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Abstract

This 4hour tutorial will help the participant eliminate much of the noise on decision
rules. It will provide guidance anyone can take away and implement in their laboraton
This session aims to give guidance beyond simply requesting a 4:1 TUR (antediluvial
or accepting a sharedsk scenario as with simple acceptance.

When a calibration report is provided, a typical concern for the customer is to know if
the item calibrated is within the tolerance specified so they can continue using the
device (i.e., many want a new sticke).

While this longestablished approach has been in service since 1955, measurement
d0ASYOS Kla S@2t SR 02N y2uKO® 2 A0K 2d
may no longer be enough.



Learning Objectives

. Understanding Measurement Traceability Requirements.

. Know the Fundamentals of Measurement Uncertainty.

. Understanding Measurement Data Sampling Requirements.

. Understanding the Basics of Decision Rules.

. Know the Differences and Applications for Specific and Global Risk Models.
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. Introduction to Metrology Costing Models.
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Figure 1. Simplified evolution of international and national calibration standards and guidelines
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Where did the famous 4:1 Requirement Come From?

Origins of the ubiquitous 4:1 test accuracy ratio have been and attributed to
Hayes and Crandon of the U.S. Navy In the mid-1950s. Hayes published the
first known statistical analysis of calibration quality (false accept/reject) in
1955, invoking the concept of accuracy ratios, based primarily on the 1954
seminal works of Eagle and Grubbs & Coon.

Condon: NCSL {1966 [4]
A brief summary of the TAR requirements throughout the life of MIL-STD-45662A and 1ts ‘NASA'S policy on of-8CCUrac =dl i 200-2 requires that Within the state-of-the-art limitation,
associated handbook 15 given, including its replacements ANSI Z540.1-1994 and Z540.3-2006. th ave a tolerance no
of many measurement
1960 MIL-C-45662- Required a 10:1 TAR [12] requirements are becoming so sophisticated that H:ey appma-.,hed the limits of the science of metrolog,
1962- MIL-C- 4“:66"A' No TAR specified [7] such cases, it becomes impossible fo maintain the 10 to 1 ratio of accuracy in the calibration of the inst
1964: MIL- : Required 4:1 to 10:1 TAR [13]
1980- MIL-S ; : No TAR specified [30] Russell: MCSL (1966): [5]
1984. MIL- . Mentions 10:1, 4:1. 3:1, 2:1. & 1:1 TAR examples only 3118 “...our discussion centered around the accuracy ratio of standard to instrument during measurement and
1988 MIL-S . . Required 4:1 TAR [29] (replaced by Z540.1-1994 in 1995) calibration operations... Basically, the problem revolves around the actual or implied requirement that the
1989- MIL-HDBE-52B- Provided guidance on 4:1 TAR [177] C of an insfrument or standard used fo measure & quan r to calibrate another instrument, shall be
R T T - o — 0 ti -urate as the guantify trument bein ated.
1994: 7540.1-1994 Required uncertainty analyses or 4:1 TAR [32] wraeas e ¢
5- 54 . - = Iso the implication that the 1 tio of accuracy shall exist between every level or echelon in the
3 w v
133_6 ;ijg ; Elgg.gbook. lP;m ided ;:Ldmscf on 4:1 TAR ngbmiuiu,rg; |'1_f-1-!|A traceability chain for product to National Standards. ent could create an impossible situation. ..
2006: Z540.3-2 equires <2% false ac F. ord: - i

2009: Z540 3 Handbook:  Provides gmidance on <2% FAR and 4:1 TUR [43]

1 am of the ﬂpmmn J‘hat that there are too many document basically state paralle
degr&ﬁ unrealistic... Where 4-fo-1 is maintained... the refiabili




Introduction - First efforts at reducing measurement risk
a2zRSNY YSIFad2NBYSYyld RSOAAAZ2Y NAR&A&T]T GNJF OS
Alan Eagle
Frank Grubbs, and Helen Coon
OF3fSUad moppn LI LISNI F20dzaSR 2y YSiK2Ra
methods for calculating consumer and producer risk.
YSGK2Ra FT2N) Saidl ot AaKGyamdBandtBdayi A YA (a
DNMzo64&a YR [/ 22yas Ay GKS &l yYS Lzt AOl

methods for balancing consumer and producer risk for measurerhaséd
decisions.

These papers were the genesis of requirements found in standards such-& BAIL
45662, ANSI/NCSL Z540.1, ANSI/NCSL Z540.3, ASME B330B.4ahd JCGM
106:2012, as well as other National and International standards and paper



Introduction - First efforts at reducing measurement risk

In 1955, the U.S. Navy needed improved measurement reliability in their guided missile program.
In response, Jerry Hayes authored Technical Memorandum NbO&3 Aspects of this document are still relevant today.
- Calibrated equipment needed for testing

- Establishment of reasonable testing risk levels
- Reasonable design tolerances
- Adequate procedures for testing

PAAY3 9F3ESQa 62N = | FeSa LINRPLRASR | aFlFYAte 27F OdzN
- A new family of curves had to be established for each change in process or design tolerance

- Computing consumer risk was very arduous with slide rules

With a lack of computing power in 1955, a 4:1 accuracy ratio was established as Navy policy
- Established for a 1% Consumer Risk objective

- Assumed the test equipment and calibration standard manufacturing specifications were developed for a 95
confidence level

This is the origin of the Test Accuracy Ratio (TAR) used in calibration and testing for decades.



Introduction i The 4:1 Rule and Measurement Risk

The accuracy ratio in the Eagle equation was a ratio of two standard deviations.
- Thenumerator yA 8 GO0 KS GNHzS &Gl yYRIFINR RSGQOAIFGAZ2Y
- Thedenominatof e A& GUOKS &Gl yYRIFINR RSGQOAIGAZ2Y 27

Q Qi Qo

2

CR versus Accuracy Ratio

Assuming a 95% confidence level for each, Hayes used =~ Atz atelya3 LTAR, the
ALISOATFAONGAZ2YE F2NJ GKS abSad\ NI hiodot

\ Yarget R was achieved.
A The numerator would be UUT specifications, and S \\
A the denominator the Calibration Standards. :f 1 \‘\ /
The intent was to use procedure controls to mitigate other ; S

GYSI AdNBYSY (i SNNRNEE RdzNRYS |(SadA k=2
Not fully trusting all specs were equal, Hayes and Crandon os

increased the ratio to 4:1.

Therefore, the 4.1 Rule provides a specific level ofamdk
under explicit assumptions and conditions ! S L A

Accuracy Ratio




Measuremen
Confidence

MEASUREMENT
CONFIDENCE

METROLOGICAL
TRACEABILITY



ISO/IEC 17025:2017 Requirement

6.5 Metrological traceability

6.5.1The laboratory shall establish anthintain metrological traceability of its
measurement resultdy means of a documented unbroken chain of calibrations, each
contributing to the measurement uncertainty, linking them to an appropriate reference.

bh¢9 M LY L{hkL9/ DdzZARS odpZ YSIiNRt23AOI
measurement result whereby the result can be related to a reference through a
documented unbroken chain of calibrations, each contributing to the measurement
uncertaintye @

NOTE 2 See Annex A for additional information on metrological traceability.



Measurement Related Terms

Metrological TraceabilityProperty of a measurement result whereby the result can be
related to a reference through @ocumented unbroken chain of calibrations, each
contributing to the measurement uncertainty.

bh¢9 M C2NJ 0KAA RSFAYAUGAZ2YS | WNBFSNBYyOSQ Oly o6S |
a measurement procedure including the measurement unit for aoinal 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 th
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 quar
values should be metrologically traceable.



Measurement Traceability

Measurement NATIONAL ‘
Uncertainty Data is METROLOGY M

. INSTITUTES (NIS
cumulative from one HEST)

(0.01)
level of hierarchy to

another! PRIMARY CALIBRATION |
LABORATORIES (0.17) .

4

REFERENCE METROLOGY LABORATORIES ﬁ
(P11))

|

WORKING METROLOGY LABORATORIES (3.33)

!

GENERAL CALIBRATION (5.00)

|

PROCESS MEASUREMENT (10.00)



Measurement Accuracy, Risk, and the Metrology chain

International System of Units (SI)

Errors cause Highestlevel of Accuracy

Lowest level of Riskto Bureau International des Poids Mesures (scientific metrology)
final product or service (BIPM) Y
A
v

Primary National Standard
National Metrology Institute

- - Secondary Standard - - -
Quality requirements mu National Meggzg;'g;‘i‘:;e or Primary Calibration requirements
ensure the measurement must ensure measuring
will support the decision v and test equipment are
A perfect instrument doe Working Standards CEERIEIDD EINE [EE0 i |

P Py dards Lab or other Lab i Se by endusers
y2i 3Jdz NI yi || 3P R b orothertete y
YSI adzZNBYSyu
v
Calibrations

In-house or Commercial Calibration Labs

v

Errors cause
Highestlevel of Riskto
final product or service

Lowest level of Accuracy
(end-item usage)

Measurements by End-ltem users




Measur ement Unce

Measurement
Uncertainty Data
is cumulative
from one level of
hierarchy to
another!

National Metrology
Institute (NMI)

—

Primary Reference Laboratory
Morehouselnstrument Company

—

Accredited Calibration
Service Supplier

—

rtaintyos

Typical Uncertainties for Force

Measurementk =1

NIST = 0.0004 80.0005 %

Morehouse =0.0008 %

Accredited Calibration Supplier = 0.02

%

Working Standards = 0.1 %

Field Measurement = 0.5 %

-

J

Instrument/Eqg

Working Standards

uipment

Rel
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Measurement Uncertainty

7.6 Evaluation of measurement uncertainty

7.6.1 Laboratories shall identify the contributions to measurement uncertairifyhen evaluating
measurement uncertainty, all contributions that are of significance, including those arising from
sampling, shall be taken into account using appropriate methods of analysis.

7.6.2 A laboratory performing calibrations, including of its own equipment, shall evaluate the
measurement uncertainty for all calibrations.

7.6.3 A laboratory performing testing shall evaluate measurement uncertaintyhere the test method
precludes rigorous evaluation of measurement uncertainty, an estimation shall be made based on an
understanding of the theoretical principles or practical experience of the performance of the method.



Introduction - Measurements, Uncertainty, and Specifications

Measurement Uncertaintyt KS R2dzo G GKIFG SEA&GA | 62 dz
- Every measurementeven the most carefal always has a margin of doubt

- Uncertainty is the inherent limitation of a measurement process, due to
instrumentation and process variation

- Measurement uncertainty does not include mistakes

+L

@
AO ‘ :
B E Nominal
A

— N Range of possible values at 95%
confidence L




Measurement Uncertainty

CMC is defined as Calibration and Measurement Capability. It often includes t
following standard uncertainty contributors:

Repeatability

Resolution

Reproducibility

Reference Standard Uncertainty
Reference Standard Stability
Environmental Factors

G- e A - e e

7.6.1 Laboratories shall identify the contributions to measurement uncertainty. When evaluating
measurement uncertaintyall contributions that are of significancencluding those arising from
sampling shall be taken into account using appropriate methods of analysis.

20



Measurement Uncertainty

Let us examine CMC (Calibration Measurement Capability) using a primary

standard as the reference and how it affects the Expanded Uncertainty.
Primary Standard as the Reference (CMC 0.0016 % fo2 or 0.16lbf @

10K)

Measurement Uncertainty Budget Worksheet
Laboratory Morehouse Primary Standards
Parameter FORCE Range [10K | sub-Range]
Technician HZ Standards
Date Used
Variance %
Uncertainty Contributor Magpnitude Type Distribution Divisor df Std. Uncert (Std. S un4/df
Contribution
Uncert"2)
Reproducibiliy 000.0000E+H0 A Normal 1.004 10  000.00E+D  000.00E+D 0.00%| 000.0E+
Repeatability 57.7350E-B A Normal 1.004 5 57.74E-8 3.33E- 7.51% 2.2E-(
U-7643 LLF 65.0000E-B A Normal 1.004 200 65.00E-8 9.52% 89.3E-
Resolution of UUT 100.0000E-B B Resolution 3.464 200 28.87E-8
Environmental Conditions 75.0000E-B B Rectangular 1.732 200 43.30E-8 1443 %
Stability of Ref Standard 288.0000E-B B Rectangular 1.732 200 166.28E-8 . .
Ref Standard Resolution 24.0000E-B B Resolution 3.464 200 6.93E- Contrlbutlon
None 0.00q
Morehouse CMC 160.0000E- B Expanded (95.45% k: 2.00q 200 80.00E-8 6.40E- 14.43%| 204.8E-
Combined Uncertainty (9= 210.62E-8 44.36E-3 100.00%) 6.4E-4
Effective Degrees of Freedom 309
Coverage Factor (k) = 1.97
Expanded Uncertainty (U) K = 0.41  0.00414%

21



Measurement Uncertainty

[ SG§Qa SEIFYAYS /al/ o6/ FtAONYGA2Y aSl adaNBY
standard as the reference and how it affects the Expanded Uncertainty.

Accredited Calibration Supplier with Secondary Standards as the Reference

(CMC 0.04 % fde= 2 or 4lbf)

Measurement Uncertainty Budget Worksheet

Laboratory Morehouse Primary Standards

Parameter FORCE Range [10K | Sub-Range]

Technician HZ Standards

Date Used
Variance %
Uncertainty Contributor Magnitude Type Distribution Divisor df Std. Uncert (Std. S un4/df
Contribution
Uncert’\2)
Reproducibiliy 000.0000E+0 A Normal 1.00d 10|  000.00E+D  000.00E+D 0.00%|  000.0E+H
Repeatability 378.5939E-B A Normal 1.004 5 378.59E-B  143.33E-B 3.43% 4.1E-
U-7643 LLF 65.0000E-B A Normal 1.000 200 65.00E-8 4.23E- 0.10% 89.3E-
Resolution of UUT 100.0000E-B B Resolution 3.464 200 28.87E-8 i
Environmental Conditions 75.0000E-B B Rectangular 1.733 200 43.30E-8 95.74 %
Stability of Ref Standard 288.0000E-B B Rectangular 1.732 200 166.28E-8 . .
Ref Standard Resolution 24.0000EB B Resolution 3.464 200 6.93E-§ Contribution
None 0.00q
Accredited Cal Supplier CMC 4.0000E+ B Expanded (95.45% k: 2.000 200 2.00E+D 4.00E+D 95.74% 80.0E-
Combined Uncertainty (9= 2.04E+0 4.18E+ 100.00% 84.1E-
Effective Degrees of Freedom 207
Coverage Factor (k) = 1.97
Expanded Uncertainty (U) K = 4.0 0.04030%

22



Measurement Uncertainty

[ SG§Qa SEFYAYS /Jal 6/ FfAONYGAZY
does to the calibrati Expanded Uncertainty when calibrated with Versus Secondary
Standards

Primary Standards is approximately 10 time
lower than using secondary standards

Expanded Uncertainty @ 10K = 0.kbt Expanded Uncertainty @ 10K = 4108
Morehouse CMC = 0.1bf Accredited Cal Supplier CMC = 41ff0
Repeatability = 0.05Ibf Repeatability = 0.37bf

INDIVIDUAL CONTRIBUTORS

INDIVIDUAL CONTRIBUTORS

ACCREDITED CAL SUPPLIER

MOREHOUSE CMC ZZ22uzzZzzz2; cMC V]

REF STANDARD RESOLUTION £ REF STANDARD RESOLUTION

STABILITY OF REF STABILITY OF REF |

]

aSl adzNBYSy

STANDARD

ENVIRONMENTAL
CONDITIONS

RESOLUTION OF UUT

U-7643 LLF

REPEATABILITY

REPRODUCIBILIY

000.00E+0 50.00E-3 100.00E-3 150.00E-3 200.00E-3

f

b

]

77 ]

STANDARD

ENVIRONMENTAL |
]

CONDITIONS

RESOLUTION OF UUT 3§

U-7643 LLF

REPEATABILITY

REPRODUCIBILIY

%

V7]

000.00E+0 1.00E+0 2.00E+0

3.00e+0
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Metrological Traceabllity Review

Diameter Tolerance Chart per (ANSI/ASME B89.1.5)

Diameter Range "XX" "X" " g e
Above - Including

.010" - .825" .000020" .000040" .000070" .00010" .00020"
.825" - 1.510" .000030" .000060" .000090" .00012" .00024"
1510"- 2510° | ~000040" | ~000080" | 00012" | 00016" | 00032"
2.510"- 4.510" .000050" .00010" .00015" .00020" .00040"
4510" - 6.510" .000065" .00013" .00019" .00025" .00050"
6.510" - 9.010" .000080" .00016" .00024" .00032" .00064"
9.010"-12.010" .00010" .00020" .00030" .00040" .00080"




Metrological Traceabllity Review

A The resolution isl p inch

A Master thread gauge had
Measurement Uncertainty of 35
L inch

A Gage R & Rwas 7 pinch

What would be the minimum
uncertainty?




Metrological Traceabllity Review
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Tolerances

Tolerancethe total amount by which a specific characteristic

IS permitted by specifications to vary.

NOTE: The tolerance is the difference between the upper and
lower specification limits tolerance interval: region between, and including, the

tolerance

Tolerance limitsspecified values of the characteristic, giving upper and/or lower

bounds of thepermissible value

A measurement quantity of 100 Volts has 4
tolerance oftl Volt. The measurement
process used for calibration has an
estimated 95 % expanded uncertainty of 0.
Volts.

45
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3.5
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25
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Tension Links T Tolerance?

PROPE

R PIN DIAMETER

Pin B (2.0030 to 2.0060) Pin A (2.0005 to 2.0045)
50,070 50,010
50,050 50,020
50,040 50,010
50,070 50,020
50,090 50,020
50,060 50,030
50,080 50,010
50,070 50,030
50,090 50,020
50,090 50,070
50,080 50,060
50,100 50,070

17.81640375

22.74696117

Out of 24 tests 13 did not meet spec + 50




Standard Setup versus Morehouse Adapters in Morehouse Deadwei(

The Problem With Averages

On average the results look similar!

Manually Aligned Data Aligned with Adapter Data

0 degree 2011 0 degree 2008
120 degree 1997 120 degree 2006
240 degree 2018 240 degree 2010
Average 2008.6666 Average 2008
Standard Deviation | 10.6926766¢ | Standard Deviation 2
Max Deviation 21 Max Deviation 4
% Error 1.045% % Error 0.199%




The Problem with Averages

The problem with averages: They hide extremes!

OVERWEIGHT PLANES
ARE NOT SAFE TO FLY

Measured Values
32600 Based on averages,
31300 we are good to fly.
25300
32000
28800

Target weight:

You can have your head
in an oven, feet in ice, and
on average, you feel fine.

THE FORCE IN CALIBRATION SINCE 1925|




The Problem with Averages

Al B C D SELECTION OF GUARDBAND METHOD
. E= rm3 S utions Reported Result | Acceptance Limit Clouoligfiifn L AC G8:2009 Decision Rule(95% #HHHHH Customlﬁ;citeptance 2
3 Nominal Value 30000 ( )
4 Lower Specification Limit 29700 INDETERMINATE0.00014
5 Upper Specification Limit 30300 INDETERMINATE
6 Measured Value 30000.0000 000012
7 Std. Uncert. (k=1) 3.00E+3
8 Total Risk 92.032% / \
9 Upper Limit Risk 46.016% 0.0001
10 Lower Limit Risk 46.016% / \
11 | TestUncertainty Ratio (TUR) = 0.05 0.00008
12 Process Capability (C,) 0.033 / \
Area below for calculations
Sample Measurement 0.00006
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
em=|]\/ e==|S| —NominalValue ===USL —Uncert. Dist ====| Al e=UAL
\ J




Measurement Decision Risk

Measurement Risk Graph

0.09
Specific Risk Example
008 I I
007 g I
Anything to the left of | / \ | Anything to the right of
0.06 i e - { thisred-lineis—
Measurement Risk |/ \ Measurement Risk

005 /

|

0.04 | }

// i | \\

002 . |

0.01 / I 68|26 % | \

5 ‘ A,S? %) l15.87'§\

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.

MV il b B Nominal Value == USL — ) ncert. Dist l
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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 d@efines a

Decision Rule as a rule that describes how
measurement uncertainty is accountéar when
stating conformity with a specified

requirement. Some may argue that you céake it

Into account by ignoring it.

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

- UKAS LAB 48 Decision Rules and Statements of Conformity



Types of Risk (Errors)

Type | - Type Il Error

Calibration

In Tolerance
(GOOD)

Decision
Made

Called In
Tolerance -
ACCEPT

Called Out
of
Tolerance -
REJECT

(1-U )Calibration
Lab's Confidence
(Probability of
Correct Accept -
PCA)

(1- b )End User's
Confidence
(Probability of
Correct Reject -
PCR)




Types of Risk (Errors)

TEST ACTUAL STATUS of UNIT UNDER TEST
RESULT GOOoD , BAD

Cotrect Decision False Accept O
A MISSION READY ASSET FAILURE / O
Cc B
c &
P S 2= ;
T
Correct Decision
UNNECESSARY REWORK . PROPER REWORK 'r' = ‘.\'
AT
: £
S

" L8
J ,(f.. '\1
Cc { : hf{:&-" 7
¢ g

Image from NAVSEA (asq711.orQ)



Consumer and Producer Risk

There are two general types of risks associated with conformity decisions.

Consumer Risk:

The probability that a nowwonforming item is accepted. Also known as Type Il
error, pass error, false accept risk (FAR), and probability of false acceptance (PF/

Producer Risk:

The probability that a conforming item is rejected. Also known as Type | error, fai
error, false reject risk (FRR), and probability of false reject (PFR).

Consumer rislcan have potential negative impactsgooduct/system
performance.

Producer riskhas a direct impact on theostof manufacturing, testing and/or
calibration.



Consumer and Producer Risk

Consumer Riskdepending on the criticality of the measurement, can lead to:
A Loss of life or mission

Reduced endgtem function, capacity, or utility
Warranty expenses

Damage to corporate reputation

Loss of future sales

Punitive damages

o Do Do Po Io I

Legal feesetc

Producer Rislcan result in additional costs because of:
A Unnecessary rework, adjustments, repairs, and retests

Increased scrap of good product

A
A Increased frequency of inspections or calibrations
A Decreased availability of the hardware

A

Out-of-tolerancereports or administrative reaction (reverse traceability reports)



Consumer and Producer Risk

Specific Risk (also called bench-level risk) is based on a specific measurement result.
It triggers a response based on measurement data gathered at time of test.

It may be characterized by one or two probability distributions, depending on the method.
Any representation with only one probability distribution is always a specific risk method.

Global Risk (also called process-level risk) is based on a future measurement result.
It is used to ensure the acceptability of a documented measurement process.

It is based on expected or historical information and is usually characterized by two probability
distributions.

Nominal Measurement result with
I distribution. (specific risk)

Historical, or apriori,
information distribution

—

+L



Consumer Risk (aka PFA)

Consumer Risk could be altered by fimaing of calibration
system control tools like:

w aSladiaNBYSyid NBEtAFOAL AGES

w /[ FTAONIGA2Y AYISNDI f &

w /[ FTAONIGA2Y LINRPOS&a dzy OSNI I
w /[ FfTAONFOAZ2Y | R2adzaldYSy(a

w D dblamdR

From: Guard-banding Methods-An Overview



Common Definitions ILAC G8

Tolerance Limit (TL) (Specification Limit) specified upper or lower bound of permissible values of a
property.

Acceptance Limit (AL) specified upper or lower bound of permissible measured quantity values.

LSL 7 Lower Specification Limit

USL i Upper Specification Limit

Measured Quantity Value quantity value represents a measured result.

Guard Band (w) interval between a tolerance limit and a corresponding acceptance limit where length
0 =["Y1 00).

Decision Rule describes how measurement uncertainty is accounted for when stating conformity with a

specified requirement. (ISO/IEC 17025:2017 3.7 a rule that describes how measurement uncertainty will
be accounted for when stating conformity with a specified requirement).

G
g

A

T o

A 4

— —

AL MV AL T
L



Guard Banding

Channel
Bandwicth Guard
(Bw) Band Individual Channels

A A / \
-  — . .

- L

—l
Frequency

Bandwidth (Bw) = 2 / Symbol Rate (Rs)



Instrument Measurement Uncertainty Guard Banding

:2)_
:2)_

Nominal Value=

Guardband
Lower Tolerance i Uncertainty (k

Guardband
Upper Tolerance i Uncertainty (k

LOWER UPPER
Tolerance Tolerance
4=68.26%=p>
< 95.46% >
99.73%

Measurement Uncertainty

- DEVICE UNDER TEST TOLERANCE -

w>0

Acceptance interval

Guard band

Ay
Guarded acceptance

w<0

Acceptance interval

Ty

| Guard band

T

Ty
Guarded rejection

AU



Statement of Conformity

When performing a measurement and subsequently making a statement of
conformity, for example, inorowtf-i0 2t SN} yOS G2 0KS YI
or Pass/Fail to a particular requirement, there are two possible outcomes:

a. Theresultisreported asconformingwith the specification

b. Theresultisreported asnot conformingwith the specification

1 I
B | @ , 1
| “What % risk is this?”
A —eo— i

Lower Limit Nominal Upper Limit

lllustrationof MeasuremenbecisionRisk



Measurement Uncertainty in Conformity
Assessment

A) Small relative expanded measurement uncertainty U= 7L/70and w= U

Guard band

/

Acceptance Interval AL TL

B) Large relative expanded measurement uncertainty U= 7L/2and w=U
w

Guard band
/
/

Acceptance Interval AL TL

Figure 6 Acceptance interval for a case where expanded measurement uncertainty is small compared to
tolerance A) and large B) for the same tolerance limit 7Z. A large guard band narrows the distribution
function of accepted items.



Binary Statement with Guard Band

Upper Specification

Upper Acceptance Limit

Nominal i

‘51
Lower Acceptance Limit ?
Lower Specification

e

Statement of Conformance Pass

Pass

o

Fail

Fail

U = 95% expanded measurement uncertainty




Non-Binary Statement with Guard Band

F ail Upper specification limit =T,
Possible Pass Iguard band, w
e ® T Upper acceptance limit = Ty — w
Pass ¢

.......... @ - —————___OWer acceplance imit =T, + w
Possible Pass -[guard band. w
F il Lower specification imit =T,

Example from UKAS LAB 48



Binary or Non-Binary Example

Your possible answers right now are wt
Yes Maybe No

CKSNBE Aa y2 aléos
Maybe

Eventually, you have only two outcome
. 2dz SAUKSNI gSya 21

Tickets are free, Tonight at 7:00 PM at
Landmark Theatre, Transportation from
the Hotel is Provided, Open Bar and Light
Fare.



ASME B89.7.3.1-2001 1 Specific Risk

Stringent Rejection Zone

________________________

Relaxed Rejection Zone

Relaxed Acceptance Zone

Stringent Acceptance Zone

wr, L wr

W\

__________________________________________________________________________

Stringent Rejection Zone

P e ————— -

Relaxed Rejection Zone

wu

Wu

AN

Ay ) Ay

Nor;n'nal

Au

Ty

—

Ay



The Size of Acceptance limits is Determined by the
Measurement Uncertainty and Desired Risk Level.

Out of specification

LSL

Specification zone (in specification)

USL

Out of specification

Aulepaaun
uawainseaw Suisealou|

T
Design/specification phase

% Verification phase

Uncertainty range

Uncertainty range

o

Non-conformance zone

Conformance zone

Non-conformance zone

ISO 14253:2017



Types of Risk Scenarios

ASME B89.7.4-2005 describes both risk levels well

SpecificRisWA UA I+ A2y OFy 6S UK2daAKG 2F
g 2 NJ LJA SOBég en LegeKRishtrategies are described as )
AOZ2YUNREtEtAY3I UKS | SN IS |jdzl £t Al e

Specific Risk being instantaneous liability at the time of the measurement and
program level is more about the average probability that incorrect
acceptance decisions will be made based on historical data

Z



Specific Risk

Specific Risksometimes called benelevel risk) is based on a specific measurement
result.

It triggers a response based on measurement data gathered at the time of the te
It may be characterized by one or two probability distributions, depending on the
method.

A Any representation with only one probability distribution is always a specific risk
method.

A
A

Specific risk is after a measurement is made and Global risk is for future measurem



{ )
045 Specific Risk Example using the Z-distribution to
M e aS u re m e nt calculate the area outside of the curve ;'
04 F /
[ ] [ [ |
Decision Risk T
03 .‘I
Risk Calculator 0.25 I \ .'I
Upper Tolerance T, 10010.0000 l \ |
Lower Tolerance T, 9990.0000 0.2 |
Nominal Value 10000.0000 |
Measurement Unc um 1.0000 |
Measured Value xm 10008.0000 018 ]
Tolerance T 20.00 Area Outside of USL l \ |
Z Upper 2.00 2.275% 0.1 7
Area Outside of LSL / \
Z Lower -18.00 0.000% 0.05 /
Setting the Guard Band Upper and Lower p. 0 . J ‘
Select Desired Conformance Probability 95.00% 9985.0000 9890.0000 9995.0000 10000.0000 10005.0000 10010.0000 10015.0000
Maximum Risk if within G, & G, 5.00%
hU (GB Multiplier) 0.8224 i .
Guard Band Upper G, 10008.3551 — MV —| SL =——Nominal Value ) SL ——Uncert. Dist | AL U AL
Guard Band Lower G 9991.6449 L y
! Odzau2YSNJ gNAUSa | th OKIFIOG adogldasay tfSlas OFf AONX G
AYRAOI U2NJ al ydzZFl Ot dzZNBENJ wS | R2 dzi uz mMnZnnann b AY
{LSOATAO wha]l AAaJX HOp 25 hGKSNBAES CHAf @



Classi ¢c 50 % ri1 sk scenari o
the bench level (w = 0), No Guard Band.

Risk Calculator s . . )
Upper Tolerance T, 1500.2000 Guard Band Based on w 50 % Of our d|Str|bUt| n
Lower Tolerance T, 1499.8000 12 - h U
Nominal Value 1500.0000 IS over t e pper

Measurement Unc um 0.0400 ' H H .

Measured Value xm 1500.2000 o 10 SpeC|f|Cat|0n LI mit
Tolerance T 0.40 \
\\
Probability of Conformance (p.) 50.000% 8
Probability of NonConformance (1 - p.) 50.000%

Setting the Guard Band Upper and Lower AL

Guard Band Lower G (AL =TL +w) 1499.8000 \\

Guard Band Upper G, (AL=TL - w) 1500.2000 \
\ \

Setting AL based on Guard Band w

Setting AL based on Guard Band \
r 0.0000
w =Ugs *r 0.00000 \
ch 2.50000 2

Upper Acceptance Limit 0 AN :

Lower Acceptance Limit 1499.7000 1499.8000 1499.9000 1500.0000 1500.1000 1500.2000 1500.3000

Area of Curve Outside of the AL | 50.000% |

— MV | SL ——Nominal Value = SL ——Uncert. Dist | AL = UAL




Instrument Measurement Uncertainty
Guard Banding at bench-level (w =1 * Ug: )

Risk Calculator

—

Upper Tolerance Ty 1500.2000
Lower Tolerance T, 1499.8000
Nominal Value 1500.0000
Measurement Unc um 0.0400
Measured Value xm 1500.1069
Tolerance T 0.40
Probability of Conformance (p.) [ 99.003%
Probability of NonConformance (1-p.) | 0.997%

Setting the Guard Band Upper and Lower AL

Guard Band Upper G, (AL=TL -w) 1500.1069
Guard Band Lower G (AL =TL +w) 1499.8931
Setting AL based on Guard Band

r 1.1632
W =Ugs *r 0.09305
Cn 2.50000

Setting AL based on Guard Band w

Upper Acceptance Limit

Lower Acceptance Limit

S

Area of Curve Outside of the AL

49.954%

.

Guard Band Based on w

12

10

P

|

/
T~
/.
/

\

N

1499.7000

1500.3000

T _/ T
1499.8000 1499.9000 1500.0000 1500.1000 1500.2000
— [\ —| SL ——Nominal Value e USL ——Uncert. Dist | AL e AL

Guard Band of w = 0.09305 (99 % Probability of Conformai¢ey 1500.1069




Star Wars Example

With a 2meter hole and a 05
meter Photon Torpedo.

What would be the acceptance
limits using a specific risk
example?

Knowing our proton torpedo measures 0.5 meters and the empire does not think an X

wing can get close enough to take the shot, we need to devise a plan that will ensure if
we can take the shot, we will make it.



56

A TUR of 4:1 Means 4 Proton Torpedo’s Can Fit Between the

Tolerance/Specification Limits

4 Sigma

Proton Terpedo

ofon Torpedo

I~

\

Proton Torpedo




Star Wars Example T AL for 2.5 % Maximum risk

Risk Calculator

Upper Tolerance Ty,

Vent Port

1
Lower Tolerance T, -1
Nominal Value (default = blank, otherwise 0)

Measured Value xm 0.0000
Measurement Unc um 0.1250
Maximum Allowable Risk 2.50%

Tolerance T 2.00

Probability of Conformance (p.) 100.000%

Probability of NonConformance (1 - p.) 0.000%

—

———

Setting the Guard Band Upper and Lower ADN_

Guard Band Upper G, (AL=TL - w)

0.7550 \

\@ard Band Lower G, (AL = TL +w)

-0.7550

\

Setting AL based on Probability of Conformance

Probability of Conformance (pc) 97.50%
r 0.9800

W =Ugs *r 0.24500

Cn (TUR) 4.00000

Setting AL based on Guard Band w

Upper Acceptance Limit

Lower Acceptance Limit

ILAC G8 Risk Probabilities

i

+A

+L

0 0.5 1
Deviation from Nominal




Star Wars Example T Measured Value not Centered

Risk Calculator
Upper Tolerance Ty 1 ILAC G8 Risk Probabilities
Lower Tolerance T, -1 -A +A
Nominal Value (default = blank, otherwise 0) - t +L
Measured Value xm (_0.9900 )
Measurement Unc um 0.1250
Maximum Allowable Risk 2.50%
Tolerance T 2.00
Probability of Conformance (p.) 53.188%
Probability of NonConformance (1 -p.)  |( 46.812% )
Setting the Guard Band Upper and Lower AL
Guard Band Upper G, (AL=TL - w) 0.7550 Ve nt PO rt
Guard Band Lower G, (AL =TL + w) -0.7550
Setting AL based on Probability of Conformance
Probability of Conformance (pc) 97.50%
r 0.9800
w=Ugs*r 0.24500 p
Cm (TUR) 4.00000

Setting AL based on Guard Band w
Upper Acceptance Limit 1.5 -1
Lower Acceptance Limit

-0.5 0 0.5 1

Deviation from Nominal

15




Star Wars Example

" —— Process Distribution
== Specification Limits

o o
(=] o
1

Probability Density
(=]
i

02-
0.0 - ! 1 i I
-2.05L -1.0SL 0.0SL 1.0SL
Value
> 3 - = Test Distribution I
= . . - 1
0 —— Specification Limits I
o i
0 2- |
= |
= i
a I
® 1 I
o ]
3 I
*o- ; T ;
-2.05L -1.0SL 0.05L 1.0SL
Value

A€ PQ=XB

Global Risk
Total PFA: 0.79%
Total PFR: 1.5%

Process Risk
Process Risk: 4.6%
Upper limit risk: 2.3%
Lower limit risk: 2.3%

Process capabilty index (Cpk): 0.67

Specific Measurement Risk
TUR: 4.0
Measured value: 0.99
Result: ACCEPT
Specific FA Risk: 46%

2.0SL

2.05L

_|—-——--"/ “"‘-—-——-—,—
False Accept
2.0SL - False Reject
Vent Port
1.0SL -

0.05L -

Test Result

-1.05L

-2.0SL -

2.05L -1.0SL 0.0SL 1.0L 2.05L

AEIPQE=~A

Process Risk
Process Risk: 4.6%
Upper limit risk: 2.3%
Lower mit risk: 2.3%
Process capabiity index (Cpk): 0.67

Actual Product

Specific Measurement Risk
TUR: 4.0

Measured value: 0.99

Result: ACCEPT

Specific FA Risk: 46%

Global Risk
Total PFA: 0.79%
Total PFR: 1.5%




i
i
3
3
b




Global Risk

Global Risk (also called process-level risk) is based on a future
measurement result.

A It is used to ensure the acceptability of a documented measurement process.

A 1t is based on expected or historical information and is usually characterized by
two probability distributions.

The termTUR (Test Uncertainty Ratis)}commonly used as a simplified approach to evaluating
global risk. When we know the tolerance, we are working to, we have a high enough sample size to
know the shape and the distribution of the calibration results.

We can then use TUR with End of Period reliability to calculate the appropriate uncertainty
that corresponds to the maximum amount of false accept risk we are okay with.



Outdated Practices Can Lead to Higher Risk

Test Accuracy Ratio (4:1) Measurement Traceability

Measurement Uncertainty
data is cumulative from
one level of hierarchy to

In Measurement Decision RigK he Importance of DefinitionScott M. Mimbs
provides an example of a digital micrometer using a TAR 25:1 ratio. Comparing

this example with the definition of TUR found in the ANSI/NCSL Z540.3 Handbook
produces a 1.5:1 ratio for the same measurement.




TUR TAR
Outdated Practices Lead to Higher Risk 62500 | 625
62.408 62.5
LsL usL Res UUT Rep UUT CMC std Unc Exp Unc 52-493 ﬁ25
959.0 1001.0 0.0001 0.000 0.0016% 0.01 0.02
959.0 1001.0 0.0002 0.000 0.0016% 0.01 0.02 52-459 ﬁ‘25
955.0 1001.0 0.0004 0.000 0.0016% 0.01 0.02 52-335 ﬁ25
955.0 1001.0 0.001 0.000 0.0016% 0.01 0.02
999.0 1001.0 0.002 0.000 0.0016% 0.01 0.02 61.349 62.5
959.0 1001.0 0.004 0.000 0.0016% 0.01 0.02 53-?3? 62 5
959.0 1001.0 0.01 0.000 0.0016% 0.01 0.02
955.0 1001.0 0.02 0.001 0.0016% 0.01 0.02 5“-54‘5 E‘Z 5
955.0 1001.0 0.04 0.001 0.0016% 0.01 0.03 EEM 625
959.0 1001.0 0.05 0.002 0.0016% 0.02 0.03
959.0 1001.0 0.1 0.004 0.0016% 0.03 0.06 3“.11'] 525‘
955.0 1001.0 0.2 0.007 0.0016% 0.06 0.12 15-5?3 525
955.0 1001.0 0.5 0.018 0.0016% 0.15 0.29
959.0 1001.0 1 0.036 0.0016% 0.29 0.58 3-514 52 5‘
959.0 1001.0 2 0.072 0.0016% 0.58 1.16 3_432 525
955.0 1001.0 5 0.179 0.0016% 1.45 2.91
1.718 62.5
In this table we are only varying resolution and repeatability of the UUT. 0.859 62.5
0.344 62.5




TAR/TUR




Test Uncertainty Ratio (TUR)

Test Uncertainty RatioThe ratio of the span of the tolerance of a measurement quantity
subject to calibration to twice the 95% expanded uncertainty of the measurement pro
used for calibration.

NOTE: This applies to tvgided tolerances.
ANSI/NCSL Z540¢3006 Definition
UUTc Unit Under Test



The Correct Definition and Calculation of TUR

Span of the + Tolerance

2 2 - 2 o 2z
2 x Kossg ( ‘J(CMC) 4 (Resnlutmnum) L (Repeata;)ﬂltymn) 4o (“ﬂﬂ:gr)z)

TUR =

Kemc 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 t
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 MIRGE.
calibration process error, therefore, includes temporary and-norrectable influences incurred during
the calibration such a®peatability, resolution, error in the measurement sourceperator error, error

in correction factors, environmental influences, etc."



TUR (Test Uncertainty Ratio)

Span of the + Tolerance

TUR =
2 2 . 2 .1: 2
2 % Kogo, ( ‘](CMC) n (ResnlutanUT) n (Repeatafllltyum) ‘e (uﬂther)2>

Kemce fo 12

UUT Tolerance = (U&EL)/2

CMC = Reference labs Calibration and
Measurement Capability

k = coverage factor

ANSI/NCSL Z540.3 Handbook Defin



The lab with the smaller uncertainties will typically produce larger
TURS, giving you more space to be in tolerance!




The lab with the larger uncertainties will typically produce
smaller TURSs, giving you less space to be in tolerance!




EOPR

Number of 1n-tolerance results

EOPR =

Total number of calibrations

In simplistic terms, End of Period Reliability is defined as the number of calibrations
resulting in acceptance criteria being met divided by the total number of calibrations.
This formula to determine "HTolerance" Reliability from historical data is easy to
replicate in Excel. The formulaSample Size = In{Confidence)/In(Target Reliability)

If we use the formula for Sample Size above, we will need over 59 (58.4) samples to use a
joint probability distribution associated with many T{d&sed methods.

There is more with EOPR as the rules to establish EOPR can be subjective. Things such as
how many firsttime calibrations are counted, broken instruments included, are
calibrations with different due dates, or calibrations that are extended included, what
about postdating, and so on.



EOPR

16%

[y
S
X

12%
10%
8%
6%

4%

Probability of False Accept (Risk)

2%

0%

Max Risk vs EOPR
(Assumes Worst-Case TUR for a given EOPR)

False accept risk is
‘ . always below 2 % for
............ oo LN+ true EOPR 295 %

/

0% 10 % 20 % 30 % 40 % 50 % 60 % 70 %
True End Of Period Reliability (EOPR)

80 %

90 %

100 %

From Risk Mitigation Strategies for Compliance Testing by Jonathan Harben and Paul Reese



Global Risk i EOPR Basic Overview

Number of in-tolerance results

EOPR =

Total number of calibrations

In simplistic terms, End of Period Reliability is defined as the number of
calibrations that meet acceptance criteria divided by the total number of
calibrations.

Reliability Considerations may include:

£ Reliability decreases with time after calibration

F How much testing is required to demonstrate Reliability with confidence?
Z A priori knowledge of the M&TE



Global Risk i EOPR Basic Overview

This formula to determine "In-Tolerance"
Reliability from historical data is easy to
replicate in Excel. The formula iSample Size =
In(1 -Confidence)/In(Target Reliability).

When we use this formula for 95 % EOPR at a
95 % Confidence Interval, we need 59 samples
with O failures or rejects as this will give us an
estimation of our process.

Example: If Caitlin Clark makes 59 consecutive
3-pt shots, we would have reliability data to
start using global risk models.

False Accept
2.05L - False Reject
1.0SL \
o /
3
g
& 0.0sL-
=
w
&
-1.0SL
2.0SL-
2.05L -1.0SL 0.0L 1.05L 2.05L

AE> Q=X B

Process Risk
Process Risk: 4.6%
Upper limit risk: 2.3%
Lower limit risk: 2.3%
Process capability index (Cpk): 0.67

Actual Product

Specific Measurement Risk Global Risk
TUR: 4.0 Total PFA: 0.79%
Measured value: 0.99 Total PFR: 1.5%
Resuft: ACCEPT

Specific FA Risk: 46%




Breaking down reliability with Basketball (95 %)

Binomial Operating Characteristics (OC) Curve (Enter cal failures in ye

Reliability Constraints Calibration History Results
Reliability Target 5 Calibrations or Sample Size,n= 100
Confidence Target= 95.0 % Failures/Rejects, ¢ ¥ 3 1
Calculated Sample Size 59 Confidence Level 5 95%
(Used to establish initial sample size) Failure Rate 5§  3.00%
[] correct to "True" EOPR? Unreliability (worst case) = 7.57%
R(t)=| 92.43%

95% Confidence the process is at least 92.43% reliable.
Upper Confidence Limit = 99.38%
Lower Confidence Limit =92.43%

UUT Constraints Reference EOPR with Additional Sample
Assumed EOPR{ 68.27% Samples needed to meet R(t) # 153
Use Add. Ref. Std. Samplg [ Failures/Rejects, ¢ 3
Max PFA = 2.00% Confidence Level§  95%

Failure Rate§  1.96%
Unreliability (worst case) = 4.99%
53 Additional samples needed Reliability (Sample size adj.)[= 95.01%

95% Confidence the process is at least 95.02% reliable.
Upper Confidence Limit = 99.59%
Lower Confidence Limit =95.01%



Breaking down reliability with Basketball (41 5 %)

Binomial Operating Characteristics (OC) Curve (Enter cal failures in ye

Reliability Constraints | Calibration History Results
Reliability Target = Calibrations or Sample Size,nF 100
Confidence Target= 95.0 % | Failures/Rejects, ¢ £ 8 )
Calculated Sample Size 4 Confidence Level 5 95%
(Used to establish initial sample size) Failure Rate 5§  3.00%
[] Correct to "True" EOPR? Unreliability (worst case) = 7.57%
R(t)=| 92.43%

95% Confidence the process is at least 92.43% reliable.
Upper Confidence Limit =99.38%
Lower Confidence Limit =92.43%

UUT Constraints Reference EOPR with Additional Sample:
Assumed EOPR 3 68.27% Samples needed to meet R(t) £ 11
Use Add. Ref. Std. Samplg 1 Failures/Rejects, ¢ £ 3
Max PFA = 2.00% Confidence Level§  95%

Failure Rate § 27.27%

Unreliability (worst case) = 56.44%
-89 Additional samples needed Reliability (Sample size adj.)|= 43.56%

95% Confidence the process is at least 43.57% reliable.
Upper Confidence Limit = 93.98%
Lower Confidence Limit =43.56%




Ref Standard Stability / EOPR

Calibration History Results

Number of in-tolerance results Reliabilty Constraints
FOPR = —_— Reliability Target = | 95.0 %
Total number of calibrations Confidence Target = | 950 %
Calculated Sample Size = 59

(Used to establish initial sample size)

Sample Size = In{Confidence)/In(Target
Reliability).

[ Correctto "True* EOPR?

This is a formula for calculating with
enough confidence how many samples

Actual Samples 60

Calibrations or Sample Size, n =
Failures/Rejects, ¢ =
Confidence Level =

Failure Rate =
Unreliability (worst case) =

R(t) =

60
3
95%
5.00%
12.42%
87.58%

Upper Confidence Limit = 98.96%
Lower Confidence Limit = 87.58%

one would need to prove a tolerance or

UUT Constraints

Reference EOPR with Additional Samples

say stability from one calibration to the Assumed EOPR =|_95.00%

Use Add. Ref. Std. Samples? O
next. i

Max PFA=| 2.00%

For our example, we needed 59 samples
with O failures, when that did not happen,
we needed more samples.

93 Additional samples needed

Samples needed to meet R(t) =
Failures/Rejects, ¢ =
Confidence Level =

Failure Rate =
Unreliability (worst case) =

Reliability (Sample size ad].) =

153
3
95%
1.96%
4.99%
95.01%




Ref Standard Stability / EOPR

What we found was 171 load cells and

180 +

sampled the stability criteria at 10 %, 50 %,
and 100 % test points with 95.77 %

confidence that are population of sampled
load cells was better than 0.05 % from yeai’ |

to-year

Reliability Constraints

Callibration History Results

Reliability Target

95.0 %

Confidence Target

95.0 %

Calculated Sample Size

59

(Used to establish initial sample size)

|:| Correctto "True"EOPR?

Actual Samples

513

Calibrations or Sample Size, n
Failures/Rejects, ¢ }:

Confidence Level 5
Failure Rate 4

Unreliability (worst case)

R(t) =

513
14
95%
2.73%
4.23%
95.77%

E

Upper Confidence Limit = 98.50%
Lower Confidence Limit =95.77%

Frequency

.
o
=}

co
S

60 1

40

20

152

118

69

Descriptive Statistics
Mean=0.01

Standard Error=0.000442
Median=0.008

Standard Deviation=0.01
Variance=0
Sum=6.73199999999998
Count=513
Maximum=0.1
Minimum=0

Range=0.1
Kurtosis=5.8858
Skewness=2.184

Population Data

48

4 3

0 oo o0 1

T T T i 1
0.02 0.04 0.06 0.08 0.1 0.12
Percentage Change Year to Year



Basics T The Quality of the Measurement System

A method for characterizing the quality of a measurement system relative to a specific tolerance
be measured is defined in three documents.

JCGM 106:201&iines themeasurement capability indd€,)

ASME B89.7.4-2005 uses the same definition fG,

ANSI/NCSL Z254e2B06 redefineghe test uncertainty ratidTUR with respect to the GUM
Y 'Y Y Y - 0 0 Y FO

— — YYY — N
TtO qt'yY qt'yY Q pBYP C

TheG, and TURare useful indicators of the quality of the measurement system (i.e., @rge
TURs indicative of low measurement uncertainty compared with the tolerance).

As defined in the references;, and TURare mathematically identical; however, there is a
possibility thatT URcould be confused with an older, less rigorous definition.

Therefore we favor themeasurement capability ind€&:.).




Consumer Risk (%)

3 oS Conformance R
\\ L —A U AU _ —r.2 ", Probability, Pc Guard Band Multiplier, r
25 2 H
1] e 1500. 1 8
0.80 0.42
N _1500.2 — 1500.18
= ; 0.85 0.52
\\ 20104 Cm = =25
\ =0.25 4-0.04 0.90 0.64
1.5 AN
\\
h 0.95 0.82
\\ Cp = = (0.556
: Ay 6-0.12 0.977 1.00
05 \\\\ 0.99 1.16
™~
~ 0.999 1.55

Setting acceptance limits for Global Risk is more complex, requiring iterative
numericalA Y4 SANI GA2y (G2 UYR GKS I OOSLIilyOS
times, graphical solutions can be used to set the acceptance limits.

Guard Band Multiplier, =Norm.s.in(0.6827)/2 = 0.2376

-02 -01 o 01 02 03 04 0.5 0.6 0.7 08 0.9 1

GB Muitiplier

ASME B89.7.4.1-2005 numerical example. T=0.4 mm, TU=1500.2 mm, TL=1499.8 mm, um=0.04 mm, xm=1500.16 mm

P.(0.4,1500.2,1499.8,0.04,1500.16) = 84.134%

1—P.(0.4,1500.2,1499.8,0.04,1500.16) = 15.866%



Global Risk

}1- o b.'
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Consumer's risk R_/%
Global risks RP versus RC for a binary conformity assessment with prior standard uncertainty u0 = T/
UZS OdzNIBSa O2NNBaLRyR (2 @l ftdzSa 2F GKS YS! adzN
Mn® ¢KS a2t AR LR2AYyGa t20FGS DdzZa NR .l yR&a ¢A0K
values of w correspond to guarded acceptance, with acceptance limits inside the tolerance limits as s
left.



Global Risk

Scott Mimbs wrote a paper on EOPR at 89 % and how the 2 % PFA rule could
met by analyzing a population of instruments with years of history.

If one cannot gather all of the information, then further analysis would be need:
and TUR must be determined at each test point. If the analysis reveals the
IS greater than 4.6:1, then the PFA will be less than 2 %. (From Risk Mitiga
Strategies for Compliance Testing)

If neither the EOPR nor TUR threshold is met, one could choose to use Specifi
Risk methods or use another method.



Global Risk

Max Risk vs TUR
(Assumes Worst-Case EOPR for a given TUR)

16 %
14 % j o T W S—— A

. : i | — 1 1
12% i F False Accept Risk is

10% —+ : - ...... always below 2 % for |_

~
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o
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Test Uncertainty Ratio (TUR)

The image is taken from Implementing Strategies for Risk Mitigation In the Modern Calibration Labora



Global Risk

We want to build an army of clones to
defeat the Rebellion.

The optimum height is 70 inche2
inches to fit our clones with the same
gear and maximize cloning efficiencies. §

Our measurement system has a TUR of
8:1 meaning our Calibration Process
Uncertainty is 0.25 inches.

The question becomes what is the
probability of saying a clone conforms
to the specification when it does not?




Global Risk

Parameters  Notes

Mode: Full

Calculation:  Integral

Lower Specification Limit: 68
Upper Specification Limit: 72
8 Process Distribution:
Parameter Value
1 Distribution normal g
2 median 70
0.
3|sd 53145265128...
8 Test Measurement:
Parameter Value
1 Distribution normal e
2 measurement I 70
3 std 0125
4 bias ]

() Guardband

Lower Guardband (relative): 0

Upper Guardband (relative):

0

False Accept
73 - False Reject

72

71-

70 -

Test Result

69 -

68

67 -

67

A€> Q=¥ 0

Process Risk
Process Risk: 0.017%
Upper limit risk: 0.0084%
Lower limit risk: 0.0084%
Process capabiity index (Cpk): 1.3

68

Specific Measuremen§ Risk
TUR: 8.0
Measured value: 70
Result: ACCEPT
Specific FA Risk: 6.4e-56%

69

Total PFA: 0.0039%
Jotal PFR: 0.012%

70
Actual Product

71

72

73




Global Risk
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Global vs Specific Risk Example

A company has hired us to measure the speed of cars on a stretch of alaimgl®ad.
The customer has indicated they are okay with-&3¥ miles per hour (MPH) speeds.
Thus, our specification limit is based on 60 MPHMPH. The posted speed limit is 60 MPH.

After much discussion, we decided to set up two radar guns at points A and B for the first day and r
the results. (Example of Specific Risk is based on measuring individual speeds at point A or point B



Global Risk vs Specific Risk Example

A company has hired us to measure the speed of cars on a stretch of a
single -lane road.

Our specification limit  is based on 60 MPH = 3 MPH. The posted speed
limit is 60 MPH.

After much discussion, we decided to set up two radar guns at points

A and B for the first day and report the results.
@

!



Specific Risk

Specific Specific
Risk Risk

65 mph 55 mph
S B
A Co) B
- "

If we wanted to look at the car's speed using Specific Risk, we might have a radar gun at either
points A or B . In this example, the car is clocked at 65 mph at point A and 55 MPH at point B.
Each point is 5 MPH below or above the speed limit.



Specific Risk

(Radar Gun at

Point A)

Risk Calculator

Upper Tolerance T, 63.0000

Lower Tolerance T, 57.0000

Nominal Value 60.0000

Measurement Unc um 0.2500

Measured Value xm 65.0000

Tolerance T 6.00

Probability of Conformance (p.) 0.000%

Probability of NonConformance (1 - p.)| 100.000%

Setting the Guard Band Upper and Lower p,

7

Specific Risk

1.8

1.6
1.4

1.2

1

| E—

0.8
0.6

0.4

0.2

|
/
J L\

0 ‘

56.000057.000058.000059.000060.000061.000062.000063.000064.000065.000066.000067.0000

—Nominal Value

Select Desired Conformance Probability] 0.977
Guard Band Upper G, 62.5000
Guard Band Lower G, 57.5000
Specific Risk (Bench-Level)
Conditional Probability False Accept | 100.000%
Conditional Probability False Reject 0.000%

\.

J

5 MPH Above (TUR 6:1)



Specific Risk
(Radar Gun
at Point B)

Risk Calculator

Upper Tolerance Ty 63.0000
Lower Tolerance T, 57.0000
Nominal Value 60.0000
Measurement Unc um 0.2500
Measured Value xm 55.0000
Tolerance T 6.00
Probability of Conformance (p.) 0.000%

Probability of NonConformance (1 - p.) 100.000%

7
1.8

1.6
14
1.2

1
0.8
0.6
0.4
0.2

0

Setting the Guard Band Upper and Lower p.

Select Desired Conformance Probability 0.977
Guard Band Upper G, 62.5000
Guard Band Lower G, 57.5000

Specific Risk (Bench-Level)

Conditional Probability False Accept 100.000%

Conditional Probability False Reject 0.000%

\.

Specific Risk

|
/
J 1\

T

53.000054.000055.000056.000057.000058.0

00059.000060.000061.000062.000063.000064.0000

—=Nominal Value

J

5 MPH Below (TUR 6:1)



Global Risk

65 mph 55 mph

9 Global Risk: The average speed is 60 mph. 9

w

The car enters point A, traveling at 65 MPH, and then 0.5 miles into the drive, travels at 55
MPH. Global risk is based on measuring the average speed once a reliability target has been
met (we took 10,000 data points and found 98 % to be good).



Global Risk Results

On Day 1, we record about
10,000 vehicles. Out of the
10,000 vehicles, 9,800, or 98
%, are observed to be

driving between 57 - 63 MPH.

In our example, the TUR is 6:1
using 2 Radar Guns and we
took the average speed.

LN

66 - False Accept
False Reject

64 -

62 -

Test Result
(=)}
(=]

54 -
54 56 58 60 62 64 66
Actual Product

AE> Q=M A

Process Risk Specific Measurement Risk Global Risk
Process Risk: 2.0% TUR: 6.0 Total PFA: 0.32%
Upper limit risk: 1.0% Measured value: 60 Total PFR: 0.54%
Lower limit risk: 1.0% Result: ACCEPT

Process capability index (Cpk): 0.78  Specific FA Risk: 1.8e-31%



Global Risk

60 seconds = 60
MPH

A

Q Global Risk: The average speed is 60 mph. 9

w

Since two radar guns are very good (high TUR), though expensive, maybe we consider a less
expensive method, maybe an automated time -based method.

With a less accurate method our TUR might be 3:1 or half as good. What would this look like?



Global

Global Risk &
Using a less
accurate
means of
measuring

(A process
with a higher
measurement
uncertainty)

Parameters  Notes
Mode: Full 2
Calculation: | Integral v

Lower Specification Limit: |57
Upper Specification Limit:

[ Process Distribution:

Parameter Value
1 Distribution normal ¥
2 median 60
3 std 2
M Test Measurement:
Parameter Value
1 Distribution normal ¥
2 measurement I 60
3 std i
4 bias 0

[ Guardband

Lower Guardband (relative): |0

Upper Guardband (relative): 0

Test Result

68 -

False Accept

False Reject
66 -

64 -

62 -

60 -

58 &

56

54 -

52
92 54 56

a€E>PQE=~ZB

58 60 62
Actual Product

64

66 68

Process Risk: 13%
Upper limit risk: 6.7%
Lower limit risk: 6.7%

Process capabiity index (Cpk): 0.50

Process Risk

Measured value: 60
Result: ACCEPT
Specific FA Risk: 2.0e-07%

Specific Measurement Risk
TUR: 3.0

Global Risk

Total PFA: 2.0%
Total PFR: 3.3%




Global Versus Specific Risk Summary

Specific Risis dependent on a single probability function and can be
NEFSNNBR 02 a tNRoloAtAGE 2F |/
of view.

Global Risks dependent on two probabillities, the second being &he
priori knowledge, which could be taken #ee process or instrument
reliability.

Typically, when we talk about TUR, we are talking about Global Risk.

Though TUR is also a ratio that can be useful at the Specific Risk level &
higher TURS increase our acceptance zone.



Example T Radar Gun

EXAMPLE 1 Speed limit enforcement
Highway law enforcement gets wind of 25 % of the cars speelding

The speed of motorists is measured by police using devices such as radars and laser
guns. A decision to issue a speeding ticket, which may potentially lead to an appearanc
in court, must be made with a high degree of Confidence that the speed limit has been

exceeded.

If we know that we can only win a court case if there is a 99.9 % probability that our

speed limit has been exceeded, when can we write a ticket?
—

N A

.“' '.".'. ’,;-.__. ~ ',:".. N ""-j'n. N AN
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Guarded Rejection

Example I Radar Gun PRI =

The Speed Limit is 60 mph with an FE s R 75541
um of 2 % Probability of Making a Wrong Decision 0.10%
um = 0.02

Probability = 99.9 %

TU =60

What is Vmax or the speed someone has to be going to receive a speeding ticket with 99.9 % probability of

actually speeding? =NORMSINV/(Probability)/1
Vmax =TU /% 0.02 z Probability Table (single sided)
Probability Z-Value
0.5000 0.000
ANSWER? 0.7000 0.524
0.7500 0.674
Vmax = 60 / 10.02 (3.090) = 63.953 mph o =
0.9500 1.645
0.9545 1.690
What about 75 mph? 09773 2.000
Vmax = 75 / 10.02 (3.090) = 79.94 mph Fo= ®a) =99.9% 29500 226
S /IR = matme 2= 0710999 =309 05 -
1.0000 5.998




Overall review with Examples

Global Risk

- Resistor Manufacturing Based onn-tolerance probability {tp), within binomial confidence
bound, utilizing appropriate reference standards

- As more items are manufactured, the binomial confidence bound reflects the uncertainty of the
itp

- This method relies on the bivariate (2 variables) Gaussian joint probability distribution function,
the UUT (in this case, a fixed resistor), and the measurement system is assumed to be a high
speed DMM

Specific Risk

- Resistor Measurement anything failing the test tolerance in the manufacturing process may be
segregated and subject to additional scrutiny

- If meager information is provided (such as a prototype), or the risk of passing a potentially bad
item is high, a more conservative approach would utilize specific risk



Testing Cost Associategpecific risk versus global

hFOGSys OK22aAy3d GKS O2NNBOG SldALISYd F2NJ I aLISOATA
start with a simple example of verifying a manufactured fivatle resistor.

QX

The fixed value is 1,500 ohm8.2 ohmsfd n dnmo Xo 220 Pd ¢KS 2NAIAYLFE ARSE A
manufacture these items as inexpensively as possible.

After some quick research, based on cost, a choice is made to purchase ar
[ 26 . dzO1 5aa & Ad aasSSvyaé¢ G2 FAl
2FT 1 oy RAIAGAZT FYR Al R2SayQid oNFBI

The TUR being ~1.44¢the process owner felt this was adequate because a
simple global GB tolerance £0.124 (in lieu 0o%0.2) is in place for pass/fail
criteria, and it was assumed the process would be centered around a nominal
value of 1,500 ohms. This would give the PFA a global risk of ~1 %

With the process assumed centered around 1,500 ohms, this calculatestip an

~

of ~99.93 % for specific risk (~1.2 % global 6k a Of 2a4S Sy2dzaKé 02YSa (2 YAYRO

Ldzi GKSYS RdNAY3I GKS LINRPRAOGA2Y LINRPOSaas a2YSGKAy3



Testing Cost Associategpecific risk versus global

During preliminary production runs, it was discovered ~30 % of all products manufactured
failed global GB tolerance testinggfl.12K

An investigation is launched to verify that the rejected items are truly OOT. This is accomplishec
by sending failed samples to the metrology lab for verification.

The metrology lab retested the reportedly failed products and discovered less than 0.2 % were
true failures

How can this happen?

Globally, the conformance tolerance may be Guard Bandg0.4?k, yet for it to pass using
specific risk, that same test tolerance must be reduceg0t®39K leaving virtually no room for
any deviations from the nominal value

The global risk tolerance must be reduced by ~40 %, while the specific risk tolerance must be
reduced by >80 %!



Testing Cost Associategpecific risk versus global

The better solution is a more accurate DMM but at what cost?

Available DMM choices| Low Buck |Acme Standard|Acme Bronze| Acme Silver | Acme Gold
Estimated Acquisition Cost|  $4,405.00 $6,000.00 $13,481.00 $14,315.00 $19,429.00
Measurement Uncertainty (1-sigma) 0.06929 0.04000 0.01038 0.0071 0.00677
UUT Specification 02 02 02 0.2 0.2
Cm 144 25 963 14.06 14.78

We already know thé\cme Low Buck DMM ay Qi ARSI f T KARcn&EBIGMN (K S
>3x the expense but more accurate. Will it work?




Testing Cost Associategpecific risk versus global

Yes!, it will work. The expected false rejection rate is 1.035 % and the consumer risk is <1 %
(process uncertainties excluded as this is exploratory)

Global Risk
New GB Limit = 100.00%
New GB Limit = £ 0.2
98.965% 0.970%
1035% 99 030%
100.000% 100.000%

Given the cost of higher quality reference standards and the associated maintenance, is it cost
effective?



Testing Cost Associategpecific risk versus global

WSUOdzNYyAYy3 (G2 GKS 1jdzSadA2yyY aDA@SYy GKS 02ai
associated maintenance, isitceStF FSOU A OS K ¢

Global Risk
New GB Limit = 100.00%
New GB Limit = + 02
98.965% 0.970%
1.035% 99.030%
100.000% 100.000%
¢CKS yasgSNI Aa aYleoSde ! YILe&oS Aa | OF dzi A 2

process uncertainty of our resistor batch. The previous process uncertainty (0.12) was
determined using an incorrect reference meter, which was 60 % of the total tolerance.
Therefore, additional testing/analysis is required to prove the concept.



Expected Failure Rates with GB Strategies

Rejection Rate

100.00%

90.00%

80.00%

70.00%

60.00%

50.00%

40.00%

30.00%

20.00%

10.00%

0.00%

Guardbanding Strategies Rejection Rate

e M6 (Dobbert)

e\ 5 (Confidence level Method)

= 5% Failure Rate

52% Failure Rate (1.5:1)

5% Failure Rate Line

\ 13% Failure Rate (1.5:1)
\ 5% Failure Rate (3.5:1)

e ————

15.82% Failure Rate (3.5:1)

1 L5 2 2.5 TUR 3 3.5 4

4.5



TURO S

V S

Tot al

Co

S 1

d u

e

t o

rice pec sigma otal Rejections| Falsely Rejected Cost Due to ost to Retest|Likely Yie
DMM Pri DMM UUT S 1si TUR PFA PFR Total Rejecti Falsely Rej C D FRC R Likely Yield
$1,225 | Acme Cheapest +0.2 0.21038 0.475 - - - - - = -
$1,650 Acme Cheap +0.2 0.11740 0.852 - - - - - - -
$4,405 | Acme Low Buck +0.2 0.06939 1.441 1.000% | 24.970% 24,970 250 $337,099 $873,959 75.05%
$6,000 | Acme Standard +0.2 0.04000 2.500 1.000% | 10.611% 10,611 106 $143,252 $371,393 89.40%
$13,481 | Acme Bronze +0.2 0.01038 9.630 0.970% | 1.035% 1,035 10 $13,972 $36,223 98.97%
$14,315 Acme Silver +0.2 0.00711 14.064 0.671% 0.702% 702 5 $9,472 $24,558 99.30%
$19,429 Acme Gold +0.2 0.00677 14.779 0.639% 0.667% 667 $9,005 $23,346 99.33%
Widets Produced = 100,000 Guardbanding Strategies Rejection Rate
Cost per Widget = $13.50 100.00%
Cost to Retest Individual Pieces = $35.00 90.00% Ve ebbert
Production cost = $1,350,000.00 oo M (Confidence levelMethod)
o — 5% Failure Rate
Total Rejections| Falsely Rejected Falsely Rej as 9 20.00%
- - ) 52% Failure Rate (1.5:1)
5 60.00%
- - c
O 50.00%
24,970 250 0.250% E
10,611 106 0.106% g o
5% Failure Rate Line
0, 30.00%
1,035 10 0.010% \ 15.82% Failure Rate (3.5:1)
702 0005% 20.00% 13% Failure Rate (1.5:1)
667 0.004% 10005 \ 5% Failure Rate (3.5:1)

0.00%

e

15

2.5

TUR 3

3.5

4.5



TUROGOS vs Tot al Cost due to

(Perfect UUT) Production Costs vs C,, vs Yield (at 99% Confidence)
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$3,000,000 110.00% g
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CM =2.5, Yield =89.40% ~— ———o <

$2,500,000 CM =9.63 Yield 298.97% L 90.00% %

©
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Sample Quiz
What is the Definition of Metrological Traceability?

Metrological TraceabilityProperty of a measurement result whereby the result can
be related to a reference throughdocumented unbroken chain of calibrations,
each contributing to the measurement uncertainty.

Define a Decision Rule?

Decision Ruleéhat describes how measurement uncertainty is accounted for when
stating conformity with a specified requiremerftSO/IEC 17025:2017 3.7 a rule that
describesiow measurement uncertaintyill be accounted for when stating conformity

with a specified requirement).



Sample Quiz

Describe the Difference Between Specific Risk and Global Risk

Specific (Benclevel) Risr AGA I GA2Y OF Yy
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What is the Measurement Capability Index (TUR) that will limit the Probability of
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Non-Conformance (FAR) risk to less than 2 %?
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CALIBRATION

THE SCIENCE OF VAGUE ASSUMPTIONS BASED
" UPON DEBATABLE DATA TAKEN FROM
INCONGL USIVE_EXPERIMENTS PERFORMED
WITH INSTRUMENTS OF PROBLEMATICAL
ACCURACY BY PERSONS OF DOUBTFUL
RELIABILITY AND QUESTIONABLE
© . MENTALITY




What are Some of the Things We Can Control to
Mitigate Our Risk?

We can raise our tolerance if we do not need what the manufacturer states.
We can decrease the time between calibrations

Maybe it is a matter of a too coarse resolution where a different indicator would help.

If we want to observe high itolerance probability, we will need to have one of these
conditions met

u An extremely good UUT, and an acceptable Reference Standard, providing a
minuscule PFA (e.g., 0.01 %), or

u Arelatively good UUT, and a good Reference Standard, providing an acceptable PF
(e.g. < 2.0 %)

- S. Mimbs Rule of 89 paper



Accuracy and Precision

This is what we see

High Precision (Small Random High Precision .
Error) Low AccuracyHigh Bias) happenlng a_IOt and the
High Accuracy (Low Bias) reason for this

discussion.

A precise instrument
with a known Systematic
Error

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

Low Precision
Low Accuracy (High Bias)



Instrument Measurement
Uncertainty Guard Banding

Nominal Value 010 Nominal Value o010
Measured Value df0, No Bias Measured Value af1.75 Bias
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Bias T Centered Measurement

APage 92 Section 5.2 Introduction to
Statistics in Metrology



