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1 Document control

Version Draft A.1
Issued on 24 April 1999.
Version Draft A.2
Issued on 12 May 1999.

2 Introduction

The metrological equivalence of national measurement standards and of calibration certificates issued by national metrology institutes is established by a set of key and supplementary comparisons chosen and organized by the Consultative Committees of the CIPM or by the regional metrology organizations in collaboration with the Consultative Committees.

At its meeting in September 1997, the Consultative Committee for Length, CCL, decided upon a key comparison on gauge block measurements by interferometry, named CCL-K1, with METAS as the pilot laboratory. The comparison was registered in October 1997, artefact circulation started in March 1998 and was completed in March 1999.

3 Organization

3.1 Participants

Give a concise list of the participants.

Table 1. List of participant laboratories and their contacts.
	Laboratory
Code
	Contact person, Laboratory
	Phone, Fax, email

	NPL
	Andrew Lewis 

NPL

Hampton Road

Teddington

Middlesex TW11 OLW

England
	Tel. +44 20 8943 6074

Fax +44 20 8614 0533

e-mail: Andrew.Lewis@npl.co.uk

	LNE
	Georges Vailleau

BNM-LNE

Laboratoire National d’Essais

1, rue Gaston Boissier

F-75015 Paris

France
	Tel. +33 1 40 43 3777 

Fax +33 1 40 43 3737

e-mail: Georges Vailleau@lne.fr

	NIST
	John R. Stoup

National Institute of Standards and Technology

NIST

Room B113, Metrology Building

Gaithersburg, MD 20899-0001

USA
	Tel. +1 301 975 3476

Fax +1 301 869 0822

e-mail: John.Stoup@nist.gov


3.2 Schedule

Include details of the planned and actual schedules as well as date of receipt of results from the participants. Results should be sent within six weeks of completing the measurements.

Table 2. Schedule of the comparison.
	RMO
	Laboratory
	Original
schedule
	Date of
measurement
	Results 
received

	EURAMET
	METAS
	March 1998
	March 1998
	March 1998

	
	NPL
	May 1998
	May 1998
	June 1998

	
	LNE
	June 1998
	June 1998
	July 1999

	Pilot Lab
	METAS
	July 1998
	July 1998
	

	SIM
	NRC
	August 1998
	August 1998
	September 1998

	
	NIST
	September 1998
	September 1998
	January 1999

	
	CENAM
	October 1998
	October 1998
	January 1999

	Pilot Lab
	METAS
	November 1998
	December 1998
	

	COOMET
	VNIIM
	January 1999
	January 1999
	February 1999

	Pilot Lab
	METAS
	February 1999
	February 1999
	

	APMP
	CSIRO
	March 1999
	March 1999
	April 1999

	
	NRLM
	April 1999
	April 1999
	June 1999

	
	KRISS
	May 1999
	May 1999
	September 1999

	
	NIM
	June 1999
	July 1999
	August 1999

	Pilot Lab
	METAS
	August 1999
	September 1999
	


4 Artefacts

4.1 Description of artefacts

Copy the information on the artefacts from the protocol document. Clearly describe the artefact(s) – if the is one artefact with multiple measurands, label the measurands in some consistent way. Remember, for key comparisons, eventually the results will need to be linked to those in another comparison and DoE graphs prepared for the KCDB, which usually has one graph per artefact or per measurand. Often a table is suitable.

If a specification of a value is given (such as the thermal expansion coefficient), indicate also the expanded uncertainty of this specification.

Table 3. List of artefacts.
	Identification
	Nominal length
/mm
	Expansion coefficient

/10-6 K-1
	Manufacturer

	2’10282
	0.5
	11.52 ± 0.1
	CARY

	3’23288
	1.01
	11.52 ± 0.1
	CARY

	21’23584
	1.1
	11.52 ± 0.1
	CARY

	1’0071
	6
	11.52 ± 0.1
	CARY

	16’0087
	7
	11.52 ± 0.1
	CARY

	7’0103
	8
	11.52 ± 0.1
	CARY

	18’23395
	15
	11.52 ± 0.1
	CARY

	24’23259
	80
	11.56 ± 0.03
	CARY

	7’23260
	90
	11.72 ± 0.03
	CARY

	29’23539
	100
	11.52 ± 0.03
	CARY


4.2 Stability of artefacts

Often the pilot laboratory or an assisting laboratory makes stability measurements on the artefacts either before, or during the comparison (or both). The easiest way to present these is to plot on a graph with uncertainty bars. Remember to label the graphs indicating the coverage factor (k) used for the uncertainty bars. Either include the k value in the figure caption or, if there are many figures, mention the k value in text immediately before or immediately after the group of graphs. Comment on whether or not the artefacts were stable within the 95 % confidence level. If the artefacts were not stable, the pilot may consider adding an artefact uncertainty to the KCRV uncertainty – use the maximum change in artefact measurand, and include it as a rectangular uncertainty, after reduction to k = 1 (see Final Report on EURAMET.L-K2 for an example).
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Figure 1. Stability of 175 mm gauge block (S/N 6071) during comparison: interim length measurements 
of the pilot laboratory. Uncertainty bars show standard uncertainty (k=1).
4.3 Condition of artefacts at start/end of comparison

If there are pictures/sketches of the artefacts showing damage that occurred during the circulation, include these. If the pilot thinks that the damage may be an additional uncertainty source, comment on this and decide on a value – often this is a judgment call at the pilot’s discretion. If there was a sudden change in a measurand, it may be necessary to either exclude that item or to calculate a subset of results, which are then matched to the main group (see Final Report on EURAMET.L-K5.2004 for an example).

5 Measuring instructions

5.1 Measurands

Copy the information on the measurands from the protocol document. Ideally, measurands were stated according to some specification standard e.g. ISO 3650, and were clear and unambiguous. If possible, use algebraic symbols for the measurands, e.g. 
The measurand was the deviation from nominal length at the centre,  l = lc - ln
so that these can later be referred to in the uncertainty tables. If possible, use a serif font such as Times Roman, for any equations and symbols.

6 Results

6.1 Results and standard uncertainties as reported by participants

Give a simple transcription of the results, formatted consistently in multiple/sub-multiple of SI units. This is most easily communicated in a table or series of tables. 

Table 4. Deviation from nominal length (in nm) of the steel gauge blocks, as reported by the laboratories. 
(*: not measured due to flatness out of tolerance).

	
	Gauge block nominal length / mm

	Lab
	0.5
	1.01
	6
	7
	8
	15
	80
	90
	100

	METAS
	17
	34
	52
	31
	-1
	16
	22
	-21
	-96

	NPL
	20
	25.5
	54.5
	33.5
	1.5
	22.5
	38.5
	-14
	-140

	LNE
	15
	25
	54
	35
	4
	20
	28
	-24
	-110

	NRC
	29
	28
	36
	30
	2
	14
	9
	-37
	-126

	NIST
	26
	42
	57
	34
	9
	30
	33
	-23
	-117

	CENAM
	15
	20
	47
	26
	-3
	13
	21
	-19
	-119

	VNIIM
	*
	60
	68
	25
	32
	36
	25
	-32
	-104

	CSIRO
	28
	46
	53
	37
	12
	51
	27
	-20
	-114

	NRLM
	23.9
	17.7
	44.1
	27
	-2.2
	15.1
	47.3
	9.1
	-89.4

	KRISS
	18.7
	
	22.1
	12.8
	-24.2
	8.1
	30.4
	-18.4
	-104.3

	NIM
	30
	
	56
	42
	12
	28
	44
	18
	-90


Table 5. Standard uncertainties (in nm), as reported by the laboratories. 
	
	Gauge blocks nominal length / mm

	Lab
	0.5
	1.01
	1.1
	6
	7
	8
	15
	80
	90
	100

	METAS
	9
	9
	9
	8
	8
	8
	8
	11
	12
	13

	NPL
	14
	14
	14
	14
	14
	14
	15
	28
	31
	33

	LNE
	10
	10
	10
	10
	10
	10
	10
	14
	15
	16

	NRC
	13
	13
	13
	14
	14
	14
	14
	21
	22
	24

	NIST
	8.9
	9
	9
	9.4
	9.5
	9.6
	10.3
	16.1
	17
	17.9

	CENAM
	7
	7
	7
	7.1
	7.1
	7.2
	7.4
	15.6
	17.3
	18.7

	VNIIM
	
	8
	8
	8
	8
	8
	8
	12
	14
	15

	CSIRO
	9
	9
	9
	9
	9
	9
	9
	14
	15
	16

	NRLM
	8.6
	10.3
	8.6
	10.3
	8.7
	10.3
	10.9
	13.5
	14.3
	16.3

	KRISS
	13.1
	12.2
	
	13.6
	11
	11
	13.2
	17
	18.9
	20.6

	NIM
	5.4
	5.4
	
	5.5
	5.5
	5.5
	5.6
	8.9
	9.6
	10.3


If there are relatively few measurands and they are simple to interpret, prepare a graph of the results, including uncertainty bars, remembering to comment on whether the bars represent standard or expanded uncertainties. Ensure each graph refers to the relevant artefact.
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Figure 2. Deviation from nominal length of the 0.5 mm steel gauge block. Standard uncertainty bars.
6.2 +

6.3 Measurement uncertainties

The MRA requires that participants submit results supported by a full uncertainty calculation. For certain subjects, e.g. gauge block measurement by interferometry, all participants will be using essentially the same measurement process so a standardised uncertainty budget with common parameters can be applied and the pilot may request in the protocol document that each participant fill out such a table and this may then be included in the Report.

Table 5. Standard uncertainty components according to the specified uncertainty budget of the protocol.

	
	METAS
	NPL
	LNE
	NRC
	NIST
	CENAM
	VNIIM
	CSIRO
	NRLM
	KRISS
	NIM

	i
	2.0
	1.0
	0.3
	0.5
	0.3
	3.0
	0.4
	0.1
	0
	2.5
	1.2

	Fi
	3.2
	1.0
	4.2
	2.0
	4.5
	3.0
	4.2
	2.6
	4.1
	1.3
	0.6

	n
	5.8
	4.2
	3.5
	20.0
	3.0
	2.5
	2.0
	7.0
	3.7
	1.9
	4.8

	tG
	7.4
	29.6
	11.5
	7.2
	8.5
	16.7
	11.0
	10.0
	9.4
	11.2
	6.9

	
	0.3
	0.3
	0
	0.1
	0.8
	2.5
	10.0
	6.0
	3.0
	2.4
	0.6

	l
	0.6
	0.6
	0
	0.8
	0.1
	0.6
	1.0
	1.0
	
	0.8
	0.1

	ls
	0.5
	0.9
	
	0.2
	
	0.4
	0.2
	0.2
	0.4
	1.1
	2.0

	lA
	3.7
	5.2
	3.0
	3.0
	3.0
	3.5
	3.0
	4.0
	2.9
	3.5
	3.0

	lG
	1.4
	3.5
	5.0
	2.0
	
	1.4
	3.0
	2.9
	2.5
	6.5
	2.7

	lw
	3.5
	5.0
	5.0
	8.0
	4.0
	2.9
	5.0
	5.7
	6.9
	4.8
	3.6

	l
	4.2
	5.0
	3.4
	10.0
	5.8
	4.0
	2.0
	5.0
	8.1
	1.5
	

	l(
	3.5
	10.0
	
	
	
	
	
	
	
	
	

	uc
	12.7
	33.0
	15.3
	25.2
	12.7
	18.7
	17.1
	16.6
	16.0
	15.0
	10.3


Alternatively, participants may simply submit an overall uncertainty value. Ideally, for range based CMCs, the participant will submit both an uncertainty expression plus a value for each measurand. Each participant should mention any rounding that has been applied, in case it is significant. When submitting an uncertainty expression as an equation, the quantity equation format (similar to that used for CMCs) should be used, e.g. u = Q[32 nm, 1.2 × 10-6 L].

As well as stating a measurement uncertainty for each measurand, the participant should also state the calculated or assumed degrees of freedom. Both should be included in the Report.

Be certain to state the coverage factor (k) when including tables of uncertainties. If referring to uncertainties in the text, refer to standard or expanded uncertainties, as appropriate.

6.4 Changes to results after Draft A.1 (optional)

The pilot has much work to perform when analysing a key comparison. Ideally, the analysis should occur only once, using correct data. It is therefore important that the Draft A.1 report is used as a final chance for participants to ensure that the pilot is using the correct values in the calculations. The pilot should ask participants to confirm their data as shown in the Draft A.1 report, as well as the uncertainty values, their coverage factors and the degrees of freedom.

Any typos, or other corrections that are necessary after Draft A.1 should be described and new summary tables given as necessary. This makes it clear what values have been used in the later calculations.

7 Analysis

7.1 Calculation of the KCRV

This section of the report often takes the most time to prepare. Often an iterative approach is required, in order to find the largest consistent subset of results. 

It is recommended to use the weighted mean to be the KCRV for each measurand. Before the weights can be assigned and the mean taken, it is necessary to exclude any clear outliers from the analysis. In exceptional cases, where a laboratory has reported extremely small uncertainties for his results compared with the others, it might be necessary to set a maximum value for the weights in order to prevent, that the KCRV is dominated by a single laboratory.
The analysis for each measurand proceeds as follows:
We assume the total number of participants submitting a result is I.

Each laboratory reports a measured value, xi , and its associated standard uncertainty u(xi).
<ITERATION START> Compute the normalised weight, wi , for the result xi is given by:
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where the normalising factor, C, is given by:
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Then calculate the weighted mean, 
[image: image5.wmf]w

x

 , which is given by:
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The uncertainty of the weighted mean is calculated by: 
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After deriving the weighted mean and its associated standard uncertainty, the deviation of each laboratory’s result from the weighted mean is determined simply as 
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. The uncertainty of this deviation is calculated as a combination of the uncertainties of the result, u(xi) , and the uncertainty of the weighted mean 
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. The uncertainty of the deviation from the weighted mean is given by equation (5), which includes a minus sign to take into account the correlation between the two uncertainties (it would be a plus sign if dealing with uncorrelated uncertainties, such as when comparing data from two separate laboratories).
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For the determination of the key comparison reference value KCRV, statistical consistency of the results contributing to the KCRV is required. A check for statistical consistency of the results with their associated uncertainties can be made by calculating the En value for each laboratory’s result, where En is defined as the ratio of the deviation from the weighted mean, divided by the expanded uncertainty of this deviation:
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The results are examined and any for which |En|> 1 is considered as inconsistent result. Identify the result with the largest |En|, go back to <ITERATION START> and repeat the analysis, but excluding this result from contributing to the weighted mean – i.e. they have a weighting of zero. Because inconsistent results are no longer correlated with the weighted mean, when calculating their deviation from the weighted mean, and when calculating their En value, a positive sign is used in equation (5) and consequently in the denominator of equation (6).

This process is iterated until there are no inconsistent results contributing to the weighted mean.

Sometimes, a situation is reached where exclusion of one outlier causes a previously excluded result to have |En|< 1, however the previous outlier should not be brought back into the analysis. 

Sometimes, a situation is reached where there are two results that need to be excluded, but exclusion of one of the results causes the other result to become consistent, and vice versa. The pilot has to choose which one to exclude! The solution is to exclude the result which has the largest magnitude En value. 

After reaching consistency, the calculated weighted mean is the KCRV.

A statistically better way to check for consistency than the criterion |En|< 1 is to investigate by the so-called Birge ratio RB which compares the observed spread of the results with the spread expected from the individual reported uncertainties.

The application of least squares algorithms and the (2-test leads to the Birge ratio
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where 
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The Birge ratio has an expectation value of RB = 1, when considering standard uncertainties. For a coverage factor of k = 2, the expectation value is increased and the data in a comparison are consistent provided that
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where I is the number of laboratories. As an example, for the case I = 12, a value of RB < 1.36 indicates consistency (for k = 2). The iterative process of excluding results from contributing to the KCRV is stopped as soon as Eq. (9) is fulfilled, even if values for |En|> 1 are remaining.
Table 6. Key comparison reference value 
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	Gauge block nominal length / mm

	
	0.5
	1.01
	1.1
	6
	7
	8
	15
	80
	90
	100
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7.2 Calculation of Degrees of Equivalence

The Degree of Equivalence, DoE, for a laboratory result xi is calculated simply as 
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   for results which contributed to the weighted mean

or
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 for results which made no contribution. 

Table 7. 
Degrees of equivalence 
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 and associated expanded uncertainty 
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[image: image25.emf]METAS -6 19 -3 19 2 19 0 17 -1 17 -7 17 -9 17 -9 24 -10 26 8 28

NPL -3 29 -11 28 8 29 2 28 2 28 -5 28 -2 30 7 57 -3 63 -36 67

LNE -8 21 -12 21 -6 21 2 21 3 21 -2 21 -5 21 -3 29 -13 31 -6 33

NRC 6 27 -9 27 3 27 -16 28 -2 28 -4 28 -11 29 -22 43 -26 45 -22 49

NIST 3 19 5 19 4 19 5 20 2 20 3 20 5 21 2 33 -12 35 -13 37

CENAM -8 15 -17 15 -1 15 -5 15 -6 15 -9 15 -12 16 -10 32 -8 36 -15 39

VNIIM 23 17 -50 17 16 17 -7 17 26 17 11 17 -6 25 -21 29 0 32

CSIRO 5 19 9 19 7 19 1 19 5 19 6 19 26 19 -4 29 -9 31 -10 33

NRLM 1 18 -19 21 -12 18 -8 21 -5 18 -8 21 -10 22 16 28 20 30 14 34

KRISS -5 27 -17 25 -30 28 -19 23 -30 23 -17 27 -1 35 -7 39 -1 42

NIM 7 12 11 12 4 12 10 12 6 12 3 12 13 20 29 21 14 23

0.5 1.01 1.1 6 90 100 7 8 15 80


Further tables with En values may be added.
7.3 Discussion of results

Include some brief discussion of the result analysis. Point out any outliers that had to be excluded from contributing to the KCRV (weighted mean). Comment on any laboratory that had overall poor results including any subsequent discussions with the laboratory. Comment on whether or not any outlier results are significant outliers or in the ‘grey’ band. This will help when making later comments on CMC support, in the Executive Report.

7.4 Linking of result to other comparisons

In early length comparisons, it was intended not to perform a numerical link between comparisons, e.g. from an RMO key comparison to the corresponding CCL comparison. However the CIPM has confirmed its requirement to link comparisons and a CCL Task Group on comparison linking (TG-L) has been established. The most recent conclusions on the linking process are that:

· subsequent bilateral comparisons have their results plotted simply on the graph of the preceding key comparison, with the link established simply by reference to the linking laboratory. In other words, if the linking lab is participant A and the other participant(s) are B, C, D, then points for labs B, C, D are plotted on the graph of the preceding comparison, such that the relationships B-A, C-A, D-A are maintained across the two comparisons.

· RMO key comparisons and inter-RMO comparisons should be linked to an appropriate recent comparison, ideally the most recent CCL key comparison in the same subject. The linking is performed as follows: use the analysis proposed by TG-L to check that the two comparisons to be linked are equivalent, with respect to the performance of the linking laboratories. If the comparisons are shown to be equivalent, the data from the later comparison are plotted on the graph of the earlier comparison, with a linking offset determined such that the mean value of the linking laboratories is preserved across the two comparisons.

7.5 Support for CMCs/service categories

<Key Comparisons> The service categories and CMCs supported by this comparison can be found by looking up key comparison topic ???? in the CCL Competence Matrix
.

<Supplementary Comparisons> The service categories and CMCs supported by this comparison have been determined by reference to the CCL Competence Matrix. Although there is not a one-to-one mapping to service categories, the following principal techniques are tested by this comparison:

<select from the following list, or consult competence matrix>

Vacuum wavelength production/measurement; optical interferometry; silicon lattice spacing; air refractive index; gauge temperature measurement; thermal expansion correction; gauge mounting and aligning; effects of phase change on reflection; wringing; elastic compression correction; probe size calibration; dynamic probing response; stylus contact at surface with 1-D proving; bi-directional probing; probing for 3D centre coordinates; line centre sensing; measuring small angles; circular division for large angles; small angle generation; ISO parameter extraction from data; flatness determination; roundness determination; measurement of thread/gear profiles; 3D surface evaluation; error separation; extraction of geometric primitives from data.

(Optional) Appendix A Equipment and measuring processes of the participants

If a wide range of equipment or techniques has been used, or if participants have deviated from a standard measuring process, include an appendix describing the measurement methods and equipment. The participants can be asked to supply this information verbatim in a format ready for inclusion – often this is requested in the protocol document.

�Guidance document CIPM MRA-G-11 requires that “A statement indicating which service categories/CMCs can be supported by the comparison, or criteria to identify such categories/CMCs (i.e., ‘how far the light shines’)”. The 2021 WGMRA meeting gave guidance that for key comparisons, the protocol document should simply include a reference to the competence matrix. For supplementary comparisons, the protocol should simply list the relevant principal techniques from the competence matrix� that are tested by the comparison. 





The competence matrix is maintained by WG-S; it can be found in either the CCL Strategy Document or as a meeting document from the most recent meeting. At the time of writing this protocol template, the most up-to-date copy of the competence matrix can be found as meeting document � HYPERLINK "https://www.bipm.org/documents/20126/61813408/WGMRA_21-09.01_Competence_Matrix.pptx/cac06c8e-127e-a222-9131-da80e356f9a7" ��WGMRA 21-09.01�. 
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