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Abstract

This study presents a high-precision surface matching method combining an enhanced Iterative Closest Point (ICP) algorithm and
Synchronous lterative Localization (SIL) technique to address point cloud alignment accuracy and systematic error compensation in
coordinate measuring machines. Key innovations include: (1) A multi-objective weighting mechanism integrating adaptive thresholds,
curvature, normal vectors, and distance weighting, enhancing registration accuracy and convergence efficiency of ICP; (2) A
continuous full-range sensor calibration method using low-sag spherical surfaces, overcoming limitations of traditional discrete
calibration and achieving 0.1um error compensation accuracy over a 400um range; (3) Optical glass guideways with controlled nano-
level geometric error correction, significantly reducing motion errors. Experimental results demonstrate sub-nanometer surface
matching errors (<<1nm) with the improved ICP and 90% reduction in sensor linear errors. Post-compensation measurements of
complex surfaces align closely with interferometer data (PV/RMS deviations <100nm), validated through high-precision 3D
topography detection of fast-tool-servo-machined sinusoidal phase plates. This work establishes a novel framework for geometric

error modeling and ultra-precision measurement in advanced manufacturing.
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1. Introduction

After establishing a single geometric error model for
coordinate measuring machines (CMMs), the actual measured
point cloud coordinates(x’, y’, z’)of a workpiece can be simulated
using its theoretical point cloud coordinates (x, y, z) and the
error model. To accurately and efficiently obtain the error
surface distribution(x, y, Zresidual) , interpolation-based matching
[L2]js applied to align the actual point cloud with the theoretical
one.

The Iterative Closest Point (ICP) algorithm is widely used for
3D geometric shape registration under known initial poses. Since
Chen Bl and Besl 4] introduced ICP to point cloud matching, its
computational efficiency and alignment accuracy have been
significantly improved. Dr. Cheng Xul®! from Huazhong University
of Science and Technology proposed an adaptive coarse-to-fine
ICP algorithm, which dynamically adjusts distance thresholds
during iterations using statistical analysis. Traditional methods
suffer from tedious threshold tuning and low precision, whereas
ICP effectively addresses these limitations. Rusinkiewicz!®]
further optimized ICP for real-time 3D reconstruction.
Subsequent variants, including Go-ICP 78], HT-ICP [5.10] Sparse
ICP 111, Generalized-ICP [12], and Multi-Channel Generalized-ICP
1131 generally involve six stages: sampling, matching, weighting,
rejection, error metric definition, and error minimization.

For the sampling stage, the following strategies are applied to
select 10% of the points:

(a) Uniform and random sampling reduce computational
complexity and enhance convergence.

(b) Normal space representation unifies normals across
different orientations, aiding feature extraction.

(c) Curvature-based sampling within a Principal Component
Analysis (PCA) framework [1415] estimates curvature as the ratio
of the minimum eigenvalue to the sum of eigenvalues, enabling
effective surface characterization.

2. Methodology

In the objective function, distinct weights can be assigned to
corresponding point pairs p(x,y,z) and q(xy,z), where lower
weights are allocated to pairs with larger point-to-point
distances. This approach mimics the rejection of pairs exceeding
a distance threshold while avoiding discontinuities inherent in
traditional methods. Three primary weighting strategies are
defined as fellow.

(1)Compeatibility-based weight:

w=n,-n, (1)
where n, and n, are denote the normal vectors of points points
p and point g

(2) Normalized curvature-based weight:

—(C,—C, 2
w=e @7 (2)
where ¢, ¢4 represent the curvature values of pand g, and ris
the radius of curvature.
(3) Distance-weighted scheme:
__dist(p.q)
dist_.
where dist(p,q) is the Euclidean distance between p and g, and
distmax is the maximum pairwise distance in the point cloud.
For practical datasets with partial overlaps, the top 10% of

point pairs with the largest distances and those near
vertices/edges are filtered out. This rejection strategy enhances
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computational efficiency and alignment accuracy. The objective
function is minimized through two error metrics:
Point-to-point minimization:

N
e=min ZHqu +T-p, ||2 (4)
i=1
Point-to-plane minimization:
N
BZmiHZ[(qu-i-T—pi)'ﬁiY (5)
i=1

where R and T are the rotation and translation matrices,
respectively, combined into a unified transformation matrix g.

The ICP algorithm aims to iteratively refine g to achieve
precise registration between actual and ideal point clouds. Each
iteration involves three steps: (1) correspondence search, (2)
error metric minimization to update g, and (3) convergence
check. This loop continues until optimal alignment is attained, as
illustrated in Figure 1.
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Figure 1. ICP algorithm flow

To evaluate coordinate-measured point cloud results, a
surface matching technique based on the Synchronous Iterative
Location (SIL) algorithm [1618] js developed, extending the ICP
framework. As illustrated in Figure 2, the key parameter is the
transformation matrix g that maps points from the workpiece
coordinate systemCy to the measuring machine coordinate
systemCuy.
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Figure 2. The corresponding relationship between the workpiece
coordinate system and the measuring machine coordinate system

Let pi =[x/, yi’, z", 1 ]T denote a point in Gy, andqi= [, v, z;, 1],
its corresponding point in Cy,. Under ideal error-free conditions,
the transformation satisfies:

9 =g"'p (6)
However, practical errors prevent direct solution of Eq. (6). To

address this, a least-squares criterion is adopted to minimize the
squared distance between corresponding points:

e(2.0)-Y¢"p, - )
i=1

where Q ={qi = ¢(u;v),i = 1, ...,n} represents the measured point
setin Cyo

The optimal transformation matrix g is achieved when e in Eq.
(7) is minimized. This requires calculating the normal vector n;
along the direction g-lp;-g; and determining the projected point
gi = ¢(u;,v;) in Cy. As shown in Figure 3 the minimum squared
distance is attained when the normal vector and projection
point satisfy the orthogonality condition:
-1

g

<g1p,- -4,

4 (8)
<g_1pi —9q; _(ui’ vi)> =0

3. Measurement machine system

To enhance the measurement accuracy of the coordinate
measuring machine, this study employs optical-grade glass for
fabricating the machine’s guideways, as illustrated in Figure 4.
First, all guideway surfaces are processed using controlled
shaping technology. Subsequently, leveraging the reflective and
transmissive properties of the optical material, the machined
surfaces are measured with a wavefront interferometer to
evaluate flatness, parallelism, and perpendicularity. This ensures
that geometric errors of the guideways are reduced to
nanometer-level precision, thereby minimizing the linear and
angular motion errors of the worktable. As the angular motion
errors of the guideways diminish, traditional error measurement
methods become inadequate due to their limited resolution. To
address this, the proposed system integrates a high-precision
displacement reference, achieving a linear motion accuracy of
20 nm and a probe accuracy of 20 nm.
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Figure 4. Profilometer measurement machine

4.Experiment

Using the proposed surface matching model, the Peak-to-
Valley (PV) and Root Mean Square (RMS) values of the
deviations between the measured and ideal point clouds are
calculated. The surface alignment process is illustrated in Figure



5. In this figure, the measured point cloud is generated by
applying translation and rotation transformations to the
theoretical point cloud, implying that the measured data should
theoretically exhibit zero deviation from the ideal points.
However, after alignment, the residual algorithmic errors are
confirmed to be below 1 nm. The computational results of this
process are detailed in Figure 5, demonstrating the high
precision of the proposed method.
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Figure 5. The actual calculation of optical complex surface shape error
process
Sensor measurement error compensation involves correcting

length measurement inaccuracies within the sensor’s
operational range (0-400 um). According to accuracy
traceability principles, the optimal approach is to calibrate the
sensor using higher-precision reference devices, such as
standard step gauges or laser interferometers. However,
standard step gauges provide only discrete calibration points
over the 0-400 pm range, failing to enable continuous
calibration. While laser interferometers offer high precision,
their implementation requires complex optical path alignment
and rigorous measurement reference unification, resulting in
cumbersome procedures.
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(a) low vector high concave spherical parameter (b) interferometer
surface shape measurement results
Figure 6. Low vector height concave ball parameters

As analyzed previously, vibrations along the X and Y axes have
minimal impact on measurement accuracy for low-gradient
workpieces. Additionally, the 3D profilometer achieves planar
measurement precision better than 100 nm within a 190 mm
diameter. Leveraging these advantages, a high-precision low-sag
spherical surface (sagittal height < sensor travel range) is
employed for full-range sensor calibration. Smaller-aperture
low-sag spheres further improve machining and calibration
accuracy. A standard concave sphere with a 60 mm aperture and
300 um sag (parameters shown in Figure 6) is utilized for
calibration.

Generatrix Measurement: A generatrix of the low-sag
concave spherical surface is selected for measurement. Due to
the sagittal height of 300 um (less than the sensor’s 400 um
travel range), two overlapping measurements are performed:

Segment 1: 0-300 pm.

Segment 2: 100—-400 pm.

The overlapping region (100—-300 um) is used to stitch the two
segments into a full-range error profile.

Least-Squares Fitting: The measured generatrix profile is
symmetrically split, and half is fitted using a least-squares
algorithm.

Error Isolation: The fitted curve is subtracted from the
measured data. Given the 30 mm aperture of the concave
sphere and its low-sag geometry, influences from straightness
errors and vibrations are negligible. If no sensor errors exist,
residuals should be <100 nm; deviations beyond this threshold
directly reflect sensor measurement errors.
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Figure 7. Measurement error of the probe

As shown in Figure 8, the probe is calibrated across different
measurement ranges, with the stitched results indicated by the
red line in the figure. The results reveal distinct error
characteristics across the 400 um range: the maximum error
(approximately 1.2 um) occurs in the 0—100 um segment; a
linear error relationship (=0.9 um) is observed between 100-350
pum; and the minimum error (=0.1 um) appears in the 350-400
um range.
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(a) Not compensated (b)compensated (c) After compensation, the
workpiece is rotated by 90 ° to reproduce the measurement
Figure 8. Measurement results before and after probe error

compensation

The measurement errors of a non-contact sensor are
calibrated using a standard low-sag spherical generatrix to
enhance measurement accuracy. After error compensation, the
surface topography of the concave sphere is measured, as
shown in Figure 7 Prior to compensation, sensor errors
significantly degrade measurement quality, resulting in poor
surface profiles. Post-compensation, the measured concave
sphere profile closely matches interferometer results, with
consistent height distribution. To further compare the 3D
profilometer and interferometer measurements, the
profilometer data is imported into ZYGO’s MetroPro software
for analysis.

A comparison of Figure 6(b) and 9(a) demonstrates that, after
compensation, the surface profiles measured by the
interferometer and the 3D profilometer exhibit high consistency,
with nearly identical peak-to-valley (PV) and root mean square
(RMS) errors. The pointwise difference between the two
measurements is shown in Figure 9(b).
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(a) profilometer measurement results (b)point-to-point difference
results
Figure 9. The measurement results of the profilometer are compared
with those of the interferometer

For the fast-tool-servo (FTS)-machined sinusoidal phase plate,

measurements were conducted under the following parameters:

Fast-axis stroke is 5 mm.Motion bandwidth is 20 Hz.Tracking
accuracy is <2 um.During sinusoidal array machining (50 um
amplitude, 100 pm height variation) and radial pattern
machining (25 um amplitude, 50 pm height variation),
wavefront interferometers and coordinate measuring machines
(CMMs) are unsuitable due to limitations in speed, flexibility,
and precision. The custom-developed 3D profilometer was
employed for rapid and high-accuracy measurements. As shown
in Figure 10, the measured profiles yield PV values of 100.36 um

and 50.44 pm, respectively.
|
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(a) Sinusoidal array surfaces (b) Sine radiating surface
Figure 10. Sine phase plate measurement

5. Conclusion

This study significantly enhances the accuracy and
efficiency of coordinate measuring machines (CMMs) through
the integration of an improved Iterative Closest Point (ICP)
algorithm, Synchronous Iterative Localization (SIL)-based
surface matching, and system-level error compensation
strategies. Key innovations include:

Multi-weight ICP optimization: A framework combining
adaptive thresholds and curvature-weighted strategies reduces
matching uncertainties, enabling sub-nanometer surface error
analysis.

Continuous sensor calibration: A low-sag spherical surface-
based method with stitching algorithms resolves full-range error
compensation, reducing sensor linear errors from 1.2 um to 0.1
um.

Nanoscale optical guideway correction: Achieves angular
motion error identification beyond traditional limits.
Experimental validation confirms post-compensation complex
surface measurements exhibit PV/RMS deviations <100 nm
compared to interferometer results, while fast-tool-servo-
machined phase plates achieve micrometer-level contour
detection accuracy. This methodology provides a reliable
technical foundation for efficient inspection of high-gradient

optical components and  microstructured  surfaces,

demonstrating significant engineering value.
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