 1 J
Guard Band USL 1000.9389 1
Guard Band Limits for Risk of 2.00%
Guard Band LSL 999.063
Guard Band USL 1000.937 == — ges e v

CpK = min(((USL-Measured Value)/ 3 x Std. Uncertainty)),((Measured Value — LSL)/3 x Std. Uncertainty)))



Why Cpk Might
be the Most
Useful Tool in
Making
Conformity
Decisions

Std Unc

k=1 .| TUR.| Pecent .| LowerLimit.| Upper Limit- Measured Value .|P(n-Tol). P(OOT) .| LLRisk. ULRisk. Total Risk. Cpk-
0004808 | 104 | 385% 100.000 100.000 100.000 96.19% | 3.81% 154% 2.27% 381% 0.6667
0004386 | 114 | 1228% 99.999 100.001 100.001 9720% | 280% | 052% 2.27% 2.80% 0.6667
0003906 | 128 | 2187% 99,998 100.002 100.002 9763% | 237% | 009% 2.28% 2.37% 0.6667
0003676 | 136 | 26.47% 99.997 100.003 100.003 9770% | 230% | 0.03% 2.28% 2.30% 0.6667
0.003 333 15 | 3333% 99.997 100.003 100.003 9772% | 228% | 0.00% 227% 2.28% 0.6667
0.003 126 16 3750% 99.996 100.004 100.004 9772% | 228% | 0.00% 227% 2.28% 0.6667
0.002 941 7 4178% 99.996 100.004 100.004 9772% | 228% | 0.00% 227% 2.28% 0.6667
0.002 778 18 44,443, 99.996 100.004 100.004 9772% | 228% | 0.00% 227% 2.28% 0.6667
0.002 632 19 4737% 99995 100008 100,005 9772% | 228% | 0.00% 2.27% 2.28% 0.6667
0.002 500 2 50.00% 99,995 100.005 100.005 9772% | 228% | 0.00% 227% 2.28% 0.6667
0.002 381 2.1 52.38% 99995 100005 100.0085 9772% | 228% | 0.00% 2.28% 2.28% 0.6667
0.002 273 22 | 5455% 99,995 100.005 100.005 9772% | 228% | 0.00% 227% 2.28% 0.6667
0002174 | 23 56.52% 99.994 100.006 100.006 9772% | 228% | 0.00% 2.27% 2.28% 0.6667
0.002 083 24 | 5833% 99.994 100.006 100.006 9773% | 227% | 0.00% 227% 227% 0.6667
0.002 000 25 | 60.00% 99.994 100.006 100.006 9773% | 227% | 0.00% 2.27% 2.27% 0.6667
0.001923 26 6154% 99.994 100.006 100.006 9772% | 228% | 0.00% 2.28% 228% 0.6667
0.001852 27 | 6296% 99.994 100.006 100.006 9772% | 228% | 0.00% 2.28% 2.28% 0.6667
0.001786 28 64.29% 99.994 100.006 100.006 9772% | 228% | 0.00% 2.28% 2.28% 0.6667
0001724 | 29 65.52% 99.993 100007 100.007 9772% | 228% | 0.00% 2.28% 2.28% 0.6667
0.001667 3 66.67% 99.993 100007 100.007 9773% | 227% | 0.00% 227% 227% 0.6667
0.001613 3.1 67 74% 99.993 100007 100.007 9773% | 227% | 0.00% 2.27% 227% 0.6667
0.001563 32 68.75% 99.993 100007 100.007 9773% | 227% | 0.00% 2.27% 2.27% 0.6667
0.00156% 33 69.70% 99.993 100.007 100.007 9772% | 228% | 0.00% 2.28% 2.28% 0.6667
0.001 471 34 | 7059% 99.993 100007 100.007 9772% | 228% | 0.00% 2.28% 2.28% 0.6667
0.001429 35 7143% 99.993 100007 100.007 9773% | 227% | 000% 227% 227% 0.6667
0.001389 36 72.22% 99.993 100007 100.007 9773% | 227% | 0.00% 227% 227% 0.6667
0.001351 37 | 297m% 99.993 100007 100.007 9772% | 228% | 0.00% 2.28% 2.28% 0.6667
0.0013% 38 73.68% 99.993 100.007 100.007 9772% | 228% | 0.00% 2.28% 228% 0.6667
0.001282 39 74.36% 99.993 100.007 100.007 9772% | 228% | 0.00% 2.28% 2.28% 0.6667
0.001250 4 75.00% 99,993 100.007 100.007 9773% | 227% | 000% 2.27% 2.27% 0.6667
0.001217 4T | 7567% 99.992 100.008 100.008 9773% | 227% | 0.00% 227% 227% 0.6667
0.001190 42 76.19% 99,992 100.008 100.008 9773% | 227% | 000% 2.27% 2.27% 0.6667
0.001163 43 76.74% 99.992 100.008 100.008 9773% | 227% | 0.00% 227% 227% 0.6667
0.001136 44 7727% 99.992 100.008 100.008 9772% | 228% | 0.00% 2.28% 2.28% 0.6667
00071111 45 77.78% 99.992 100.008 100.008 9773% | 227% | 0.00% 227% 227% 0.6667
0001087 | 46 78.26% 99.992 100.008 100.008 9772% | 228% | 0.00% 2.28% 2.28% 0.6667
0.001064 47 | B72% 99.992 100.008 100.008 9772% | 228% | 0.00% 2.28% 228% 0.6667
0.001042 48 79.17% 99.992 100.008 100.008 9773% | 227% | 0.00% 227% 227% 0.6667
0.001020 49 79.59% 99.992 100.008 100.008 9772% | 228% | 0.00% 2.28% 2.28% 0.6667
0.001000 5 80.00% 99,992 100.008 100.008 9772% | 228% | 0.00% 2.28% 2.28% 0.6667
0.000 746 67 | 8507% 99,991 100.009 100.009 9772% | 228% | 0.00% 2.28% 2.28% 0.6667
0.000 500 10 90.00% 99,991 100.009 100.009 9773% | 227% | 0.00% 227% 227% 0.6667
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UpperSpec — MeasuredValue) (MeasuredValue - LowerSpec)
3 x uCal ’ 3 x uCal

Cpk = Minimum(

Maximum Percent of Specification for any given TUR Scenario (In-Tol Prob. Unk.)
100.00%

90.00%
80.00%
70.00%
60.00%

50.00%

Percent of Spec

40.00%

30.00%

20.00%

10.00%

0.00%
0 2 4 6 8 10 12 14 16 18 20



QR Codes

* Giveaways
Resolution Sheet
Risk Sheet




Want More Information?

#1 CMC Calculation Made Easy Tool for
Force Uncertainty

Are you having problems figuring out all of the requirements to

Measurement calculate a CMC for force uncertainty or torque uncertainty? This excel

Confidence sheet provides a template to calculate CMCs (force uncertainty) with

explanations of everything required to pass an ISO/IEC 17025 audit.

G Morchense inty Callbration and Capability Worksheet

MoaacHrames

1

Decision Risk

Morehouse Free Force Uncertainty Spreadsheet to Calculate Calibration

and Measurement Capability Uncertainty
Measurement Confidence: How to Decrease Product Failures by making Better Measurements

YouTube Videos Morehouse Free Downloads

LAB MANAGER &

2

GREG
CENKER

Advance your business with either 3 or 5 days of in-class
instructional training in beautiful Charleston, SC aimed at making
you a better lab manager and helping you improve your business

operations through the use of uncertainty and statistics.

https://www.workshop.indysoft.com/

Dilip Finds your Lack of Measurement Uncertainty httos://www.workshop.indvsoft.com/
Disturbing



https://www.youtube.com/c/mhforcecalibration
https://mhforce.com/documentation-tools/
https://www.workshop.indysoft.com/

