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Abstract

The tracking interferometer, or the laser tracker, is a laser interferometer
with a steering mechanism to regulate the laser beam direction to follow
a retroreflector (“target”). Applying the multilateration principle, it mea-
sures the target’s three-dimensional position at an arbitrary location in the
workspace. Its application to the volumetric accuracy measurement for coor-
dinate measurement machines or machine tools has been long studied. In this
paper, we propose the ‘open-loop’ tracking interferometer, where the laser
beam is regulated toward the command target position. This eliminates the
automated tracking mechanism and thus may significantly reduce the man-
ufacturing cost of conventional tracking interferometers. The objective of
this paper is to validate this ‘open-loop’ tracking interferometer concept by
investigating its measurement uncertainty both experimentally and analyti-
cally. To simplify the problem, this paper focuses on the measurement of the
target’s two-dimensional position by using a single-axis ‘open-loop’ tracking

interferometer prototype.
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1. Introduction

Recent revision of ISO 230-1 [1] defines the term “volumetric accuracy”
of machine tools. ISO TC39/SC2, a technical subcommittee in International
Organization of Standardization (ISO), has been discussing the publication
of a Technical Report (TR) on numerical compensation for machine tool vol-
umetric errors [2]. Such an effort clearly indicates the recognition by machine
tool manufacturers/users of the importance of volumetric accuracy. Many
major CNC makers have lately commercialized the functionality of numeri-
cally compensating for volumetric errors.

Suppose that the command tool center position (TCP) is given by p* € R?
in the machine coordinate system. Denote its actual position by p € R?. The
three-dimensional positioning error, Ap € R?, is defined by Ap(p*) = p — p*.
The assessment of a machine tool’s volumetric accuracy requires the mea-
surement of Ap(p*) at arbitrary p* in the machine’s workspace.

An established direct measurement method of the volumetric accuracy
uses calibrated three-dimensional artifacts, e.g. a three-dimensional ball
plate. While such an artifact-based calibration is more common for coor-
dinate measuring machines (CMMs) (ISO 10360-2:2009 [3]), its application
to machine tools has been also reported [4]. For large-size machine tools,
a large artifact of the calibrated geometric accuracy is needed, which is in
practice very difficult and/or expensive to make. Indirect assessment of vol-
umetric accuracy based on the assumption of the machine’s kinematic model
is more common for machine tools. The references [5, 6] present a good re-
view of conventional direct and indirect volumetric accuracy measurement

schemes.



The tracking interferometer (the term in [1]), or the laser tracker, is proba-
bly only commercially available instrument capable of directly measuring the
three-dimensional TCP at an arbitrary location within its workspace. It is
a laser interferometer with a steering mechanism to change the laser beam
direction to automatically follow a retroreflector (referred to as the “tar-
get” hereafter). Some commercial tracking interferometers, from, e.g., Leica
Geosystems, Faro, and Automated Precision Inc. (APT), measure the TCP
from the distance (displacement) to the target and the direction of the laser
beam [7] (see Fig. 1(a)). Since its angular measurement uncertainty directly
contributes to the target position’s estimation uncertainty, it is typically dif-
ficult to ensure the measurement accuracy high enough to evaluate machine
tools.

On the other hand, the multilateration measurement (the term in [1])
estimates the target’s three-dimensional position by the distances from typi-
cally four or more tracking interferometers to the target (see Fig. 1(b)). As is
illustrated in Fig. 2, the instrument’s angular positioning error only impose
the “cosine error” on the laser displacement. In the multilateration princi-
ple, therefore, the laser beam’s orientation error does not impose significant
contribution on the measurement uncertainty of the target position. Its ap-
plication to machine tool calibration has been long studied [8, 9, 10]. Its
commercial product is available (Etalon AG [11, 12]). Figure 3 illustrates
a typical laser beam steering mechanism (an example from [10]). The laser
beam direction is controlled so that the laser spot position on the quadrant
photo-diode is regulated at the reference point.

In the application to machine tool calibration, the target’s command posi-



tion in the machine coordinate system is given. It is, furthermore, reasonable
to assume that the target’s positioning error is sufficiently small to make its
“cosine error” on the laser displacement negligibly small. In such a condition,
the multilateration measurement can be done by regulating the laser beam
toward the command target position (see Fig. 4). This eliminates the auto-
mated tracking mechanism, i.e. a photodiode and a feedback control system
for laser beam direction. This may significantly reduce the manufacturing
cost of conventional tracking interferometers; it performs the multilateration
measurement, by using a laser interferometer and a two-axis numerically-
controlled rotary drive only.

The objective of this paper is to validate this idea by investigating its
measurement uncertainty. It is particularly important to evaluate the contri-
bution of the laser beam’s directional error caused on the target’s positioning
error from its command position; this is an essential difference from conven-
tional automated tracking interferometers. In this paper, the proposed mea-
suring instrument is called the ‘open-loop’ tracking interferometer — ’open
loop’ in the sense that the target’s actual position is not fed back to the
control of laser direction.

To simplify the problem and to investigate the fundamental validity of
the proposed scheme, this paper focuses on the measurement of the target’s
two-dimensional position by using a single-axis ‘open-loop’ tracking inter-
ferometer prototype. The uncertainty in the estimation of the target’s XY

trajectory is investigated both experimentally and analytically.



2. Proposed measurement procedure

2.1. Command generation for laser beam direction

Figure 5 illustrates the ‘open-loop’ tracking interferometer setup in the

XY plane. A laser interferometer is mounted on a rotary table such that the

laser beam approximately intersects with the rotary table’s axis average line.

A cat’s eye retroreflector is typically used as the target. A cat’s eye retrore-

flector a spherical glass of the pre-calibrated geometric accuracy with its

hemispheric surface coated by the total-reflection metal-film deposition [13].

It is attached to the machine spindle. Suppose that the :-th command po-

sition of the target retroreflector in the machine coordinate system (X-Y) is

given by pf € R* (i =1,---, N;). Assume that:

1.

The position of the rotary table axis average line, P¥ = [P (1), P (2)] T
is roughly known.
The zero angular position of the rotary table, #; = 0, is roughly aligned

normal to the reference straight line of the machine tool’s Y-axis.

Then, the rotary table’s angular position, 8;; € R, to direct the laser beam

to the target’s command position, p = [pr(1),p(2)]", is given by:

0;; = arctan (M )

pi(1) — Pi(L) @

2.2. Initial estimation of tracking interferometer position and laser direction

In this paper, the rotation center of the ‘open-loop’ tracking interferome-

ter, P}, is estimated as illustrated in Fig. 6. With the cat’s eye retroreflector
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placed approximately on the rotary axis average line, the laser displacement
is continuously measured as the rotary table rotates. The retrorefletor’s
position is modified such that the variation in the laser displacement is min-
imized. The retrorefletor’s position in the machine coordinate system gives
P;. Potential contributors for the estimation uncertainty include the ma-
chine’s positioning error and the radial error motion of the rotary axis.

The zero angular position of the rotary table is set so that the laser beam
is aligned normal to the machine tool’s Y-axis reference straight line as illus-
trated in Fig. 7. As the retroreflector is moved to the Y-direction, the laser
beam direction is modified such that the variation in the laser displacement
is minimized.

Their estimation uncertainty can potentially contribute to the overall
measurement, uncertainty. It is to be noted that the estimates are used
just as an initial value for the optimization to be presented in the follow-
ing subsection; interferometer positions, P}, are variables to be identified.

The influence of their estimation uncertainty will be numerically evaluated

in Section 4.

2.3. An algorithm to estimate target positions

When the target is positioned at the i-th command position, p;, and
tracking interferometer’s rotation center is located at P, the laser beam
is directed to the angular position, 6;;, given in Eq. (1), and the laser dis-
placement, AL;; € R, is measured. The tracking interferometer is set at N;
different positions (j = 1,---, N;, where N; > 4). This problem inherently

differs from the trilateration principle in that 1) the exact position of each
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tracking interferometer is not known, and 2) the absolute distance from the
interferometer to the target cannot be measured (only the relative distance
from the initial position can be measured by a laser interferometer). For
conventional automated tracking interferometers, a self-calibration approach
by using redundant measurements from more than three tracking interfer-
ometers has been well developed [11, 14, 10]. The same algorithm can be
applied to the ‘open-loop’ tracking interferometer. This subsection briefly
reviews it.
The problem can be written as the following minimization problem:

min Z (fij(x) — ALij)Q (2)

T
i=1--N;,j=1---N;

:R3Ni+4Nj

where the function, f;; — R, is given by:

fij(@) = |lpi = Pj|| — Lo, (3)

where Ly; € R represents the dead path length in the measurement by j-th
tracking interferometer [11], i.e. AL;; = L;; — Lg;, where Lj; is the distance
from the j-th tracking interferometer to the i-th target position. z € R3NiT4Vi

represents a set of unknown parameters to be identified, containing:

T = {pz‘}izly...,Ni ) {Pj}jzl,...,N]- a{LOj}j:L...,Nj (4)

The coordinate system can be set up arbitrarily, and total six parameters
in z can be constrained according to the coordinate system setup (see [10]).
For 3N; 4+4N; — 6 unknown parameters, the number of laser measurements is
N; - Nj. Therefore, when N; > 4]\,]\?%;, the number of measurements exceeds

the number of unknown parameters.



Since the problem (2) is a nonconvex problem, an iterative linearization-
based approach is typically used to locally solve it. Define

F=A{ fij}i:Mi’j:Mj;|R3M+4Nf — RV and AL == {ALj;}
IRNi-Nj

i=1~oN; j=1~N;
. An iterative linearization-based approach can be represented by the

following updating law:

0 = ) 4 (AT 400) TN AR (AL — f(30)) (5)
where
AW = oL (6)

The initial value for 2(¥) is typically given by the command target po-
sitions, p;, and initial estimates of tracking interferometer positions in Sec-

tion 2.2.

3. Experiment

3.1. Experimental setup

The objective of the experiment is to demonstrate the estimation of the
two-dimensional position of the target by using the proposed ‘open-loop’
tracking interferometer, and to experimentally investigate its estimation ac-
curacy by comparing with direct measurement of target positions.

Figure 8 shows the developed prototype. A laser interferometer, DIS-
TAX L-TH-302A by Tokyo Seimitsu Co., Ltd., is mounted on a rotary table,
RT158A by Nippon Thompson Co., Ltd. The laser interferometer’s major
specifications are shown in Table 1. The laser displacement is counted by a

counter board, DISTAX LD-301 by Tokyo Seimitsu Co., Ltd., and logged on



a PC. The influence of air temperature, pressure and humidity on the laser
wavelength is compensated. Table 2 shows major specifications of the rotary
table. Figure 9 illustrates its control system configuration. The current and
velocity feedback loops are implemented in the servo amplifier (DrvGIII by
Yokogawa Electric Corp.), and the position feedback loop is implemented in
the PC-based control system (LT-RTSim by DSP Technology), where the
angular position command (1) is generated. A cat’s eye retroreflector, by
Etalon AG, is attached to the machine spindle. Its major specifications are
shown in Table 3. A vertical-type five-axis machining center, NMV1500DCG
by Mori Seiki Co., Ltd. is tested.

3.2. FExperimental procedure and result

Figure 10 shows command target positions (“Command target positions”),
as well as tracking interferometer positions (Pos A to C). Within X100mm x Y100mm,
the target is positioned at total 20 nominal positions with 20 mm step. Since
only one tracking interferometer is currently available, the same measurement,
is repeated with the tracking interferometer set at three different positions
on the machine table, assuming that the machine’s unrepeatable positioning
error is sufficiently small. Figure 8 shows the experimental setup at (a) Pos
B and (b) Pos C.

As an example, the laser displacement profile measured at Pos A is shown
in Fig. 11. The same measurement was repeated three times; () markers in
Fig. 11 show their average, and error bars show the variation in three tests,
magnified 200,000 times. The largest variation in three tests is about 0.3 pym.
The target’s XY positions were then estimated by applying the algorithm in
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Section 2.3. Figure 10 shows estimated target positions (“Estimated target
position ...” ), where the error from each command position is magnified 2,000
times.

For the comparison, target positions are measured by using a two-dimensional
digital scale (the term in [1]) (“Measured by 2D digital scale” in Fig. 10).
KGM182 by Heidenhain was used (see Fig. 12). The estimates by the ‘open-
loop’ tracking interferometer show larger linear positioning error both in X
and Y directions by 4 um at maximum. This difference is largely attributable
to the thermal expansion of the machine and the reference grid of KGM 182.
The thermal expansion coefficient of KGM182 grid plate is, according to the
manufacturer’s catalog, about 8 x 1075K~!, and the grid plate is calibrated
at 20°C'. The thermal expansion coefficient of the machine’s X- and Y-axes
was estimated 10.5 x 10K ~'. The machine temperature was about 24.5°C.
Since the thermal expansion coefficient of the machine and the grid plate is
different only by 2.5 x 107K~!, the difference in the KGM and the laser
interferometer measurement is 3.6 ym for 100 mm. assuming that the grid
plate’s temperature was about the same as the machine.

For further comparison, Fig. 13 compares estimated linear positioning
error profiles in X- and Y-directions by the ‘open-loop’ tracking interferom-
eter, taken from Fig. 10, and measured values by the same interferometer
fixed to X- or Y-direction (measured position: (Y;Z) = (52.3,0) mm for
X-measurement, (X,Z7) = (71.3,—39.0) mm for Y-measurement). The dif-
ference is within 2 pgm for both directions. Error bars represent the measure-

ment uncertainty (k = 2) assessed in Section 4.
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4. Uncertainty analysis

4.1. Objective

Some uncertainty contributors, included in the proposed measurement
procedure, do not exist in conventional automated tracking interferometers.
To show the validity of the proposed ‘open-loop’ tracking interferometer con-
cept, it is of a particular importance to show that these uncertainty contrib-
utors do not impose significant influence on the overall measurement uncer-
tainty. This section presents uncertainty analysis of the experimentation in

Section 4.

4.2. Categorization of uncertainty contributors
Uncertainty contributors are categorized based on its influence on the

laser measurement as follows:

uy:  Uncertainty contributor on the laser length measurement.

us:  Uncertainty contributor on interferometer position in the laser direc-

tion.

uz:  Uncertainty contributor on interferometer position in the direction nor-

mal to the laser direction.

uy:  Uncertainty contributor on the laser beam direction.

Clearly, us directly influences the laser displacement, while uz only imposes
negligibly small influence. The influence of u, is regarded as the “cosine

error” (see Fig. 2).

12



4.3. Error budget for laser displacement uncertainties

Table 4 shows the extended uncertainty, U(k = 2), in the measured laser
displacement by each potential uncertainty contributor (k: the coverage fac-
tor in the uncertainty assessment). The uncertainty is dependent on the
distance, and thus is different for each target or interferometer position. As
an illustrative example, Table 4 shows the case where the tracking interfer-
ometer is at Pos A, and the target is at (X, Y)=(100,100) mm in Fig. 10.
"Type A’ uncertainties are assessed by actually measuring the experimental
instrument. Type B’ uncertainties are assessed by using the instrument’s
catalog or specifications.

The following contributors are inherent in the proposed ‘open-loop’ track-

ing interferometer, and thus should be studied carefully:

e Uncertainty in target position: When the machine has the positioning
error, the laser beam, directed to the target’s command position, would
not be directed to the exact center of the retroreflector. In conventional
automated tracking interferometers, this error can be negligibly small,
when the tracking mechanism is ideally effective. For the machine’s
estimated volumetric accuracy, this error causes the uncertainty in laser
beam direction given by wu44 in Table 4. Tts influence on the laser
displacement is, however, the “cosine error” and thus negligibly small.

For example, when the tracking interferometer is at Pos A, and the
target is at (X,Y)=(100,100) mm, then the target’s position error of
0.8 mm in the direction normal to the laser beam direction causes an
error in the laser displacement of about 1.0 ym. This illustrates that a

typical machining center’s volumetric error would be far from affecting
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the multilateration measurement.

e Uncertainty in initial estimation: When the initial estimation of track-
ing interferometer position, presented in Section 2.2, has significant
error, it also causes the direction error of laser beam. From the exper-
imentation, the uncertainty in the initial estimate is assessed as about
11.5 pm (k = 2). This causes the uncertainty in laser beam direction
given by w43 in Table 4. Its influence on the laser displacement is neg-
ligibly small. The influence of the initial estimation of the zero angular

position of the rotary table, u4;, can be assessed similarly.

The uncertainty contributors, uq, us and u49, can be in principle present also
in automated tracking interferometers. Table 4 indicates that their contribu-
tion is significantly larger than w4, w43 and u44, which are only present in the
proposed ‘open-loop’ tracking interferometer. The present analysis validates
the authors’ claim that the ‘open-loop’ regulation of laser beam direction,
without an automated tracking mechanism, does not significantly contribute

on the uncertainty of the multilateration measurement.

4.4. Uncertainty in Target Position Estimation

The uncertainty in target position estimation is then assessed. The prop-
agation of the uncertainty in laser displacement to the estimation of each
target position is calculated by applying the Monte Carlo simulation to the
algorithm presented in Section 2.3. Statistical analysis based on the Monte
Carlo simulation is common and well established in the measurement un-

certainty assessment [15]. Analogous uncertainty analysis for conventional
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tracking interferometers can be found in previous publications [11].

Figure 14 shows the extended uncertainty (U(k = 2)) in each estimated
target position, p;. The standard deviation (k = 2) of the two-norm of an
error of the estimated target position to its command position is represented
by color. While the laser displacement uncertainty is about 2.5 ym in Ta-
ble 4 (the uncertainty at other points does not differ much), the maximum
uncertainty in estimated target positions is about 8 pym. In the multilat-
eration measurement, it is well known that the target position’s estimation
uncertainty may significantly vary depending on tracking interferometer po-
sitions [11, 10]. The target position estimation uncertainty may be further
reduced by modifying tracking interferometer positions.

In Fig. 13, the error bars represent the extended uncertainty (U(k = 2))
in estimated linear positioning errors in X- and Y-directions, Fxx and Eyy.
Figure 13(a) shows the uncertainty at ¥ = 0, and Fig. 13(b) shows that at
X =100 mm. While Fig. 14 shows the uncertainty in \/m, Fig. 13

shows that in Exy and Eyy.

5. Conclusion

Assuming that the machine tool’s positioning error is small enough to
make its influence on the laser displacement sufficiently small (“cosine er-
ror”), the multilateration measurement can be done by regulating the laser
beam toward the command target position. This eliminates the automated
tracking mechanism and thus may significantly reduce the manufacturing

cost of conventional tracking interferometers. This paper shows the valid-
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ity of this ‘open-loop’ tracking interferometer concept by investigating its
measurement uncertainty. The extension to three-dimensional position mea-
surement, for a larger volume, will be studied as the next step.

The uncertainty analysis in Section 4 showed that the ‘open-loop’ reg-
ulation toward the unknown target position causes the uncertainty in the
laser beam direction, but it does not impose significant contribution on the
measurement, uncertainty. In the experiment, the two-dimensional position-
ing error of a machining center is estimated within 100 x 100 mm by using
the single-axis ‘open-loop’ tracking interferometer prototype. The compari-
son with direct measurement of X- and Y-axes linear positioning errors by a
laser interferometer showed a good match within the assessed measurement

uncertainty.
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Table 1: Major specifications of the laser interferometer (Distax L-TH-302A by Tokyo
Seimitsu Co., Ltd.).

Laser He-Ne laser (vacuum wavelength 633.0 nm)

Measurement range 10 m

Measurement resolution | A/64 (= 0.01um)

Maximum response speed | 630 sec™!
Measurement uncertainty | +(|L| x 1077 4 0.005 x 107%) m

where L is the measurement length.
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Table 2: Major specifications of the rotary table (RT158A by Nippon Thompson Co.,
Ltd.)

Transmission direct drive
Stroke 360° (endless)
Max. torque 4 Nm

Max. rotational speed 2.5 sec™!
Encoder resolution 655360 pulse/rev
Positioning accuracy' 20 arcsec
Positioning repeatability! | 45 arcsec

Table size ¢ 220 mm

L. calibrated by the manufacturer.
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Table 3: Major specifications of the cat’s eye retroreflector (by Etalon AG).

Viewing angle +80°

Optical form deviation' | < 0.2um

(circularity)

1. calibrated by the manufacturer.
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Table 4: Error budget for laser displacement uncertainty (k = 2) at the target position

(X,Y) = (100,100) mm and the interferometer position A.

Symbol | Source of uncertainty Contribution in laser Type
displacement uncertainty

u1 | Uncertainty in laser length 0.43 pm -
uy; | Wavelength accuracy 0.02 pm B
u12 | Resolution of interferometer 0.006 pym B
w13 | Wavelength correction 0.07 pm B
u14 | Dead path accuracy 0.12 pm B
u1s | Environmental change 0.04 pm A
u1s | Machine’s Repeatability 0.18 pm A

uo | Uncertainty in interferometer position 2.2 pm -
in laser direction
uo1 | Radial error motion of rotary axis 2.2 pm A

ug | Uncertainty in interferometer position error ~ 0 pym
in direction normal to laser

u4 | Uncertainty in laser beam orientation < 0.01pm
uq; | Uncertainty in c-axis zero angular position | (2.8 x 1076 rad)* A
u42 | Angular positioning error of c-axis (22.0 x 1076 rad)* A
ug3 | Uncertainty in c-axis center position (35.2 x 105 rad)* A
u44 | Uncertainty due to machine tool (60.6 x 106 rad)* A

positioning error

*: shows the uncertainty in the laser beam direction.
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Figure 1: Two principles for estimating the retroreflector position, p, by tracking in-
terferometers. P;: tracking interferometer’s position, L;: distance between the tracking
interferometer and the retroreflector’s center; (a) Measurement by distance and angle to

the retroreflector. (b) Measurement by distances (trilateration).
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Figure 2: Influence of laser beam’s direction error on the laser displacement (“cosine

error”).
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Figure 3: Typical tracking mechanism in automated tracking interferometer [10].
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Figure 4: Principle of ‘open-loop’ tracking interferometer.
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Figure 5: Setup of ‘open-loop’ tracking interferometer and target in XY-plane.
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Figure 6: Initial estimation of rotation center position of ‘open-loop’ tracking interferom-

eter, P}
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Figure 7: Alignment procedure of ‘open-loop’ tracking interferometer’s zero angular posi-

tion.
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Figure 8: Experimental setup, (a) at Pos B, (b) at Pos D.
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Figure 9: Controller configuration of the prototype.
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Figure 10: Target positions estimated by the ‘open-loop’ tracking interferometer, in com-
parison with measured positions by a two-dimensional digital scale (KGM182). An error

from the command position is magnified 2,000 times.
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Figure 11: Measured laser displacement profile at the tracking interferometer position Pos

A. Error bars show the variation in three tests, magnified 200,000 times.

Figure 12: Measurement setup with two-dimensional digital scale (KGM182 by Heiden-
hain).
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Figure 13: Comparison of estimated and measured linear positioning errors in X- and
Y-directions (estimated values by the ‘open-loop’ tracking interferometer are taken from
Fig. 10, and measured values are by a laser interferometer aligned to X- or Y-direction).
Error bars represent the measurement uncertainty (k = 2) at each position calculated in

Section 4.4.
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Figure 14: Assessed uncertainty in estimated target positions (the color at each target

position represents the estimation uncertainty U(k = 2)).
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