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1 Introduction

This report presents the results of the first Asia Pacific Metrology Programme (APMP)
comparison in the area of low-frequency ‘vibration’, which in this case means sinusoidal
acceleration.

The participants have reached consensus and considered the weighted mean as the most
appropriate method for this particular comparison to compute the key comparison reference
values (KCRVs) and the degrees of equivalence. Detailed analysis and application of the
method for use in comparisons in the field of vibration, is documented in the CCAUV.V-K1
report [1]. The calculation of the KCRVs is also in accordance with the Guidelines for CIPM
key comparisons [2].

The Technical Protocol of December 2010 [3] specifies in detail the aim and the task of the
comparison, the conditions of measurement, the transfer standards used, measurement

instructions, time schedule and other items. A brief survey is given in the following sections.

2 Participants

Seven metrology institutes from APMP economies have participated in the comparison
APMP.AUV.V-K3 (see table 1).
Table 1: List of participating institutes

Participant Economy Calibration period
NIM P. R. China August, 2011
NIMT Thailand September, 2011

CMS/ITRI Chinese Taipei September, 2011
NMIA Australia October, 2011

NMISA South Africa November, 2011
NMIJ Japan December, 2011
KRISS Korea April, 2012

3 Task and Purpose of the Comparison

Recent developments in technology and improvements at the NMIs have extended the
low-frequency vibration limit of calibration capabilities down to 0.5 Hz and even as low as
0.1 Hz. Therefore, during the meeting of APMP TCAUV in 2008, the decision was taken to
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make preparations for a further comparison targeted at a low-frequency range.

In the field of vibration, this regional key comparison was organized in order to compare
measurements of sinusoidal linear accelerations in the frequency range from 0.5 Hz to 20 Hz.
Moreover, the magnitude of the complex sensitivity calibration and measurement
capabilities (CMCs) of the participating laboratories for accelerometer calibration were to be
examined and compared. The phase shift was optional. It was the task of the comparison to
measure the magnitude of the complex sensitivity of two accelerometer standard sets (one
set included a quartz-flexure servo accelerometer of single-ended type and a signal
conditioner) at different frequencies with acceleration amplitudes as specified in section 3 of
[3]. The results of this APMP comparison will, after approval by CCAUV, serve as
empirical support for the registration of low-frequency vibration ‘calibration and
measurement capabilities’ (CMCSs) in the framework of the CIPM MRA.

The voltage sensitivity is calculated as the ratio of the amplitude of the accelerometer
standard set output voltage to the amplitude of the acceleration at its reference surface. The
magnitude of the complex voltage sensitivity was given in millivolts per meter per second
squared (mV/(m/s?)) for the different measurement conditions specified in section 4 of [3].

For the calibration of the accelerometer standard sets, laser interferometry in compliance
with method 1 or method 3 of the international standard ISO 16063-11:1999 [4] had to be
applied, in order to cover the entire frequency range.

The reported sensitivities and associated uncertainties of measurement were used for the

calculation of the key comparison reference value (KCRV).

4 Conditions and Instructions of Measurement

The participating laboratories observed to a large extent the conditions stated in the
Technical Protocol, i.e.
e frequencies in Hz:

0.5,0.63,0.8, 1, 1.25, 1.6 (reference frequency), 2, 2.5, 3.15, 4, 5, 6.3, 8, 10, 12.5, 16,
20.
e acceleration amplitudes:

A range of 0.1 m/s? to 10 m/s® was admissible.
e ambient temperature and accelerometer temperature during the calibration:

(23 + 2) °C (actual values to be stated within tolerances of + 0.3 °C).
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e relative humidity: max. 75 % RH
The comparison was performed in compliance with the “Guidelines for CIPM key

comparisons” [2].

5 Transfer Standards as Artefacts
For the purpose of the comparison the pilot laboratory selected two accelerometers of

which monitoring data for 6 months were available and of which data were not included in

any published international cooperation work. Their pictures are in Figure 1.

e One transfer standard accelerometer (single-ended), type SA704, S/N 1021
(manufacturer: NIM) referred to as SE-1021.

e  One transfer standard accelerometer (single-ended), type SA704, S/N 1022
(manufacturer: NIM) referred to as SE-1022 .

e One signal conditioner, type MSA-I1, S/N 02011001 (manufacturer: NIM).

The investigation of the long-term stability was continued throughout the circulation period.

The results of the NIM stability measurements and other individual data of the transfer

standards are given in Section 7.

Figure 1: Two transfer standard accelerometers

6 Circulation of the Artefacts

The transducer sets were circulated in a star type fashion with a measurement period of two
weeks provided for each participating laboratory and one week for the pilot laboratory. At
the beginning and the end of the circulation as well as between certain subsequent
measurements of participating laboratories, the transducer sets were measured by the pilot
laboratory in order to determine reference values and to monitor the stability of the
transducer sets (c.f. section 7). Due to the unexpected earthquake and tsunami which
occurred in March 2011, the circulation had to be modified to incorporate two loops. The
first loop was from NIM to NIMT, to CMS and back to NIM. The second loop was from
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NIM to NMIA, to NMISA, to NMIJ, to KRISS and back to NIM.

The input range of SA-704 is 600 m/s* and the highest environment shock 1000 m/s%.
Therefore, any violent drop could change its sensitivity or even damage it. The transducer

sets had to be hand-carried with great caution, shown in Figure 2.

Figure 2: Package of transfer standard set including two accelerometers and

one signal conditioner

7 Results of the Measurements

7.1  Monitoring of stability
Starting with calibration data in February 2011, the artefacts were monitored during the

preparatory period and the intervals of the comparison when they were back at the pilot
laboratory. As a representative of the overall change, the measurements at reference
frequency (1.6 Hz) are given in the following tables, with both the horizontal and vertical

installation of artefacts.

4/79



Table 2: Horizontal voltage sensitivities of the SE-1021 at 1.6 Hz

during the monitoring measurements

Month rel. to 2/2011 | Sya in mV/(m/s?) rel. exp. Uncertainty in %
0 124.09 0.2
2 124.11 0.2
4 124.12 0.2
6 124.11 0.2
8 124.09 0.2
16 124.07 0.2

Table 3: Vertical voltage sensitivities of the SE-1021 at 1.6 Hz

during the monitoring measurements

Month rel. to 2/2011 Sva I MV/(m/s?) rel. exp. Uncertainty in %
0 124.07 0.2
2 124.09 0.2
4 124.10 0.2
6 124.09 0.2
8 124.08 0.2
16 124.09 0.2

Table 4: Horizontal voltage sensitivities of the SE-1022 at 1.6 Hz

during the monitoring measurements

Month rel. to 2/2011 Sva In MV/(m/s?) rel. exp. Uncertainty in %
0 123.95 0.2
2 124.00 0.2
4 124.00 0.2
6 123.99 0.2
8 123.97 0.2
16 123.94 0.2
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Table 5: Vertical voltage sensitivities of the SE-1022 at 1.6 Hz

during the monitoring measurements

Month rel. to 2/2011 Sva In MV/(m/s?) rel. exp. Uncertainty in %
0 123.94 0.2
2 123.98 0.2
4 123.98 0.2
6 123.97 0.2
8 123.96 0.2
16 123.95 0.2

These monitoring measurements can in the simplest way be summarized by the
following statistical properties. It indicates that the stability of the artefacts was good

considering the uncertainty claimed by the pilot laboratory in Appendix B.

Table 6: Mean and standard deviation of the voltage sensitivity of the artefacts

calculated from the monitoring measurements

long term mean rel. std. deviation
Artefact . .
in mV/(m/s?) in %
SE-1021 (Horizontal) 124.098 0.01
SE-1021 (Vertical) 124.098 0.01
SE-1022 (Horizontal) 123.975 0.02
SE-1022 (Vertical) 123.963 0.01

7.2 Results of the Participants

It should be noted that the measurement results from the pilot laboratory were sent to the
CCAUV Secretary prior to the circulation of the artefacts. The results include voltage

sensitivities and phase shift of the two accelerometers in both horizontal and vertical

installation directions.

6/79




7.2.1 Results of horizontal voltage sensitivities of the SE-1021
Table 7: Reported calibration results in mV/(m/s?) of the participants for horizontal voltage

sensitivities of the SE-1021 with expanded relative uncertainty (k = 2) in %

NIM CMS NMIA
Frequency Sva U, = U, S Uc
(mV/ (mV/ (mV/
(H2) (%) (%) (%)
(m/s?)) (m/s?)) (m/s?))
0.50 124.33 0.2 124.7 2.7 124.08 0.2
0.63 124.26 0.2 125.0 2.7 124.07 0.2
0.80 124.22 0.2 124.9 2.4 124.05 0.2
1.00 124.14 0.2 125.3 2.3 124.04 0.2
1.25 124.12 0.2 125.0 2.3 124.03 0.2
1.60 124.11 0.2 125.3 2.3 124.02 0.2
2.00 124.13 0.2 124.7 2.3 124.02 0.2
2.50 124.12 0.2 124.4 2.2 124.01 0.2
3.15 124.12 0.2 124.4 0.5 124.01 0.2
4.00 124.13 0.2 124.8 0.5 124.01 0.2
5.00 124.14 0.2 124.4 0.5 124.01 0.2
6.30 124.14 0.2 124.6 0.5 124.02 0.2
8.00 124.16 0.2 124.6 0.5 124.03 0.2
10.00 124.23 0.2 124.3 0.5 124.06 0.2
12.50 124.25 0.2 124.8 0.4 124.11 0.2
16.00 124.35 0.2 125.0 0.5 124.20 0.2
20.00 124.50 0.2 124.9 0.5 124.33 0.2
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Table 8: Reported calibration results in mV/(m/s?) of the participants for horizontal voltage

sensitivities of the SE-1021 with expanded relative uncertainty (k = 2) in %

NMISA NMIJ KRISS
Frequency S Uc s U e U
(mV/ (mV/ (mV/
(Hz) (%) (%) (%)
(m/s?)) (m/s?)) (m/s?))
0.50 123.9 0.3 124.81 2.0 124.27 0.5
0.63 123.9 0.3 123.93 0.8 124.23 0.5
0.80 123.9 0.3 123.85 0.8 124.13 0.3
1.00 124.0 0.3 123.91 0.9 124.13 0.5
1.25 124.0 0.3 123.76 0.7 124.06 0.3
1.60 124.0 0.3 123.79 0.5 124.07 0.4
2.00 124.0 0.3 123.88 0.7 124.16 0.3
2.50 124.0 0.3 - - 124.12 0.3
3.15 123.9 0.3 - - 124.03 0.3
4.00 124.0 0.3 - - 124.01 0.3
5.00 124.0 0.3 - - 124.05 0.3
6.30 124.0 0.3 - - 123.97 0.3
8.00 124.0 0.3 - - 123.98 0.4
10.00 124.1 0.3 - - 124.01 0.4
12.50 124.1 0.3 - - 124.05 0.4
16.00 124.1 0.3 - - 124.20 0.3
20.00 124.3 0.3 - - 124.27 0.3
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7.2.2 Results of vertical voltage sensitivities of the SE-1021
Table 9: Reported calibration results in mV/(m/s?) of the participants for vertical voltage

sensitivities of the SE-1021 with expanded relative uncertainty (k = 2) in %

NIM NIMT NMIJ
Frequency Sva U, = U, S Uc
(mV/ (mV/ (mV/
(H2) (%) (%) (%)
(m/s?)) (m/s?)) (m/s?))
0.50 124.17 0.2 124.06 0.6 - -
0.63 124.16 0.2 124.06 0.6 - -
0.80 124.15 0.2 124.06 0.6 - -
1.00 124.10 0.2 124.06 0.5 - -
1.25 124.09 0.2 124.06 0.5 - -
1.60 124.09 0.2 124.06 0.5 - -
2.00 124.10 0.2 124.06 0.5 - -
2.50 124.11 0.2 124.06 0.5 123.86 0.3
3.15 124.11 0.2 124.06 0.5 123.91 0.3
4.00 124.11 0.2 124.07 0.5 123.94 0.3
5.00 124.12 0.2 124.10 0.4 123.95 0.3
6.30 124.11 0.2 124.10 0.4 123.98 0.3
8.00 124.14 0.2 124.12 0.4 124.01 0.3
10.00 124.16 0.2 124.15 0.4 124.05 0.3
12.50 124.20 0.2 124.20 0.4 124.11 0.3
16.00 124.30 0.2 124.28 0.4 124.20 0.3
20.00 124.42 0.2 124.41 0.4 124.34 0.3
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7.2.3 Results of horizontal voltage sensitivities of the SE-1022
Table 10: Reported calibration results in mV/(m/s?) of the participants for horizontal voltage

sensitivities of the SE-1022 with expanded relative uncertainty (k = 2) in %

NIM CMS NMIA
Frequency Sva U, = U, S Uc
(mV/ (mV/ (mV/
(H2) (%) (%) (%)
(m/s?)) (m/s?)) (m/s?))
0.50 124.20 0.2 124.9 2.6 123.94 0.2
0.63 124.13 0.2 124.9 2.7 123.93 0.2
0.80 124.09 0.2 124.8 2.5 123.91 0.2
1.00 124.01 0.2 125.1 2.3 123.90 0.2
1.25 123.97 0.2 124.8 2.3 123.89 0.2
1.60 123.99 0.2 125.0 2.3 123.88 0.2
2.00 123.99 0.2 124.7 2.3 123.88 0.2
2.50 123.99 0.2 124.3 2.2 123.87 0.2
3.15 124.00 0.2 124.9 0.6 123.87 0.2
4.00 124.00 0.2 124.7 0.6 123.87 0.2
5.00 124.01 0.2 124.1 0.5 123.87 0.2
6.30 124.01 0.2 124.1 0.5 123.87 0.2
8.00 124.04 0.2 124.2 0.5 123.89 0.2
10.00 124.11 0.2 124.6 0.5 123.92 0.2
12.50 124.11 0.2 124.4 0.5 123.96 0.2
16.00 124.20 0.2 124.8 0.5 124.05 0.2
20.00 124.34 0.2 124.6 0.5 124.16 0.2
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Table 11: Reported calibration results in mV/(m/s?) of the participants for horizontal voltage

sensitivities of the SE-1022 with expanded relative uncertainty (k = 2) in %

NMISA NMIJ KRISS
Frequency S Uc s U e U
(mV/ (mV/ (mV/
(Hz) (%) (%) (%)
(m/s?)) (m/s?)) (m/s?))
0.50 123.8 0.3 124.02 2.0 124.12 0.5
0.63 123.8 0.3 123.63 0.7 124.01 0.5
0.80 123.8 0.3 123.81 0.8 123.97 0.3
1.00 123.8 0.3 123.73 1.0 123.94 0.4
1.25 123.8 0.3 123.67 0.7 123.90 0.4
1.60 123.8 0.3 123.68 0.4 123.92 0.4
2.00 123.8 0.3 123.56 0.7 124.01 0.3
2.50 123.8 0.3 - - 123.99 0.3
3.15 123.9 0.3 - - 123.90 0.3
4.00 123.8 0.3 - - 123.86 0.3
5.00 123.9 0.3 - - 123.83 0.3
6.30 123.9 0.3 - - 123.80 0.3
8.00 123.9 0.3 - - 123.82 0.4
10.00 123.9 0.3 - - 123.86 0.4
12.50 123.9 0.3 - - 123.89 0.4
16.00 124.0 0.3 - - 124.03 0.4
20.00 124.1 0.3 - - 124.09 0.4
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7.2.4 Results of vertical voltage sensitivities of the SE-1022
Table 12: Reported calibration results in mV/(m/s?) of the participants for vertical voltage

sensitivities of the SE-1022 with expanded relative uncertainty (k = 2) in %

NIM NIMT NMIJ
Frequency Sva U, = U, S Uc
(mV/ (mV/ (mV/
(H2) (%) (%) (%)
(m/s?)) (m/s?)) (m/s?))
0.50 124.02 0.2 123.92 0.6 - -
0.63 124.04 0.2 123.92 0.6 - -
0.80 124.04 0.2 123.92 0.6 - -
1.00 123.98 0.2 123.92 0.5 - -
1.25 123.97 0.2 123.93 0.5 - -
1.60 123.97 0.2 123.93 0.5 - -
2.00 123.98 0.2 123.93 0.5 - -
2.50 123.98 0.2 123.93 0.5 123.71 0.3
3.15 123.98 0.2 123.93 0.5 123.77 0.3
4.00 123.99 0.2 123.94 0.5 123.80 0.3
5.00 123.99 0.2 123.96 0.4 123.82 0.3
6.30 123.99 0.2 123.97 0.4 123.85 0.3
8.00 124.00 0.2 123.98 04 123.88 0.3
10.00 124.02 0.2 124.01 0.4 123.91 0.3
12.50 124.07 0.2 124.05 0.4 123.97 0.3
16.00 124.13 0.2 124.13 0.4 124.05 0.3
20.00 124.24 0.2 124.25 0.4 124.17 0.3

7.3  Key Comparison Reference Value
The weighted mean was agreed upon by all laboratories to calculate the KCRVs for the

APMP.AUV.V-K3 data. KCRVs were calculated separately at each frequency point
measured (17 points in total) for both accelerometers in the horizontal direction and the
vertical direction.

Calculation of KCRVs using the weighted mean method
Tables 7 to 12 contain the data for the accelerometers reported by the participating
laboratories. For each laboratory i these data are (1) Xis : best estimate of sensitivity at
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frequency f, and (2) u(xi,f): associated standard uncertainty of sensitivity reported at

frequency f.

For the transfer standards and at each frequency f, a key comparison reference value X,
has been determined as the weighted mean of the results of n laboratories (for this
comparison, n = 7) according to

5 X
N ;uz(xi,f) 1)
WM —  p 1
i-1 uz(xi,f)
1
UZ(XWM): n 1 (2)
;uz(xi,f)

These calculated KCRVs are reported in Table 13.
The degree of equivalence, D, v, and U, v, Was determined for the magnitude

measurements for the accelerometer using

[ 2 2
Dlab7WM = Xlab - XWM ) UIab—WM =k- Usp —Uwm 3)

where X,,, represents the measurement results obtained by the laboratory at each
frequency point for the magnitude and X,,,, represents the reference value (KCRV)
calculated as the weighted mean using Eq. (1). U, IS the uncertainty of measurement
associated with the calculated D, ,,,, for k =2. The calculated degrees of equivalence are
completely reported in Appendix C and partly shown in Figures 3 to 10 for SE-1021 and
SE-1022 in both horizontal and vertical installation at 0.5 Hz, 1.6 Hz, 10 Hz and 16 Hz.
Application of the weighted mean is justified when the data including the stated uncertainties
are consistent with one another. To check this, the following criterion of chi-squared test has
been applied:

min, D%, ~ &) 1020, ) < (1-1)+ ky/2(0 -1 @

where n denotes the number of laboratories concerned, cf., e.g., [1] and k = 3. All the

measurement results passed the consistency test.
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Table 13: Reference values and associated expanded uncertainty (k = 2) in mV/(m/s?)

for SE-1021 and SE-1022 in horizontal and vertical directions

1021H 1021V 1022H 1022V
Frequency XWM UWM XWM UWM XWM UWM XWM UWM
(H2) in mvV/(m/s?) in mV/(m/s?) in mV/(m/s?) in mv/(m/s?)
0.50 12417 | 0.15 124.16 0.24 124.03 015 | 124.01 0.24
0.63 12412 | 0.15 124.15 0.24 123.97 015 | 124.03 0.24
0.80 124.10 0.14 124.14 0.24 123.96 0.14 124.03 0.24
1.00 12407 | 0.15 124.09 0.23 123.94 015 | 123.97 0.23
1.25 12405 | 0.14 124.09 0.23 123.91 015 | 123.96 0.23
1.60 12404 | 015 124.09 0.23 123.90 014 | 123.96 0.23
2.00 12407 | 0.14 124.09 0.23 123.92 014 | 123.97 0.23
2.50 12406 | 0.15 124.04 0.20 123.92 015 | 123.90 0.20
3.15 12406 | 0.14 124.05 0.20 123.95 014 | 123.92 0.20
4.00 12408 | 0.14 124.06 0.20 123.94 014 | 12393 0.20
5.00 12407 | 0.14 124.07 0.19 123.92 014 | 123.94 0.19
6.30 12408 | 0.14 124.07 0.19 123.92 014 | 12395 0.19
8.00 12410 | 0.15 124.10 0.19 123.96 015 | 123.96 0.19
10.00 12413 | 0.15 124.13 0.19 124.02 015 | 123.99 0.19
12.50 12421 | 0.14 124.17 0.19 124.03 015 | 124.04 0.19
16.00 12428 | 0.14 124.27 0.19 124.13 0.15 124.11 0.19
20.00 12441 | 0.14 124.40 0.19 124.23 015 | 12422 0.19
Lab-WM at 0.5 Hz Lab-WNM at 1.6 Hz
S00.0 S500.0
400.0 400.0
3 300.0 3
.: 2000 .: 300.0
2 1000 - 2 2000
*‘:; 0.0 ] 7 I { . é 100.0
£-100.0 - E] | - I T |
222000 & 0t N B
-300.0 -100.0
-400.0 -200.0
NIM CMS NMIA NMISA NMIJ KRISS NIM CMS NMIA NMISA NMIJ KRISS

Figure 3: Degree of equivalence for horizontal voltage sensitivities of the SE-1021

at 0.5 Hz and 1.6 Hz with error bars representing the expanded uncertainty (k = 2)
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Labh-WM at 10 Hz Lah-WM at 16 Hz
100.0 150.0
80.0
L 6o L 1000
; 40.0 ; i
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= g 00 T
£ 200 E ! 1
S S 500
-60.40
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NIM  CMS NMIA NMISA NMIJ KRISS NIM  CMS NMIA NMISA NMIJ KRISS
Figure 4. Degree of equivalence for horizontal voltage sensitivities of the SE-1021
at 10 Hz and 16 Hz with error bars representing the expanded uncertainty (k = 2)
Lab-WM at 0.5 Hz Lab-WM at 1.6 Hz
80.0 80.0
60.0 0.0
3 40.0 3 400
2 200 &
S 00 I & 20.0
) g T = I
= = 00 1
= 2200 z
é 40,0 é-!l].(l
= =400
S -60.0 g
-80.0 -60.0
-100.0 -80.0
NIM NIMT NMI1J NIM NIMT NMILJ
Figure 5: Degree of equivalence for vertical voltage sensitivities of the SE-1021
at 0.5 Hz and 1.6 Hz with error bars representing the expanded uncertainty (k = 2)
Lab-WM at 10 Hz Lah-WM at 16 Hz
60.0 60.0
. 00 . 400
= =
& 200 & 200
E E
= 00 S 00
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ST S 400
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NIM NIMT NMLJ NIM NIMT NMIJ

Figure 6: Degree of equivalence for vertical voltage sensitivities of the SE-1021

at 10 Hz and 16 Hz with error bars representing the expanded uncertainty (k = 2)
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Lab-WM at 0.5 Tz Lab-WM at 1.6 Tz
5000 500.0
4000 400.0
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1000 1000
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-200.0 -200.0
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Figure 7: Degree of equivalence for horizontal voltage sensitivities of the SE-1022
at 0.5 Hz and 1.6 Hz with error bars representing the expanded uncertainty (k = 2)
Lab-WM at 10 Hz Lah-WM at 16 Hz
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Figure 8: Degree of equivalence for horizontal voltage sensitivities of the SE-1022
at 10 Hz and 16 Hz with error bars representing the expanded uncertainty (k = 2)
Lab-WM at 0.5 Hz Lab-WM at 1.6 Hz
80.0 60.0
60.0 0.0
L 400 < 0o
2200 &
% -20.0 E_zﬂ.ﬂ
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Figure 9: Degree of equivalence for vertical voltage sensitivities of the SE-1022

at 0.5 Hz and 1.6 Hz with error bars representing the expanded uncertainty (k = 2)
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Figure 10: Degree of equivalence for vertical voltage sensitivities of the SE-1022

at 10 Hz and 16 Hz with error bars representing the expanded uncertainty (k = 2)

7.4  Degrees of Equivalence between participants
In order to compare the individual results of the participating laboratories of this

comparison with one another, the Degree of Equivalence (DoE) of pairs of results with

respect to a certain frequency were calculated. These DoEs are each a pair of values of the
difference D, between the respective participants i and j and the combined expanded

uncertainty U; of this difference. These values are calculated for each frequency

according to:
Dy =X —X; (5)

Uij:k-\/uz(xi)+u2(xj) (6)

with a coverage factor of k = 2.
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7.4.1 Tables of DoE between participants for horizontal voltage sensitivities of the

SE-1021
Table 14: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1021 at 0.5 Hz

0.50 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Uij Djj Ujj Djj Ujj Djj Uij Djj Uij Dijj Uij
il (mV/(m/s?)+107%) (mV/(m/s?)+107%) (mV/(m/s?)+107%) (mV/(m/s%)+107%) (MV/(m/s%)+107%) (mV/(m/s?)+107%)
NIM - - 37.0 | 336.9 -25.0 27.6 -43.0 39.1 48.0 | 249.9 -6.0 63.3
CMS -37.0 336.9 - - -62.0 | 336.9 -80.0 338.0 11.0 | 418.6 -43.0 341.7
NMIA 25.0 27.6 62.0 | 336.9 - - -18.0 39.1 73.0 | 249.9 19.0 63.3
NMISA 43.0 39.1 80.0 | 338.0 18.0 39.1 - - 91.0 | 2514 37.0 69.1
NMIJ -48.0 249.9 -11.0 418.6 -73.0 | 2499 -91.0 251.4 - - -54.0 256.3
KRISS 6.0 63.3 43.0 | 3417 -19.0 63.3 -37.0 69.1 54.0 | 256.3 - -

Table 15: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1021 at 0.63 Hz

0.63 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Ujj Djj Ujj Djj Uijj Djj Ujj Dijj Ujj Djj Ujj
jl | (mVi(mis®)-10?) (MmV/(m/s?)+107?) (MV/(m/s?)+107?) (MV/(m/s?)+1072) (MV/(m/s?)+107?) (MV/(m/s?)+1072)

NIM - - 740 | 337.7 -19.0 278 | -36.0 39.2 -33.0 99.9 -3.0 63.4

CMS -74.0 | 337.7 - - -93.0 337.7 | -110.0 | 338.9 | -107.0 351.1 -77.0 342.5
NMIA 19.0 27.8 93.0 | 3377 - - -17.0 39.2 -14.0 99.9 16.0 63.3
NMISA 36.0 39.2 110.0 338.9 17.0 39.2 - - 3.0 103.7 33.0 69.1

NMIJ 33.0 99.9 107.0 | 3511 14.0 99.9 -3.0 | 1037 - - 30.0 | 115.0
KRISS 3.0 63.4 77.0 | 3425 -16.0 63.3 -33.0 69.1 -30.0 115.0 - -
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Table 16 Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1021 at 0.8 Hz

0.8 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Ujj Djj Ujj Djj Uijj Djj Uijj Djj Uijj Dijj Ujj
il | mvimis?e10?) (mV/(m/s?)+107%) (mV/(m/s?)+107?%) (mV/(m/s?)+107?%) (mV/(m/s%)+107%) (mV/(m/s?)+107?)
NIM - - 68.0 300.1 -17.0 28.6 -32.0 39.8 -37.0 | 100.1 -9.0 39.8
CMS -68.0 | 300.1 - - -85.0 | 300.1 | -100.0 301.4 | -105.0 | 315.0 -77.0 3014
NMIA 17.0 28.6 85.0 300.1 - - -15.0 39.8 -20.0 | 100.1 8.0 39.8
NMISA 32.0 39.8 100.0 3014 15.0 39.8 - - -5.0 | 103.8 23.0 48.5
NMIJ 37.0 100.1 105.0 315.0 20.0 | 100.1 5.0 103.8 - - 28.0 103.9
KRISS 9.0 39.8 77.0 3014 -8.0 39.8 -23.0 48.5 -28.0 | 103.9 - -

Table 17: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1021 at 1 Hz

1.0 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Ujj Djj Ujj Djj Uij Djj Uij Djj Ujj Dijj Ujj
Jl | (mvimis’e10?) (mV/(m/s?)+107%) (mV/(m/s?)+1072) (mV/(m/s?)+1072) (mV/(m/s?)+1072) (mV/(m/s?)+1072)
NIM - - 116.0 288.5 -10.0 21.7 -14.0 39.2 -23.0 112.2 -1.0 63.3
CMS -116.0 | 288.5 - - -126.0 288.5 | -130.0 289.8 | -139.0 308.3 | -117.0 294.0
NMIA 10.0 21.7 126.0 288.5 - - -4.0 39.2 -13.0 112.2 9.0 63.3
NMISA 14.0 39.2 130.0 289.8 4.0 39.2 - - -9.0 115.6 13.0 69.1
NMIJ 23.0 | 1122 139.0 308.3 13.0 | 1122 9.0 | 1156 - - 220 | 1258
KRISS 1.0 63.3 117.0 294.0 -9.0 63.3 -13.0 69.1 -22.0 125.8 - -

19/79




Table 18: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1021 at 1.25 Hz

1.25 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Ujj Djj Ujj Dijj Ujj Dijj Ujj Djj Ujj Dijj Ujj
L | mVi(mis®e10?) (mV/(m/s?)+107%) (mV/(m/s?)+107%) (mV/(m/s?)+107?%) (mV/(m/s?)+107?%) (mV/(m/s?)+107?)
NIM - - 88.0 | 287.9 -9.0 28.6 -12.0 398 | -36.0 87.8 -6.0 39.9
CMS -88.0 | 2879 - - -97.0 2879 | -100.0 289.2 | -124.0 299.6 -94.0 289.2
NMIA 9.0 28.6 97.0 | 287.9 - - -3.0 398 | -27.0 87.8 3.0 39.8
NMISA 12.0 39.8 100.0 289.2 3.0 39.8 - - -24.0 92.1 6.0 48.5
NMIJ 36.0 87.8 124.0 299.6 27.0 87.8 24.0 92.1 - - 30.0 921
KRISS 6.0 39.9 94.0 | 289.2 -3.0 39.8 -6.0 485 -30.0 92.1 - -

Table 19: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1021 at 1.6 Hz

1.6 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Ujj Djj Ujj Djj Uij Djj Uij Djj Uij Dijj Ujj
JlL | (mviemis)e10?) (mV/(m/s?)+1072) (mV/(m/s?)+1072) (mV/(m/s?)+1072) (mV/(m/s?)+107%) (mV/(m/s?)+107%)
NIM - - 119.0 288.5 -9.0 28.3 -11.0 39.6 -32.0 63.4 -4.0 515
CMS -119.0 | 288.5 - - -128.0 288.5 | -130.0 289.8 | -151.0 | 294.0 | -123.0 291.7
NMIA 9.0 28.3 128.0 288.5 - - -2.0 39.6 -23.0 63.4 5.0 515
NMISA 11.0 39.6 130.0 289.8 2.0 39.6 - - -21.0 69.2 7.0 58.5
NMIJ 320 63.4 | 151.0 294.0 23.0 63.4 21.0 69.2 - - 28.0 76.6
KRISS 4.0 515 123.0 291.7 -5.0 515 -7.0 58.5 -28.0 76.6 - -
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Table 20: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1021 at 2 Hz

2.0Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Ujj Djj Ujj Dijj Ujj Dijj Ujj Djj Uijj Dijj Ujj
L | (mvimis?e10?) (mV/(m/s?)+107%) (MV/(m/s%)+107%) (mV/(m/s?)+107?%) (mV/(m/s%)+107%) (mV/(m/s?)+107?)
NIM - - 57.0 | 287.2 -11.0 28.6 -13.0 39.8 | -25.0 87.9 3.0 39.9
CMS -57.0 | 287.2 - - -68.0 | 287.2 -70.0 288.5 -82.0 | 298.9 -54.0 288.5
NMIA 11.0 28.6 68.0 | 287.2 - - -2.0 39.8 | -14.0 87.9 14.0 39.9
NMISA 13.0 39.8 70.0 | 288.5 2.0 39.8 - - -12.0 92.1 16.0 48.6
NMIJ 25.0 87.9 82.0 | 298.9 14.0 87.9 12.0 92.1 - - 28.0 92.2
KRISS -3.0 39.9 54.0 | 288.5 -14.0 39.9 -16.0 486 | -28.0 92.2 - -

Table 21: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1021 at 2.5 Hz

2.5 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Uijj Djj Ujj Djj Ujj Dijj Ujj Djj Uijj Dijj Uijj
JlL | (mviemis)e10?) (mV/(m/s?)+1072) (mV/(m/s?)+1072) (mV/(m/s?)+107%) (mV/(m/s?)+1072) (mV/(m/s?)+107%)
NIM - - 28.0 | 274.0 -11.0 28.4 -12.0 39.7 - - 0.0 39.7
CMS -28.0 | 274.0 - - -39.0 | 274.0 -40.0 275.4 - - -28.0 | 2754
NMIA 11.0 28.4 39.0 | 274.0 - - -1.0 39.7 - - 11.0 39.7
NMISA 12.0 39.7 40.0 | 2754 1.0 39.7 - - - - 12.0 48.4
NMIJ - - - - - - - - - - - -
KRISS 0.0 39.7 28.0 | 2754 -11.0 39.7 -12.0 48.4 - - - -
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Table 22: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1021 at 3.15 Hz

3.15 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Uijj Djj Uijj Djj Uijj Djj Uijj Dijj Ujj Dijj Uijj
L | (mvimis?e10?) (mV/(m/s?)+107%) (mV/(m/s?)+107%) (mV/(m/s?)+107%) (mV/(m/s%)+107%) (mV/(m/s?)+107?)
NIM - - 28.0 63.9 -11.0 28.8 -22.0 39.9 - - -9.0 40.0
CMS -28.0 63.9 - - -39.0 63.9 -50.0 69.6 - - -37.0 69.6
NMIA 11.0 28.8 39.0 63.9 - - -11.0 39.9 - - 2.0 39.9
NMISA 22.0 39.9 50.0 69.6 11.0 39.9 - - - - 13.0 48.6
NMIJ - - - - - - - - - - - -
KRISS 9.0 40.0 37.0 69.6 -2.0 39.9 -13.0 48.6 - - - -

Table 23: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1021 at 4 Hz

4.0 Hz NIM CMS NMIA NMISA NMIJ KRISS
=1 Dy | Uj | Dy | Uy | Dy | Uj | Dy Ui | Di | Uy | Dy | Uy
JlL | (mviemis)e10?) (mV/(m/s?)+1072) (mV/(m/s?)+1072) (mV/(m/s?)+1072) (mV/(m/s?)+1072) (mV/(m/s?)+1072)
NIM - - 67.0 64.1 -12.0 28.8 -13.0 40.0 - - -12.0 40.0
CMS -67.0 64.1 - - -79.0 64.1 -80.0 69.8 - - -79.0 69.8
NMIA 12.0 28.8 79.0 64.1 - - -1.0 39.9 - - 0.0 39.9
NMISA 130 | 400 | 80.0| 698 1.0 399 - - - - 1.0 | 486
NMIJ - - - - - - - - - - - -
KRISS 120 | 400 790 | 698 00| 399 -1.0| 486 - - - -
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Table 24: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1021 at 5 Hz

5.0 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Uijj Djj Uijj Djj Uijj Djj Uijj Dijj Ujj Djj Uijj
L | (mvimis?e10?) (mV/(m/s?)+107%) (mV/(m/s?)+107%) (mV/(m/s?)+107%) (mV/(m/s%)+107%) (mV/(m/s?)+107%)
NIM - - 26.0 63.9 -13.0 28.8 -14.0 40.0 - - -9.0 40.0
CMS -26.0 63.9 - - -39.0 63.9 -40.0 69.6 - - -35.0 69.6
NMIA 13.0 28.8 39.0 63.9 - - -1.0 39.9 - - 4.0 39.9
NMISA 14.0 40.0 40.0 69.6 1.0 39.9 - - - - 5.0 48.6
NMIJ - - - - - - - - - - - -
KRISS 9.0 40.0 35.0 69.6 -4.0 39.9 -5.0 48.6 - - - -

Table 25: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1021 at 6.3 Hz

6.3 Hz NIM CMS NMIA NMISA NMIJ KRISS
=1 Dy | Uj | Dy | Uy | Dy | Uj | Dy Ui | Dj Ui | Dy | Uj
JlL | (mviemis)e10?) (mV/(m/s?)+1072) (mV/(m/s?)+1072) (mV/(m/s?)+1072) (mV/(m/s?)+1072) (mV/(m/s?)+107%)
NIM - - 46.0 64.0 -12.0 28.8 -14.0 40.0 - - -17.0 39.9
CMS -46.0 | 64.0 - - 580 | 640| -60.0| 697 - - -63.0 | 697
NMIA 12.0 28.8 58.0 64.0 - - -2.0 39.9 - - -5.0 39.9
NMISA 140 | 400| 60.0| 697 20| 399 - - - - 3.0 | 486
NMIJ - - - - - - - - - - - -
KRISS 170 | 399 630 | 697 50| 399 30| 486 - - - -
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Table 26: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1021 at 8 Hz

8.0 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Uijj Djj Uijj Djj Uijj Dijj Uijj Dijj Uijj Dijj Uijj
L | (mvimis?e10?) (mV/(m/s?)+107%) (MV/(m/s%)+107%) (mV/(m/s%)+107%) (mV/(m/s?)+107?) (mV/(m/s?)+107?)
NIM - - 440 63.8 -13.0 28.3 -16.0 39.6 - - -18.0 514
CMS -44.0 63.8 - - -57.0 63.8 -60.0 69.5 - - -62.0 76.9
NMIA 13.0 28.3 57.0 63.8 - - -3.0 39.6 - - -5.0 51.4
NMISA 16.0 39.6 60.0 69.5 3.0 39.6 - - - - -2.0 58.4
NMIJ - - - - - - - - - - - -
KRISS 18.0 514 62.0 76.9 5.0 51.4 2.0 58.4 - - - -

Table 27: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1021 at 10 Hz

10.0 Hz NIM CMS NMIA NMISA NMIJ KRISS
=1 Dy | Uy | Dy | Uy | Dy | Uj | Dy Ui | Dy | Ui | Dy Ui
L | mvimis®10?) (mV/(m/s?)+1072) (mV/(m/s?)+1072) (mV/(m/s?)+1072) (mV/(m/s?)+1072) (mV/(m/s?)+1072)
NIM - - 7.0 63.6 -17.0 28.3 -13.0 39.6 - - -22.0 514
CMS 70| 636 - - 240 | 636| -200| 694 - - 290 | 768
NMIA 17.0 28.3 24.0 63.6 - - 4.0 39.6 - - -5.0 514
NMISA 130 | 396 | 200| 694 40| 396 - - - - 9.0 | 584
NMIJ - - - - - - - - - - - -
KRISS 220 | 514| 290| 768 50| 514 9.0| 584 - - - -
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Table 28: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1021 at 12.5 Hz

12.5Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Uijj Djj Uijj Djj Uijj Djj Uijj Dijj Uijj Dijj Uijj
L | (mvimis?e10?) (mV/(m/s?)+107%) (MV/(m/s%)+107%) (mV/(m/s?)+107%) (mV/(m/s?)+107?) (mV/(m/s?)+107?)
NIM - - 55.0 51.9 -14.0 28.5 -15.0 39.8 - - -20.0 51.6
CMS -55.0 51.9 - - -69.0 51.8 -70.0 58.8 - - -75.0 67.3
NMIA 14.0 28.5 69.0 51.8 - - -1.0 39.8 - - -6.0 51.6
NMISA 15.0 39.8 70.0 58.8 1.0 39.8 - - - - -5.0 58.6
NMIJ - - - - - - - - - - - -
KRISS 20.0 51.6 75.0 67.3 6.0 51.6 5.0 58.6 - - - -

Table 29: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1021 at 16 Hz

16.0 Hz NIM CMS NMIA NMISA NMIJ KRISS
i~ Dy | Uj | Dy | Uy | Dy | Uy | Dy | Uy | Dy | Uy [ Dy | U
JlL | (mviemis)e10?) (mV/(m/s?)+1072) (mV/(m/s?)+107%) (mV/(m/s?)+107%) (mV/(m/s?)+107%) (mV/(m/s?)+107%)
NIM - - 65.0 64.2 -15.0 28.8 -25.0 40.0 - - -15.0 40.0
CMS -65.0 64.2 - - -80.0 64.2 -90.0 69.9 - - -80.0 69.9
NMIA 15.0 28.8 80.0 64.2 - - -10.0 40.0 - - 0.0 40.0
NMISA 250 | 400 900 | 699 | 100| 400 - - - - 100 | 487
NMIJ - - - - - - - - - - - -
KRISS 15.0 40.0 80.0 69.9 0.0 40.0 -10.0 48.7 - - - -
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Table 30: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1021 at 20 Hz

20.0 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Uijj Djj Uijj Djj Uijj Djj Uijj Dijj Uijj Dijj Uijj
il | mvimis?e10?) (mV/(m/s?)+107%) (mV/(m/s?)+107%) (mV/(m/s?)+107%) (mV/(m/s?)+107?) (mV/(m/s?)+107?)
NIM - - 40.0 64.1 -17.0 28.8 -20.0 40.1 - - -23.0 40.0
CMS -40.0 64.1 - - -57.0 64.1 -60.0 69.9 - - -63.0 69.9
NMIA 17.0 28.8 57.0 64.1 - - -3.0 40.0 - - -6.0 40.0
NMISA 20.0 40.1 60.0 69.9 3.0 40.0 - - - - -3.0 48.7
NMIJ - - - - - - - - - - - -
KRISS 23.0 40.0 63.0 69.9 6.0 40.0 3.0 48.7 - - - -

7.4.2 Tables of DoE between participants for vertical voltage sensitivities of the

SE-1021
Table 31: Degrees of equivalence between the participants for vertical voltage sensitivities of the

SE-1021 at 0.5 Hz

0.50 Hz NIM NIMT NMIJ
i— | Dj Uijj Dijj Ujj Dijj Ujj
JL | (mVi(mis)e10?) (MV/(m/s?)+107?) (MV/(m/s?)+1072)
NIM - - -11.0 71.0 - -
NIMT 11.0 71.0 - - - -
NMI1J - - - - - -

Table 32: Degrees of equivalence between the participants for vertical voltage sensitivities of the

SE-1021 at 0.63 Hz

0.63 Hz NIM NIMT NMIJ
i— | Dj Uijj Djj Ujj Dijj Ujj
L | (mVvimis)10?) (mV/(m/s?)+1072) (mV/(m/s?)+107%)
NIM - - -10.0 71.0 - -
NIMT 10.0 71.0 - - - -
NMIJ - - - - - -
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SE-1021 at 0.8 Hz

Table 33: Degrees of equivalence between the participants for vertical voltage sensitivities of the

0.8Hz NIM NIMT NMIJ
i— | Dj Uijj Djj Ujj Dijj Ujj
jl | (mVimis?e10?) (mV/(m/s?)+107%) (mV/(m/s?)+107?)
NIM - - 90| 710 - -
NIMT 9.0 71.0 - - - -
NMIJ - - - - - -

Table 34: Degrees of equivalence between the participants for vertical voltage sensitivities of the
SE-1021 at 1 Hz

1.0 Hz NIM NIMT NMIJ
i— | Dj Uijj Djj Ujj Dijj Ujj
jl | (mVimis?e10?) (mV/(m/s?)+1072) (mV/(m/s?)+107%)

NIM - - -4.0 58.3 - -

NIMT 4.0 58.3 - - - -

NMIJ - - - - - -

SE-1021 at 1.25 Hz

Table 35: Degrees of equivalence between the participants for vertical voltage sensitivities of the

1.25Hz NIM NIMT NMIJ
i— | Dj Uijj Djj Ujj Dijj Ujj
jl | (mVvimis?e10?) (mV/(m/s?)+1072) (mV/(m/s?)+107%)
NIM - - -3.0 58.3 - -
NIMT 3.0 58.3 - - - -
NMIJ - - - - - -
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SE-1021 at 1.6 Hz

Table 36: Degrees of equivalence between the participants for vertical voltage sensitivities of the

1.6 Hz NIM NIMT NMIJ
i— | Dj Uijj Djj Ujj Dijj Ujj
jl | (mVimis?e10?) (mV/(m/s?)+107%) (mV/(m/s?)+107?)
NIM - - -3.0 58.3 - -
NIMT 3.0 58.3 - - - -
NMIJ - - - - - -

Table 37: Degrees of equivalence between the participants for vertical voltage sensitivities of the
SE-1021 at 2 Hz

2.0Hz NIM NIMT NMIJ
i— | Dj Uij Djj Ujj Dijj Ujj
Jl | mVi(mis)10?) (mV/(m/s?)+1072) (mV/(m/s?)+107%)
NIM - - -4.0 58.3 - -
NIMT 4.0 58.3 - - - -
NMIJ - - - - - -

Table 38: Degrees of equivalence between the participants for vertical voltage sensitivities of the

SE-1021 at 2.5 Hz

2.5Hz NIM NIMT NMIJ
i— | Dj Uijj Djj Ujj Dijj Ujj
jl | (mVvimis?e10?) (mV/(m/s?)+1072) (mV/(m/s?)+107%)
NIM - - -5.0 60.8 -25.0 35.1
NIMT 5.0 60.8 - - -20.0 66.8
NMIJ 25.0 351 20.0 66.8 - -
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SE-1021 at 3.15 Hz

Table 39: Degrees of equivalence between the participants for vertical voltage sensitivities of the

3.15 Hz NIM NIMT NMIJ
i— | Dy Uj Dj U Dij Ujj
jl | (mVimis?e10?) (mV/(m/s?)+107%) (mV/(m/s?)+107?)
NIM - - -5.0 60.8 -20.0 35.1
NIMT 5.0 60.8 - - -15.0 66.8
NMIJ 20.0 35.1 15.0 66.8 - -

Table 40: Degrees of equivalence between the participants for vertical voltage sensitivities of the
SE-1021 at 4 Hz

4.0 Hz NIM NIMT NMIJ
i— | Dj Ujj Dj; Ui Dij Ujj
il | mvi(mis?e10?) (MV/(m/s?)+107%) (mV/(m/s?)+107%)
NIM - - -4.0 60.8 -17.0 35.1
NIMT 4.0 60.8 - - -13.0 66.8
NMIJ 17.0 351 13.0 66.8 - -

Table 41: Degrees of equivalence between the participants for vertical voltage sensitivities of the

SE-1021 at 5 Hz

5.0 Hz NIM NIMT NMIJ
i— | Dj Ujj Djj Ui Dij Ujj
jl | (mVvimis?e10?) (mV/(m/s?)+1072) (mV/(m/s?)+107%)
NIM - - -2.0 48.5 -17.0 35.7
NIMT 2.0 485 - - -15.0 55.9
NMIJ 17.0 35.7 15.0 55.9 - -
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SE-1021 at 6.3 Hz

Table 42: Degrees of equivalence between the participants for vertical voltage sensitivities of the

6.3 Hz NIM NIMT NMIJ
i— | Dy Uj Dj U Dij Ujj
jl | (mVimis?e10?) (mV/(m/s?)+107%) (mV/(m/s?)+107?)
NIM - - -1.0 48.5 -13.0 35.7
NIMT 1.0 48.5 - - -12.0 55.9
NMIJ 13.0 35.7 12.0 55.9 - -

Table 43: Degrees of equivalence between the participants for vertical voltage sensitivities of the
SE-1021 at 8 Hz

8.0 Hz NIM NIMT NMIJ
i— | Dj Uij Dijj Ujj Dijj Ujj
il | mvi(mis?e10?) (MV/(m/s?)+107%) (mV/(m/s?)+107%)
NIM - - -2.0 48.5 -13.0 35.7
NIMT 2.0 48.5 - - -11.0 55.9
NMIJ 13.0 35.7 11.0 55.9 - -

Table 44: Degrees of equivalence between the participants for vertical voltage sensitivities of the

SE-1021 at 10 Hz

10.0 Hz NIM NIMT NMIJ
i— | Dj Uij Djj Ujj Dijj Ujj
il | mvi(mis?e10?) (mV/(m/s?)+1072) (mV/(m/s?)+107%)
NIM - - -1.0 48.5 -11.0 35.7
NIMT 1.0 485 - - -10.0 55.9
NMIJ 11.0 35.7 10.0 55.9 - -
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SE-1021 at 12.5 Hz

Table 45: Degrees of equivalence between the participants for vertical voltage sensitivities of the

12.5Hz NIM NIMT NMIJ
i— | Dj Ujj Dj; U Dij Ujj
jl | (mVimis?e10?) (mV/(m/s?)+107%) (mV/(m/s?)+107?)
NIM - - 0.0 48.6 -9.0 35.7
NIMT 0.0 48.6 - - -9.0 55.9
NMIJ 9.0 35.7 9.0 55.9 - -

Table 46: Degrees of equivalence between the participants for vertical voltage sensitivities of the

SE-1021 at 16 Hz

16.0 Hz NIM NIMT NMIJ
i— | Dj Ujj Dj; Ui Dij Ujj
il | mvi(mis?e10?) (MV/(m/s?)+107%) (mV/(m/s?)+107%)
NIM - - -2.0 48.6 -10.0 35.7
NIMT 2.0 48.6 - - -8.0 56.0
NMIJ 10.0 35.7 8.0 56.0 - -

Table 47: Degrees of equivalence between the participants for vertical voltage sensitivities of the

SE-1021 at 20 Hz

20.0 Hz NIM NIMT NMIJ
i— | Dj Ujj Djj Ui Dij Ujj
jl | mvimis)e10?) (mV/(m/s?)+107%) (mV/(m/s?)+107%)
NIM - - -1.0 48.6 -8.0 35.8
NIMT 1.0 48.6 - - -7.0 56.0
NMIJ 8.0 35.8 7.0 56.0 - -
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7.4.3 Tables of DoE between participants for horizontal voltage sensitivities of the

SE-1022
Table 48: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1022 at 0.5 Hz

0.50 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Ujj Dijj Ujj Djj Ujj Djj Uij Djj Uij Dijj Uij
il | mvi(mis?e10?) (mV/(m/s?)+1072) (mV/(m/s?)+1072) (mV/(m/s%)+1072) (mV/(m/s?)+1072) (mV/(m/s?)+107%)
NIM - - 70.0 | 325.0 -26.0 27.6 -40.0 39.1 -18.0 | 248.3 -8.0 63.2
CMS -70.0 | 325.0 - - -96.0 | 325.0 | -110.0 | 326.1 -88.0 | 408.1 -78.0 | 329.9
NMIA 26.0 27.6 96.0 | 325.0 - - -14.0 39.0 8.0 | 2483 18.0 63.2
NMISA 40.0 39.1 110.0 | 326.1 14.0 39.0 - - 22.0 | 249.9 32.0 69.0
NMIJ 18.0 | 2483 88.0 | 408.1 -8.0 | 2483 -22.0 249.9 - - 10.0 254.8
KRISS 8.0 63.2 78.0 | 329.9 -18.0 63.2 -32.0 69.0 -10.0 | 254.8 - -

Table 49: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1022 at 0.63 Hz

0.63 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Ujj Djj Ujj Djj Ujj Dijj Ujj Dijj Ujj Dijj Ujj
il | (mVi(mis?e10?) (mV/(m/s?)+107%) (MV/(m/s%)+107%) (mV/(m/s?)+107%) (mV/(m/s?)+107%) (mV/(m/s?)+107?)
NIM - - 77.0 | 3375 -20.0 27.8 -33.0 39.2 -50.0 875 | -12.0 63.3
CMS -77.0 | 3375 - - -97.0 | 3375 | -110.0 | 338.6 | -127.0 3475 | -89.0 | 3422
NMIA 20.0 27.8 97.0 | 3375 - - -13.0 39.2 -30.0 87.4 8.0 63.3
NMISA 33.0 39.2 110.0 | 338.6 13.0 39.2 - - -17.0 91.7 21.0 69.0
NMIJ 50.0 87.5 127.0 347.5 30.0 87.4 17.0 91.7 - - 38.0 104.3
KRISS 12.0 63.3 89.0 | 3422 -8.0 63.3 -21.0 69.0 -38.0 104.3 - -
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Table 50: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1022 at 0.8 Hz

0.8 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Ujj Djj Ujj Dijj Ujj Dijj Uijj Dijj Ujj Dijj Ujj
jl | mVi(mis?e10?) (mV/(m/s?)+107%) (mV/(m/s%)+107%) (mV/(m/s%)+107%) (mV/(m/s%)+107%) (mV/(m/s?)+107%)

NIM - - 71.0 | 3123 -18.0 28.5 -29.0 39.7 -28.0 | 100.1 -12.0 39.8

CMS -71.0 | 3123 - - -89.0 312.3 | -100.0 313.5 -99.0 | 326.7 -83.0 313.5

NMIA 18.0 28.5 89.0 | 3123 - - -11.0 39.7 -10.0 | 100.0 6.0 39.8

NMISA 29.0 39.7 100.0 | 3135 11.0 39.7 - - 1.0 | 103.8 17.0 48.4

NMIJ 28.0 | 100.1 99.0 | 326.7 10.0 | 100.0 -1.0 | 10338 - - 16.0 | 103.8

KRISS 12.0 39.8 83.0 | 3135 -6.0 39.8 -17.0 48.4 -16.0 | 103.8 - -

Table 51: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1022 at 1 Hz

1.0 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Ujj Djj Ujj Djj Ujj Djj Uij Djj Uij Dijj Ujj
jl | (mvimis?e10?) (mV/(m/s?)+107%) (mV/(m/s?)+1072) (mV/(m/s?)+1072) (mV/(m/s?)+107%) (mV/(m/s?)+107%)

NIM - - 109.0 | 288.0 -11.0 28.0 -21.0 39.3 -28.0 124.4 -7.0 51.2

CMS -109.0 | 288.0 - - -120.0 | 288.0 | -130.0 289.3 | -137.0 312.5 | -116.0 291.2

NMIA 11.0 28.0 120.0 | 288.0 - - -10.0 39.3 -17.0 124.4 4.0 51.2

NMISA 21.0 39.3 130.0 289.3 10.0 39.3 - - -7.0 127.4 14.0 58.2

NMIJ 28.0 | 1244 137.0 312.5 17.0 | 1244 7.0 127.4 - - 21.0 131.6

KRISS 7.0 51.2 116.0 291.2 -4.0 51.2 -14.0 58.2 -21.0 131.6 - -
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Table 52: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1022 at 1.25 Hz

1.25 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Ujj Djj Ujj Dijj Ujj Dijj Uijj Dijj Uijj Dijj Ujj
jl | mVi(mis?e10?) (mV/(m/s?)+107%) (mV/(m/s?)+107%) (mV/(m/s%)+107%) (mV/(m/s?)+107?) (mV/(m/s?)+107?)

NIM - - 83.0 | 287.3 -8.0 28.1 -17.0 394 -30.0 87.6 -7.0 51.3

CMS -83.0 | 287.3 - - -91.0 | 287.3 | -100.0 288.7 | -113.0 | 299.1 -90.0 290.5
NMIA 8.0 28.1 91.0 | 287.3 - - -9.0 394 -22.0 87.6 1.0 51.3
NMISA 17.0 39.4 | 100.0 | 288.7 9.0 394 - - -13.0 91.8 10.0 58.3

NMIJ 30.0 87.6 113.0 | 299.1 22.0 87.6 13.0 91.8 - - 23.0 97.5
KRISS 7.0 51.3 90.0 | 290.5 -1.0 51.3 -10.0 58.3 -23.0 97.5 - -

Table 53: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1022 at 1.6 Hz

1.6 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Ujj Djj Ujj Djj Ujj Djj Uij Djj Uij Dijj Ujj
jl | (mvimis?e10?) (mV/(m/s?)+107%) (mV/(m/s?)+1072) (mV/(m/s?)+1072) (mV/(m/s?)+107%) (mV/(m/s?)+107%)

NIM - - 101.0 | 287.8 -11.0 28.5 -19.0 39.7 -31.0 51.4 -7.0 515

CMS -101.0 | 287.8 - - -112.0 | 287.8 | -120.0 289.2 | -132.0 | 291.0 | -108.0 291.0

NMIA 11.0 285 112.0 | 2878 - - -8.0 39.7 -20.0 51.4 4.0 515

NMISA 19.0 39.7 120.0 289.2 8.0 39.7 - - -12.0 58.4 12.0 58.5

NMIJ 31.0 51.4 132.0 291.0 20.0 51.4 12.0 58.4 - - 24.0 67.0

KRISS 7.0 515 108.0 | 291.0 -4.0 515 -12.0 58.5 -24.0 67.0 - -
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Table 54: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1022 at 2 Hz

2.0Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Ujj Djj Ujj Dijj Ujj Dijj Uijj Dijj Ujj Dijj Ujj
jl | mVi(mis?e10?) (mV/(m/s?)+107%) (mV/(m/s%)+107%) (mV/(m/s%)+107%) (mV/(m/s%)+107%) (mV/(m/s?)+107%)
NIM - - 71.0 | 287.2 -11.0 28.6 -19.0 39.8 -43.0 87.7 2.0 39.8
CMS -71.0 | 287.2 - - -82.0 287.2 -90.0 288.5 | -114.0 | 298.9 -69.0 288.5
NMIA 11.0 28.6 82.0 | 287.2 - - -8.0 39.8 -32.0 87.6 13.0 39.8
NMISA 19.0 39.8 90.0 | 2885 8.0 39.8 - - -24.0 91.9 21.0 48.5
NMIJ 43.0 87.7 1140 | 298.9 32.0 87.6 24.0 91.9 - - 45.0 91.9
KRISS -2.0 39.8 69.0 | 288.5 -13.0 39.8 -21.0 48.5 -45.0 91.9 - -

Table 55: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1022 at 2.5 Hz

2.5 Hz NIM CMS NMIA NMISA NMIJ KRISS
i—>| Dy | Uy | Dy | Uj | Dy | U | Dy | U; | Dy | Uy | Dy | U
il | (mvi(mis?e10?) (MV/(m/s%)+107%) (mV/(m/s%)+107%) (mV/(m/s%)+10%) (mV/(m/s)+107%) (mV/(m/s?)+107?%)
NIM - - 31.0 | 2738 -12.0 28.4 -19.0 39.6 - - 0.0 39.7
CMS -31.0 | 273.8 - - -430 | 2738 | -50.0 | 2752 - - -31.0 | 275.2
NMIA 12.0 28.4 43.0 | 2738 - - -7.0 39.6 - - 120 39.7
NMISA 190 | 396 50.0 | 275.2 70| 396 - - - - 190 | 484
NMIJ - - - - - - - - - - - -
KRISS 00| 397 310 | 2752 | -120| 397 | -190| 484 - - - -
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Table 56: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1022 at 3.15 Hz

3.15 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Ujj Djj Uj; Dijj Ujj Dij Uj Dj U Dij Ujj
jl | (mVimis?e107?) (mV/(m/s?)+107%) (mV/(m/s%)+107%) (mV/(m/s%)+107%) (mV/(m/s%)+107%) (mV/(m/s?)+107%)
NIM - - 90.0 76.3 -13.0 28.6 -10.0 39.8 - - -10.0 39.8
CMS -90.0 76.3 - - -103.0 76.3 | -100.0 81.2 - - -100.0 81.2
NMIA 13.0 28.6 103.0 76.3 - - 3.0 39.8 - - 3.0 39.8
NMISA 10.0 39.8 100.0 81.2 -3.0 39.8 - - - - 0.0 485
NMIJ - - - - - - - - - - - -
KRISS 10.0 39.8 100.0 81.2 -3.0 39.8 0.0 485 - - - -

Table 57: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1022 at 4 Hz

4.0 Hz NIM CMS NMIA NMISA NMIJ KRISS
i—>| Dy | Uy | Dy | Uj | Dy | Uy | Dy | U; | Dy | Uy | Dy | U
jl | (mvimis?e10?) (mV/(m/s?)+107%) (mV/(m/s?)+1072) (mV/(m/s?)+107%) (mV/(m/s?)+107%) (mV/(m/s?)+107%)
NIM - - 70.0 76.2 -13.0 28.6 -20.0 39.8 - - -14.0 39.8
CMS -700 | 762 - - -830| 762 | -900 | 810 - - -840 | 811
NMIA 13.0 28.6 83.0 76.2 - - -7.0 39.8 - - -1.0 39.8
NMISA 200 | 398 90.0 | 810 70| 398 - - - - 6.0 | 485
NMIJ - - - - - - - - - - - -
KRISS 14.0 39.8 84.0 81.1 1.0 39.8 -6.0 48.5 - - - -

36/79




Table 58: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1022 at 5 Hz

5.0 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Uijj Djj Uj; Dijj Ujj Dij Uj Dj U Dij Ujj
jl | mVi(mis?e10?) (mV/(m/s?)+107%) (mV/(m/s?)+107%) (mV/(m/s%)+107%) (mV/(m/s%)+107%) (mV/(m/s?)+107%)
NIM - - 9.0 63.7 -14.0 28.7 -11.0 39.9 - - -18.0 39.9
CMS -9.0 63.7 - - -23.0 63.7 -20.0 69.5 - - -27.0 69.5
NMIA 14.0 28.7 23.0 63.7 - - 3.0 39.9 - - -4.0 39.9
NMISA 11.0 39.9 20.0 69.5 -3.0 39.9 - - - - -7.0 48.6
NMIJ - - - - - - - - - - - -
KRISS 18.0 39.9 27.0 69.5 4.0 39.9 7.0 48.6 - - - -

Table 59: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1022 at 6.3 Hz

6.3 Hz NIM CMS NMIA NMISA NMIJ KRISS
i—~ | Dy | Uy | Dy | Uy | Dy | Uy | Dy | Uj | Dy | U | Dy | U
jl | (mvimis?e10?) (mV/(m/s?)+107%) (mV/(m/s?)+1072) (mV/(m/s?)+1072) (mV/(m/s?)+107%) (mV/(m/s?)+107%)
NIM - - 9.0 63.7 -14.0 28.7 -11.0 39.9 - - -21.0 39.9
CMS 90| 637 - - 230 | 637| -200| 695 - - -30.0 | 695
NMIA 14.0 28.7 23.0 63.7 - - 3.0 39.9 - - -7.0 39.9
NMISA 11.0 | 399 200 | 695 -3.0 | 399 - - - - -10.0 | 486
NMIJ - - - - - - - - - - - -
KRISS 21.0 39.9 30.0 69.5 7.0 39.9 10.0 48.6 - - - -
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Table 60: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1022 at 8 Hz

8.0 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Uijj Djj Uj; Dijj Ujj Dij Uj Dj U Dij Ujj
jl | mVi(mis?e10?) (mV/(m/s?)+107%) (mV/(m/s?)+107%) (mV/(m/s%)+107%) (mV/(m/s%)+107%) (mV/(m/s?)+107%)
NIM - - 16.0 63.6 -15.0 28.3 -14.0 39.6 - - -22.0 514
CMS -16.0 63.6 - - -31.0 63.6 -30.0 69.3 - - -38.0 76.7
NMIA 15.0 28.3 31.0 63.6 - - 1.0 39.6 - - -7.0 51.3
NMISA 14.0 39.6 30.0 69.3 -1.0 39.6 - - - - -8.0 58.3
NMIJ - - - - - - - - - - - -
KRISS 220 51.4 38.0 76.7 7.0 51.3 8.0 58.3 - - - -

Table 61: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1022 at 10 Hz

10.0 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Uijj Djj Ujj Djj Ujj Dijj Uijj Dijj Uijj Dijj Uijj
il | mvimis?e10?) (mV/(m/s?)+107%) (mV/(m/s?)+107%) (mV/(m/s%)+107%) (mV/(m/s?)+107%) (mV/(m/s?)+107?)
NIM - - 49.0 63.8 -19.0 28.3 -21.0 39.6 - - -25.0 51.4
CMS -49.0 63.8 - - -68.0 63.8 -70.0 69.5 - - -74.0 76.8
NMIA 19.0 28.3 68.0 63.8 - - -2.0 39.6 - - -6.0 514
NMISA 21.0 39.6 70.0 69.5 2.0 39.6 - - - - -4.0 58.4
NMIJ - - - - - - - - - - - -
KRISS 250 514 74.0 76.8 6.0 51.4 4.0 58.4 - - - -
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Table 62: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1022 at 12.5 Hz

12.5Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Uijj Djj Uijj Djj Uijj Dijj Uijj Dijj Ujj Djj Uijj
Jb | (mviemisde10?) (mV/(m/s?)+107%) (MV/(m/s%)+107%) (mV/(m/s%)+107%) (mV/(m/s%)+107%) (mV/(m/s?)+107%)
NIM - - 29.0 63.7 -15.0 28.3 -21.0 39.6 - - -22.0 514
CMS -29.0 63.7 - - -44.0 63.7 -50.0 69.4 - - -51.0 76.8
NMIA 15.0 28.3 440 63.7 - - -6.0 39.6 - - -7.0 51.4
NMISA 21.0 39.6 50.0 69.4 6.0 39.6 - - - - -1.0 58.4
NMIJ - - - - - - - - - - - -
KRISS 220 51.4 51.0 76.8 7.0 51.4 1.0 58.4 - - - -

Table 63: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1022 at 16 Hz

16.0 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Uijj Djj Ujj Djj Uijj Djj Uijj Dijj Ujj Djj Uijj
JlL | (mviemis)e10?) (mV/(m/s?)+1072) (mV/(m/s?)+107%) (mV/(m/s?)+107%) (mV/(m/s?)+1072) (mV/(m/s?)+1072)
NIM - - 60.0 63.9 -15.0 28.3 -20.0 39.6 - - -17.0 514
CMS -60.0 63.9 - - -75.0 63.9 -80.0 69.6 - - -77.0 77.0
NMIA 15.0 28.3 75.0 63.9 - - -5.0 39.6 - - -2.0 514
NMISA 20.0 39.6 80.0 69.6 5.0 39.6 - - - - 3.0 58.4
NMIJ - - - - - - - - - - - -
KRISS 17.0 51.4 77.0 77.0 2.0 51.4 -3.0 58.4 - - - -
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Table 64: Degrees of equivalence between the participants for horizontal voltage sensitivities of the

SE-1022 at 20 Hz

20.0 Hz NIM CMS NMIA NMISA NMIJ KRISS
i— | Dj Uijj Djj Uijj Djj Uijj Dijj Uijj Dijj Ujj Dijj Uijj
jl | mVi(mis?e10?) (mV/(m/s?)+107%) (mV/(m/s?)+107%) (mV/(m/s%)+107%) (MV/(m/s%)+107%) (mV/(m/s?)+107?)
NIM - - 26.0 63.8 -18.0 28.3 -24.0 39.6 - - -25.0 515
CMS -26.0 63.8 - - -44.0 63.8 -50.0 69.5 - - -51.0 76.9
NMIA 18.0 28.3 44.0 63.8 - - -6.0 39.6 - - -7.0 515
NMISA 240 39.6 50.0 69.5 6.0 39.6 - - - - -1.0 58.5
NMIJ - - - - - - - - - - - -
KRISS 25.0 515 51.0 76.9 7.0 51.5 1.0 58.5 - - - -

7.4.4 Tables of DoE between participants for vertical voltage sensitivities of the

SE-1022
Table 65: Degrees of equivalence between the participants for vertical voltage sensitivities of the

SE-1022 at 0.5 Hz

0.50 Hz NIM NIMT NMIJ
i— | Dj Uijj Djj Ujj Dijj Ujj
jl | (mVimis?e10?) (mV/(m/s?)+1072) (mV/(m/s?)+107%)

NIM - - -10.0 71.0 - -

NIMT 10.0 71.0 - - - -

NMIJ - - - - - -

Table 66: Degrees of equivalence between the participants for vertical voltage sensitivities of the

SE-1022 at 0.63 Hz

0.63 Hz NIM NIMT NMIJ
i— | Djj Ujj Djj Ujj Dijj Uj
jl | (mVimis?e10?) (mV/(m/s?)+1072) (mV/(m/s%)+1072)
NIM - - -12.0 71.0 - -
NIMT 12.0 71.0 - - - -
NMI1J - - - - - -
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SE-1022 at 0.8 Hz

Table 67: Degrees of equivalence between the participants for vertical voltage sensitivities of the

0.8Hz NIM NIMT NMIJ
i— | Dj Ujj Dj; U Dij Ujj
jl | (mVimis?e10?) (mV/(m/s?)+107%) (mV/(m/s?)+107?)
NIM - - -120 | 710 - -
NIMT 12.0 71.0 - - - -
NMIJ - - - - - -

Table 68: Degrees of equivalence between the participants for vertical voltage sensitivities of the

SE-1022 at 1 Hz

1.0 Hz NIM NIMT NMIJ
i— | Dj Ujj Djj Ujj Dijj Ujj
jl | (mVimis?e10?) (mV/(m/s?)+1072) (mV/(m/s?)+107%)
NIM - - 6.0 | 583 - -
NIMT 6.0 58.3 - - - -
NMIJ - - - - - -

SE-1022 at 1.25 Hz

Table 69: Degrees of equivalence between the participants for vertical voltage sensitivities of the

1.25Hz NIM NIMT NMI1J
i— | Dj Uijj Djj Ujj Djj Ujj
jl | (mVvi(mis®e10?) (MV/(m/s?)+107?) (MV/(m/s?)+1072)
NIM - - -4.0 58.3 - -
NIMT 4.0 58.3 - - - -
NMIJ - - - - - -
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SE-1022 at 1.6 Hz

Table 70: Degrees of equivalence between the participants for vertical voltage sensitivities of the

1.6 Hz NIM NIMT NMIJ
i— | Dj Ui Dy | Uj Dij Ujj
jl | mvimis)e10?) (mV/(m/s?)+107%) (mV/(m/s?)+107?)
NIM - - -40| 583 - -
NIMT 4.0 58.3 - - - -
NMIJ - - - - - -

Table 71: Degrees of equivalence between the participants for vertical voltage sensitivities of the

SE-1022 at 2 Hz

2.0Hz NIM NIMT NMIJ
i— | Dj Ujj Djj Ujj Dijj Ujj
jl | (mVimis?e10?) (mV/(m/s?)+1072) (mV/(m/s?)+107%)
NIM - - 50| 583 - -
NIMT 5.0 58.3 - - - -
NMIJ - - - - - -

Table 72: Degrees of equivalence between the participants for vertical voltage sensitivities of the

SE-1022 at 2.5 Hz

2.5Hz NIM NIMT NMI1J
i— | Dj Ujj Djj Ujj Djj Ujj
jl | (mVi(mis’)-10?) (MV/(m/s?)+107?) (MV/(m/s?)+1072)
NIM - - -5.0 60.7 -27.0 35.0
NIMT 5.0 60.7 - - -22.0 66.7
NMIJ 270 35.0 22.0 66.7 - -
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SE-1022 at 3.15 Hz

Table 73: Degrees of equivalence between the participants for vertical voltage sensitivities of the

3.15 Hz NIM NIMT NMIJ
i— | Dj Ujj Djj Ujj Dijj Ujj
jl | mVi(mis?e10?) (mV/(m/s?)+107%) (mV/(m/s?)+107?)
NIM - - -5.0 60.7 -21.0 35.0
NIMT 5.0 60.7 - - -16.0 66.7
NMIJ 21.0 35.0 16.0 66.7 - -

Table 74: Degrees of equivalence between the participants for vertical voltage sensitivities of the

SE-1022 at 4 Hz

4.0 Hz NIM NIMT NMIJ
i— | Dj Ujj Djj Ujj Dijj Ujj
jl | (mVimis?e10?) (mV/(m/s?)+1072) (mV/(m/s?)+107%)
NIM - - -5.0 60.7 -19.0 35.1
NIMT 5.0 60.7 - - -14.0 66.7
NMIJ 19.0 351 14.0 66.7 - -

Table 75: Degrees of equivalence between the participants for vertical voltage sensitivities of the

SE-1022 at 5 Hz

5.0 Hz NIM NIMT NMI1J
i— | Dj Uijj Djj Ujj Djj Ujj
jl | (mVvi(mis®e10?) (mV/(m/s?)+1072) (mV/(m/s?)+107%)
NIM - - -3.0 485 -17.0 35.6
NIMT 3.0 48.5 - - -14.0 55.8
NMIJ 17.0 35.6 14.0 55.8 - -

43/79




SE-1022 at 6.3 Hz

Table 76: Degrees of equivalence between the participants for vertical voltage sensitivities of the

6.3 Hz NIM NIMT NMIJ
i— | Dj Uijj Djj Ujj Dijj Ujj
jl | (mVimis?e10?) (mV/(m/s?)+107%) (mV/(m/s?)+107?)
NIM - - -2.0 48.5 -14.0 35.6
NIMT 2.0 48.5 - - -12.0 55.8
NMIJ 14.0 35.6 12.0 55.8 - -

Table 77: Degrees of equivalence between the participants for vertical voltage sensitivities of the

SE-1022 at 8 Hz

8.0 Hz NIM NIMT NMIJ
i— | Dj Ujj Djj Ujj Dijj Ujj
jl | (mVimis?e10?) (mV/(m/s?)+1072) (mV/(m/s?)+107%)
NIM - - -2.0 48.5 -12.0 35.6
NIMT 2.0 48.5 - - -10.0 55.8
NMIJ 12.0 35.6 10.0 55.8 - -

Table 78: Degrees of equivalence between the participants for vertical voltage sensitivities of the

SE-1022 at 10 Hz

10.0 Hz NIM NIMT NMI1J
i— | Dj Uijj Djj Ujj Djj Ujj
jl | (mVvi(mis®e10?) (MV/(m/s?)+107?) (MV/(m/s?)+1072)
NIM - - -1.0 485 -11.0 35.7
NIMT 1.0 48.5 - - -10.0 55.8
NMIJ 11.0 35.7 10.0 55.8 - -
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SE-1022 at 12.5 Hz

Table 79: Degrees of equivalence between the participants for vertical voltage sensitivities of the

12.5Hz NIM NIMT NMIJ
i— | Dj Uijj Djj Ujj Dijj Ujj
jl | mvimis)e10?) (mV/(m/s?)+107%) (mV/(m/s?)+107?)
NIM - - -2.0 48.5 -10.0 35.7
NIMT 2.0 48.5 - - -8.0 55.8
NMIJ 10.0 35.7 8.0 55.8 - -

Table 80: Degrees of equivalence between the participants for vertical voltage sensitivities of the

SE-1022 at 16 Hz

16.0 Hz NIM NIMT NMIJ
i— | Dj Ujj Djj Ujj Dijj Ujj
jl | (mVimis?e10?) (mV/(m/s?)+1072) (mV/(m/s?)+107%)
NIM - - 0.0 48.5 -8.0 35.7
NIMT 0.0 48.5 - - -8.0 55.9
NMIJ 8.0 35.7 8.0 55.9 - -

Table 81: Degrees of equivalence between the participants for vertical voltage sensitivities of the

SE-1022 at 20 Hz

20.0 Hz NIM NIMT NMI1J
i— | Dj Uij Dj Ui Djj Ujj
jl | (mVi(mis’)-10?) (MV/(m/s?)+107?) (MV/(m/s?)+1072)
NIM - - 1.0 48.6 -7.0 35.7
NIMT -1.0 48.6 - - -8.0 55.9
NMIJ 7.0 35.7 8.0 55.9 - -

8 Conclusion
Seven NMlIs measured the voltage sensitivity of two accelerometer standard sets (one set

included a quartz-flexure servo accelerometer of single-ended type and a signal conditioner)
at 17 frequencies from 0.5 Hz to 20 Hz, in either horizontal or vertical installation direction,
except that the pilot laboratory did both directions. The results of the APMP.AUV.V-K3 are
four sets of KCRVs, their uncertainties and degrees of equivalence illustrating the
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performance of the participant laboratories with respect to one another.

The calibration results obtained for the accelerometers represent the current calibration
capabilities of the participating laboratories for the voltage sensitivity of single-ended
accelerometers. At the reference frequency of 1.6 Hz (specified in ISO 16063-11:1999), the
participating laboratories calibrated the transfer standard sets with their claimed relative
expanded uncertainty (k = 2), the smallest of which equal to 0.2%, i.e. smaller than the
limit specified by the ISO standard [4].

In conclusion, the degrees of equivalence calculated from the data submitted by the seven
laboratories, support the uncertainty of measurement reported by the seven laboratories for
the calibration of the magnitude of the complex sensitivities of accelerometer over the
frequency range 0.5 Hz to 20 Hz, with the only exception of CMS at 3.15Hz, 4Hz, 12.5Hz
and 16Hz. The completion of APMP.AUV.V-K3 can serve as part of the basis for a planned
key comparison targeted at a low-frequency range at CC level.
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Appendix A: Technical Protocol
National Institute of Metrology (NIM)

December 10th, 2010 (participants revised)
Mr. Qiao SUN

Technical Protocol of the APMP Key Comparison
APMP.AUV.V-K3

1 Task and Purpose of the Comparison

According to the rules set up by the CIPM MRA the consultative committees of the CIPM
have the responsibility to establish ‘degrees of equivalence’ (DoE) between the different
measurement standards operated by the national NMIs. This is done by conducting key
comparisons (KC) on different levels of the international metrological infrastructure. The
previous top level KC in the field of Vibration metrology, CCAUV.V-K1 was completed in
the year 2001 in the frequency range from 40 Hz to 5 kHz. The ongoing CCAUV.V-K2 is
aimed at frequency range from 10 Hz to 10 kHz.

However, recent developments in technology and improvements at the NMIs have extended
the low-frequency vibration limit of calibration capabilities down to 0.5 Hz and even 0.1 Hz.
Therefore during the meeting of APMP TCAUV in 2008, the decision was taken to make
preparations for a further comparison targeted at a low-frequency range.

In the field of vibration, this regional key comparison is organized in order to compare
measurements of sinusoidal linear accelerations in the frequency range from 0.5 Hz to 20 Hz.
Moreover, the magnitude of the complex sensitivity calibration and measurement
capabilities (CMCs) of the participating laboratories for accelerometer calibration are to be
examined and compared. It is the task of the comparison to measure the magnitude of the
complex sensitivity of two accelerometer standard sets (one set including a quartz-flexure
servo accelerometer of single-ended type and a signal conditioner) at different frequencies
with acceleration amplitudes as specified in section 3. The results of this APMP Comparison
will, after approval by CCAUV, serve as the foundation at low vibration frequency for the
registration of ‘calibration and measurement capabilities’ (CMC) in the framework of the
CIPM MRA.

The voltage sensitivity is calculated as the ratio of the amplitude of the accelerometer
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standard set output voltage to the amplitude of the acceleration at its reference surface. The
magnitude of the complex voltage sensitivity shall be given in milli volt per meter per
second squared (mV/(m/s?)) for the different measurement conditions specified in section 4.

For the calibration of the accelerometer standard sets, laser interferometry in compliance
with method 1 or method 3 of the international standard ISO 16063-11:1999 has to be
applied, in order to cover the entire frequency range.

The reported sensitivities and associated uncertainties will be used for the calculation of the
key comparison reference value.

2 Pilot Laboratory

Pilot laboratory for this regional key comparison is

Vibration and Shock Section

Mechanics and Acoustics Metrology Division

National Institute of Metrology, P.R. China

BeiSanHuanDongLu 18, ChaoYang District, 100013 Beijing, P.R. China

This is the delivery address for the set of artefacts and the written and signed reports.

Contact Persons are

SUN Qiao YANG Lifeng
Tel.: +86 10 64524623 Tel.: +86 10 64524606
e-mail: sung@nim.ac.cn e-mail: yanglf@nim.ac.cn
Fax: +86 10 64218628

Co-Pilot laboratory for this regional key comparison is
National Metrology Institute of South Africa
Private Bag X34, Lynnwood ridge 0040, South Africa

Contact Persons are
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CS Veldman ML Temba
Tel.: +27 12 841 4008 Tel.: +27 12 841 4341
e-mail: csveldman@nmisa.org | e-mail: mltemba@nmisa.org
Fax: +27 86 509 0831

3 Device under Test and Measurement Conditions

For the calibration task of this comparison two quartz-flexure accelerometer sets will be
circulated between the participating laboratories. The accelerometer sets are a ‘single ended’
(SE) type, namely a SA 704 (SN: 1022) and a SA 704 (SN: 1022), with one common signal
conditioner MSA-1 (SN: 02011001).

The accelerometer sets are to be calibrated of their complex voltage sensitivity according to
those procedures and conditions implemented by the laboratory in conformance with 1SO
16063-11 which provides magnitude information of the artefact. The sensitivities reported
shall be for the accelerometer sets, including all effects from the signal conditioner.

The frequency range of the measurements was agreed to be from 0.5 Hz to 20 Hz.
Specifically the laboratories are supposed to measure at the following frequencies (all values
in Hz).

0.5,0.63,0.8,1,1.25,1.6, 2, 2.5, 3.15, 4, 5, 6.3, 8, 10, 12.5, 16, 20.

The measurement conditions should be kept according to the laboratory's standard conditions
for calibration of customers’ accelerometers for claiming their best measurement capability
or CMC where applicable. This presumes that these conditions comply with those defined by

the applicable ISO documentary standards [1,2,3], simultaneously.

Specific conditions for the measurements of this comparison are:

e acceleration amplitudes: a range of 0.1 m/s? to 10 m/s? is admissible.
e ambient temperature and accelerometer temperature during the calibration:
(23 = 2) °C (actual values to be stated within tolerances of = 0.3 °C).

e relative humidity: max. 75 % RH
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4 Circulation Type, Schedule and Transportation

The transducer sets are circulated in a star type fashion with a measurement period of two
weeks provided for each participating laboratory and one week for the pilot laboratory. At
the beginning and the end of the circulation as well as between certain subsequent
measurements of participating laboratories, the transducer sets are measured at the pilot
laboratory in order to fix reference values and to monitor the stability of the transducer sets.

The schedule is planned as follows:

Transportation
Participant (é\e/lllia;lsduarre vmvgglt() Pf:;)tigie;;nt
(calendar week)
NIM 23/2011 24/2011
NMIJ 25-26/2011 27/2011
KRISS 28-29/2011 30/2011
NIM 31/2011 32/2011
NIMT 33-34/2011 35/2011
CMS 36-37/2011 38/2011
NIM 39/2011 40/2011
NMIA 41-42/2011 43/2011
NMISA 44-45/2011 46/2011
NIM 47/2011

The cost of transportation to the next participating laboratory shall be covered by the
participating laboratory. The transducer sets have to be sent hand-carried with great caution.
In case the transducer sets get damaged or lost during transportation, the participating
laboratory for delivery should pay 4 000,- € to pilot laboratory for each set.

5 Measurement and Analysis Instructions

The participating laboratories have to observe the following instructions:

e The motion of the quartz-flexure accelerometer should be measured on the moving part
of the vertical (preferably) or horizontal vibration exciter, close to the accelerometer's
mounting surface, since the mounting (reference) surface is usually not directly
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accessible.

The mounting surface of the accelerometer and the moving part of the exciter must be
slightly lubricated before mounting.

The cable between accelerometer and signal conditioner should be taken from the set
delivered to the laboratory.

In order to reduce the influence of non-rectilinear motion, the measurements should be
performed for at least three different laser positions which are symmetrically distributed
over the respective measurement surface.

It is advised that the measurement results should be compiled from complete
measurement series carried out at different days under nominally the same conditions,
except that the accelerometer is remounted and the cable re-attached. The standard
deviation of the subsequent measurements should be included in the report.

6 Communication of the Results to Pilot Laboratory

Each participating laboratory will submit one printed and signed calibration report for each

accelerometer set to the pilot laboratory including the following:

a description of the calibration systems used for the comparison and the mounting
techniques for the accelerometer

a description of the calibration methods used

documented record of the ambient conditions during measurements

the calibration results, including the relative expanded measurement uncertainty, and the
applied coverage factor for each value

a detailed uncertainty budget for the system covering all components of measurement
uncertainty (calculated according to GUM [4,5]). Including, among others, information
on the type of uncertainty (A or B), assumed distribution function and repeatability

component.

In addition, the use of the electronic spreadsheets for reporting is mandatory. The

consistency between the results in electronic form and the printed and signed calibration

report is the responsibility of the participating laboratory. The data submitted in the

electronic spreadsheet shall be deemed the official results submitted for the comparison.

The results have to be submitted to the pilot laboratory within six weeks after the

measurements have been completed.
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The pilot laboratory will submit its set of results to the executive secretary of CCAUV in
advance to the first measurement of the participating laboratory.

7 Remarks on post processing

Presuming consistency of the results, the comparison reference value will be calculated
according to the established methods agreed upon already for CCAUV.V-K1. The results of
this APMP comparison will serve as the foundation of the registration of ‘calibration and
measurement capabilities’ (CMC) for low-frequency vibration by the participating NMIs in
the framework of the CIPM MRA.
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Appendix B: Uncertainty Budgets of the participants
NIM (self-developed shakers):

Certificate No #REF!
UNCERTAINTY BUDGET MATRIX (UBM) =
Procedure No AUVY-0001
Rielerence: Guide 0 She Sxpression of Uncerainty in Messurement, Issued by SIPM, ISC, FCC, 150, IUPAT, FUPAR, OIML - 50 1995 (ISEN 3267101855
,] ey ] Chine SA-T04 Y Metrologist
teseriptio Sensitivty calibration (medulus) as per ISC 18063-11 methad 3 === - Range: 0.1Hz to 20 Hz .
1 oumber 1021/1022 YANG Lifeng
Mathematical Medel: s=d/a=a/(2mf)’d
Standard Degrees
Symbol Input Guantity Estimated Probability K Divisor | Standard Sensitivity Uncertainty |Reliabilit of
¥ {Source of Uncertainty) Unecertainty Distribution factor |Uncertainty Coefficient Contribution ¥ Ereedom Remarks
Uiy}
u ¥ Standards and Reference Equipment [Uncorrelated) ¥ (XT) Unit M, R, T, U} v v U Ci Unit % % v
iy Interferometer output signal disturbance on phase amplitude 0.01 3 | Raciangular .'B 2.00 1.73 5.77TED3 1 % 0.008 100 infinite ::mo;::;mff;lj_:f;ﬂio_‘ -
©- |Effect of voltage disturbance on phase amplitude measurement 0.0 % | Mectangular e:E] 2.00 1.73 5.7TED3 0.01 % 0.000 100 infinite "_-_"—f:"j**"fﬂ“ ’"“-1*:_’4_‘_-: e
@ |Effect of motion disturbance on phass smplitude measurement 0.01 % |netnnar v ] zo0 | 172 | 577E03 1 % 0.006 100 | infinite | Do o S SEEG 3 @iher an:
Effect of phase disturbance on phase amplitude measurerment 0.1 % | Peciangulac ”{z] 2.00 1.73 5.77ED3 1 % 0.008 100 infinite |Comected for using Heydernann comection procedure:
Residual interferometric effects on phase amplitude measurement 0.02 % Raiangular .'B 2.00 1.73 1.15E02 1 % 0.012 100 infinite |Mot aware of any
Wibration frequency measurement accuracy 0.0002 % Raciangular e@ 2.00 1.73 1.15E-04 1 % 0.000 100 infinite |1S0O 18083-11 requirement: =0,05 % of reading
Uncertainty on laser wavelength measurement 2.850E-11 nm | kmal k= 2 E] 2.00 2.00 1.25E-11 100 % 0.000 100 infinite |Uncertainty quoted on certificate
Accelercmeter cutput voltage measurement (ADC resclution/accuracy) 0.1 % | Rectangular .’E 2.00 1.73 5.77E-D2 1 % 0.058 100 infinite |Manufacturer's specification worse case on 1 WV range
Filtering effect on sensitivity measurement 0 % | Ractangular .’:{z] 2.00 1.73 0.00E+00 1 % 0.000 100 infinite
Charge amplif 0.00 % |mmalk=e E] 2.00 2.00 0.00E+00 1 % 0.000 100 infinite |Conditiong amgplifier uncertainty
Resclution of Standard / Equipment {If applicable) E] 100
¥ Unit Under Test / Calibration (Uncorrelated) 7 | NOTE! ONLY CHANGE BLUE CELLS - All OTHER CELLS (WHITE) ARE PROTECTED
i, |Effect of voltage disturbance on accelercmeter cutput voltage 0.001 % | mectanguiar e:[Z] 173 | 5.774E-04 1 % 0.001 100 infinite |Ung = $dM100); M
Effect of transverse motion on acos tput voltage measure 0.08 B Raciangular .’:{z] 1.73 3.484E-02 1 % 0.035 100 infinite |Transsv r for a tr.
Residual effects on acoelerometer output voltage measurement 0.1 % |mmalrk=s E] 3.00 3.333E02 1 % 0.033 100 infinite |Tribo-slectric effe
e Standard deviation on accels r gutput voltage measurement 0.18 %. Krmal k=5 E] 3.00 5.333E02 1 % 0.053 100 infinite |ESDM for sensitivity calulation using & cycles min
Resolution of UUT / Equipment {If applicable) E] 100
Dats - Type "B” Evaluation Range of the results {(Rectangular) E] 100
(mia = Trpe "L Bwlimiion Erp Sid Dew of ihe Baan (Emod) E] Mormal k =1 4 Mo of REsdingsw 5
TOTAL COMEINED UNCERTAINTY %
- i . . Combined Unocertainty {Mormal) | ¥ Level of Confidence W 0.0680 Vor infinite Cheded and Approved By:
Best Measurement Capability (Excluding UUT contribution) ~
Expanded Uncertainty 96,46 4 [=¢ E] 0120 k= 2.00
) ) o Combined Uncertainty (Nermal) | ¥ Level of Confidence ¥ ‘| 0.083 Vi  infinite sliEET
Uncertainty of Measurement {Including UUT contribution) ~
Expanded Uncertainty 96,46 4 £=z E 0.2 k= 2.00
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NIMT (APS 113 shaker):
Uncertainty of Magnitude for Accelerometer SA-704 s/ni021

F"’?::}“"V 05 | 063 | 08 1 125 | 16 2 25 | 315 | 4 5 6.3 8 10 | 125 | 16 20
U1 01 0.1 0.1 01 01 0.1 0.1 01 01 01 0.1 0.1 01 01 0.1 0.1 01
U2 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
U3 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
U4 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
uUs 01 0.1 0.1 01 01 0.1 0.1 01 01 01 0.05 0.05 0.05 0.05 0.05 0.05 0.05
U6 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007
u7 0.001 0.001 0.001 0.00 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
us 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Ue9 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
U410 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
U11 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
uU12 0.25 0.25 0.25 02 0.2 02 0.18 013 0.18 0.18 0.16 0.16 0.16 0.14 0.14 014 0.14
U13 0.05 0.05 0.04 0.02 0.02 0.02 0.0 0.01 0.01 0.01 0.01 0.0 0.01 0.001 0.001 0.001 0.001
U4 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
U1s 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
U16 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
uU17 0.05 0.05 0.04 0.04 0.05 0.05 0.05 0.04 0.05 0.05 0.05 0.05 0.04 0.05 0.05 0.05 0.04
uU1s 0.0018 0.0038 0.0028 0.0018 0.0000 0.0017 0.0013 0.0017 0.0027 0.0000 0.0018 0.0000 0.0013 0.0013 0.0028 0.0032 0.0040
Uc 0.298 | 0.298 | 0.2908 | 0.254 | 0.254 | 0.254 | 0.238 | 0.238 | 0.238 | 0.238 | 0.205 | 0.205 | 0.205 | 0.190 | 0.190 | 0.190 | 0.190
Ue 0.597 | 0.597 | 0.597 | 0.507 | 0.507 | 0.507 | 0.475 | 0.475 | 0.475 | 0.475 | 0.411 | 0.411 | 0.411 | 0.380 | 0.380 | 0.380 | 0.380
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Uncertainty of Magnitude for Accelerometer SA-704 s/nl1022

Frequency 0.5 0.63 0.8 1 1.25 1.6 2 2.5 3.15 4 5 6.3 8 10 12,5 16 20
U1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
U2 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
U3 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
U4 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
us 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.05 0.05 0.05 0.05 0.05 0.05 0.05
U6 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007
u7 0.001 0.001 0.001 0.00 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
us 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
U9 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
uU1o 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
uU1i1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
U2 0.25 0.25 0.25 0.2 0.2 0.2 0.18 0.18 0.18 0.18 0.16 0.16 0.16 0.14 0.14 0.14 0.14
uU13 0.05 0.05 0.05 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.001 0.001 0.001 0.001
u14 0.0015 | 0.0015 | 0.0015 | 00015 | 00015 | 00015 | 0.0015 | 00015 | 00015 | 00015 | 0.0015 | 00015 | 00015 | 0.0015 | 0.0015 | 0.0015 | 0.0015
uU1s 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
uU16 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
u1i7 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
u1s 0.0017 | 0.0038 | 00013 | 00017 | 00018 | 00013 | 0.0017 | 00013 | 00013 | 00018 | 0.0000 | 0.0017 | 00000 | 0.0013 | 0.0000 | 0.0000 | 0.0018
Uc 0.298 | 0.298 | 0.298 | 0.254 | 0.254 | 0.254 | 0.238 | 0.238 | 0.238 | 0.238 | 0.205 | 0.205 | 0.205 | 0.120 | 0.190 | 0.190 | 0.190
Ue 0.597 | 0.597 | 0.597 | 0.507 | 0.507 | 0.507 | 0.475 | 0475 | 0.475 | 0.475 | 0.411 | 0.411 | 0.411 | 0.380 | 0.380 | 0.380 | 0.380
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DETAIL OF UNCERTAINTY BUDGET FOR MAGNITUDE CALIBRATION

) Probability o ) )

Type Source of Uncertainty Symbol Divisor | Ci u(xi) Yest
Distribution
Vibration velocity U
B _ _ U, normal 2 1 =1 0
(uncertainty of tracing back) 2

U 2
B \oltage U, U, normal 2 1 > 0
Angular frequency of v U 0

B | Us square V3 1| 2

signal 3
S U, x

B Amplifier gain U, normal 2 1 -
Usg *©

B Frequency response Us normal 2 1 -
. Usg 0

B Transverse motion Us square J§ 1 —3
. U, 0

B Harmonics U, square J§ 1 —3
U (x)

B Hum Ug normal 2 1 78
U w

H 9

B Noise Ug normal 2 1 -
. . UlO *©

B Effect of geometric location Uig square NE) 1 NGl
Ull *©

B Sensor attachment Uy square NE) 1 f
0.0)

. .. UlZ

B | Cable routing and fixing Uy, square NE) 1 7
. . U13 *

B Relative motion Uiz square J3 1 7
Uy, *

B Temperature change Uy, square NE) 1 f
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C
o

Linearity Uys square NE) 7
Temporal instability of v U
. Use square J3 %
signal 3
Residual effects Ui, square J3 %
Repeatability Usg normal 1 %
n
Combined Uncertainty U, normal
U normal
Expanded Uncertaint
P ’ e (k-2)
U

Approved Uncertainty
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CMS (APS 113 shaker):
Uncertainty for 1021

Description 0.5 0.63 0.8 1 125 16 2 15 315 4
Uncertainty of accelerometer output voltage 0.347314% | 0.553500% | 0.230044% | 0.234321% | 0250953% | 0219515% | 0.194243% | 0.057703% | 0.002667% | 0.039548%

measurement (Voltmeter)

Quantization effect of RMS volt meter

Uncertainty of total distortion on accelerometer
output voltage measurement

Uncertainty of transverse, rocking and bending
acceleration on accelerometer output voltage
Uncertainty of trigger hysteresis on

displacement measurement

Uncertanty of displacement measurement
(interferometer signal)

Effect of ratio measurement

Uncertanty of laser wave length

Uncertamty of displacement quantization on
displacement measurement

Uncertainty of vibration frequency measurement
(frequency generator)

Uncertainty of standard voltage generator

Uncertainty of motion disturbance on displacement

measurement (relative motion between

the accelerometer reference surface and the spot sensed

by the interferometer; thermal effect)

other effects on sensitivity measurement (random
effect in repeat measurements; experimental standard
deviation of arithmetic mean)

0.800000%

0.800000%

0.730000%

0.750000%

0.730000%

0.730000%

0.750000%

0.730000%

0.020000%

0.020000%

0.600000%

0.600000%

0.600000%

0.600000%

0.600000%

0.600000%

0.600000%

0.600000%

0.100000%

0.100000%

0.330000%

0.330000%

0.330000%

0.330000%

0.350000%:

0.3350000%

0.330000%

0.330000%

0.120000%

0.120000%

0.030000%

0.030000%

0.030000%

0.030000%

0.030000%

0.030000%

0.030000%

0.030000%

0.030000%

0.030000%

0.22721T%

0.227217%

0.140382%

0.067313%

0.064880%

0.084834%

0.104261%

0.058463%

0.05026T%

0.126004%

0.200000%

0.200000%

0.200000%

0.200000%

0.200000%:

0.200000%:

0.200000%

0.200000%

0.050000%

0.050000%

0.002000%

0.002000%

0.002000%

0.002000%

0.002000%:

0.002000%:

0.002000%

0.002000%

0.002000%

0.002000%

0.010200%

0.010200%

0.010200%

0.010200%

0.010200%

0.010200%

0.010200%

0.010200%

0.010200%

0.010200%

0.010000%

0.010000%

0.010000%

0.010000%

0.010000%

0.010000%

0.010000%

0.010000%

0.010000%

0.010000%

0.050000%

0.050000%

0.050000%

0.050000%

0.030000%

0.030000%

0.050000%

0.050000%

0.050000%

0.050000%

0. 2T0000%

0. 27T0000%

0 270000%

0.270000%

0. 270000%

0.270000%

0.270000%

0 270000%

0. 100000%

0. 100000%

0.210000%

0.210000%

0.205000%

0.205000%

0.2053000%

0.205000%

0.205000%

0.205000%

0.025000%

0.025000%

Relative combined uncertainty

134E02 | 135E02 | 118E02 | 116ED2 | 1ISE<02 | 1.14E02 | 1.12E-02 1.11E-02 157E03 | 2.49E-03
U {(:Su)
Effectivs degres of frasdom 420 401 318 300 202 279 263 251 514 536
.
Coverag;facmr 197 197 197 197 197 197 197 197 196 196
Relative expanded uncertainty ) )
: 2.63% 2.65% 2.32% 2.28% 227% 2.24% 221% 2.18% 0.50% 0.45%
Uy
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Uncertainty for 1021

Description 5 6.3 8 10 125 16 20 Uncertainty
Tyvpe

Uncertainty Dfé,cfﬂe'mn;mr output voltage 0.042694% | 0.000239% | 0.001782% | 0.000212% | 0.001355% | 0.002043% | 0.001348% A
fneasuretment ( v olimeter
Quantization effect of RMS volt meter 0.020000% | 0.020000% | 0.020000% | 0.020000% | 0.020000% | 0.020000% | 0.020000% B
Lﬂcmmlt}’th'mldlsmmc’n':'ﬂ““le'mmﬂter 0.100000% | 0.100000% | 0.100000% | 0.100000% | 0.100000% | 0.100000% | ©.100000% B
Dutpul: Vo tagﬁ measurement
Lﬂc';ﬂm_“}"of Umsl"'m&mcmgmaf'mmﬂg 0.120000% | 0.120000% | 0.120000% | 0.120000% | 0.120000% | 0.120000% | 0.120000% B
acceleration on accelerometer Crul:pul: ) I:agE
;ﬂcf'rtmb:ofmgge'rh}rStMESlSDﬂ 0.030000% | 0.030000% | 0.030000% | 0.030000% | 0.030000% | 0.030000% | 0.030000% B
il acaimnent measureiment
Uncertainty of displacement measurement 0.108349% | 0.036147% | 0.042910% | 0.021321% | 0.021089% | 0.008314% | 0.039861% A
(interf al)
mierrerometer Slgﬂ
BT o Ei T TS 0.050000% | 0.050000% | 0.050000% | 0.050000% | 0.050000% | 0.050000% | 0.050000% B
Uncertainty of laser wave length 0.002000% | 0.002000% | 0.002000% | 0.002000% | 0.002000% | 0.002000% | 0.002000% B
bﬂcﬂr[mt}'— or Ulsp‘lﬂcfmm[ qumﬂzaﬂﬂﬂ of
displacement measurement 0.010200% | 0.010200% | 0.010200% | 0.010200% | 0.010200% | 0.010200% | 0.010200% B
Uncertainty of vibration frequency measurement 0.010000% | 0.010000% | 0.010000% | 0.010000% | 0.010000% | 0.010000% | 0.010000% B
(fr )
equency generator
Uncertainty of standard voltage generator 0.050000% | 0.050000% | 0.030000% | 0.050000% | 0.050000% | 0.050000% | 0.050000% B
Uncertainty of motion disturbance on displacement
measurement (relative motion between
" : (t ; - 4 the soot 4| 0-100000% | 0.100000% | 0.100000% | 0.100000% | 0.100000% | 0.100000% | 0.100000% B
€ ACCelerometer réelerence surrace an ] SP‘U SENSE
by the interferometer; thermal effect)
other effects on sensitivity measurement (random
effect in repeat measurements; experimental standard 0.025000% | 0.023000% | 0.025000% | 0.025000% | 0.025000% | 0.023000% | 0.025000% B

deviation of arithmetic mean)

Relative combined uncertainty

219E-03 | 213E-03 | 208E-03 | 207E-03 | 205E-03 | 208E-03 | 223E-03
U ol S )
Efective degres of fresdom 461 418 333 375 364 334 435
§
Coverage factor 1597 197 197 197 157 197 197
k
Relative expanded uncertainty
- : 0.43% 0.42% 0.41% 0.41% 0.40% 0.41% 0.44%
f
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Uncertainty for 1022

Description

[=]
La

.63

0.8

ot
b2
LA

1.6

[

[
LA

3.15

Uncertainty of accelerometer output voltage
measurement (Voltmeter)

Quanfization effect of RMS volt meter

Uncertainty of total distorfion on accelerometer
output voltage measurement

Uncertainty of transverse, rocking and bending
accelerafion on accelerometer output voltage
Uncertamnty of trigger hysteresis on

displacement measurement

Uncertainty of displacement measurement
(interferometer signal)

Effect of ratio measurement

Uncertainty of laser wave length

WALLLTE Ll LI Y WL LD PRl LT G U LIS A L)L LR
displacement measurement

Uncertainty of vibration frequency measurement
(frequency generator)

Uncertainty of standard voltage generator

Uncertainty of motion disturbance on displacement

measurement (relative motion between

the accelerometer reference surface and the spot sensed

by the interferometer; thermal effect)

other effects on sensitivity measurement (random
effect in repeat measurements; experimental standard
deviation of arithmefic mean)

0.311779%

0.338033%

0.417666%

0.257401%

0.238720%

0.172287%

0.173017%

0.033893%

0.032102%

0.079533%

0.800000%

0.800000%

0.730000%

0.730000%

0.730000%

0.730000%

0.730000%

0.730000%

0.020000%

0.020000%

0.600000%

0.600000%

0.600000%

0.600000%

0.600000%

0.600000%

0.600000%

0.600000%

0.100000%

0.100000%

0.350000%

0.350000%

0.350000%

0.350000%

0.350000%

0.350000%

0.350000%

0. 350000%

0.120000%

0.120000%

0.030000%

0.030000%

0.030000%

0.030000%

0.030000%:

0.030000%:

0.030000%

0.030000%

0.030000%

0.030000%

0.199727%

0.199727%

0.157201%

0.108067%

0.052004%

0.042317%

0.078550%

0.131520%

0.124935%

0.119971%

0.200000%

0.200000%

0.200000%

0.200000%

0.200000%

0.200000%

0.200000%

0.200000%

0.030000%

0.030000%

0.002000%

0.0020:00%

0.002000%

0.002000%

0.002000%

0.002000%

0.002000%

0.002000%

0.002000%

0.002000%

0.010200%

0.010200%

0.010200%

0.010200%

0.010200%:

0.010200%

0.010200%

0.010200%

0.010200%

0.010200%

0.010000%

0.010000%

0.010000%

0.010000%

0.010000%:

0.010000%:

0.010000%

0.010000%

0.010000%

0.010000%

0.030000%

0.050000%

0.050000%

0.050000%

0.050000%

0.030000%

0.030000%

0.030000%

0.030000%

0.030000%

0.270000%

0.270000%

0.270000%

0.270000%

0.270000%

0.270000%

0.270000%

0.270000%

0.100000%

0.100000%

0. 210000%

0.210000%

0.205000%

0.205000%

0. 205000%

0. 205000%

0. 205000%

0 205000%

0.0253000%

0.023000%

Relative combined uncertainty

132E-02 135E-02 123E-02 117E-02 115E-02 1 13E-02 1 13E-02 111E02 | 259E03 | 291E-03
Ul 51 )
Effective degres of freedom
B T 408 403 359 306 291 270 71 233 563 396
.
Coverage factor 197 197 197 197 197 197 197 197 1.96 197
k
Relative expanded uncertainty ~ )
: 2 60% 2 66% 2.42% 2.30% 2.27% 2.22% 2.22% 2.19% 0.51% 0.57%
U
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Uncertainty for 1022

Description 5 6.3 g 10 125 16 20 Uncertainty
Type
Lore Df(:?‘l:ﬁkmﬂ;ﬁw T 0.058676% | 0.001567% | 0.000881% | 0.000796% | 0.001223% | 0.000244% | 0.001666% A
teasurement (v olimeter
Quantization effect of RMS volt meter 0.020000% | 0.020000% | 0.020000% | 0.020000% | 0.020000% | 0.020000% | 0.020000% B
Uncertaintv of total distortion on accelerometer
— : 0.100000% | 0.100000% | 0.100000% | 0.100000% | 0.100000% | 0.100000% | 0.100000%
output wo. agﬂ Measuremen
Uncertainty of transverse, rocking and bending
B e 0.120000% | 0.120000% | 0.120000% | 0.120000% | 0.120000% | 0.120000% | 0.120000% B
;ﬂcfﬂmr}r LamE IE e 0.030000% | 0.030000% | 0.030000% | 0.030000% | 0.030000% | 0.030000% | 0.030000% B
splacement measurement
[Epce-r;amr}-' of ms.pla:l?nent ARSI 0.177374% | 0.060510% | 0.051937% | 0.043200% | 0.080178% | 0.071004% | 0.083732% A
interferometer sign
R 0.050000% | 0.050000% | 0.050000% | 0.050000% | 0.050000% | 0.050000% | 0.050000% B
Uncertinty of Iaser wave length 0.002000% | 0.002000% | 0.002000% | 0.002000% | 0.002000% | 0.002000% | 0.002000% B
VLT Ld.l.llL_'\l' L Un.lﬁplliLElllEllL Liu-d.llLLf_dLlUll i
: S R 200 A0 AT S S
displacement measurement 0.010200% | 0.010200% | 0.010200% | 0.010200% | 0.010200% | 0.010200% | 0.010200%
E’;cmmr}" of wbran:ulan frequency measurement 0.010000% | 0.010000% | 0.010000% | 0.010000% | 0.010000% | 0.010000% | 0.010000% B
equency generator
Uncertainty of standard voltage generator 0.050000% | 0.050000% | 0.050000% | 0.050000% | 0.050000% | 0.050000% | 0.050000% B
Uncertainty of motion disturbance on displacement
measurement (relative motion between
" : (t : : 4 the oot 4| 0-100000% | 0.100000% | 0.100000% | 0.100000% | 0.100000% | 0.100000% | 0.100000% B
& accelerometer reference surface and the spot sense
by the interferometer; thermal effect)
other effects on sensifivity measurement (random
effect in repeat measurements: experimental standard | 0.025000% | 0.025000% | 0.025000% | 0.025000% | 0.025000% | 0.025000% | 0.025000% B

deviation of anthmetic mean)

Relative combined uncertainty

228E-03 | 215E-03 | 213E03 | 221E-03 | 217E-03 | 221E-03 | 2.07E-03
U Su)
Ve dEgree of fresdom
Effect degree of freadom 514 430 411 440 426 434 374
.
Coverage factor 1.96 197 197 197 197 197 197
'
Relative expanded uncertainty )
- 0.45% 0.42% 0.42% 0.43% 0.43% 0.43% 0.41%
F I
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NMIA (APS 113 shaker):

Primary vibration calibration by laser interferometry (150 16063-11:1999, Method 1, Fringe
Counting). NMIA

Source of uncertainty Symbol Distribution Factor  Sensitivity coefficient Degrees of freedom %
becelerometer output veltage measurement (voltmeter) ul normal 1 1 a0 0.0500
Effect of total distertion on accelerometer output woltage measurement uz rectangular 0. &8 1 10 0.0100
Effect of spurious sensitivities on accelerometer output veoeltage measurement us rectangular 0. 58 1 10 0.0208
Effect of displacement guantization on displacement measurement ud rectangular 0. 58 1 a0 0.0015
Effect of trigser hysteresis of fringe counter on displacement measurement uh rectangular 0. a8 1 10 0.0012
Filtering effect on displacement measurement (freg band limitation) uh rectangular 0. a8 1 a0 0.0000
Effect of veltage disturbance on displacement measurement (e.g. randem neise

in photeelectric measuring chain) uf rectangular 0. 58 1 30 0.0058

Effect of motion disturbance on displacement measurements (e.g. total
distertion, relative motion between accelerometer ref surface and spot

sensed by interferometer) ud rectangular 0. 58 1 10 0.0064
Effect of phase disturbance of displacement measurement (e.g. phase nolse of

interferometer signal) ug rectansular 0. 58 1 a0 0.0000
funetion) uln rectangular 0. 58 1 a0 0.0022
Vibration freguency measurement (frequency generatoer and indicator coumter) ull rectangular 0. 58 1 a0 0.0006
meastrements, ESDN, including any effects of the sighnal conditioning

instrument ulz normal 1 1 26 0.0600
Effect of motion exciter mode uls3 rectangul ar 0. 58 1 10 0.0462
REounding error ul4 rectangul ar 0. 58 1 100 0.0023
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Primary vibration calibration by laser interferometry (150 16063-11:1999, Method 3, Sine
Approximation), NMIA

Source of uncertainty Symbol Distribution Factor  Sensitivity coefficient Degrees of freedom %
Lecelerometer output veltage measurement (voltmeter) ul normal 1 1 a0 0.0500
Voltage filtering effect on accelerometer output voltage measurement uz rectangular 0. a8 1 10 0.0000
Effect of woltage disturbance on accelerometer output woltage measurement ua rectangular 0. a8 1 10 0.0000
Effect of transwverse, rocking and bending acceleration on accelerometer

output veltage measurement ud rectansul ar 0. 58 1 30 0.0208
Effect of interferometer quadrature output siznal disturbance on phase

amplitude measurement uh rectangular 1 1 10 0.0300
Interferometer signal filtering effect on phase amplitude measurement uh rectangular 0. 58 1 a0 0.0000
Effect of woltage disturbance phase amplitude measurement u’¥ rectangular 0. 58 1 a0 0.0058
Effect of motion disturbance on phase amplitude measurements (e.g. total

distertion, relative motion between accelerometer ref surface and spot

sensed by interferometer) us rectansular 0. 58 1 10 0.0064
Effect of phase disturbance of phase amplitude measurement (e.g. phase noise

of interferometer signal) ua rectangular 0. 58 1 30 0.0000
function) ulo rectangular 0. 58 1 30 0.0022
Vibration frequency measurement (frequency generator and indicator counter) ull rectangular 0. 58 1 30 0.0006
measurements, ESDN, including any effects of the signal conditioning

instrument ulz normal 1 1 26 0.0300
Effect of motion exciter meode ul3 rectansular 0. 88 1 10 0.0115
Eeunding error uld rectangular 0. 58 1 100 0.0023
Component Uncertainty Degrees of freedom

Ouadrature sum of all correlated sources, Frinsgse Counting 0. 05579% 42

fuadrature sum of all correlated sources, Sine Appreoximation 0. 054859% 42

Ouadrature sum of all uncorrelated sources, Fringe Counting 0. OTETEY% 35

Quadrature sum of all uncorrelated souwrces, Sine Approximation 0. 04403% a3

uc2 0, 00R905% "2

us 0. 08309% 32

k uc (k=2) 0. 17%

U985, rounded up 0.2%
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NMISA (APS 113 shaker):

Certificate No AVWE-2778
UNCERTAINTY BUDGET MATRIX (UBM) =
Frocedure Mo AVIVE-0001
Reteremce: Guide 1o e Sxorassion of Uncenaint n Messoremans issusd oy BI9IL IEC. FOC, IS0, WUPAC, IUPAS, DAL - 150 1955 (SEN SRET-0EEE
Mal:je I& China SA-T04 Metrolegist
lescription Sensitivty calibration {modulus) as per IS0 18062-11 method 3 Terial - Range: 0.4 Hz to 50 Hz -
number: il lan Yeldman
Mathematical Model: S=0/5 ={},I[211-f}2d
Standard T
Symbel Input Quantity Estimated Probability K Divisor | Standard Sensitivity Uncertainty | Reliabilit of
¥ {Source of Uncertainty) Uncertainty Distribution factor |Uncertainty Coefficient Caontribution ¥ Freedom Remarks
Wify)
u ¥ Standards and Reference Equipment [Uncorrelated) ¥ (X1 Unit N, R, T, U} v ¥ LX) Ci Unit % % v
®a cutput signal disturbance on phase amplitude 0.01 % |netanpur v zoo [ 173 | s77E02 1 % 0.006 100 | infinite |12 o e
= |Effect of voltage disturbance on phase amplitude measure 0.01 % | Rctanguiar e@ 200 | 173 57TED2 0.01 % 0.000 100 [T i
®uo |Effect of motion disturbance on phase amplitude measurement 0.015 % [l ‘E]. 200 | 173 | s.esE03 1 % 0.002 100 | infinite [T 1o o DEAERn seTSing spot. der 20
Ten Effect of phase disturbance on phase amglitude measurement 0.01 % | Rxtianpular ”[E] 2.00 1.73 5.TTED3 1 % 0.008 100 infinite | Comected for using Heydemann comection procedure
Tr= Residusl| interferometric effects on phase amplitude meassurement 0.01 % | Rxlangular e@ 2.00 1.73 5.TTED3 1 % 0.008 100 infinite |Mot aware of any
Vibration frequency measurement accuracy 0.05 % | natangular .’E] 2.00 1.73 2.89E-02 1 % 0.029 100 infinite |1S0 18083-11 requirement: = 0,05 % of reading
Ay Uncertainty on laser wavelength measurement 2.50E-11 nm | smal k=2 E] 2.00 2.00 1.25E-11 100 % 0.000 100 infinite |Uncertsinty quoted on certificate
oy Acceleno cutput voltage measurement {ADC resolution/accuracy) 0.15 % | natangular c’E] 2.00 1.73 8.88E-02 1 % 0.087 100 infinite |Manufacturess specification worse case on 1 V range
= ng effect on sensitivity measurement 0.1 % Raciangular c’E] 2.00 1.73 8.35E-02 1 % 0.084 100 infinite iz
Gea Conditicning amglifier gain accuracy 0.00 % |mmalr=ze E] 2.00 2.00 0.00E+DD 1 % 0.000 100 infinite |M/A Calibrated as a unit
Resclution of Standard / Equipment {If applicable) E] 100
¥ Unit Under Test / Calibration {Uncorrelated) ¥ | NOTE! ONLY CHANGE BLUE CELLS - All OTHER CELLS (WHITE) ARE PROTECTED
g Effect of voltage disturbance on accelerometer output voltage 0.005 %% | Ratangular .':[E] 1.73 2.88TE02 1 % 0.003 100 infinite | Ureg = $#(d/100)%; Meximum allowed by SO
by Effect of transverse motion on accelerometer output voltage measuremen 0.1 %% | naxtanpular .':[E] 1.73 5.7T4E02 1 % 0.058 100 infinite | Transeverse emor for a8 transverse sensitivity of 1%
Residus| effects on accelerometer cutput voltage measurement 01 % | mmmalk=? E] 2.00 5.000E-02 1 % 0.050 100 infinite |Tribo-elechic effect
i Standard deviation on accelerometer output voltage measurement 02 % | mmmalk=? E] 2.00 1.000E-01 1 % 0.100 100 infinite (ESDM for sensitivity calulation using 5 oycles min
Resclution of UUT / Equipment (If applicable) E] 100
Data - Type "B" Evaluation Range of the results (Rectangular) E] 100
[aia - Trpe “L° Fwlwmiion Fxp 5id Dev of 1he Ben (FEDE) E] Mormal k =1 4 Mo of Readings| 5
TOTAL COMBINED UNCERTAINTY %%
. . . . Combined Uncertainty {Mormal) | ¥ Lewel of Confidence W 0112 Ver infinite Cheded and Approved By:
Best Measurement Capability (Excluding UUT contribution)
Expanded Uncertainty 96,46 4 £=z E] 0.224 = 2.00
) ) o Combined Uncertainty {Mormal) | ¥ Level of Confidence ¥ | 0.168 Ver infinite
Uncertainty of Measurement (Including UUT contribution)
Expanded Unocertainty 96.4E 4 £=z E] 0.3 k= 2.00
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NMIJ (self-developed shakers):

Pickup : SA704 (SN: 1021)

DUT
Signal Conditioner: MSA-T (SN: 02011001)
Calibration . . Expa.ﬂt#ed Conbined Expan:.ied Effect of internal calibration of voltmeter .
Frequency Method Acceleration | Sensitivity | uncertainty . uncertainty . Voltage standard uncertainty
system . uncertainty . using voltage standard
- (&=2) - (k=2) = =
Hz mfst m\’."(m"sz} m\’."(m"sz} oo Lo % Type Distribution DOF Lo Type Distribution DOF
0.5 Ultra low FCM 0.5 124.81 241 097 193 1.3E01 A Normal a 5.0E02 B Normal oo
0.63 Ultra low FCM 1 12303 092 037 0.74 8.6E-02 A Normal 9 3.0E-02 B Normal oo
0.8 Ultra low FCM 1 123.83 1.03 042 0.83 8.6E-02 A Normal 9 J.0E02 B Normal o
1 Ultra low FCM 1 12301 1.13 0.46 091 8.6E-02 A Normal 9 J.0E02 B Normal oo
125 Ultra low FCM 7 12376 0.83 033 0.67 28E02 A Normal 9 S.0E02 B Normal oo
1.6 Ultra low FCM 2 12370 0.33 022 0.43 28E-02 A Normal 9 J.0E02 B Normal oo
7 Ultra low FCM 2 123.88 0.79 032 0.64 28E02 A Normal 9 J.0E02 B Normal o
25 Low FCM ) 123.86 036 0.14 029 3.1E03 A Normal a 5.0E02 B Normal oo
315 Low FCM 5 12301 026 0.11 021 32E-03 A Normal 9 3.0E-02 B Normal oo
4 Low FCM 5 12394 026 0.10 021 33E03 A Normal 9 3.0E-02 B Normal o
3 Low FCM 10 12393 0.40 0.16 033 21E03 A Normal a 3.0E-02 B Normal oo
6.3 Low FCM 10 12398 033 0.13 027 21E03 A MNormal 9 3.0E-02 B Normal oo
8 Low FCM 10 1240 030 0.12 024 2.1E-03 A Normal 9 J.0E02 B Normal o
10 Low FCM 10 124.03 0.28 0.11 023 2.1E03 A Normal 9 J.0E02 B Normal oo
12.5 Low FCM 10 12411 0.28 0.11 022 21E03 A Normal a 5.0E02 B Normal oo
16 Low FCM 10 12420 027 0.11 022 21E-03 A Normal 9 J.0E02 B Normal oo
20 Low FCM 10 12434 027 0.11 022 23E03 A Normal 9 J.0E02 B Normal o
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Effect of voltage quantization on
measurement by voltmeter

Effect of transverse sensitivity on
accelerometer output voltage measurement

Effect of total distortion of accelerometer
output voltage

Repeatability of sensitivity

Effect of laser wavelength instability

% Type Distribution DOF Y Type Distribution DOF Y Type Disttibution DOF Y Type Distribution Y Type Distibution DOF
20E-03 B Rectangular oo 4.0E-03 B Nommal oo 1.9E-03 B Nommal oo 9.5E-01 A Nommal 20 1.6E-03 B Normal oo
2.9E-03 B Rectangular oa 4.0E-03 B Normal oa 1.9E-03 B Normal oo 3 4E-01 A Normal 20 1.6E-03 B Normal oo
2.9E-03 B Rectangular oo 4.0E-03 B Nommal co 9. 1E-04 B Normmal co 4.0E-01 A Normal 20 1.6E-03 B Normmal ca
29E-03 B Rectangular o 4.0E-03 B Nomal oo L1E-03 B Nommal co 44E-01 A Normal 20 1.6E-03 B Normal ca
29E-04 B Rectangular oo 4.0E-03 B Nommal oo 12E-02 B Nommal oo 3.0E-01 A Nommal 20 1.6E-03 B Normal oo
29E-04 B Rectangular oa 4.0E-03 B Normal oa 6.5E-03 B Normal oo 1.8E-01 A Normal 20 1.6E-03 B Normal oo
29E-04 B Rectangular oo 4.0E-03 B Nommal co 5.5E-03 B Normmal co 3.0E-01 A Normal 20 1.6E-03 B Normmal ca
82E-03 B Rectangular o 1.5E-02 B Nomal oo 14E-02 B Nommal co 1.5E-02 A Normal 29 1.6E-03 B Normal ca
8.3E-03 B Rectangular oo 14E-02 B Nommal oo 3.0E-03 B Nommal oo 6.8E-03 A Nommal 20 1.6E-03 B Normal oo
82E-03 B Rectangular oa 13E-02 B Normal oa 2 6E-03 B Normal oo 12E-02 A Normal 29 1.6E-03 B Normal oo
4.1E-03 B Rectangular oo 12E-02 B Nommal co 6.6E-03 B Normmal co 11E-02 A Normal 29 1.6E-03 B Normmal ca
4.1E-03 B Rectangular o L1E-02 B Nomal oo 3.3E-03 B Nommal co 5.0E-03 A Normal 29 1.6E-03 B Normal ca
4.1E-03 B Rectangular oo 1.0E-02 B Nommal oo 1.8E-03 B Nommal oo 6.4E-03 A Nommal 20 1.6E-03 B Normal oo
4.1E-03 B Rectangular oa 9.0E-03 B Normal oa 12E-03 B Normal oo 5.1E-03 A Normal 29 1.6E-03 B Normal oo
4.1E-03 B Rectangular oo 9.0E-03 B Nommal co 9. 8E-04 B Normmal co 4 4E-03 A Normal 29 1.6E-03 B Normmal ca
4.1E-03 B Rectangular o L1E-02 B Nomal oo 6.5E-04 B Nommal co 3.6E-03 A Normal 29 1.6E-03 B Normal ca
4.1E-03 B Fectangular oo 1.0E-02 B Nommal oo 3.6E-04 B Nommal oo 1.7E02 A Nommal 20 1.6E-03 B Normal ca
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Effect of vibration frequency instability

Effect of displacement quantization on
displacement measurement by universal

Effect of displacement quantization on
measurement by laser interferometer

Effect of displacement distortion on
displacement measurement

Effect of remounting accelerometer

counter
Y% Type Dhistribution DOF %% Type Distnbution DOF Y% Type Distribution DOF %% Type  Distbution DOF % Type Distribution DOF
S3E02 B Normal oo 6 4E-035 B Triangular = 6 4E-05 B Triangular = 42E02 B Normal oo 3BE02 B Normal oo
3.TEA02 B Normal oo 5.1E-05 B Triangular = 3.1E05 B Triangular = 4 6E-02 B Normal oo 3BE02 B Normal oo
3.TE02 B Normal oo 82E05 B Triangular = BIED5 B Triangular = 217E02 B Normal oo 3BE02 B Normal oo
12E02 B Normal ca 13E-4 E Triangular =] 13E04 B Triangular ca 13E02 E Normal oo 3.8E02 B Normal ca
3.1E03 B Normal ca 1 0E-04 E Triangular =] 1.0E-04 B Triangular ca 12E-M1 E Normal oo 3.8E02 B Normal ca
1. 6E03 B Normal ca 1 6E-04 E Triangular =] 1 6E-04 B Triangular ca o 1E-02 E Normal oo 3.8E02 B Normal ca
2 6E-03 B Normal ca 25E- E Triangular =] 25E04 B Triangular ca 24E02 E Normal oo 3.8E02 B Normal ca
39E-03 B Normal ca 1 6E-04 E Triangular =] 1 6E-04 B Triangular ca 1.0E-M1 E Normal oo 36E-02 B Normal ca
4 4E-03 B Normal ca 25E- E Triangular =] 25E04 B Triangular ca 3I2E02 E Normal oo 36E-02 B Normal ca
39E03 E Normal ca 41E04 E Triangular =5 41E04 E Triangular oo 1IE02 E Normal =] 36E02 E Normal oo
3.6E-03 E Normal ca 32E-4 E Triangular =5 3IEM E Triangular oo 1.3E-M1 E Normal =] 36E02 E Normal oo
33E03 E Normal ca 5.1E-4 E Triangular =5 J1EM E Triangular oo o 0E-02 E Normal =] 36E02 E Normal oo
4 4E03 E Normal ca 32E-4 E Triangular =5 BIEM E Triangular oo 6.7E-02 E Normal =] 36E02 E Normal oo
4 9E03 E Normal ca 1.3E03 E Triangular =5 13E03 E Triangular oo S4E02 E Normal =] 36E02 E Normal oo
3TE4 E Normal ca 20E03 E Triangular =5 20E03 E Triangular oo 49E02 E Normal =] 36E02 E Normal oo
6 2E-04 E Normal ca 33E-03 E Triangular =5 33E03 E Triangular oo 40E02 E Normal =] 36E02 E Normal oo
4 TE-4 E Normal ca 31E03 E Triangular =5 31E03 E Triangular oo 3TE02 E Normal =] 36E02 E Normal oo
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Pickup : SAT04 (SN: 1022)

D Signal Conditioner: MSA-T (SN: 02011001)
Calibration . . Expa.ntlied Conbined Expamlied Effect of internal calibration of voltmeter .
Frequency Method Acceleration | Sensitivity | uncertainty . uncertainty . Voltage standard uncertainty
system . uncertainty _ using voltage standard
. (k=2) - (k=2) = =

Hz mis> m‘\.’_-'[m-'sz} mV/{m 5:} 1% U U Type Distribution DOF U Type Distribution DOF
0.5 Ultra low FCM 0.5 124.02 219 0.88 1.7 1.3E-01 A Normal 9 3.0E02 B Normal oo
0.63 Ultra low FCM 1 123 63 0.81 033 0.66 8.6E-02 A MNotmal a 3.0E-02 E Normal oo
0.8 Ultra low FCM 1 123 81 0.92 037 0.74 8.6E-02 A MNotmal a 3.0E-02 E Normal oo
1 Ultra low FCM 1 123.73 134 0.34 1.08 8.6E-02 A MNormal g 3.0E02 B Normal !
125 Ultra low FCM 2 123.67 0.87 035 0.70 28E02 A Normal g 3.0E02 B Normal oo
1.6 Ultra low FCM 2 123.68 0.47 0.19 0.38 28E02 A Normal a 3.0E02 B Normal oo
il Ultra low FCM il 123 56 0.84 034 0.68 28E02 A MNotmal a 3.0E-02 E Normal oo
23 Low FCM 3 123.711 0.33 0.14 029 5.1E-03 A Normal a 3.0E02 E Normal 0
313 Low FCM 3 123.77 026 011 021 52E-03 A MNormal g 3.0E02 B Normal !
4 Low FCM 3 123.80 026 0.10 021 53E-03 A Normal a 3.0E02 B Normal oo
3 Low FCM 10 123.82 0.40 0.16 033 2.1E03 A Normal a 3.0E02 B Normal oo
6.3 Low FCM 10 123 85 0.33 013 027 21E-03 A MNotmal a 3.0E-02 E Normal oo
8 Low FCM 10 123.88 0.30 0.12 0.24 2.1E-03 A Normal a 3.0E-02 = Normal !
10 Low FCM 10 12391 0.28 011 023 2.1E-03 A MNormal g 3.0E-02 B Normal !
12.5 Low FCM 10 123.97 028 011 022 2.1E03 A Normal a 3.0E02 B Normal oo
16 Low FCM 10 124.05 027 011 022 21E-03 A MNormal a S.0E-02 E Normal oo
20 Low FCM 10 124.17 027 011 021 23E-03 A Normal a 3.0E02 E Normal oo
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Effect of voltage quantization on
measurement by voltmeter

Effect of transverse sensitivity on
accelerometer output voltage measurement

Effect of total distortion of accelerometer
output voltage

Repeatability of sensitivity

Effect of laser wavelength instability

% Type Distnbution DOF % Type Distnbution DOF % Type Distnbution DOF Yo Type Distnbution DOF % Type Distnbution DOF
20E-03 B Rectangular oo 4.0E-03 B Nomal oo 1.9E-03 B Normal oo 8.7E-01 A Normal 20 1.6E-03 B Normal oo
20E-03 B Rectangular oo 4.0E-03 B Nomal oo 1.9E-03 B Normal oo 3.0E-01 A Normal 20 1.6E-03 B Normal oo
20E-03 B Rectangular oo 4.0E-03 B Nomal oo o 1E-4 B Normal oo 3.3E-01 A Normal 20 1.6E-03 B Normal oo
2.0E-03 B Rectangular oo 4.0E-03 B Nomal o0 LIE-03 B Normal oo 3.3E-01 A Nomal 20 1.6E-03 B Normal oo
209E-04 B Rectangular oo 4.0E-03 B Nomal o0 12E02 B Normal oo 3.2E-01 A Nomal 20 1.6E-03 B Normal oo
20E-04 B Rectangular oo 4.0E-03 B Nommal o0 6.3E-03 B Normal oo 14E-01 A Normal 20 1.6E-03 B Normal oo
20E-04 B Rectangular oo 4.0E-03 B Nommal o0 3.3E03 B Normal oo 3.2E-01 A Nommal 20 1.6E-03 B Normal oo
8 2E-05 B Rectangular oo 1.5E-02 B Nommal oo 1 4E-02 B Normal oo 1L1E-02 A Normal 29 1.6E-03 B Normal oo
8 2E-05 B Rectangular oo 14E-02 B Nommal oo 5.0E-03 B Normal oo 12E-02 A Normal 29 1.6E-03 B Normal oo
82E-05 B Rectangular oa 13E-02 B Normal ca 2.6E-03 B Normal oo 13E-02 A Normal 29 1.6E-03 B Normal oa
4 1E-03 B Rectangular oa 12E-02 B Normal ca 6.6E-03 B Normal oo 11E-02 A Normal 29 1.6E-03 B Normal oa
4 1E-03 B Rectangular oa 11E-02 B Normal ca 33E-03 B Normal oo 12E-02 A Normal 29 1.6E-03 B Normal oa
4 1E-03 B Rectangular oa 1.0E-02 B Normal ca 1.8E-03 B Normal oo 1.5E-02 A Normal 29 1.6E-03 B Normal oa
4.1E-03 B Rectangular = 9 .0E-03 B Normal ca 12E-03 B Normal o2 6.6E-03 A Normal 20 1.6E-03 B Normal =
4.1E-03 B Rectangular = 9 .0E-03 B Normal ca 9 8BE-4 B Normal o2 3 6E-03 A Normal 20 1.6E-03 B Normal =
4 1E-03 B Rectangular = 1L1E-02 B Normal ca 6.5E-04 B Normal o2 43E-03 A Normal 20 1.6E-03 B Normal =
4.1E-05 B Rectangular o 1.0E-02 B Nomal ca 5.6E-04 B Normal o2 13E-02 A Normal 20 1.6E-03 B Normal o
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Effect of vibration frequency instability

Effect of displacement quantization on
displacement measurement by universal

Effect of displacement quantization on
measurement by laser interferometer

Effect of displacement distortion on
displacement measurement

Effect of remounting accelerometer

counter
Yo Type Distribution DOF £ Type Distribution DOF Y Type Distribution DOF £ Type Distribution DOF Y Type Distnbution DOF
3.3E-02 B Normal oo 6.4E-03 B Triangular oo 6.4E-05 B Triangular oo 42E02 B Normal oo 3.8E-02 B Normal ca
3.TE02 B Normal co 5.1E-05 B Triangular co 5.1E05 B Triangular co 4.6E-02 B Normal co 3.8E-02 B Normal ca
3.7E02 B Normal co 82E05 B Triangular co 8.2E05 B Triangular co 27E02 B Normal co 5.8E-02 B Normal ca
12E02 B Normal oo 13E-04 B Triangular ca 13E-04 B Triangular oo 23E02 B Normal ca 5.8E-02 B Nommal ca
3.1E03 B Normal oo 1.0E-04 B Triangular o 1.0E-04 B Triangular oo 12E-01 B Normal o 3.8E-02 B Normal oo
1.6E-03 B Normal oo 1.6E-04 B Triangular oo 1.6E-04 B Triangular oo 9.1E-02 B Normal oo 3.BE-02 B Normal oo
2.6E-03 B Normal ca 25E04 B Triangular oo 2.5E-04 B Triangular ca 84E-02 B Normal oo 5.8E-02 B Normal oo
3.9E-03 B Normal oo 1.6E-04 B Triangular oo 1.6E-04 B Triangular oo 1.0E-01 B Normal oo 8.6E-02 B Normal ca
44E03 B Normal co 25EM4 B Triangular co 25EM4 B Triangular co 32E02 B Normal co 8.6E-02 B Normal ca
3.9E03 B Normal co 41E-4 B Triangular co 41E-04 B Triangular co 22E02 B Normal co 8.6E-02 B Normal ca
5.6E-03 B Normal oo 32E-M B Triangular ca 3.2E-04 B Triangular oo 13E-01 B Normal ca 8.6E-02 B Nommal ca
3.3E03 B Normal oo 31EM B Triangular o J1E4 B Triangular oo 2.0E-02 B Normal o 8.6E-02 B Normal oo
44E-03 B Normal oo 32E-04 B Triangular oo 8.2E-04 B Triangular oo 6.TE-02 B Normal oo 8.6E-02 B Normal oo
4.9E-03 B Normal ca 1.3E-03 B Triangular oo 1.3E-03 B Triangular ca 54E02 B Normal oo 8.6E-02 B Normal oo
3.7E-04 B Normal oo 2.0E-03 B Triangular oo 2.0E-03 B Triangular oo 49E-02 B Normal oo 8.6E-02 B Normal ca
6.2E-04 B Normal co 33E-03 B Triangular co 3.3E-03 B Triangular co 4.0E-02 B Normal co 8.6E-02 B Normal ca
4TE-04 B Normal co 5.1E-03 B Triangular co 5.1E03 B Triangular co 3.7E02 B Normal co 8.6E-02 B Nommal ca
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KRISS (APS 129 shaker):  Uncertainty budget of the modulus of the voltage sensitivity of standard accelerometer (SA-704 S/N1021).

Freq. Accel. Relative standard uncertainty % ue(S) U(S)
Hz m/s’ Us Uz Uz Ug Us Us Uz Ug Ug Uo Ugy VEP) % % (k=2)
0.5 0.4 0.12 | 0.06 0.12 0.00 | 0.00 | 0.00 | 0.01 [ 0.22 | 0.00 | 0.00 | 0.00 [ 0.10 | 0.24 0.47

0.63 0.6 0.09 | 0.03 0.12 0.00 | 0.00 | 0.00 | 0.01 [ 0.10 | 0.00 | 0.00 | 0.00 | 0.09 [ 0.20 0.40
0.8 0.8 0.06 | 0.02 0.08 0.00 | 0.00 | 0.00 [ 0.01 [ 0.05 | 0.00 | 0.00 | 0.00 [ 0.09 | 0.14 0.28

1 1.6 0.02 0.01 0.07 0.00 0.00 | 0.00 | 0.01 | 0.07 | 0.00 | 0.00 [ 0.00 | 0.18 0.21 0.42
1.25 2.0 0.02 | 0.00 0.06 0.00 | 0.00 | 0.00 [ 0.01 [ 0.04 | 0.00 | 0.00 | 0.00 [ 0.12 | 0.14 0.28
1.6 25 0.01 0.00 0.05 0.00 0.00 | 0.00 | 0.01 | 0.04 | 0.00 | 0.00 [ 0.00 | 0.19 0.20 0.40
2 6.0 0.03 | 0.01 0.06 0.00 | 0.00 | 0.00 | 0.00 [ 0.10 | 0.00 | 0.00 | 0.00 [ 0.08 [ 0.15 0.29
2.5 6.0 0.03 0.00 0.06 0.00 0.00 | 0.00 | 0.00 | 0.07 | 0.00 | 0.00 | 0.00 | 0.08 0.13 0.26
3.15 7.1 0.02 | 0.00 0.05 0.00 | 0.00 | 0.00 | 0.00 [ 0.09 | 0.00 | 0.00 | 0.00 [ 0.08 | 0.14 0.27
4 6.1 0.02 0.00 0.05 0.00 0.00 | 0.00 | 0.01 | 0.09 | 0.00 | 0.00 [ 0.00 | 0.09 0.14 0.28
5 5.4 0.01 | 0.01 0.05 0.00 | 0.00 | 0.00 | 0.01 [ 0.09 | 0.00 | 0.00 | 0.00 [ 0.10 | 0.15 0.29
6.3 5.0 0.01 0.01 0.05 0.00 0.00 | 0.00 | 0.01 | 0.09 | 0.00 | 0.00 [ 0.00 | 0.09 0.14 0.29
8 5.0 0.01 | 0.01 0.06 0.00 | 0.00 | 0.00 | 0.02 [ 0.10 | 0.00 | 0.00 | 0.00 [ 0.09 [ 0.15 0.30
10 5.0 0.01 0.01 0.05 0.00 0.00 | 0.00 { 0.02 | 0.11 | 0.00 | 0.00 | 0.00 | 0.09 0.16 0.31

125 5.0 0.01 | 0.01 0.05 0.01 | 0.00 | 0.00 | 0.03 [ 0.11 | 0.00 | 0.00 | 0.00 [ 0.08 [ 0.15 0.31
16 4.0 0.01 0.01 0.05 0.01 0.00 | 0.00 | 0.04 | 0.09 | 0.00 | 0.00 [ 0.00 | 0.08 0.14 0.29
20 5.0 0.01 | 0.01 0.05 0.01 | 0.00 | 0.00 | 0.04 [ 0.12 | 0.00 | 0.00 | 0.00 [ 0.06 [ 0.15 0.30
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Uncertainty budget of the modulus of the voltage sensitivity of standard accelerometer (SA-704 S/N1022).

Freq. Accel. Relative standard uncertainty % ue(S) U(S)
Hz m/s’ Us Uz Uz Ug Us Us Uz Ug Ug Uo Ugy VEP) % % (k=2)
0.5 0.4 0.12 | 0.07 0.12 0.00 | 0.00 | 0.00 | 0.01 [ 0.24 | 0.00 | 0.00 | 0.00 [ 0.11 [ 0.25 0.50

0.63 0.6 0.10 | 0.03 0.12 0.00 | 0.00 | 0.00 | 0.01 [ 0.10 | 0.00 | 0.00 | 0.00 | 0.09 [ 0.20 0.40
0.8 0.8 0.06 | 0.02 0.08 0.00 | 0.00 | 0.00 [ 0.01 [ 0.05 | 0.00 | 0.00 | 0.00 [ 0.08 | 0.14 0.28

1 1.6 0.02 0.01 0.07 0.00 0.00 | 0.00 { 0.01 | 0.07 | 0.00 | 0.00 | 0.00 | 0.11 0.15 0.30
1.25 2.0 0.02 | 0.00 0.06 0.00 | 0.00 | 0.00 | 0.01 [ 0.04 | 0.00 | 0.00 | 0.00 [ 0.15 [ 0.17 0.33
1.6 25 0.01 0.00 0.05 0.00 0.00 | 0.00 | 0.01 | 0.04 | 0.00 | 0.00 | 0.00 | 0.24 0.15 0.30
2 6.0 0.03 | 0.01 0.06 0.00 | 0.00 | 0.00 | 0.00 { 0.11 | 0.00 | 0.00 | 0.00 | 0.08 [ 0.15 0.30
2.5 6.0 0.03 0.00 0.05 0.00 0.00 | 0.00 | 0.00 | 0.08 [ 0.00 | 0.00 [ 0.00 | 0.08 0.13 0.26
3.15 7.1 0.02 | 0.00 0.05 0.00 | 0.00 | 0.00 | 0.00 [ 0.10 | 0.00 | 0.00 | 0.00 [ 0.08 | 0.14 0.28
4 6.1 0.02 0.00 0.05 0.00 0.00 | 0.00 | 0.01 | 0.09 | 0.00 | 0.00 [ 0.00 | 0.09 0.15 0.29
5 5.4 0.01 | 0.01 0.05 0.00 | 0.00 | 0.00 | 0.01 [ 0.10 | 0.00 | 0.00 | 0.00 [ 0.10 [ 0.15 0.30
6.3 5.0 0.01 0.01 0.05 0.00 0.00 | 0.00 | 0.01 | 0.10 | 0.00 | 0.00 [ 0.00 | 0.09 0.15 0.29
8 5.0 0.01 | 0.01 0.06 0.00 | 0.00 | 0.00 | 0.02 { 0.11 | 0.00 | 0.00 | 0.00 [ 0.09 [ 0.15 0.31
10 5.0 0.01 0.01 0.05 0.00 0.00 | 0.00 { 0.02 | 0.11 | 0.00 | 0.00 | 0.00 | 0.09 0.16 0.31

125 5.0 0.01 | 0.01 0.05 0.00 | 0.00 | 0.00 | 0.03 [ 0.12 | 0.00 | 0.00 | 0.00 [ 0.10 | 0.16 0.33
16 4.0 0.01 0.01 0.05 0.00 0.00 | 0.00 | 0.04 | 0.10 | 0.00 | 0.00 [ 0.00 | 0.10 0.16 0.31
20 5.0 0.01 | 0.01 0.05 0.00 | 0.00 | 0.00 | 0.04 [ 0.12 | 0.00 | 0.00 | 0.00 [ 0.08 [ 0.16 0.32
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Uncertainty components and descriptions for the calibration of standard accelerometers (SA-704).

Distribution
Symbol Uncertainty source and description Type
function

Ug Voltage: accelerometer output voltage measurement(voltmeter) B rectangular
u, Voltage: effect of total distortion and noise on accelerometer output voltage measurement B rectangular
Us Voltage: transverse motion measurement, etc. B rectangular

Displacement: quantization error of laser interferometer, quantization error of ratio counter B triangular
. Displacement: counter calibration B normal
Us Displacement: trigger hysteresis B rectangular
Ug Displacement: filtering effect B rectangular
u; Displacement: voltage disturbance B rectangular
Us Displacement: vibration distortion B rectangular
Ug Displacement: phase disturbance B rectangular
Ug Displacement: He-Ne laser stability, misalignment B triangular

Frequency: function generator stability B rectangular
. Frequency: function generator calibration B normal

Sensitivity: repeatability A normal
e Sensitivity: deviation of the subsequent measurements, excitation direction etc. B rectangular
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Appendix C: Degrees of equivalence relative to the KCRV

Results of horizontal voltage sensitivities of the SE-1021:

Frequency— 0.5 Hz 0.63 Hz 0.8 Hz 1 Hz 1.25 Hz 1.6 Hz
D; Ui Di Ui D; Ui Di Ui D; Ui D; Ui

Labi | inmV/(m/s?)+10? | inmV/(m/s?)+102 | inmV/(m/s®)+10? | in mV/(m/s?)+102 | in mV/(m/s?)+10? | in mV/(m/s?)+107
NIM 16.9 19.6 13.9 19.7 12.5 20.2 6.3 19.6 6.5 20.2 6.7 20.0
CMS 53.9 336.3 87.9 337.2 80.5 2994 | 122.3 | 287.8 94.5 287.1 | 125.7 | 287.8
NMIA -8.1 19.5 -5.1 19.6 -4.5 20.2 -3.7 19.6 -2.5 20.2 -2.3 20.0
NMISA -26.1 33.9 -22.1 33.9 -195 34.3 -1.7 33.9 -5.5 34.3 -4.3 34.2
NMIJ 64.9 249.1 -19.1 98.0 -24.5 98.0 -16.7 110.5 -29.5 85.4 -25.3 60.1
KRISS 10.9 60.2 10.9 60.2 3.5 34.3 5.3 60.2 0.5 34.3 2.7 47.4
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Results of horizontal voltage sensitivities of the SE-1021 (continued):

Frequency— 2 Hz 2.5 Hz 3.15 Hz 4 Hz SHz 6.3 Hz
D; U; D; U; D; Ui D; U, D; Ui D; Ui
Labi | inmV/(m/s?)+102 | inmV/(m/s?)10? | inmV/(m/s?)102 | inmV/(m/s?)*102 | inmV/(m/s?)102 | in mV/(m/s?)+107
NIM 5.7 20.2 5.6 20.1 6.7 20.4 4.1 20.4 6.3 20.4 6.0 20.4
CMS 62.7 286.4 33.6 273.3 34.7 60.6 71.1 60.8 32.3 60.6 52.0 60.7
NMIA -5.3 20.2 -5.4 20.1 -4.3 20.3 -7.9 20.3 -6.7 20.3 -6.0 20.3
NMISA -7.3 34.3 -6.4 34.2 -15.3 34.3 -8.9 34.4 -1.7 34.4 -8.0 34.4
NMIJ -19.3 85.5
KRISS 8.7 34.4 5.6 34.3 -2.3 34.4 -7.9 34.4 2.7 34.4 -11.0 34.4
Frequency— 8 Hz 10 Hz 125 Hz 16 Hz 20 Hz
D, U, D; U, D; U, D; U, D; U;
Labi | inmV/(m/s®)+102 | inmV/(m/s?)102 | inmV/(m/s®)+10? | inmV/(m/s®)10% | in mV/(m/s?)+107
NIM 6.2 20.0 9.5 20.0 4.0 20.2 7.3 20.4 9.7 20.4
CMS 50.2 60.5 16.5 60.4 59.0 47.8 72.3 60.9 49.7 60.8
NMIA -6.8 20.0 -71.5 20.0 -10.0 20.2 -1.7 20.4 -7.3 20.4
NMISA -9.8 34.2 -3.5 34.2 -11.0 34.3 -17.7 34.4 -10.3 34.5
NMIJ
KRISS -11.8 47.4 -12.5 47.4 -16.0 475 -1.7 34.4 -13.3 34.5
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Results of vertical voltage sensitivities of the SE-1021:

Frequency— 0.5 Hz 0.63 Hz 0.8 Hz 1 Hz 1.25 Hz 1.6 Hz
Di Ui D; Ui D; Ui D; Ui D; Ui D; Ui
Labi | inmV/(m/s®)+102 | inmV/(m/s?)+102 | inmV/(m/s?)102 | inmV/(m/s?)10? | inmV/(m/s®)+10? | in mV/(m/s?)+107
NIM 1.1 7.9 1.0 7.9 0.9 7.9 0.6 9.2 0.4 9.2 0.4 9.2
NIMT -9.9 70.6 -9.0 70.6 -8.1 70.6 -3.4 57.6 -2.6 57.6 -2.6 57.6
Frequency— 2 Hz 25Hz 3.15Hz 4 Hz 5Hz 6.3 Hz
D; Ui D; Ui D; Ui D; Ui D; Ui D; Ui
Labi | inmV/(m/s®)+10% | inmV/(m/s?)102 | inmV/(m/s?)102 | inmV/(m/s?)+10? | inmV/(m/s®)+10% | in mV/(m/s?)+107
NIM 0.6 9.2 7.4 15.3 6.0 15.2 51 15.2 4.8 15.9 3.6 15.9
NIMT -3.4 57.6 2.4 58.9 1.0 58.9 1.1 58.9 2.8 45.8 2.6 45.8
NMIJ -17.6 31.6 -14.0 31.6 -11.9 31.6 -12.2 31.9 -9.4 31.9
Frequency— 8 Hz 10 Hz 12.5 Hz 16 Hz 20 Hz
D; Ui D; Ui D; Ui D; Ui D; Ui
Labi | inmV/(m/s®)+10? | inmV/(m/s?)+102 | in mV/(m/s?)102 | inmV/(m/s®)+10? | in mV/(m/s?)+107
NIM 3.7 15.9 3.0 15.9 2.4 15.9 2.9 15.9 2.2 15.9
NIMT 1.7 45.8 2.0 45.9 2.4 45.9 0.9 45.9 1.2 45.9
NMIJ -9.3 31.9 -8.0 32.0 -6.6 32.0 -7.1 32.0 -5.8 32.0
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Results of horizontal voltage sensitivities of the SE-1022:

Frequency— 0.5 Hz 0.63 Hz 0.8 Hz 1Hz 1.25 Hz 1.6 Hz
Di Ui D; Ui D; Ui D; Ui D; Ui Di Ui

Labi | inmV/(m/s®)+102 | inmV/(m/s?)+102 | inmV/(m/s?)102 | inmV/(m/s?)10? | inmV/(m/s®)+10% | in mV/(m/s?)+107
NIM 17.1 19.5 15.0 19.7 12.7 20.2 8.2 19.8 6.9 19.9 9.5 20.2
CMS 87.1 3244 | 92.0 336.9 83.7 311.7 117.2 | 287.3 89.9 286.7 | 1105 | 287.1
NMIA -8.9 19.5 -5.0 19.6 -5.3 20.2 -2.8 19.7 -1.1 19.8 -1.5 20.1
NMISA -22.9 33.8 -18.0 33.9 -16.3 34.2 -12.8 34.0 -10.1 34.0 -95 34.2
NMIJ -0.9 2476 | -35.0 85.2 -15.3 98.0 -19.8 122.8 -23.1 85.3 -21.5 47.3
KRISS 9.1 60.1 3.0 60.1 0.7 34.3 1.2 47.3 -0.1 47.3 2.5 47.4




Results of horizontal voltage sensitivities of the SE-1022 (continued):

Frequency— 2 Hz 25Hz 3.15 Hz 4 Hz S Hz 6.3 Hz
D; U; D; U; D; Ui D; U, D; Ui D; Ui
Labi | inmV/(m/s®)+102 | inmV/(m/s?)+102 | inmV/(m/s?)102 | inmV/(m/s?)10? | inmV/(m/s®)+10% | in mV/(m/s?)+107
NIM 7.2 20.2 7.0 20.1 4.0 20.3 6.8 20.3 8.3 20.3 8.8 20.3
CMS 78.2 286.5 | 38.0 273.1 94.0 73.6 76.8 73.4 17.3 60.4 17.8 60.4
NMIA -3.8 20.2 -5.0 20.0 -9.0 20.2 -6.2 20.2 -5.7 20.3 -5.2 20.3
NMISA -11.8 34.3 -12.0 34.2 -6.0 34.3 -13.2 34.3 2.7 34.4 -2.2 34.4
NMIJ -35.8 85.3
KRISS 9.2 34.3 7.0 34.2 -6.0 34.3 -1.2 34.3 -9.7 34.3 -12.2 34.3
Frequency— 8 Hz 10 Hz 125 Hz 16 Hz 20 Hz
D, U, D; U, D; U, D; U, D; U;
Labi | inmV/(m/s®)+102 | in mV/(m/s?)+107 | inmV/(m/s?)+102 | inmV/(m/s?)102 | in mV/(m/s?)107
NIM 8.5 20.0 9.4 20.0 8.8 20.0 6.5 20.0 10.8 20.1
CMS 24.5 60.3 58.4 60.5 37.8 60.4 66.5 60.6 36.8 60.5
NMIA -6.5 20.0 -9.6 20.0 -6.2 20.0 -8.5 20.0 -7.2 20.0
NMISA -5.5 34.2 -11.6 34.1 -12.2 34.1 -13.5 34.2 -13.2 34.2
NMIJ
KRISS -13.5 47.3 -15.6 47.3 -13.2 47.3 -10.5 47.4 -14.2 47.4
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Results of vertical voltage sensitivities of the SE-1022:

Frequency— 0.5 Hz 0.63 Hz 0.8 Hz 1 Hz 1.25 Hz 1.6 Hz
Di Ui D; Ui D; Ui D; Ui D; Ui D; Ui
Labi | inmV/(m/s®)+102 | inmV/(m/s?)+102 | inmV/(m/s?)102 | inmV/(m/s?)10? | inmV/(m/s®)+10? | in mV/(m/s?)+107
NIM 1.0 7.8 1.2 7.9 1.2 7.9 0.8 9.2 0.6 9.2 0.6 9.2
NIMT -9.0 70.5 -10.8 70.5 -10.8 70.5 -5.2 57.5 -3.4 57.5 -3.4 57.5
Frequency— 2 Hz 25Hz 3.15Hz 4 Hz 5Hz 6.3 Hz
D; Ui D; Ui D; Ui D; Ui D; Ui D; Ui
Labi | inmV/(m/s®)+10% | inmV/(m/s?)102 | inmV/(m/s?)102 | inmV/(m/s?)+10? | inmV/(m/s®)+10% | in mV/(m/s?)+107
NIM 0.7 9.2 8.0 15.2 6.3 15.2 5.8 15.2 4.9 15.9 4.0 15.9
NIMT -4.3 57.5 3.0 58.8 1.3 58.8 0.8 58.8 1.9 45.8 2.0 45.8
NMIJ -19.0 315 -14.7 31.6 -13.2 31.6 -12.1 31.9 -10.0 31.9
Frequency— 8 Hz 10 Hz 12.5 Hz 16 Hz 20 Hz
D; Ui D; Ui D; Ui D; Ui D; Ui
Labi | inmV/(m/s®)+10? | inmV/(m/s?)+102 | in mV/(m/s?)102 | inmV/(m/s®)+10? | in mV/(m/s?)+107
NIM 3.4 15.9 3.0 15.9 2.9 15.9 2.1 15.9 1.7 15.9
NIMT 1.4 45.8 2.0 45.8 0.9 45.8 2.1 45.8 2.7 45.9
NMIJ -8.6 31.9 -8.0 31.9 -7.1 31.9 -5.9 32.0 -5.3 32.0
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