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INTRODUCTION
Multisensor measurement technology is an
emerging technology which makes use of
combinations of two or more different types of
sensor probes so as to further enhance the
measurement capability of the traditional single
sensor coordinate measurement machines (CMMs).
The sensors can complement each other’s
limitations and improve the measurement accuracy.
Nowadays, the applications of multisensor CMMs
are becoming more and more widespread and
many CMM manufacturers are developing
multisensor CMMs in their advanced production
lines. For instances, ZEISS O-INSPECT [1] equips
with a contact sensor, imaging sensor and white
light distance sensor, which is able to provide a fast
inspection by the image sensor and high accuracy
3D measurement results by the contact sensor and
white light distance sensor. Werth VideoCheck [2],
is designed to equip with many kinds of sensors
such as trigger probe, fiber probe and video sensor
which provides the measurement ability of small
features with the help of the small-diameter fiber
probe in the scale down to 20 pm, as well as a
quick checking with the fast trigger probe and image
sensor. Hexagon Optiv Classic [3] provides a vision
sensor and a tough trigger probe, while Nikon [4]
enhances the true 3D multi-sensor measurement by
combining vision sensor, laser auto-focus sensor,
tactile sensor and rotary indexer. The measurement
range, resolution and flexibility are largely enhanced
by the complementary of the different
characteristics of various sensors.

The combination of different types of sensors
extends the measurement ability such as accuracy
and measurement range of the CMMs. However,
most of the multisensor CMMs are lack of an
optimal  strategy to  perform multisensor
measurement and fusion of data from different
sensors. Some of the studies for multisensor CMM
focused on complementary measurement for
special geometrical features. Nashman et al. [5]
used a camera sensor to locate and measure the
feature such as object edges, corners and centroids
while the touch sensor was used to measure other
part of the object. The touch sensor was highly

accurate with little noise. However, it could not
measure sharp features such as edges and corners.
Combining these two sensors enable the capability
to gather high bandwidth global information and to
obtain high accurate measurement information.
Zexiao et al. [6] used a multi-probe system which
consists of a structure light sensor and a trigger
probe to measure multiple features including edges.
However, the edges were not directly measured
while they were generated by fitting the surfaces
using the measured points on the relatively smooth
surfaces instead.

This paper presents a Gaussian process based
data modelling and data fusion (GP-DMF) method
which first estimates the mean surfaces and
uncertainties of the datasets obtained from different
sensors and combines the two measurement data
into a single one with associated uncertainty. A
series of simulation and measurement experiments
have been conducted to verify the technical
feasibility of the method. The results show that the
fused data with a lower uncertainty are obtained.
The proposed GP-DMF method attempts to provide
a generalized data-orientation  multi-sensor
measurement method which does not rely on the
sensor itself and this makes it having potential to be
used in a wide application fields.

GAUSSIAN PROCESS BASED DATA
MODELLING AND FUSION METHOD

The proposed data modelling and fusion method is
shown in FIG. 1. The measurement datasets from
different sensors are firstly modelled with Gaussian
Process (GP) modelling. Hence, the mean surfaces
and their associated uncertainties are determined.
The mean surfaces are registered into a common
coordinate system with the iterative closest point
(ICP) method. As a result, the two datasets are
fused together using the maximum likelihood
method.

The measurement process can be considered
as a Gaussian process (GP) which is a stochastic
process with a mean function m and a covariance
function k, and it can be expressed as Eq. (1) [7].

f ~GP(m,k) (1)
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FIGURE 1. Diagram of the data modelling and
maximum likelihood data fusion method

In the present study, the Gaussian process
modelling is undertaken by using the Gaussian
processes for machine learning (GPML) toolbox [8].
The mean function is chosen to be zero mean since
the underlying surface is supposed to be unknown
and the covariance function is chosen to be squared
exponential function since the measured surface is
targeted to be continuous freeform surface.

Although the coordinate information of the
sensors equipped with the multisensor CMMs can
be calibrated with a standard artifact [9], there is still
residual error for the relative position for the
sensors. The registration process aims to minimize
the residual error and the ICP [10] method is used
in this study.

The mean surface and the associated
uncertainty are then fused together with a Bayesian
inference based maximum likelihood method. For

two measurement data z,,, and z,,,, which can be
determined by
Zn =210 (2)
I =210, 3)
where z, and z, are the measurement results and

O, and O, are the associated uncertainties. The

sensor models are given by the Gaussian likelihood
function as shown below:
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From Bayes’ theorem, the fused best estimate
is given by
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The fused result can be derived by Eq. (8) while
Eqg. (9) shows the standard deviation which

represents the fused uncertainty.

2=[i+z—2]/[L+Lj (8)
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Eqg. (8) and Eq. (9) show that the fused data
represent the overall best estimated measurement
result with a lower uncertainty than both original
data. The fusion of the two measurement data is
illustrated in Fig. 2. Eq. (8) and Eq. (9) also show
that when one measurement is more accurate than
another one, the weighting for the more accurate
one is much larger than the other one in a quadratic
relation. When the measurement uncertainty for the
less accurate sensor is more than three times of the
accurate one, the influence of the less accurate one
is insignificant for the overall result.
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FIGURE 2. Fusion of two Gaussian distributions
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EXPERIMENT VERIFICATION WITH SIMULATED
SURFACES

Two simulated sinusoidal surfaces with different
levels of measurement noises are designed which
are determined by Eq. (10).

. T .4
z =sin(—x)+cos(—y)+ N 10
(10 ) (my) m (10)

where N, is the measurement noise, for data set 1,
N, =0.01 mm, for data set 2, N, =0.005mm.

FIG. 3 and FIG. 4 show the mean surfaces and
the estimated uncertainties of the data set 1 and
data set 2 after Gaussian Processing modelling.
The result shows that the simulated measurement
noise is well modelled by the Gaussian Process in
the covariance.

After the Gaussian Process data modelling, the
two datasets are then fused with the maximum
likelihood method and the result is shown in FIG. 5.
The result shows that the fused uncertainty value is
smaller than both original measurement data. The



uncertainty for dataset 1 is 10 pum while the
uncertainty for dataset 2 is 5 um, which is much
smaller than dataset 1. The fused data is 4.5 pm
which only shows small improvement than the
dataset 2. The deviation from fused mean surface to
design surface is shown in FIG. 6 and the result
shows that the deviation is well covered by the
uncertainty coverage in the fused data.
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FIGURE 3. Mean and uncertainty of dataset 1
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FIGURE 4. Mean and uncertainty of dataset 2
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FIGURE 5. Fused mean surface and uncertainty.
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design surface.

EXPERIMENTAL VERIFICATION WITH A
MULTISENSOR CMM MACHINE

To verify the proposed GP-DMF method, a series
measurement experiments were conducted on a
Werth multisensor CMM machine. A workpiece was
designed, machined, measured and followed by the
data processing procedure. The workpiece was
designed to be a sinusoidal surface and it was
machined by a CNC machine. The machine surface
was measured by a laser sensor and a trigger probe.
FIG. 7 shows the measurement process using the
laser sensor of the CMM machine.



FIGURE 7. Measurement process using the laser
sensor

The measurement starts with the laser sensor
and a series sampling points were obtained as
shown in FIG. 8.
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FIGURE 8. Sampling points using laser sensor

The mean surface and the estimated
measurement uncertainty for the measured dataset
using Gaussian process are shown in FIG. 9. It is
interesting to note that the measurement uncertainty
for the laser sensor is quite large (from 26 to 32 um)
which may be caused by the surface characteristics
such as reflection.

A CAD model was generated as shown in
FIG. 10 by using the mean surface of the laser
scanned data so as to guide the measurement of
the trigger probe. The sampling data using the
trigger probe is shown in FIG. 11.The mean surface
and the estimated uncertainty for the measurement
data of the trigger probe after Gaussian process are
shown in FIG. 12. The results show that the
uncertainty range is about 6-8 um which is much
smaller than that from the laser sensor. FIG. 13
shows the mean surface and uncertainty after data
fusion, and it shows that there is only a small
amount of improvement in the fused uncertainty..
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FIGURE 9. Mean surface and estimated uncertainty
for the measured data from laser sensor

Az (mm}

FIGURE 10. CAD model generated from the mean
surface of the measured data of the laser senor
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FIGURE 11. Sampling points using trigger probe
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FIGURE 13. Fused mean surface and estimated
uncertainty

CONCLUSION

This paper presents a Gaussian process based
data modelling and fusion (GP-DMF) method and
the effectiveness of the method is verified in a
simulation and real measurement experiment. The
result shows that the fused result has a lower

measurement uncertainty. The proposed method is
technically feasibility to be used to enhance the
measurement ability for multisensor CMMs.

ACKNOWLEDGMENT

The work was mainly supported by the Research
Grants Council of the Government of the Hong
Kong Special Administrative Region (Project no.:
No0.15202814). The work was also supported by a
PhD studentship (project account code: RTHC) from
The Hong Kong Polytechnic University.

REFERENCES

[1] Carl Zeiss Industrial Metrology. "ZEISS O-
INSPECT,," 24 July 2016, 2016;
http://www.zeiss.com/.

[2] Werth Messtechnik GmbH. "Werth VideoCheck
UA," 24 July 2016, 2016; http://www.werth.de/.

[3] Hexagon AB. "Optiv Classic," 24 July 2016,
2016; http://hexagonmi.com/.

[4] Nikon Metrology NV. "LK V-GP High accuracy
gantry CMM," 24 July 2016, 2016;
http://www.nikonmetrology.com/.

[5] M. Nashman, T. Hong, W. Rippey, and M.
Herman, “An integrated vision touch-probe
system for dimensional inspection tasks,”
Proceedings of the SME Applied Machine
Vision, vol. 96, pp. 3-6, 1995.

[6] X. Zexiao, W. Jianguo, and Z. Qiumei,
“Complete 3D measurement in reverse
engineering using a multi-probe system,”
International Journal of Machine Tools and
Manufacture, vol. 45, no. 12, pp. 1474-1486,
2005.

[7]1 C. K. Williams, and C. E. Rasmussen, Gaussian
processes for machine learning: the MIT Press,
2006.

[8] C. E. Rasmussen, and H. Nickisch, “Gaussian
processes for machine learning (GPML)
toolbox,” The Journal of Machine Learning
Research, vol. 11, pp. 3011-3015, 2010.

[9] C. P. Keferstein, M. Marxer, R. Gotti, R.
Thalmann, T. Jordi, M. Andras, and J. Becker,
“Universal high precision reference spheres for
multisensor coordinate measuring machines,”
CIRP Annals - Manufacturing Technology, vol.
61, no. 1, pp. 487-490, //, 2012.

[10]P. J. Best, and N. D. McKay, “A method for
registration of 3-D shapes,” IEEE Transactions
on pattern analysis and machine intelligence,
vol. 14, no. 2, pp. 239-256, 1992.

[11]D. P. Garg, and M. Kumar, Sensor modeling
and multi-sensor data fusion, DTIC Document,
2005.






