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In automatic mass comparators, weighing is carried out automatically without operator intervention, eliminating
effects associated with manual handling of mass standards. This allows for significantly more repeatable mea-
surements compared to those obtained manually. Comparisons are performed by automatically exchanging mass
standards on the weighing pan, with the standards typically placed on turntables or magazines.

Automatic mass comparators may be affected by a particular systematic error inherent to the weighing system,
where the measured mass difference between two mass standards depends on their placement position within the
turntable or magazine. This effect is commonly referred to as “position error”. This error can increase over time
and lead to significant measurement errors if not properly evaluated, making regular comparator assessment a
recommended practice.

The evaluation of such errors is particularly challenging when the number of positions is large, and methods
for assessing this effect are poorly documented in the literature or calibration guides. This paper proposes a
model to determine these position errors by performing comparisons between mass standards placed at different
positions, and applying the weighted least squares method for their estimation. The proposed method provides a
practical solution for correcting position errors, leading to improved measurement accuracy and reliability in
automatic mass comparators.

1. Introduction

In the last twenty years, significant progress has been made in mass
metrology, with the most notable advancement being the redefinition of
the kilogram [1]. Additionally, weighing equipment has improved
considerably. It is now common for laboratories in national metrological
institutes to be equipped with comparators offering very high resolution.
Current commercial comparators can achieve resolutions of 0.1 pg
across the entire measuring range up to 1 kg, whereas only about ten
years ago, most laboratories used balances with 0.1 pg resolution
exclusively for weights up to 5 g.

Another important improvement has been the automation of the
balances. Automatic mass comparators are essentially of two types:
those with a turntable, where weighing is performed through turntable
movement, and robot-type systems, where a robotic arm transfers
weights from a magazine and places them sequentially on the weighing
pan [2-7]. Turntable-based systems are typically compact with a limited
number of positions, while robot-type systems are equipped with mag-
azines that can accommodate a large number of weights, up to one
hundred or more.

* Corresponding author.

The automation of weighing has undoubtedly contributed to
improved measurement accuracy. Automatic mass comparators have
increased the efficiency of the weighing process, but most importantly,
the repeatability of measurements achieved by automated systems is
incomparable to that obtained manually. However, very high resolution
and good repeatability in a mass comparator are necessary but not
sufficient conditions for obtaining traceable measurements with low
uncertainties.

As with traditional balances, automatic comparators are subject to
various effects that can significantly contribute to measurement results
and, if not properly corrected, can lead to systematic errors. Among the
most important are sensitivity, linearity, and effects due to temperature
variations. These effects are well known to metrologists, as they are also
typical of non-automatic balances [8-10]. However, a less well-known
effect is the so-called “position error”, which refers to the phenome-
non where the mass difference measured by the balance between two
mass standards depends on the position where the standards are placed
on the turntable or in the magazine.

This problem can be attributed to the typical effect on balance
readings caused by eccentric loading. In conventional balances, the
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reading is influenced by the position where the load is placed on the pan.
A similar phenomenon occurs with position error in automatic mass
comparators. During the weighing by substitution in automatic com-
parators, the weights being compared are placed on the comparator pan
at positions that depend on their location on the turntable or in the
magazine. As with the eccentricity effect in traditional balances, the
position error also depends on the load value: the position error in-
creases with increasing load value for the same weight displacement on
the pan.

This effect is well known to manufacturers, and various techniques
are employed to minimize such errors. The most common approach is
the use of a gimbal-mounted hanging weighing pan; however, con-
structing a perfect, frictionless gimbal system is challenging. Other
problems arise from the imperfect parallelism of the spring beams of the
measuring cells and the parallelism between the balance pan, the weight
carrier, and the plane on which the weight is placed, whether it be the
magazine or the turntable [11-14].

These errors are strongly related to the mechanical precision of the
balance construction and can worsen over time due to wear of me-
chanical parts. It is therefore necessary to monitor this effect over time.
The effect leads to highly repeatable systematic errors, making deter-
mination critical since no degradation of repeatability is detected during
routine measurements.

Specific methods for assessing this effect are poorly documented in
the literature or calibration guides. To assess this phenomenon, the
standard approach involves testing the mass difference between weights
by placing them in different positions, verifying that the measurement
variations remain within acceptable limits such that the result can be
considered independent of the positions used.

Ideally, these variations should remain within the typical repeat-
ability of the mass comparator. However, it is acceptable to obtain re-
sults with discrepancies greater than the balance repeatability, provided
these discrepancies are not excessive. In such cases, an additional un-
certainty contribution must be considered, as mentioned in [15].

When only one position is affected by position error, it is straight-
forward to evaluate the error. However, when multiple positions are
affected, the determination becomes more complex. In such cases, the
usual approach of increasing the uncertainty for all positions may not be
feasible, as the additional uncertainty could become excessive and may
not meet the metrological requirements specified by the laboratory.
Under these circumstances, the solution might be to request technical
service from the manufacturer to reduce this effect.

An alternative approach would be to perform the measurements
between the standards by exchanging the standards among all possible
positions (those necessary to accommodate the standards involved) and
finally calculate the mean values. However, this method would be
extremely time-consuming and impractical for routine measurements.
This approach would be equivalent to the transposition weighing
method that was used in the past with equal-armed beam balances [9].

Ultimately, the optimal long-term solution is to accurately charac-
terize and quantify these position errors so that the weighing results can
be corrected through validated correction factors, preserving both
measurement accuracy and operational efficiency.

To address this problem, a measurement model capable of estimating
these position errors has been developed. The method identifies the
error for each position of the mass comparator. It allows correction of
the weighing without significantly affecting the measurement

Table 1

Example of weighing scheme for balance with four positions and two weights.
Row ma mg Apy Ap> Aps Apq
1 1 -1 1 -1 0 0
2 1 -1 1 0 -1
3 1 -1 1 0 0 -1
4 1 -1 0 1 -1 0
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uncertainty while maintaining full metrological traceability.
2. Measurement model

The position error causes variations in the weighing results
depending on the positions in which the standards are placed (turntable
or magazine). This effect can be modelled by assigning a position-
dependent error to the balance reading.

Assuming that a weight is placed at position p; with position error
Ap;, the reading in this position is given by:

L; =m, + Ap; (€]

where m,, is the so-called apparent mass associated with the weight.
Comparing two mass standards at positions p; and p;, from the dif-

ference of the readings L; and L; we obtain the apparent mass difference

between the two weights Am,, and the error E;; associated with these
two positions p; and pj, which is given by:

Ei; = Ap; — Ap; @

and consequently also applies to:
Ej; = Ap;— Ap; = —Ej; 3
Following this approach, comparing two mass standards of mass m, and

mg, placed at position p; and p;, respectively, neglecting the correction
for the acceleration of gravity, the weighing equation is:

Pa
Pmadj

my —mg + Ap; — Ap; = Am,, (1* ) +pa(Va = Va) C))

where:

—p, is the air density;

—Pmaqj i the density of the balance adjustment weight;

—Va and Vp are the volumes of the mass standards ma and mg,
respectively.

In general, in an automatic mass comparator, several weights m; (of
the same nominal mass) can be involved, with i = A;B,C,---, which can
be placed in different positions, and several mass comparisons can be
performed.

For each comparison of weights, an equation such as equation (4) is
obtained. Therefore, performing several comparisons leads to an over-
determined system of equations.

In matrix notation, such a system of equations can be conveniently
represented using the model:

Xwm =y, +¢€ 5)
where:

—m = [ma, mg, Mg, -+, Ap1, Ap2, Aps, -~-]T is the column vector of the
measurands (the unknown parameters): mass values of the weights
and of the position errors

— Xy is the design matrix, whose entries are + 1, —1 or 0, according to
the role played by each weight and the associated position (LHS of
equation (4))

—Yw = [Amy, Amy, -, Amq]T is the column vector of the mass differ-
ences between the standards involved in each equation (RHS of
equation (4))

—e¢ is the vector of measurement errors

In contrast to the traditional method used to solve systems of
weighing equations [16], the parameter vector m includes not only the
masses, but also the position errors.

In order to solve the system of equations (5), multiple weighings
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4ps

Fig. 1. Diagram of the two weighing schemes for a comparator with four positions and four weights.

Table 2

Enhanced weighing scheme for a balance with four positions and four weights.
Row ma mg me mp Apy Ap> Aps Apy
1 1 -1 0 0 1 -1 0 0
2 1 0 -1 0 1 0 -1 0
3 1 0 0 -1 1 0 0 -1
4 0 1 -1 0 0 1 -1 0
5 0 1 0 -1 0 1 0 -1
6 0 0 1 -1 0 0 1 -1
7 -1 0 0 1 1 -1 0 0
8 0 -1 0 1 1 0 -1 0
9 0 0 -1 1 1 0 0 -1
10 1 -1 0 0 0 1 -1 0
11 1 0 -1 0 0 1 0 -1
12 0 1 -1 0 0 0 1 -1

must be carried out involving the differences between the various
weights. These must be obtained in different ways by placing the
weights in different positions, so as to obtain a number of linearly in-
dependent equations at least equal to the number of unknown
parameters.

For example, a comparator with four positions could be verified with
only two weights, in this case it would be m =
[ma, mg, Ap1, Apa, Aps, Ap4}T, with a very limited number of dis-
placements, for instance, four weighings with the Xw matrix shown in
Table 1. However, a limited number of weighings leads to an inefficient
system of equations.

The accuracy in the determination of the error of each position is
related to the number of times that position is used in the weighings. It
should also be noted that the stability of the mass of the standards used
in the test has a significant influence on the result. Therefore, a more
robust approach is to perform the test with several weights and to ex-
change the weights at several different positions.

For example, considering four weights ma, mg, mc, mp on a mass
comparator with four positions pj, ps, ps, ps, it results m =
[ma, mg, mc, mp, Ap1, Apa, Apg,Ap4]T. Following the approach shown
in Fig. 1, it is possible to determine the mass differences according to the
matrix in Table 2. In a first scheme, from row No.1 to row No.6, by
placing ma in position p;, mg in position p; and so on, performing
comparisons between positions p1 — p2, p1 — p3, P1 — Pa, etc., to deter-
mine all differences between the four weights, as shown in Table 2.
Subsequently, for the second scheme, from row No. 7 to row No. 12, the
same mass differences can be determined with the weights placed in
different positions from the first scheme, for example by moving m, to
position pa, mg to position p3 and so on.

From Table 2, it can be seen that the matrix associated with the
position errors (right-hand side of Table 2) remains the same for the two
schemes, while the matrix associated with the mass parameters (left-
hand side of Table 2) depends on the positions of the weights. Similarly,

the equivalent system of equations could be written by keeping the
scheme of position errors unchanged and varying that of mass differ-
ences, by appropriately changing the order of measurements Am;.

To solve the system of equations and determine the values of the
mass standards, one constraint has to be assigned to the mass parame-
ters, that is, the value my of one reference standard has to be established
[16]. Similarly, to determine the values of the position errors, it is also
necessary to assign a constraint Apg for one of the parameters Ap;. Since
what we are interested in are not the values of the errors Ap;, but the
differences E;; (equation (2)), we can set a constraint on an arbitrary
position and fix an arbitrary value Apg. For convenience this could be
position p;, with Ap; = Apg = 0.

The constraints can be assigned by implementing the problem using
Lagrange multipliers or the Gauss Markov method, which are the two
most commonly used methods for problems of this type. Since both
constraints mg and Apr will be attributed uncertainties that may be
significantly different, it is more appropriate to use the Gauss Markov
method [17,18]. Following this approach, the vector y,, and the matrix
Xw have to be modified.

In order to set one constraint mg for one of the parameters m; and the
constraint Apg for the parameters Ap;, for the vector yy,, the two values
mg and Apg are added, for example to the bottom of the vector y,,. For
the Xy matrix, two rows are added, following this example, to the
bottom of the matrix, such that the values for mg and Apg are established
to the corresponding parameters.

For example, assigning my = mg and Ap; = Apg, the new matrices
become:

Xw
X=(10000000 6)
00001000
Yw
Yy=1 mr 7)
Apr

and the new system of equation is:

Xm=y+e (8)
The solution is provided by:

-1
i — (XT\II;1X> X",y )

where W, is the covariance matrix associated to the vector y. A detailed
description of how to construct this matrix is provided in [18,19].
The covariance matrix ¥, for m, from which the uncertainties for

the estimated parameters m; and 51\71 are obtained, is given by:

¥ = (XT\I‘;1X>71 a0
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Table 3 Table 5
Four weighing schemes with the positions of the weights on the balance. Weighing Plan according to the RealMass Calibration software.
Scheme ma mg me mp Set ID Nom.Value/g Type
1 D1 23 P3 D4 Weights ma 10 000 R
2 D2 D3 D4 D1 Weights mp 10 000 T
3 Ps3 P4 P1 P2 Weights me 10 000 T
4 Pa D1 P2 D3 Weights mp 10 000 T
Positions Apy 0 R
Positions Apy 0 T
. . . . Positions Aps 0 T
The constraints mg and Apr have to be assigned their associated un- Positions Apa 0 T
certainties. For mg will be the uncertainty u(mg) of the chosen reference
standard. For the uncertainty of Apg, since the position error is
considered negligible if the value is within the resolution r of the bal-
.y s . . . Table 6
ance, it is reasonable to consider the uncertainty due to resolution. An . .
. o . . Mass differences for the four weighing schemes.
additional contribution of uncertainty uiyg has to be evaluated in order
to consider the stability of the mass values as they move from one po- Scheme 1 2 3 4
sition to another. The uncertainty u(Apg) can be defined as: Rows Am;/mg Am;/mg Am;/mg Am;/mg
1 0.066 ~11.809 26.509 ~14.938
o\ 2 2 ~14.782 ~11.655 14.786 11.670
— 2
u(Apr) = <ﬁ> + Ui an 3 11.758 —26.583 14.861 -0.134
4 —14.854 0.146 -11.733 26.595
5 11.688 —14.774 —11.638 14.805
To validate the results obtained, the standard deviation of the fit must be 6 26.529 —14.922 0.090 —11.796

checked, which should be similar to the typical standard deviation of the
measurements obtained with the balance [18].

Once the position errors have been determined for all positions, the
errors E;; can also be evaluated, which can be used to correct routine
measurements during subsequent use of the comparator when these
biases are not negligible.

When operating the mass comparator, the user must implement pe-
riodic assessments of this effect. The frequency of these evaluation
should be based on the variation observed between consecutive checks.

The uncertainty associated with the correction u(Ei _j), will increase
the overall uncertainty of the measured mass difference. This additional
uncertainty contribution is evaluated by considering the uncertainties of

the position error difference, the covariance term u(Api, Apj> and the

possible temporal instability of these values ug,if, as determined through
regular periodic assessments:

u(Ey) = \/UZ(APi) +u? (AP;') - 2U<AP17 Ap,~> + Wi 12)

In the next section, a practical example of how to apply the method
described is shown. The processing was performed using the RealMass
Calibration software from INRiM [20], which makes it possible to
implement this problem efficiently.

3. Practical Example: Four-position mass comparator
3.1. Experimental setup

The example concerns the evaluation of the position errors of an
automatic comparator where this effect is not negligible. The compar-

ator has a capacity of 10 kg with a resolution of 0.010 mg, and repeat-
ability within 0.020 mg, with four positions. The test was performed

Table 4
Database information for the RealMass Calibration software.

with weights of 10 kg. Four weighing schemes were implemented by
placing the mass standards in different positions, as shown in Table 3.

For each placement, the six possible differences between the four
weights were measured. Scheme 1 corresponds to the first six rows of
Table 2, while scheme 2 corresponds to the last six rows. The matrices
for the schemes 3 and 4 are not shown but can be easily derived by the
reader.

3.2. Software implementation

The system of equations can be easily implemented with the
RealMass Calibration software, which has the capability to use the
matrix formulation for the weighing design and solve the problem using
the weighted least squares method by the Gauss Markov approach.

To use such software, the position parameters Ap; must be imple-
mented as if they were additional fictitious weights. However, since
these are errors attributed to positions, and not weights, no correction of
the aerostatic buoyancy must be applied. This is achieved by associating
a null value with the volume of the position parameters Ap;. It should be
noted that the value of the position parameters can also be negative, and
the software can handle this possibility.

In this example, the reference mass standard is assumed to be weight
ma to which an uncertainty of 0.265 mg is associated (which is domi-
nated by the uncertainty of 0.200 mg for the consensus value [1],
without considering such uncertainty, would be approximately 0.170
mg). As described in Section 2, it is also necessary to associate a value
and an uncertainty with one position parameter. In this example, the
null value is set for the position p;, that is Ap; = 0, and the uncertainty
is evaluated by equation (11), consideringuj,;y = 0.005 mg, so that
u(Ap;) = 0.006 mg.

Set of Weights D Nom [g] Value [g] u(k=1) [g] Volume [cm®] u(k = 1) [ecm®]
Weights ma 10 000 10 000.002 389 0.000 265 1 249.862 0.007

Weights mg 10 000 10 000 1 1249.826 0.007

Weights me 10 000 10 000 1 1259.610 0.007

Weights mp 10 000 10 000 1 1 243.680 0.019
Positions Apy 0 0 0.000 006 0 0

Positions Apy 0 0 1 0 0

Positions Aps 0 0 1 0 0

Positions Aps 0 0 1 0 0
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Table 7
Results obtained without correction for the positions.
Scheme 1 2 3 4 u(m)/mg
my 10 000.002 389 10 000.002 389 10 000.002 389 10 000.002 389 0.265
mp 10 000.002 321 10 000.002 241 10 000.002 301 10 000.002 257 0.266
mc 10 000.017 170 10 000.017 163 10 000.017 169 10 000.017 192 0.266
mp 9999.990 635 9999.990 582 9999.990 660 9999.990 592 0.267
0,06
0,04
0,02
| |
Eo mA
E 0 ¢ ms
aQ A mc
-0,02 p—
-0,04
-0,06
0 1 2 3 4
Scheme

Fig. 2. Variation of the results with respect to the mean value of the four schemes; the error bars represent the standard uncertainty associated with the weighing.

Table 8
Results obtained with the proposed model, with the values for the weights and
for the position errors.

D Value/g u(m)/mg
ma 10 000.002 389 0.265
mg 10 000.002 280 0.265
me 10 000.017 173 0.265
mp 9999.990 617 0.266
Ap 0 0.006
Apo 0.000 041 0.008
Aps —0.00 0001 0.008
Apy 0.00 0023 0.008

The information to be inserted in the database of the RealMass
software is shown in Table 4, and the Weighing Plan (WP sheet) is shown
in Table 5, where the R identifies the references and T the unknown
parameters.

The Weighing Design (WD sheet) for the first two schemes is shown
in Table 2; for simplicity, the complete design matrix is not shown but
can be easily derived by the reader. The measurements were carried out
at a temperature between 20.04 °C and 20.15 °C and air density between
1.166 kg/m? and 1.178 kg/m>.

The Am; values, representing the mass differences corrected for
aerostatic buoyancy and obtained as means for the four schemes are
shown in Table 6. The uncertainties associated with the difference in

Table 9

Errors between different weighing positions.
Positions E;j/mg u(E;;)/mg
P1p2 —0.041 0.005
P1Ds 0.001 0.005
P1Da -0.023 0.005
P23 0.042 0.005
DP2Da 0.018 0.005
D3 Pa —0.024 0.005

mass measured by the balance is 0.012 mg (similar to the resolution),
which includes the contribution of the balance resolution and the
standard deviation of the mean value.

3.3. Results without the position error correction

To highlight the effect of the position error, the measurements of the
four schemes were processed independently using the design matrix of
each individual scheme, that is, using only the first four columns of the
design matrix in Table 2. The results are shown in Table 7 and Fig. 2,
which shows the variations of each scheme result with respect to the
mean value, calculated from the four schemes.

For all four schemes, the standard deviation of the fit was within
0.006 mg, that is in agreement with the standard uncertainty associated
with mass difference measured by the balance. It can be seen that the
positioning effect is not negligible, the differences in results of the un-
known weights mg, m¢ and mp reach up to 0.080 mg.

4. Results with the position error correction

By processing all measurements from the four schemes and adding
the Ap;, Apy, Aps and Ap,4 parameters, the results are shown in Table 8.
The standard deviation of the fit was 0.006 mg, similar to the value
obtained by processing the weighing schemes individually. This good-
ness of fit demonstrates that the measurement model is correct.

As mentioned in Section 1, the calculated mass values of the stan-
dards correspond to those that would be obtained by averaging the four
values measured when exchanging the four weights across all positions
(see Table 7). However, averaging the values a priori through weight
exchange, without employing a measurement model, could yield
incorrect results, as weight differences may depend on additional factors
beyond positional error alone. Therefore, it is essential to follow the
proposed measurement model; any deviation from this model would be
evidenced by an increased standard deviation of the fit.
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Table 10

Results obtained with the proposed model, with only two weighing schemes.
D Value/g u(m)/mg
my 10 000.002 389 0.265
mp 10 000.002 279 0.265
me 10 000.017 169 0.265
mp 9999.990 614 0.266
Aps 0 0.006
Apy 0.000 046 0.010
Aps 0.000 000 0.011
Apy 0.00 0022 0.010

4.1. Analysis of the position errors

The results in Table 8 show that by assigning a null error to position
1, a similar value is also obtained for position 3, but this is not the case
for positions 2 and 4. In particular, for position 2 the error is about four
times the resolution of the balance.

In this example, according to equation (2), the maximum weighing
error due to position error occurs when using positions 2 and 3, where
the error reaches 0.042 mg. The errors for all differences between the
turntable positions are shown in Table 9.

The uncertainties u(E;;) were evaluated by the equation (12),
considering the uncertainty of the difference of the position errors while
accounting for correlation, which is obtained from the covariance ma-
trix of the parameters provided by the RealMass software. In this
example, the correlation between the error position parameters was
approximately 0.8, and the uncertainty ug,¢ was considered zero.

4.2. Reduced measurement scheme

The results in Table 8 were obtained by considering all possible
combinations of the four weights on the turntable, corresponding to the
best estimate. However, is to be noted that similar result would have
been obtained by considering only two weighing schemes, that is by
changing the place of the four weights only once. For example, using
only the measurements of schemes 3 and 4, the results are shown in
Table 10. The values are very similar to those obtained with the four
schemes, with variations within the balance resolution. Additionally,
although the uncertainty associated with the positions has increased,
this increase is negligible. This demonstrates that performing a single
weight exchange and processing only two weighing schemes yields
satisfactory results.

In general, this approach can be extended to comparators with more
than four positions. Satisfactory results can be obtained with only two
schemes by systematically exchanging the position of all weights and
performing all mass differences between all weights. This reduced
approach maintains the method’s effectiveness while significantly
decreasing measurement time and operational complexity, making it
highly suitable for practical applications. In practical terms, with n
weights on a comparator with n positions, the reduced approach re-
quires n(n —1) weighings (n(n—1)/2 differences for each scheme).

4.3. Application of position error corrections

Once the position errors have been determined, the appropriate
correction can be assigned to each position according to the positions

Measurement 258 (2026) 119357

used in the weighings.

The RealMass Calibration software has the option of using this
function automatically. For each balance in the database, it is possible to
specify which corrections are to be applied depending on the positions
used in the weighings.

For this example, considering the obtained corrections, the mea-
surements of the individual schemes were recalculated, the additional
uncertainty due to the corrections in Table 9 was taken into account by
increasing the uncertainties associated with the difference in mass
measured by the balance, which becomes 0.013 mg. Table 11 and Fig. 3
show the results and display the differences with respect to the correct
results from Table 8. It can be seen that the maximum difference to the
results in Table 8 are within 0.009 mg, thereby verifying the accuracy of
the method.

This practical four-position example demonstrates the effectiveness
of the proposed method for correcting position errors in automatic mass
comparators.

It is important to note that the approach is scalable with the number
of positions. The computational complexity increases proportionally,
but remains manageable even for systems with dozens of positions and
weights. The approach ensures its applicability across different config-
urations, with the main practical considerations being the correspond-
ing increase in matrix dimensions and the need to adapt uncertainty
evaluation procedures to reflect the specific metrological characteristics
of the mass comparators and weights employed.

5. Conclusions

Position error represents a critical influence parameter in automatic
mass comparators. Regular verification that measured mass differences
remain independent of the positioning of the standards under test is
essential, as this effect can degrade over time.

While verifying the position independence of mass differences is
relatively straightforward, determining errors when they become non-
negligible presents significant challenges, particularly for comparators
with numerous available positions. This work has described a method
for determining position error that enables correction of the weighing
equation without substantially increasing the measurement uncertainty.

The method treats position errors as additional parameters in the
weighing equation system, allowing for their simultaneous determina-
tion together with mass values using the weighted least squares
approach. The implementation of this correction method is facilitated
through the INRiM’s RealMass Calibration software, which handles the
complex matrix calculations efficiently.

The method demonstrates excellent practical efficiency, requiring
only two measurement schemes with a single weight exchange to ach-
ieve satisfactory position error correction.

The proposed approach provides a robust solution for maintaining
measurement accuracy in automatic mass comparators by systemati-
cally addressing position-dependent errors that can compromise the
metrological performance.
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Table 11

Results using position error correction.
Scheme 1 2 3 4 u(m)/mg
ma 10 000.002 389 10 000.002 389 10 000.002 389 10 000.002 389 0.265
mg 10 000.002 279 10 000.002 283 10 000.002 277 10 000.002 280 0.265
me 10 000.017 171 10 000.017 182 10 000.017 167 10 000.017 174 0.265
mp 9999.990 612 9999.990 623 9999.990 617 9999.990 616 0.266
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Fig. 3. Variation of the results after position error correction, with respect to the correct result; the error bars represent the standard uncertainty associated with
the weighing.
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