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Introduction:

The most important component that determines an air conditioner's performance is the compressor.
Inside the compressor, refrigerant is compressed between the piston and cylinder, and heat is
exchanged as the piston rotates. If the gap between the piston and cylinder is too large, the refrigerant
leaks, and the pressure does not rise sufficiently; if the gap is too small, the piston does not rotate
smoothly, so the compressor assembly's accuracy greatly affects product performance.

Currently, assembly accuracy evaluation is done manually, but a possible way to automate this process
and achieve high speed and stability is to measure each component with an optical scanner and
evaluate the scan data on a computer. However, the accuracy of optical scanners is limited and cannot
simply be used for evaluation.

Therefore, this study aims to evaluate the accuracy of cylindrical parts made by grinding with high
accuracy by modeling the scan data. Using this model, we plan to assemble the parts in software to
measure the gap size and calculate the proper attachment positions. In addition, to reduce the time
required per part, we aim to achieve high accuracy even when multiple parts are scanned at the same
time. In the experiment with a piston, the radius could be measured with an accuracy of about 5
microns.

Method:
In this research, the scanned data is processed in the following flow.

1. Separate each part (in the case of multiple parts scan)

2. Rough alignment to CAD coordinates

3. Precise alignment by linear fitting to a cylindrical surface

4. Surface modeling by linear/parabolic fitting to a cylindrical surface

Each of these is explained in detail below.

1. Separate each part (in the case of multiple parts scan)
In the case of multiple scanned parts, the scan data contains multiple parts at the same time, so these
parts are first divided into individual parts. In this study, we used a method called the k-means
method [1].

The k-means method divides data into a given number of clusters based on distance. Specifically,
the process is as follows (Fig. 1).
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1. randomly select k points from the data as cluster centers

2. assign all points to one of the clusters with the nearest center

3. find the centroid of each cluster and make it the new cluster center
4. repeat steps 2.-3. until the clusters converge

Fig. 1: Flow of the k-means method.

2. Rough alignment to CAD coordinates

The scanned data is described in a camera-related coordinate system. To evaluate the assembly
accuracy, a common coordinate system must be used among the parts. The next step of precision
alignment requires that the data be roughly aligned. In this study, a method called the RANSAC
method [2] was used as a rough alignment method. In the RANSAC method, we randomly pick a few
points to create a model, count how many points (inliers) fit that model, and repeat this process. The
model with the most inliers is then chosen to fit the data. Specifically, the process is as follows (Fig. 2.).

1. select two random points from the data, move each point a distance equal to the radius in the
normal direction, and connect these new points with a straight line to form the cylinder's axis
randomly select two points from the data, and draw a straight line connecting the points that have
been moved in the normal direction by the radius from each point, and this is the axis of the cylinder.
2. count the number of points (inliers) whose distance from the axis is approximately equal to the
radius

3. repeat steps 1.-2. and select the axis of the cylinder with the largest number of inliers among them
4. perform rigid transformation to match the CAD coordinates according to the part using the
obtained information on the axis of the cylinder and the position of the centroid, etc.
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Fig. 2: Flow of the RANSAC method.

3. Precise alignment by linear fitting to a cylindrical surface
Using data roughly aligned by the RANSAC method, the axis of a cylinder is determined and aligned
more precisely. In this study, axis updating using straight lines fitted to the cylindrical surface was
used as a precise alignment method.

In this method, we first divide the points currently assumed to be on the surface of the cylinder
into several regions along the axis of the cylinder. Then, we plot the axial positions z and the distances
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from the axis r of the points within each region onto the r-z plane and fit a straight line to this plot
using the least squares method (Eqn. 2.3.1).

r=az+b (2.3.1)

n
where a,b = arg min Z(azi +b —1)?
@b =
These lines are returned to the 3D space as representative lines for each region, and the positions and
directions of the axes are updated using these lines, as shown in Fig. 3.

For the position of the axis, we consider a cross-section at the height of the cylinder's center, find the
point where the sum of the distances from the intersection of this section and each line is the smallest,
and update the axis so that it passes through this point. For the direction of the axis, we find the
direction where the sum of the inner products with each line is the largest, and update the axis along
this direction. This is repeated multiple times, and when the difference before and after the update is
small enough, the update is stopped.

Fig. 3: Updating method for the position (left) and the direction (right) of the cylinder axis.

4. Surface modeling by linear/parabolic fitting to a cylindrical surface

By fitting straight lines/parabolas to a cylindrical surface of precisely aligned data, a cylindrical
surface can be modeled to enable evaluation of assembly precision. Basically, the same operations are
used as those used in the precise alignment process for fitting straight lines. The key points in
modeling are tolerance to noise, which is often included in scan data, computation time, and
expressiveness of the model. In this study, to find a better modeling method, we tried a total of four
different methods, combining two types of norm (L1 norm and L2 norm) used as the distance between
the data and the model, and two types of model (linear and parabolic) (Fig. 4.).
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Fig. 4: Fitting methods (from left to right: L1-norm-linear fitting (L1-1), L1-norm-pseudo-parabolic
fitting (L1-2), L2-norm-linear fitting (1.2-1), and L2-norm-parabolic fitting (1.2-2)).
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The L1 norm has the advantage of being robust to noise, while the L2 norm has the advantage of short
optimization computation time. In the case of the L1 norm, parabolic fitting requires a much longer
optimization computation time than linear fitting, but here, since the computation cannot be
completed in a practical time frame, pseudo-parabolic fitting was performed only when the L1 norm
was used, as an alternative to regular parabolic fitting. In pseudo-parabola fitting, the data is divided
into two parts, upper and lower, within the cylindrical surface, and the three points through which the
parabola passes are determined using the results of linear fitting for the upper and lower parts,
respectively.

Experiment:
The parts to be measured were placed on a turntable and scanned using an optical scanner. Pistons

used in air conditioner compressors were used as the measurement target (Fig. 5(a).). Ten pistons were
prepared, and all ten were measured individually. An optical scanner ATOS Q from GOM GmbH was
used. A lens with a field of view of 170 (350 in the case of multiple parts scan) was used. The turntable
was rotated in 10° increments to scan from 36 directions (Fig. 5(b).).

Fig. 5: (a) The piston used for measurement and (b) measurement experiment setup.

The obtained scan data were modeled using a program we developed, and the radii at each point on
the cylindrical surface were evaluated by comparing them with the values measured by a coordinate
measuring machine (CMM). The data from the measurement of three parts at once were used only for
the parts separation experiment, and the data from the measurement of each part individually were
used for the other experiments.

Results and Discussion:
Using the program we created, we performed each of the steps described in Method on the scanned
data in turn. The results of each step are shown below.

1. Separate each part (in the case of multiple parts scan)
The data was divided as shown in Fig. 6.

Fig. 6: (a) Scan data before separation and (b) scan data after separation.

2. Rough alignment to CAD coordinates/3. Precise alignment by linear fitting to a cylindrical surface
The data was aligned as shown in Fig. 7.
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Fig. 7: (a) Scan data before alignment, (b) scan data after rough alignment, and (c) scan data after
precise alignment.

4. Surface modeling by linear/parabolic fitting to a cylindrical surface
The radii of the model were calculated at 45° angles and 1 mm height intervals, and the averages are
shown in Fig. 8. The average of the radii at each point measured by CMM is also shown as the correct
value.

Fig. 9. plots the radius of a piston at a certain angle on the vertical axis and the height along the
cylinder axis on the horizontal axis to see how the fitted straight lines and parabolas look.
Fig. 10. plots the radius of a piston at a height near the center on the vertical axis and the angle along
the circumference on the horizontal axis to see how the radius changes with the angle.
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Fig. 8: Fitting result of (a) inner radius and (b) outer radius.
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Fig. 9: Fitted lines/parabolas of (a) inner radius and (b) outer radius.
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Fig. 10: (a) Inner radius and (b) outer radius according to angle.

Comparing the radius obtained by modeling with the value measured by the CMM, the inner diameter
of the scanned data is smaller than the CMM data and the outer diameter is larger. One possible
reason for this is the difference in room temperature between measurements with an optical scanner
and those with a CMM. In this experiment, the room temperature in the room with the optical scanner
was about 5°C higher than that of the room with the CMM, so the piston was more distended during
the measurement with the scanner than with the CMM. This point can be addressed by controlling the
temperature during the measurement and by making corrections based on the temperature. For
example, it is known that the material used for the piston expands by about 1 micron for a change of
5°C. This value can be used for correction. Another possible reason is the effect of the luster of the
piston surface. The surface of the piston used has a high gloss and reflects light strongly, which may
have caused the object to be misidentified as being closer to the camera than it actually is.

Looking at the differences between the fitting methods, there were no significant differences in
accuracy overall, but in the inner diameter, the L1-norm-pseudo-parabolic fitting showed a larger error
in some places. This may be because the lower part of the inner surface is not scanned well. Unlike the
other methods, the weights of the entire upper and lower surfaces are equal in the pseudo parabolic
fitting, regardless of the density of the points. Therefore, in situations where the density and accuracy
of points are high in the upper part of the cylinder and low in the lower part, pseudo-parabolic fitting
is more adversely affected by the lower points than the other methods.

In terms of optimization computation time, the L2 norm takes about 0.5 seconds per cylindrical
surface, while the L1 norm takes about 12.8 seconds for linear fitting and 16.4 seconds for pseudo
parabolic fitting, making the L1 norm 24.0 times and 30.7 times longer than the L2 norm for linear
fitting and parabolic fitting, respectively. Since there was no significant difference in accuracy, the L2
norm, which requires less computation time, is preferable in this experiment.

Conclusions and future work:

In this study, we worked on a part of the method to evaluate assembly precision with an accuracy that
exceeds the accuracy of the scanner by modeling the scan data of a part made by grinding with a focus
on the cylindrical shape of the grinding surface. As a result, we were able to measure the radius of a
piston with an accuracy of about 5 microns. In the future, we intend to measure other parts and
evaluate the precision of the gap in the assembled parts based on the scan data for each part.
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