The 4:1 Rule in ASME NQA-1:
History, Meaning, and
Modern Implementation
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ASME NQA-1-2017
Requirement 12
302 Reference Standards

Reference standards shall have a minimum accuracy four times greater than

that of the measuring and test equipment being calibrated to ensure that the

reference standards contribute no more than one-fourth of the allowable
calibration tolerance. Where this 4:1 ratio cannot be maintained, the basis for
selection of the standard in question shall be technically justified.

ASME NQA-1-2008
Requirement 12
302 Reference Standards

Reference standards shall have a minimum accuracy four times greater than

that of the measuring and test equipment being calibrated to ensure that the

reference standards contribute no more than one-fourth of the allowable
calibration tolerance. Where this 4:1 ratio cannot be maintained, the basis for
selection of the standard in question shall be technically justified.
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< 4CH 1 2H(The 4:1 Rule) >

Reference standards shall have a minimum accuracy four times greater than that of the

measuring and test equipment being calibrated to ensure that the reference standards
contribute no more than one-fourth of the allowable calibration tolerance.
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(Calibration Systems Requirement)

(MIL STD-45662A,1988)
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NCSLi, NIST, = =7t uy 7|&7|1F =8
D%CEP'FX'AR% (ANSI/NCSLi Z540-1, 1994)

0= =7t u8 7|&7|& H8
(ANSI/NCSLi Z540.3, 2006)

ISO 17025: 2017 (&1 X))

NRC SRP 17.1 Quality Assurance During

the Design and Construction Phases,
Rev.2 (1981)

(CHAF: ANSI N45.2 & 2)

NRC SRP 17.3 Standard Review Plan for

the Review of Safety Analysis Reports
for Nuclear Power Plants, Rev.0 (1990)

(CH&: ASME NQA-1 or NQA-2 X &)

ANSI N45.2-1977

ANSI N45.2-1971
(Reg. Guide 1.28, Rev.0, 1972)
[(Reg. Guide 1.28, Rev.1, 1978)

ANSI/ASME NQA-1-1983, 1a-
1983

ANSI/ASME NQA-1-1994

[(Reg. Guide 1.28, Rev.3, 1985

|
|
|
|

ANSI/ASME NQA-1-2008, 1a-
2009, Addenda(Part | & II)

(Reg. Guide 1.28, Rev.4, 2010)

NUCLEAR
EQUIPMENT
QUALIFICATION

KEPIC QAP-1
(2005)

KEPIC QAP-1

(2011 F=&)




02 412219 AAp: MIL-STD 45662A(1988) \J NEQ:.

< 4L 1 A & MIL-STD 45662A >

L &

5 Detailed Requirement
5.2 Adequacy of measurement standards
MIL-5TD Measurement standards used by the contractor for calibrating M&TE and other measurement
45662A(1988), | standards shall be traceable and shall have the accuracy, stability, range and resolution
Calibration required for the intended use. Unless otherwise specified in the contract requirements, the
Systems collective uncertainty of the measurement standards shall not exceed 25% of the acceptable
Requirement |tolerance for each characteristic being calibrated. The contractor's calibration system
description may include provisions for deviating from the uncertainty requirements, provided
the adequacy of the calibration is not degraded. All deviations shall be documented.
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ANSI/NCSL
Z540.1-1994

10 Calibration methods

10.2 b) The laboratory shall ensure that the calibration uncertainties are sufficiently small so
that the adequacy of the measurement is not affected. Well defined and documented
measurement assurance techniques or uncertainty analyses may be used to verify the
adequacy of a measurement process. If such techniques or analyses are not used, then the
collective uncertainty of the measurement standards shall not exceed 25% of the acceptable
tolerance (e.g., manufacturer’s specification) for each characteristic of the measuring and test
equipment being calibrated or verified.

ANSI/NCSL
Z540.3-2006

5.3 Calibration of measuring and test equipment

b) Where calibrations provide for verification that measurement quantities are with in
specified tolerances, the probability that incorrect acceptance decisions (false accept) will
result from calibration tests shall not exceed 2% and shall be documented. Where it is not
practicable to estimate this probability, the test uncertainty ratio shall be equal to or greater
than 4:1.
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NRC, Standard Review

L £
Plan(NUREG-0800)

o

12.6 Calibration of this equipment should be against standards that have an

accuracy of at least four times the required accuracy of the equipment being

17.1 Quality Assurance
During the Design and calibrated or, when this is not possible, have an accuracy that assures the

Construction Phases equipment being calibrated will be within required tolerance and that the basis
(Rev.2, 1981)

of acceptance is documented and authorized by responsible management. The

management authorized to perform this function is identified.

9. Measuring and Test Equipment Control

17.3 Quality Assurance| € Measuring and test equipment is to be calibrated against standards that

Program Description have an accuracy of at least four times the required accuracy of the
(Rev.0, 1990)

equipment being calibrated or, when this is not possible, have an accuracy that

ensures the equipment being calibrated will be within the required tolerance.
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NRC, Standard Review
Plan(NUREG-0800, 1981)
17.1 Quality Assurance
During the Design and
Construction Phases(Rev.2)

12.6 Calibration of this equipment should be against standards that have an

accuracy of at least four times the required accuracy of the equipment being

calibrated or, when this is not possible, have an accuracy that assures the

equipment being calibrated will be within required tolerance and that the basis

of acceptance is documented and authorized by responsible management. The

management authorized to perform this function is identified.
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03 O|2=X HijA: mH(Calibration) vs. ZZ(Verification)

H(Calibration): HA|El ZH S}0f|M A Il CHA| 2 S B 0] o[ M-S Fl 29| ZHESHE=T
£°*M CHSkle XIAIRN(Y2E SEESE e ALo[2| A& &t&lstn, & Il THAIE X|A[ZHolM
SZANE = 2IE =6 | fIol A Hu THA[e| FHZ 0| 8dt= X%
(=X 7t 80T H[3T, 2.39)

(operation that, under specified conditions, in a first step, establishes a relation
between the quantity values with measurement uncertainties provided by
measurement standards and corresponding indications with associated measurement
uncertainties and, in a second step, uses this information to establish a relation for

obtaining a measurement result from an indication)(JCGM 200:2012, 2.39)
*DH(BUE): SEEF XA2S HlW - Auts: B™H7N SHESL

=(Verification): =0{Xl £20| HA|=l @ HE EESICH= k=0l SHo| 12
(EHI £xi5E Q0T X|3T, 2.44)
(provision of objective evidence that a given item fulfils specified requirements)

(JCGM 200:2012, 2.44)

*HF: 5 Y AEIPF T 0

* KOLAS 17025:2017 n ™72




03 o=xuiy: gof

<80{72|>
Tolerance Interval(5{&+72F) = a Span of Tolerance
Tolerance Limit (T.L., 5|8 $tA|) = Specification Limit (S. L., 72 $tA|)
= Maximum Permissible Error (MPE, Z|CH5|- 22 X})
Acceptance Limit(A.L, XHEH StA])
Guard Band(E2 SCHA): &2 stA|2}F XHEH SHA| A0S 22
018 W8 2At (KEPIC QAP-1) =518 SAt (KINS B2 Bl QoA X[H)
= ‘1 S| (KOLAS-G-002, 2JAFEE & B e T
A o|-7:|| (KOLAS G-002, 0|*|.7=|x-| _ﬂjcl al x—l'él;lugl x| ﬂl-ol-x|7cl)
j‘IIZH*15197<f (=4l =g 8017 |= 3 At oHFRE 2 80(VIM) A3
SdE<tr (Uncertainty of Measurement)
parameter, associated with the result of a measurement, that characterized the
dispersion of the values that could reasonably be attributed to the measurand
(ISO/IEC Guide 98-3, Uncertainty of measurement - Part 3: Guide to the expression
of uncertainty)
QLXtvs. 2=t
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dsdt -r =2 =2 accuracy ratio

Oe Ue
- 0, the standard deviation of the product distribution
- 0,: the standard deviation of the errors of measurement

. 1 oo ,r(ky—t)
Consumer Risk = ;ka f_r(kxm

TUR= Upper—Lower  Upper—Lower  2Kx0x  Kxoy - u,: the standard uncertainty of the measurement
_ 2Ugs _ 2K oUe T 2keUp  Kole - S~N(0,1) = Y~N(x,0,), S = YG_X, the distribution of the errors of measurement
- T~N(0,1) = X~N(0,0,), T = =, the product distribution

- Tolerance Limit = k, x o, k,: Coverage Factor

CR versus Accuracy Ratio

Jerry L. Hayes

- 0] =2 22| A9 F2A(the U.S. Naval Ordnance Laboratory) 22

- 0l o2 HE 28 HlE (the Navy Metrology Engineering Center)
Jl& 0| AlTechnical director)

- Dl oo A =58 L AIE8H W8 T2 )8 e

- 0| 2+& OI3HHI0| 3l |(ndE X = 20k

- £X 18 & 3| (Measurement Science Conference) ¥
0|= E&8'3| (National Conference of Standards Laboratories)
~E=D\;

— The Jerry L. Hayes Award: 0] gH22 =2 AP J| &0l
NSWC(Naval Surface Warfare Center)Jt A& & =& 20L0IA

HstHOl HXHZ 0| Fet AL =0 ot &

| .

Consumer Risk (%)

1 2 L] 4 5 ] T B 9 10
Accuracy Ratio

Fig 1. Consumer Risk vs Accuracy Ratio, quoted from Mimbs(2007) & added by author 14
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< 2H[RF 2| A3 IRk, 2HA| >
Deaver(1993), How to Maintain Your Confidence

CR versus Accuracy Ratio
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< 2H[XF 2[AF ALHEEE >
Dobbert(2007), Understanding Measurement Risk
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Harben &(2011), /Implementing Strategies for Risk Mitigation In the Modern Calibration Laboratory, Figure 4.

0.4

03

0 -

Probability Density

Observed Values

—
—
—

True Values

17



03 o1zx sz 28|xt2|A3 0] A4 2R (g NEQ.

< 2H|XF E[AF =4 HIY >
Dobbert(2007), Understanding Measurement Risk

, _1(1)2 po . PDF for the device population
Py = e 2%, X ~ N(0, 5,) Pm . PDF for measurement error
V2may p(x,y): Joint PDF of p,and p,,
1l L : Tolerance Limit

Pm= o€ 2 ¥~ N(x,0p)
m

- R
p(r,y) = po()pm(y —X) = F=-e 270 —=—e om

L
Probability of False Acceptance _ ff Do ()P (y — x)dydx + j Po(X)pm (y — x)dydx

(Unconditional Probability Case) 2 I
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< AH|XP 2|A3 A0 M d=EH|(accuracy ratio) & >
Mimb(2007), Measurement Decision Risk —The Importance of Definitions
tzi, S:y—x:y—aot L = kyo,, r=00:ﬂ—accuracyratlo
Op o o
Probability of F lmA ., i
rovability of False Acceptance
(Unconditional Probability Case) ~ po(x)pm(y—x)dydx + jf Po(X)Pm(y — x)dydx
o L o 1y x
——(—) G
= 2 ﬂp p,(y —x)dydx = 2 U ———e 200 —e 206, dydx
2 ° m 2 V21o, V2o,
oo r(ko—t)
1 1l 1
= = e 20 e 2 dsdt =
s
ko _T(k0+t)
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< AH|XP 2|A3 A0 M d=EH|(accuracy ratio) & >

x —_— —_—
t:—, S=y x=y O-Ot L=k00'0, rzﬂ %0
0o Opm Om Im  Um
oo L
Probability of False Acceptance 1 1 —1(1)2 1 —1(u)2
iy g = — —e 200" —e 2°9m° dydx,
(Unconditional Probability Case) T 00 O
L-L
1 (0] T'(ko_t 1 1
1 1
-1 f J —e72" — e 2 (Jsdt
[ a5 Om

= — = accuracy ratio

ax
ot
9y
ot

x:

%

ds ) 0

Ox — | — O-Oo-m
gx 0o m

ds
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The Sandia Uncertainty Calculator, Sandia National Laboratories(Primary Standard Laboratory)
(https://sandiapsl.github.io/)

TUR 1:1 TUR 2:1

NS _

20 20

False Accept False Accept
15 L False Reject 15k False Reject
10 0L
= / =2 |
S °f | ]
wn
[0] [}
o 0 o 0
—
. g
e g -S|
=10 8 —10F ( .
—15} —15}
—20 1 I L 1 L L I —20 L L L L L L L
“20 —15 —10 _5 0 5 10 15 20 —20 =1g) -10 =E 0 5 10 15 20
Actual Product Actual Product
AEI Q=B A€ Q=¥ B
Process Risk Specific Measurement Risk Global Risk Process Risk Specific Measurement Risk Global Risk
Process Risk: 4.6% TUR: 1.0 Total PRA: 1.7% Process Risk: 4.6% TUR: 2.0 Total PRA: 1.2%
Upper limit risk: 2.3% Measured value: 0.0 Total PFR: 13% Upper limit risk: 2.3% Measured value: 0.0 Total PFR: 4.1%
Lower limit risk: 2.3% Specific FA Risk: 4.6% Lower limit risk: 2.3% Specific FA Risk: 0.0063%
Process capability index (Cpk): 0.67  Worst-Case Specific Risk: 50% Process capability index (Cpk): 0.67 ~ Worst-Case Specific Risk: 50%

21
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< 2H[AF 2|23 FEE H| BA (R, = 2 € M) >

The Sandia Uncertainty Calculator, Sandia National Laboratories(Primary Standard Laboratory)
(https://sandiapsl.github.io/)

TUR 3:1

TUR 4:1

s /\ y
20 20
False Accept False Accept
151 False Reject 15| False Reject
10 - 10+
]
= 5K 3 5k
3
%] %]
[} [1}]
o OF o e | e —————— o 0
4+
. g
L 5L
g s @
-10 =10 [§
—15 8 —15
—20 L L L L L —20 L L
-20 -15 -10 -5 10 15 20 =20 -15 =1

A€E>» PQ=~ B

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

0 5
Actual Product

Specific Measurement Risk
TUR: 3.0
Measured value: 0.0
Specific FA Risk: 2.0e-07%
Worst-Case Specific Risk: 50%

. L L .
=5 0] E 10

Actual Product

A€ Q=¥ 0B

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

Global Risk
Total PFA: 0.98%
Total PFR: 2.2%

Specific Measurement Risk
TUR: 40
Measured value: 0.0
Specific FA Risk: 1.3e-13%
Worst-Case Specific Risk: 50%

L
15 20

¥=—1334

Global Risk
Total PRA: 0.80%
Total PFR: 1.5%

@NEQ
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EQUIPMENT
QUALIFICATION
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The acceptable Tolerance(of manufacturer's specification, regulation,etc)

ANSI/NCSL Test Accuracy Ratio =

The Collective uncertainty of the measurement standards

Z540.1-1994
* Tolerance: limits of permissible error(of a measuring instrument) (z540.1 clause 3.9)
. . Thespanof the Tolerance of a measurement quantity subject to calibration
TeStunceﬂalntyRaﬂo_ 2X(95% expanded uncertainty of the measurement process used for calibration)
ANSI/NCSL

* Tolerance: Extreme values of an error permitted by specifications, regulations, etc.
£540.3-2006 for a given measuring instrument, test, or measurement application
(z540.3 clause 3.12)




1. Unconditional PFA, Test
Point Population Data

2. Unconditional PFA,
MT&E Population Data

3. Conditional PFA,
Acceptance Subpopulation

4. Conditional PFA, Bayesian

5. Guard Bands Based on
Measurement Uncertainty

6. Guard Bands Based on TUR

(TURS 0|82t 2oTHH X )

29

Calculation based on the probability density function(PDF) of both the
measurement process and the individual point being measured. Calculating the
convolution of the two PDFs.

Using In-Tolerance Reliability(End-Of-Period-Reliability) of the unit under test by making a calculation
based on the PDF of the unit under test.

Using PDFs from both the measurement process and the individual points being measured. The PDF
for the unit under test is a subset of only the accepted points.

Using PDFs from both the measurement process and the individual points being measured with
Bayesian calculations.

Calculation Not using the PDF of the unit under test at all, But using only the measurement uncertainty.
The test limit is determined based on the worst case PFA

Calculation Not using the PDF of the unit under test, But using TUR.

24
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< Deaver, D., and Somppi, J.(2010),

A study of and recommendation for applying the false acceptance risk specification of Z540.3 >

- @

£ Method 5 Method 4

g__l

: Method 2 | Method 3

- p—

W

s Method 6 Method 1

E E Small - Large
ort

Table 1: Effort of Implementation and Size of Resulting Guard Bands
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< TUR, EOPR, PFA &4 >
Harben &(2011), /Implementing Strategies for Risk Mitigation In the Modern Calibration Laboratory, Figure 7.

Probability of False Accept (Risk)
PFA

0.8 — m12%-14%

" 10%-12%

061 — 8%-10%

W 6%-8%
0.43 —
N 4%-6%

0.24— M 2%-4%

W 0%-2%

End Of Period Reliability (EOPR)

0.05 —

Test Uncertainty Ratio (TUR)
Figure 7. Topographical Contour Map of False Accept Risk as a Function of TUR and EOPR
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< TUR, EOPR, PFA &t >
Harben &(2011), /mplementing Strategies for Risk

Mitigation In the Modern Calibration Laboratory, Figure 8.
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Figure 8. Surface Plot of False Accept Risk as a Function of TUR and EOPR



< Worst-Case EOPRO| A} TURX} PFA ZtA >
Harben &(2011), /Implementing Strategies for Risk Mitigation In the Modern Calibration Laboratory, Figure 9.

16 %
14 %

2 12%
Q

(Risk)

10 %
8 %
6 %
4%

Probability of False Acc

2%
0%

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

R —

JERR R SR (R T ——

T —

-

| False Accept Risk is
o SR, always below 2 % for |-
TUR24.6t01

3 4 5
Test Uncertainty Ratio (TUR)

= A————f -
N A== ==

Figure 9. Worst Case False Accept Risk vs. TUR
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< Worst-Case TURO|A EOPR1} PFA ZtA >
Harben &(2011), /Implementing Strategies for Risk Mitigation In the Modern Calibration Laboratory, Figure 10.

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

] ] 1
1 ! 1

False Accept Risk is

: i always below 2 % for
------- ool NQ----|  true EOPR 295 %
1 I

B fesen

10% f------ e A=

A0 Lozl PTXXEE T e AT TR T e TS o5 L N e

Ext ol Periad Relutaney [EOPR) 01 Conbidoncs el

6 [oous teeeeee- R

Probability of False Accept (Risk)

2% Z :

0%

0 % 10 % 20 % 30% 40 % 50 % 60 % 70 % 80 % 90 % 100 %
True End Of Period Reliability (EOPR)

Figure 10. Worst Case False Accept Risk vs. EOPR
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< Worst-Case TURO|A EOPR1} PFA ZtA >
Harben &(2011), /mplementing Strategies for Risk Mitigation In the Modern Calibration Laboratory, Figure 12.

16 %

14 %

12 %

10%

8%

6%

4%

Probability of False Accept (Risk)

2%

0%

0%

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

=me= Observed

-------- — 1] S

False Accept Risk
always below 2 % for
observed EOPR 289 %

N
[ 1

1
1
S

20% 40 % 60 % 80 %

End of Period Reliability

Figure 12. PFA Assumes Worst Case TUR for 7rue EOPR and Observed EOPR.
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KOLAS-G-002 FNANEREFEY LA #2024-00053 (2024.1.2) Start
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Where:

AL: Acceptance Limit
TL: Tolerance Limit

Root-Sum-Square

U: 95% expanded uncertainty of the measurement processused for calibration

AL =TL — U X ( 1.04 — e(O.BSln(TUR)—O.54))
Where:

AL: Acceptance Limit
Dobbert TL: Tolerance Limit

U: 95% expanded uncertainty of the measurement processused for calibration
TUR: Test Uncertainty Ratio
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FLUKE -

POLICY FOR MAKING STATEMENTS OF CONFORMITY IN CALIBRATION CERTIFICATES

Purpose: This policy is intended fo proactively communicate the decision rules used by Fluke calibration
laboratonies regarding how the expanded uncertainty in a calibration is taken into account to make statements of
conformity to a specification.

Application: This policy is for calibrations where the resultant measurement error, i.e. the difference between the
measured quantity value and the reference guantity value, is evaluated for verification fo a product specification.
There are many calibraions where the result of a measurement and its associated uncertainty are all that is
reported. This policy is not applicable o those calibrations.

Policy: When making statements of conformity, Fluke uses methodologies based upon a 2% false accept nisk
estimate. This is accomplished by the following methods assuming a worst-case end of period reliability of 85%.
The methods used to control this are as follows:

1. Maintenance of no less than 4:1 test uncertainty ratio. Fluke's goal is to always provide a calibration with
an expanded uncertainty that is at least four imes less than the specification. In this case 2% probability of
false accept is assured, and there is no need to guardband.

2. Use ofa Guardband. In cases where it is not possible fo ensure an expanded uncertainty to be four times
less than the specification Fluke uses guardband methods that ensure there is @ maximum false accept risk
of 2%. In this case there is some possibility that there may be a conditional pass result. This is where the
measurement error is less than the specification (i.e. in tolerance or pass), but because of expanded
uncertainty the false accept risk may exceed 2%. Mote that it is extremely rare, even with TURS
approaching 1:1 to have a false accept risk greater than 10%. The possible guardband methods used are:

a. Root-difference-square (RDS) guardband (G) ILAC-GB:09/2019, APPX B, example 3. The square
root of the square of the specification (3) minus the sguare of the expanded uncertainty (U) ata

95% confidence level
— [e2 _p2
G=+S U?g50,

b. ILAC-GBE:09/2019, APPX B, example 2. Specification minus the expanded uncertainty at a 95%
confidence level.

G=S_U95%

¢. Dobbert method. Based on the paper “A Guard-Band Strategy for Managing False-Accept Risk”,
Michael Dobbert, Keysight Technologies Inc., 2008 NCSL Intemational Workshop and Symposium.

d. Calculated using RiskGuard™ software, Integrated Sciences Group. By entering 2% as false
accept limit, uncertainty and confidence, the appropriate end of period reliability and using the
resultant guardband.

Please understand that these methods are not available options for every calibration but are possihilities based on
the laboratory location and the product being calibrated. The calibration certificate may only describe the method
used by referencing this policy and applicable paragraph such as “FCM T00&.1, paragraph 2a".

If the methods described above are not acceptable to you, it must be indicated at the fime your request is submitted
o Fluke. This may he done through a purchase order, in the RMA request, or by communicating directly fo one of
our call center personnel. Though we always want to comply to our customer's request, it is possible we may not
be able to accommodate a different decision rule depending on the complexity or laboratory restraints.

Fluke Statements of Confomity Pelicy Page 10f1 Fluke Corporation
FCM 7008.1 Revision: 002
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Subject
Description:
Date Issued:

Record
Number:

Interpretation
Number :

Question(s)
and Reply(ies):

cstools_asme.org/interpretation/InterpretationDetail. cfm? TrackingMumber=15617

Interpretation Detail
NQA-1
NQA-1-2008, NQA-1a-2009, & NOQA-1-2015

Req. 11, Para. 200, and Req. 12. Para 200

NQA Inquiry; use of uncertainty/tolerance of M&TE

08/29/2017

16-2780
NQA-1-17-06

Question: Do NQA-1-2008, NQA-1a-2009 & NQA-1-2015, Requirement 12, Paragraph 200, and
Requirement 11, Para. 200 require that M&TE uncertainty/tolerance be combined with the
acceptance criteria when testing a structure, system, or component?

Reply: No
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