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An accurate pose measurement method of workpiece
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Ceramic sanitary products with complex curved surfaces are generally fragile and difficult to clamp. If the industrial
robot is utilized to realize the automatic grinding of such products, the precise positioning of the product is required
firstly. In this paper, an accurate pose measurement system for complex curved surface parts is designed by point
cloud registration algorithm. In order to improve the stability of the system, this paper combines the advantages of
normal vector features and fast point feature histogram (FPFH) features, and proposes a point cloud registration algo-

rithm based on the rapid extraction of local feature points. Experimental results verify that the improved algorithm has
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improved both efficiency and accuracy, and the system can effectively achieve accurate positioning of products.
Document code: A Article ID: 1673-1905(2022)06-0372-6

DOI https://doi.org/10.1007/s11801-022-1152-4

In the manual grinding process of complex curved sur-
face parts represented by ceramic sanitary products, there
generally exist such problems, such as poor uniformity,
serious dust pollution, low production efficiency and
high production cost. The automatic grinding!! by robots
can liberate the workforce, improve the accuracy and
consistency of products, and ameliorate the labor envi-
ronment of workers. Because the product has vulnerable
surface without obvious point and line features, if the
industrial robot is utilized to realize the automatic grind-
ing of such products, the positioning of workpieces has
become the primary problem to be solved. The point
cloud registration algorithm can unify two point clouds
in one coordinate system, and we can gain their position
transition matrix. This paper will study the accurate pose
measurement method for complex curved surface based
on point cloud registration algorithm in detail.

Point cloud registration is widely used in various oc-
casions. KONG! identifies geomorphological changes
of coastal cliffs through point cloud registration. SHU et
al™ applied point cloud registration algorithm to flatness
measurement. GUO et al studied the registration of
large karst caves with different scanning methods. TSAI
et al'”! carried out indoor scene registration based on red
green blue and depth (RGB-D) camera calibration.

Registration accuracy and registration efficiency are
the important indicators of point cloud registration algo-

rithm and the important reference points of registration
effects. MOHAMMAD et al applied Nelder-Mead and
gravitational search algorithm in point clouds registration
process. SHI et al”! improved iterative closest points
(ICP) algorithm based on A-dimensional (KD)-tree,
which greatly improved the search efficiency. SUN et al'®
designed an automatic three-dimensional (3D) point
cloud registration method based on regional curvature
maps. ZHANG et al”! improved the point cloud registra-
tion algorithm by differential evolution algorithm. LI et
al''" improved point cloud registration algorithm based
on normal vector angle. RAN et al'"'! improved the ac-
curacy of point cloud registration algorithm based on
scale invariant feature transform (SIFT). REN et al''?
proposed a color point cloud registration algorithm based
on hue, which has good robustness at different lighting
conditions.

On the basis of the above research, this paper will
build a complete and accurate 3D data measurement sys-
tem for complex curved surface products, and analyze
the accuracy reliability of this system. Firstly, the 3D
point cloud data of products is scanned through lidar.
Secondly, the accuracy of whole measurement system is
analyzed based on the ranging accuracy of lidar and the
rotating accuracy of turntable, and the results could ef-
fectively guide the design and type-selection of such 3D
measurement system. In addition, in consideration of the
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dependency of the traditional ICP algorithm on good
initial position, this paper combines the advantages of
normal vector features and fast point feature histogram
features, and proposes a point cloud registration algo-
rithm based on the rapid extraction of local feature points.
Finally, this paper carries out a registration experiment in
order to verify the effectiveness of the complete system
scheme and the related improved algorithm. The experi-
mental results show that this system has simple structure,
and the improved algorithm has improved both effi-
ciency and accuracy. The measurement system designed
in this article could achieve the accurate positioning of
products and provide the research basis for the automatic
grinding of complex curved surface parts.

As shown in Fig.1, the data acquisition device mainly
has four components, which are two-dimensional (2D)
lidar, turntable, servo controller, computer and related
mechanical components. Compared with 3D lidar in the
market, 2D lidar has the features of smaller volume,
lower price, higher scanning speed, and high accuracy,
which is conveniently installed on various indoor and
outdoor places. The computer sends commands to the
lidar and the controller at the same time to ensure that
while the lidar scans, the turntable controlled by the ser-
vo controller starts to rotate. After the data acquisition is
completed, the lidar sends the data to the computer.
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Fig.1 Schematic of the data acquisition system

As shown in Fig.2, {L} is the lidar coordinate system
and {C} is the turntable coordinate system. The rigid
body transformation between lidar and turntable can be
expressed as

Tc = (t, bt 0,0,7), (1
where T, refers to the matrix for coordinate transforma-
tion between {C} and {L}, &, & and £ refer to the
amount of translation in x, y and z directions, respectively,
and ¢, ¢ and y refer to the amount of rotation in x, y and z
directions, respectively.

Since the data points measured by lidar are based on
their own coordinate system, it is necessary to trans-
form these points to the turntable coordinate system
through the above transformation. In the process of data
acquisition by lidar, the angle rotated by the turntable
between each frame of data is . While the lidar collects
a frame of data, the turntable rotates 6, and a new coor-
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dinate system will be generated accordingly. The points
under each new coordinate system are converted to {C}
(i.e., the coordinate system generated when the lidar col-
lects the first frame of data) through the rotation trans-
formation. For example, the nth frame of data needs to
rotate (n—1)-6 around the z axis. All the collected data
points can be unified to the same coordinate system, so
as to realize the transformation from 2D data to 3D data.

Fig.2 Coordinate transformation diagram

All the 3D points after coordinate transformation can
be visualized. Due to the influence of experimental en-
vironment, there are a large number of outliers in the
transformed 3D data, so point cloud filtering must be
performed. The common methods of point cloud filter-
ing include direct pass filtering, voxel filtering, statisti-
cal filtering, conditional filtering and radius filtering.
Since the noise points of the data in this paper have
obvious deviation in position, conditional filtering is
selected for denoising. Fig.3(a) and (b) are the point
cloud models before and after filtering, respectively.

(@) (b)

Fig.3 (a) Model diagram of point cloud before filtering;
(b) Model diagram of point cloud after filtering

According to the above processing, it is found from
the analysis of the whole measurement process that the
main errors come from two aspects, namely the ranging
accuracy error of lidar, and the rotation accuracy error
of turntable.

As shown in Fig.4, the rotation error of the turntable
is +e,. The horizontal distance from the center point of
the lidar to the center point of the turntable is d, and the
height distance is 4. The maximum angle when the lidar
scans is f, and the ranging accuracy error of the lidar is
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+e;. Affected by the above two errors, the variation
range of the error value of point P is shown in the or-
ange hook face in Fig.4. Assume that the distance from
the center point of the lidar to the point P is L.

In consideration of the impact of the accuracy error
factors of turntable and scanner, the maximum error
emax can be calculated as

ena=(d* +[d — (L +ec)cos BT —2d cosa[d -

1
(L +ec)cos Bl+[(L+ec)sin BT)? — L, (2)
where d=2, h=2.38, ¢,=0.01, ¢,=0.01, and f=45°.

Fig.4 Diagram of system accuracy analysis

Fig.5 shows the trend diagram of the maximum error
emax With the change of L. It can be seen that when L is
1.38 m, the maximum error value is the smallest, which
is 0.042 mm. For the actual scanning scenarios, if the
model of lidar and turntable are selected, when the prod-
uct is placed about 0.98 m away from the lidar, the effect
of scanning is the best.
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Fig.5 The maximum error emax as a function of L

The point cloud registration algorithm includes rough
registration and precise registration, and the algorithm
takes a long time. Moreover, the ICP registration algo-
rithm relies on the initial position of the point cloud,
which is easy to fall into the local optimal solution, so
the accuracy of the algorithm can’t be stable. Therefore,
this paper proposes a point cloud registration algorithm
for the industrial field with short time consuming and
stable accuracy.

Because the data points scanned by lidar are huge, this
paper extracts the feature points of each point cloud
based on the normal vector in order to improve the speed
of point cloud registration. Observation shows that in the
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flat area of the point cloud, the normal vector is densely
distributed and the degree of change is small. In the un-
even area of the point cloud, the normal vector changes
greatly. Therefore, this paper selects feature points lo-
cated in uneven areas.

Assuming that there is P; in the original point cloud,
the points inside the neighborhood & are P;, Py, ..., Py.

— 1 &

R=72F, ©
kj:l
1< ) D

M= 38 -FXE - @

where P refers to the centroid of neighborhood, M is
the covariance matrix of P;, the eigenvector correspond-
ing to the minimum eigenvalue of M is used as the nor-
mal vector of P;.

The points whose absolute value of the inner product
of the normal vector is less than g, are selected as feature
points.

For the point clouds P and Q to be registered, the
above method is used to extract feature points effectively,
and then the set P,, and Q, of feature points are obtained
respectively, where m and n are the numbers of points of
Pand Q.

There is no topological structure between the obtained
point clouds, so the extracted feature points should be
characterized. In view of this, fast point feature histo-
gram (FPFH) is used to estimate the normal feature, and
the histogram is constructed using the information of the
normal vector and the surface curvature feature of the
neighborhood. This paper calculates the angle of the
normal vector between the registration point and £ quan-
tity points in the neighborhood, and then obtains a multi-
dimensional histogram. The calculation steps are as fol-
lows.

As shown in Fig.6, for each query point P,, this paper
defines a local coordinate system and calculates the rela-
tive position deviation of the normal vectors n, and n; of
P, and Py, called the simplified point feature histogram
(SPFH). The neighborhood points of P, are shown in the
shaded part of Fig.7.

Fig.6 Local coordinate system

The calculation formula of relative position deviation
is as follows

a=Veny,

—u Pq—Pk
@ 7
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0 = arctan(w « nq, u * ni), (5)

where d is the Euclidean distance between two points.
We calculate the triplet (o, ¢, 0) between query points
and neighborhood points in the whole region and count
them into 11 subintervals. Then we can obtain the
33-dimensional histogram vector, called SPFH.
The weighted FPFH can be calculated by
k
FPFH(Pq) = SPFH (Py) +%ZL -SPFH (Py), (6)
i=1 Wi
where w; represents the distance weight between P, and
the ith neighborhood point.
The feature vector point sets P’ and Q' can be obtained
through the above steps.

Fig.7 Influence range diagram of the K neighborhood
centered on P4 of FPFH

In the above steps, feature descriptors are calculated
for each feature point, and we can find the correct
matching point in Q' for each point of P'. Firstly, we se-
lect an appropriate threshold &,. Secondly, the bidirec-
tional nearest neighbor distance ratio criterion is adopted
to remove the matching point pairs whose distance be-
tween feature descriptors is greater than &), and the re-
maining matching point pairs are reserved as initial
matching point pairs. In the end, the initial transforma-
tion matrix is calculated by the unit quaternion method.

After the rough registration, target point cloud has
acquired a better initial position. ICP algorithm is used
in this paper for precise registration, which calculates
the motion parameters according to the geometric fea-
tures between source point cloud and target point cloud.
Then these parameters are used to transform the points,
so we can get new target point cloud and the source
point cloud. The above process is repeated by continu-
ing to determine new correspondence between the reg-
istration point clouds in order to minimize the objective
function. The objective function is as follows

f(R,T)=%Zn:||Pf—R-Q,-—T (7

where R and T represent rotation and shift parameters
respectively, and P; and Q, represent source point cloud
and target point cloud, respectively.

2
>
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In order to verify the effectiveness of the improved
algorithm, this paper conducts registration experiments
of different algorithms. In this experiment, Visual Studio
2015 is used as the software development platform, C++
is used as the programming language and point cloud
data is acquired based on point cloud library.

Fig.8 shows the diagram of experimental device dur-
ing data acquisition process. Based on this environment,
the point cloud data of ceramic embryo is obtained.
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Fig.8 Diagram of the experimental setup

In this paper, 3D standard design model is used as
the source point cloud and the point cloud model after
experimental acquisition is used as the target point
cloud. 3D shape context (3DSC), normal distribution
transformation (NDT), four-point consistent set (4PCS)
and the improved algorithm in this paper are respec-
tively used for registration experiments. There are
47 832 data points in this experiment, and the accuracy
of different algorithms can be compared by calculating
the root mean square error (RMSE). The calculation
formula is shown as follows

n 1
RMSE =[~- 3" (Rp, + T4 I, ®)
No '3
where N, refers to the number of source point clouds, p;
refers to the point in the source point cloud, and ¢; refers
to the point set of the corresponding p; in the target point
cloud.

At the same time, the time required for each registra-
tion method to complete registration is recorded in the
experiment. As shown in Tab.1, the improved algorithm
in this paper has better performance in time and error
compared with other algorithms. Because 3DSC needs to
calculate the surface shape characteristics of point cloud,
which increases the amount of calculation. The reason
for 4PCS is that it is necessary to search the common
four-point basis of the whole point cloud, which is of
high computational complexity and time-consuming.
NDT has the largest error, but its efficiency is at a me-
dium level. The improved algorithm in this paper screens
feature point pairs based on normal vector features and
FPFH features, which effectively reduces the amount of
calculation.
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Tab.1 Registration time and error comparison

Registration algo-

. Time (s) RMSE (mm)
rithm
3DSC 168.526 18.362
NDT 67.917 40.648
4PCS 346.472 27.513
Improved algorithm
6.435 8.667

in this paper

Since the point clouds of registration are on the same
horizontal plane, the translation distance errors of the
registration point cloud relative to the target point cloud
on the x and y axes and the rotation angle error of the z
axis are recorded in the experiment. As can be seen from
Tab.2, the translation distance error on the x-axis is in
descending order of NDT, 3DSC, 4PCS, and the algo-
rithm is improved in this paper. On the y-axis, the trans-
lation distance error in descending order is NDT, 4PCS,

(@)
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3DSC, and the algorithm is improved in this paper. The
rotation angle error on the z-axis is in descending order
of NDT, 4PCS, 3DSC, and the algorithm is improved in
this paper. As can be seen from Fig.9, NDT has the worst
registration effect as a whole. The improved algorithm in
this paper performs well in the overall effect, and the
registration accuracy can meet the industrial require-
ments.

Tab.2 Errors of the point cloud on the X, Y and Z axes

. . x-axis y-axis z-axis
Registration K . X
. distance distance rotation
algorithm
error (mm) error (mm) error (°)
3DSC 02175 0.104 9 0.3171
NDT 0.176 1 0.247 3 1.472 8
4PCS 0.018 5 0.156 4 0.8316
Improved algorithm
0.003 4 0.007 1 0.031 4

in this paper

Fig.9 Registration effects of point cloud using different algorithms: (a) Initial position of point cloud; (b) NDT; (c)

4PCS; (d) 3DSC; (e) Improved algorithm in this paper

Aiming at the positioning problem of workpieces with
complex curved surface features represented by ceramic
sanitary wares in the industrial field, an accurate pose
measurement method based on rapid extraction of local
feature points is proposed in this paper. Firstly, a data
acquisition system is built based on lidar and turntable.
Secondly, the accuracy of the whole measurement sys-
tem is analyzed, and the analysis results could effectively
guide the design and selection of the system. Thirdly,
this paper combines the advantages of normal vector
features and FPFH features in order to obtain local
high-quality point pairs. In this paper, the bidirectional
nearest neighbor distance criterion is adopted to screen
the initial point pairs, and then the transformation matrix
can be solved by unit quaternion method. After that, the
precision registration is carried out by ICP. Finally, this

paper conducts registration experiments on different al-
gorithms. Experimental results show that the efficiency
and accuracy of the improved algorithm are improved
obviously. The accurate pose measurement method of
curved surface parts and relevant experiment system
studied in this paper can provide good references for the
automatic grinding by robots.
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