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Abstract: To overcome incomplete point cloud data obtained from laser scanners scanning complex
surfaces, multi-viewpoint cloud data needs to be aligned for use. A hybrid improved SAC-IA
with a KD-ICP algorithm is proposed for local point cloud alignment optimization. The scanned
point cloud data is preprocessed with statistical filtering, as well as uniform down-sampling. The
sampling consistency initial alignment (SAC-IA) algorithm is improved by introducing a dissimilarity
vector for point cloud initial alignment. In addition, the iterative closest point (ICP) algorithm is
improved by incorporating bidirectional KD-tree to form the KD-ICP algorithm for fine point cloud
alignment. Finally, the algorithms are compared in terms of runtime and alignment accuracy. The
implementation of the algorithms is based on the Visual Studio 2013 software configurating point
cloud library environment for testing experiments and practical experiments. The overall alignment
method can be 40%~50% faster in terms of running speed. The improved SAC-IA algorithm provides
better transformed poses, combined with the KD-ICP algorithm to select the corresponding nearest
neighbor pairs, which improves the accuracy, as well as the applicability of the alignment.

Keywords: point cloud alignment; SAC-IA; KD-ICP; laser scanner

1. Introduction

The 3D laser scanner uses a non-contact measurement method to quickly obtain
dimensional information of the measured workpiece and store it as a 3D spatial point cloud
model. The laser scanner is capable of reproducing one-to-one 3D data of the measured
workpiece and construct 3D visualization models. For measured workpieces with complex
surfaces and large dimensions, the laser scanner is only able to obtain localized information.
It is necessary to scan from multiple viewpoints to obtain a complete 3D data model of the
measured workpiece for quality inspection in industrial production processes or for robot
attitude estimation. The point cloud data obtained by scanning from different viewpoints
cannot be used directly because they have different coordinate systems. So, the coordinate
conversion is realized by aligning the local data obtained from any viewpoint scanning
with the ideal CAD model. Therefore, the alignment of the local point cloud data from the
laser scanner to the ideal CAD model is an integral part.

Scholars at home and abroad have proposed various methods for point cloud local
feature extraction or the improvement of point cloud alignment algorithm. Wei S et al. [1]
improved the random sample consistency algorithm for attitude estimation of a target
ship to extract the plate side planes of a moving ship. Mao Y et al. [2] extracted step
feature lines of open pit mining clouds through tracking step feature control nodes using
seed growth tracking algorithm. Wang X et al. [3] dealt with scattered point clouds based
on a clustering algorithm and generated feature curves through calculating local feature
weights based on the mean curvature of the point cloud. This method can effectively
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extract edge and sharpness features for different density point clouds. Zhao T et al. [4]
performed fragment matching for low overlap point clouds and fused fragments and
points at the feature and result layers. Shi J et al. [5] coalesced global features to iteratively
interact with local geometric features of the point cloud in order to obtain matching features
with high discriminative ability. Li P et al. [6] addressed the problem of spatial attitude
detection of pipeline welding through aligning the measured point cloud with the CAD
model with the help of a point cloud alignment method to guide pipeline adjustment.
Scholars have different ways of extracting local features for different experimental subjects,
and the alignment methods are more complex and time-consuming. In the case where
alignment accuracy requirements are consistent, industrial production is more concerned
with alignment speed. For example, when point cloud alignment is used for industrial
production robot gripping and localization, the shorter the time spent on alignment, the
faster the robot arm responds and the more efficient the gripping is. Therefore, the main
improvement is proposed in the speed of operation of the algorithm, using more accessible
local point clouds as the object of study for experiments to obtain quality-assured and more
efficient point cloud alignment methods.

Considering the diversity of sizes and shapes of actual production workpieces, the
coordinates of the point cloud data output by the laser scanner are based on its own
coordinate system. Therefore, it is necessary to use a scanner for multi-view scanning
and alignment. Aiming at the above problems, an improved method is proposed for local
feature point cloud alignment. Point cloud alignment is divided into two main steps,
initial and fine alignment. Currently, the commonly used initial alignment algorithms are
SAC-IA and random sample consensus initial alignment (RANSAC). Where the RANSAC
algorithm is highly randomized, or even worse, when the number of iterations is limited, it
may not obtain the optimal solution. In contrast, the SAC-IA algorithm is more pervasive,
but it is slower to compute fast point feature histograms (FPFH) features when the number
of points is high, making it inefficient. Thus, the SAC-IA algorithm was chosen for the
initial alignment of the point cloud and the introduction of dissimilarity vectors improves
the efficiency. The improved SAC-IA algorithm, with the principle of geometric consistency
between the scanned and the target point cloud, is able to exclude the hypotheses with large
differences in advance, thus speeding up the initial alignment of the local point cloud. The
iterative closest point (ICP) is the most classical algorithm for fine point cloud alignment.
However, the algorithm is quite dependent on the initial position of the point cloud and a
one-to-many situation occurs when finding neighboring pairs of points, which causes the
algorithm to run into local optimum results. As a result, fusing a bidirectional KD-tree not
only accelerates the search and identification of nearest points, but also identifies one-to-one
pairs of nearest points to be used for iteration, which improves the algorithm alignment
speed and accuracy.

This paper is based on the point cloud library 1.8.0 environment of Visual Studio
2013 software for algorithm testing. The classical sample and the laser scanner scanned
workpiece model were used as experimental objects for point cloud alignment respec-
tively. Finally, the root mean square error (RMSE) is used as the evaluation index of point
cloud alignment accuracy, comparing the runtime and alignment accuracy to analyze the
reliability and feasibility of the alignment methodology.

2. Point Cloud Alignment
2.1. Mathematical Model

The coordinate information of the point cloud data output by the laser scanner is
based on its own scanning coordinate system [7,8]. Therefore, the point cloud data obtained
from scanning the same workpiece from different viewpoints cannot be used directly. It is
necessary to convert the results from different viewpoints to the same coordinate system
based on the feature points. In the production of workpiece parts, there must be a standard
CAD model. Using the ideal model of the workpiece enables faster conversion of point
cloud coordinates for different viewpoints (i.e., local point cloud alignment).
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The essence of point cloud alignment is a coordinate system transformation. In the
3D point cloud dataset, take any point in the set and write it as P; (x, y, z), and denote the
coordinate transformed points as P; (x/, i/, ). Noting the rotation matrix R, translation
matrix T, and transformation matrix H, where R is a 3 x 3 matrix, T is a 3 X 1 matrix, and
His a4 x 4 matrix. The system of equations for 3D spatial coordinate transformation is as
follows [9]:

x/ 0 x X ;
! R 0 T ¥ R T
uol= o | %7+ —Hx | ] ’T_{ty }’H_{V u}
1 % u 1 0 1 fz 1)
1 0 0 cosp 0 —sinp cosy —siny 0
R=| 0 cosa —sina 0 1 0 } [ siny  cosy 0 }
0 sina  cosx sinB 0 cosp 0 0 1

where t, denotes the offset of point P on the X-axis (t, ¢, in the same vein); V denotes the
proportion of its projection transformation in each coordinate direction; U refers to the
scale factor of the overall point cloud. The point cloud data generated by laser scanning
does not produce singular deformation, so V is a zero vector, U = 1; « denotes the angle of
rotation of the point clockwise around the X-axis (5, 6 in the same vein).

There are two main steps in the realization of local point cloud alignment. On the
one hand, the local point cloud features are identified to find the corresponding features
in the ideal model for initial alignment. On the other hand, searching for the neighboring
point pairs of the ideal and scanned point clouds continuously based on the preliminary
transformed positional state. Then, computing transformation matrices for coordinate
approximation to improve point cloud alignment accuracy. For the implementation algo-
rithms of point cloud alignment, what needs to be concerned is its alignment accuracy
and speed.

2.2. Improved SAC-IA Point Cloud Initial Alignment Algorithm

The SAC-IA [10,11] algorithm is able to perform the initial alignment of the point cloud
by identifying the point cloud features, which provides a good initial value of coordinate
transformation for fine alignment. However, when facing point cloud data with a large
data volume and a large search radius [12], the running time of the SAC-IA algorithm
grows. It becomes more difficult to reach the optimal transformation within the maximum
number of iterations. Therefore, it is worthwhile to continuously optimize the speed of the
initial alignment. Meanwhile, it is important to ensure that the algorithm is able to achieve
the required alignment accuracy provided by the fine alignment initial position.

Based on the SAC-IA algorithm, the introduction of dissimilarity vectors ¢ excludes
the hypothesis of large differences in advance. The scanned point cloud is geometrically
consistent with the target point cloud. In other words, the Euclidean distance between
points of the overlapping parts is constant in their respective spaces. By using this principle,
the corresponding point pairs of the selected features are denoted as p; and g;. They form
virtual polygons with neighboring points in their respective spaces. There are n sides to this
polygon, calculate the length of the j-th side of each of the two polygons: d,,; = | pis i —Pill,
dgj = Hqiﬂ- —qil,j =1,2, ..,n. After that, the two polygon side lengths of the pairs of
points are sorted in descending order and the corresponding difference is obtained. Then,
we compare with the maximum difference to obtain the relative dissimilarity vectors J. The
equation is as follows:

= |dp'1 — dq'1| ) |dp’2 — dq’z e |dp’n B d‘ir”

1)
max(|dp,j —dyj ‘)

()

When the two polygons of the feature-corresponding point pairs can match exactly,
the relative dissimilarity vector J = 0. Meanwhile, the SAC-IA algorithm we use is based on
fast point feature histograms (FPFH) [13-16]. It describes the geometric attributes of points
in the form of multidimensional histograms with the help of spatial differences between
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points in the point cloud and their neighboring points, thus reflecting the point cloud data
characteristics. The specific steps of the improved SAC-IA algorithm are as follows:

Step 1: Sample x data sample points randomly in the scanned point cloud Q and
ensure that the minimum distance between two by two of the sample points is greater than
the set threshold distance w.

Step 2: Compute the feature descriptor FPFH for the scanned point cloud Q and the
ideal point cloud S, respectively. First, for any point p in the point cloud, set the normal
vector estimation radius dy, with a local neighborhood {p1, p2, ..., pi}. The eigenvector
corresponding to the smallest eigenvalue of the covariance matrix is taken as the normal
vector of the point p.

Step 3: With point p as the center of the circle, construct a spherical neighborhood of
point p through setting the neighborhood radius d;. Construct a local coordinate system
with the normal vectors of two points in the neighborhood. Then, calculate the horizontal
angle, the pitch angle, and the angle of the connecting line of the two points as the point
features (PFH).

Step 4: In order to reduce the computational complexity, calculating the PFH value
of a point p with the points in its neighborhood is called SPFH. Then, the SPFH values
of the neighboring points of point p are computed separately for weighting to obtain the
final FPFH value. The sphere of influence is shown in Figure 1. The weighting equation is

as follows: .

FPFH(p) = SPFH(p) + %Z ﬁSPFH(pi) 3)
i=1 "1

where wj; is the Euclidean distance from point p to a neighboring point p;.

Figure 1. Scope of influence.

Step 5: FPFH visualization. Preliminary observations of the characterizers of a scanned
point cloud Q and an ideal point cloud S. If the feature extraction is poor, you can choose to
return to Step 2 to change dy or to Step 3 to change d; and search again. However, it should
be noted that the search radius should satisfy d; > df.

Step 6: Finding point cloud data with FPFH features similar to the scanned point
cloud by KD-tree nearest neighbor search in an ideal point cloud S. And randomly select a
point from the similar points as a candidate counterpart for this feature.

Step 7: Calculate the relative dissimilarity vectors ¢ of feature counterparts with
respect to polygon edge lengths. Set the deviation threshold t = 0.25, i.e., allow 25% edge
variation. If ||6]] > ¢, then return to Step 6 for resampling.

Step 8: Calculate the transformation parameters between pairs of points. For each
pair of points in Step 7 that passes the dissimilar vectors test, a transformation relation
is determined, yielding a translation matrix as well as a rotation matrix. Moreover, use
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the Huber equation (see Equation (4)) to determine whether the transformation matrix is
optimal or not.

1.2
H(a) = { 30l 1§wd @
wq(llall = 3wq), all > wq

where a denotes the difference between the distances of the sample data point pairs after
performing the transformation; w;, indicates the set threshold distance in Step 1.

Step 9: Return to Step 1 for iteration, set the maximum number of iterations, and
output the transformation matrix with the smallest error function as the optimal transfor-
mation matrix.

The improved SAC-IA algorithm mainly adds the computation and comparison of
dissimilarity vectors. The time cost of this step will be much smaller than the time cost
of calculating the error function for each complete output and determining whether to
exclude it. The efficiency and results of the specific improvements will be illustrated by
experimental demonstrations in the subsequent sections of this paper.

2.3. ICP Algorithm of Point Clouds Incorporating Bidirectional KD-Tree Optimization for
Fine Alignment

The primary requirement for fine point cloud alignment is alignment accuracy, with
the ultimate goal of matching the local point cloud exactly to the ideal point cloud. ICP
algorithm is a classical algorithm for fine alignment of point clouds [17-20]. The algorithm is
essentially an optimal matching algorithm based on least squares. It continuously searches
for the corresponding points between the two point clouds, as well as the optimal coordinate
transformation, to minimize the distance between the point sets of the corresponding points
until a certain convergence condition is met and the iteration terminates. However, the
scanned point cloud is close to the position of the ideal point cloud after the initial alignment
transformation. Therefore, there will be a situation that the nearest point pair exists many-
to-one during the calculation process, which leads to the inefficiency of the alignment
of the ICP algorithm. So, we incorporate the bidirectional KD-tree to optimize the ICP
algorithm [21].

KD-tree, abbreviated as K-dimension, is commonly used for range or nearest-neighbor
searches in high-dimensional spaces. Using it for 3D point cloud data, the dimension
of the KD-tree is 3. The construction of KD-tree is to order the disordered point cloud
according to the process of determining the segmentation axes and nodes. Meanwhile, we
refer to the idea of cross-validation to construct the KD-tree of ideal and scanned point
clouds respectively, and save the nearest point pairs with one-to-one correspondence, i.e.,
bidirectional search. The search time for a bidirectional KD-tree is twice as long as that of a
KD-tree, but determining one-to-one pairs of nearest points allows the algorithm’s iteration
time to be drastically reduced. Therefore, the KD-ICP algorithm incorporating bidirectional
KD-tree is particularly suitable for aligning data-heavy point cloud models.

Denote the data points in the ideal point cloud Sas S; (i=1, 2, .., n), the data points
in the scanned point cloud Q as Q; (i =1, 2, ..., n). The algorithm finds the transforma-
tion matrix of the scanned point cloud to minimize the objective function F(R, T). The
mathematical model is represented as follows:

minF(R,T) = ) |5 ~ (RQ; + 1) 5
i=1

The specific steps of the KD-ICP algorithm for fusing bidirectional KD-tree optimiza-
tion are as follows:

Step 1: Construct the KD-tree of the ideal point cloud S and the scanned point cloud
Q, respectively. Search for the nearest point S; of Q; within the ideal point cloud S, while
searching for the nearest point Q; of S; within the scanned point cloud Q.

Step 2: If Q; = Q; and both are unique, then Q; and S; are identified as a pair of
nearest point pairs with one-to-one correspondence and retained, and vice versa, discarded.
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Then, return to Step 1 to continue the bidirectional search, traversing the points within the
scanned point cloud Q and terminating.

Step 3: The points of the scanned point cloud Q in the nearest point pairs with one-
to-one correspondence constitute the set of nearest neighbor points Q;‘ (k is the number of

iterations) makes HSf — Qi.‘ H minimum.

Step 4: According to Equation (5), the rotation matrix R and translation matrix T are
computed by the method of singular value decomposition. The rigid body transformation
of QF yields Q7 = R¥QF + T*.

Step 5: Calculate the average distance d* = % H Qf»‘/ — Si‘H between the transformed

point cloud set Qf/ and the theoretical point cloud set Sf«‘. If d* is greater than the given
iteration termination error threshold T then return to Step 1 and continue iterating until d*
is less than the given threshold or the number of iterations has been greater than the preset
number of terminations.

The accuracy of point cloud alignment needs to be measured by an evaluation index.
Root mean square error (RMSE) can measure the deviation between the predicted value
and the real value, which is used for evaluating the accuracy of point cloud registration.
The equation is written as follows:

(6)

where 1 denotes the number of corresponding point pairs; D; denotes the Euclidean
N

distance between the i-th counterpart to the counterpart after alignment; and D; denotes
the truth value of the Euclidean distance between corresponding points. However, the use
of RMSE for point cloud alignment accuracy evaluation is also essentially an algorithm to
find nearest neighbor pairs. The distance between the two is then calculated, so there is no
theoretically absolute true value for the distance between pairs of points. To facilitate the
computational processing, we take the distance between the corresponding points in the
absolute ideal state, after the point cloud is fully aligned, as an estimate of the true value,

AN
i.e.,, D; = 0. However, it is undeniable that the RMSE is closely related to the alignment
results, and the higher the alignment accuracy, the smaller the value of the RMSE must be.
Therefore, we are able to use the RMSE as an evaluation index to evaluate the alignment
results, which is also a more common evaluation index in the field of point cloud alignment
at present.

2.4. The Overall Flow of the Improved Alignment Method

In the measurement process of laser scanners, the direct scanned data may be noisy or
redundant due to lighting factors or viewing angle obstructions. Therefore, it is necessary
to preprocess the point cloud data. Common point cloud preprocessing methods include
point cloud noise reduction, point cloud streamlining, and point cloud stitching [22,23].

Point cloud noise reduction is the process of removing outliers and noisy points
from point cloud data. Common denoising methods include voxel filtering, statistical
filtering, bilateral filtering, conditional filtering, Gaussian filtering, etc. [24,25]. At the same
time, too large and redundant point cloud data will affect the accuracy and speed of data
processing. It is necessary to streamline point cloud data. Currently, mature point cloud
streamlining algorithms include the enveloping box (circle, sphere, body) method, uniform
mesh method, angle method, triangular mesh method, etc. [26-28].

After the preprocessing step is completed, the alignment of the local feature point
cloud with the ideal CAD model is performed. Dissimilarity vectors are introduced to
remove feature correspondences with large differences in advance to improve the SAC-IA
algorithm as the initial alignment algorithm for point clouds. Then, the ICP algorithm is



Photonics 2024, 11, 635

7 of 18

optimized using the bidirectional KD-tree to accelerate the nearest-neighbor search with
precise correspondence as a point cloud fine alignment algorithm. The specific algorithm
flow is shown in Figure 2.

| Tnput scanned point cloud and ideal point cloud |

(

Extract fast point feature histogram FPFH of
scanned and ideal point clouds

e

2

Search for feature correspondences in the
ideal point cloud that are similar to the

Point cloud fine alignment

Construct the KD-tree of the scanned point
cloud and the ideal point cloud respectively

terations has been reached termination threshold 7

Yes
\%
Select the transform matrix that minimizes
the error function to transform the initial
position of the scanned point cloud

1
1
1
1
1
1
1
1 :
1 1

1
scanned point cloud d \I/L i
1

1
\J, ! | Through bidirectional search, it is determined E
Calculate the relative dissimilarity vectors No i that the nearest point pairs of the selected ]
& of the polygon side lengths at the d scanning point cloud and the ideal point '
corresponding points of the feature ! cloud all have one-to-one correspondence '
1 1
i ‘L No
i Perform a rigid body transformation to 1
1 | calculate the average distance @ between two ;
1 point clouds 4
Yes No ' 1
i i
1 1

1 o

Whether the maximum number o g d" less than iteration 1
1
: i
1 1
1 1
1 1
1 1
1 1

Evaluation of accuracy of alignment results
using root mean square error as an evaluation
index

Point cloud initial alignment

Figure 2. Flowchart of improved alignment algorithm.

3. Test Experiment
3.1. Classical Sample Data

The reliability and feasibility of the alignment algorithm needs to be proved experimen-
tally using point cloud data. The proposed alignment algorithm was tested for reliability
using data from the Stanford bunny and the dragon 3D model, which is highly recognized
and used in academia. The specific point cloud data visualization shown in Figure 3a is a
partial point cloud with localized features to be aligned for the bunny sample, as well as
the dragon sample; Figure 3b is the corresponding complete target point cloud.

(b)

Figure 3. Classical sample. (a) Partial point cloud; (b) Complete point cloud.
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3.2. Initial Alignment of Classical Sample

The algorithms were all implemented on a computer with a processor of AMD Ryzen5
3550H with Radeon Vega Mobile Gfx 2.10 GHz processor and 16.0 GB of RAM (14.9 GB
available). The algorithm software is based on Visual Studio 2013 assembling the Point
Cloud Library 1.8.0 (PCL) Environment. Following the basic process of the alignment
method, the bunny and dragon point cloud data were first preprocessed. Then, the initial
alignment of the point cloud is performed based on the improved SAC-IA algorithm. In
order to test the specific enhancement of the improved SAC-IA algorithm, both the SAC-
IA algorithm as well as the commonly used RANSAC algorithm are used for the initial
alignment of the point cloud of the classical sample.

The calculation of normal vector and FPFH in the algorithm is based on PCL, so the
threshold of the initial point sampling does not need to be set separately in the algorithm
implementation, and PCL will be implemented automatically. We set the radius of the
normal vector estimate to 1/10 of the total size of the origin cloud. In general, the neigh-
borhood search radius for performing FPFH calculations is larger than the normal vector
estimation radius, which we set to be 1/8 of the total size of the origin cloud. Then, make
small adjustments to the setpoints based on the results. The iteration termination threshold
of the initial alignment algorithm is set to 1, i.e., the iteration stops when the minimum
distance between the selected samples reaches 1 mm. Of course, this setting does not
guarantee that all points are optimally aligned, but only iterates until the alignment of
some of the selected points is complete, so fine alignment is still needed afterwards.

Figure 4 is a visualization of the experimental results of the initial alignment algorithm.
Where, (a) shows the initial position of the two point clouds, and it can be found that there
is no corresponding overlap between them. (b—d) are the positional figures of the converted
point cloud and the target point cloud after the different algorithms are aligned, and the
good or bad alignment can be judged most intuitively by observing the amount of overlap
between the two point clouds.

Figure 4. Initial alignment of classical sample. (a) Initial position; (b) SAC-IA; (c) RANSAC;
(d) Improved SAC-IA.

It can be found that our improved SAC-IA algorithm has the most overlapping portion
of point cloud results compared to SAC-IA algorithm and RANSAC algorithm for both
rabbit and dragon samples. For example, the difference between the SAC-IA algorithm and
the modified SAC-IA algorithm dragon point cloud alignment result visualization local
zoom is shown in Figure 5. Among them, at ) and (), the non-overlapping part of the
alignment results is more obvious. Through local zoom, it can be more intuitively seen that
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the improved SAC-IA algorithm alignment results in more overlapping parts of the point
cloud and better alignment.

improved SAC-IA

Figure 5. Local differences in the initial alignment of the dragon point cloud.

The visualization results can intuitively see that the improved SAC-IA algorithm has
the best initial alignment results for both bunny and dragon samples. And the SAC-IA
algorithm has poor alignment results with the RANSAC algorithm. Of course, a more
reliable way to compare results is the runtime of the algorithm and the accuracy of the
alignment. The running time of each algorithm under the same computer configuration
and the alignment accuracy using the RMSE as an evaluation metric are listed. Comparison
of algorithm performance with reference to the above data. The data are shown in Figure 6.

M runtime(xs) M RMSE(x0.0001mm) M runtime(xs) M RMSE(x0.001mm)

79.80

50.94

SAC-IA

50.00 47.13

75.74 45.00
40.00

40.14

35.00

30.00

45.84 2633

25.00

22.57

20.00
26.02
15.00

19.24
10.00
5.
0.00

RANSAC improved SAC-TA SAC-IA RANSAC improved SAC-IA

(a) (b)

Figure 6. Comparison of initial alignment algorithms for classical sample. (a) Bunny sample;

13.73

9.59

)
S

(b) Dragon sample.

The initial alignment speed of the improved SAC-IA algorithm is 48.9% higher than
the SAC-IA algorithm and 43.3% higher than the RANSAC algorithm in the bunny sample,
and 43.7% and 52.1% higher in the dragon sample, respectively. It has been experimentally
proven that the improved SAC-IA algorithm has a more significant improvement in align-
ment speed and also has a greater improvement in alignment accuracy. The results show
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that the algorithm removes the error sampling of the SAC-IA algorithm in advance using
the dissimilarity vector, allowing the algorithm to find more possible counterparts again
with the same number of iterations as the termination constraints. Improvements make the
algorithm faster and better at determining the optimal transformation matrix.

3.3. Fine Alignment of Classical Sample

Following the alignment process, point cloud fine alignment is performed after the
initial point cloud alignment is completed. Both the SAC-IA algorithm alignment results
and the improved SAC-IA algorithm alignment results are finely aligned using the ICP
algorithm, as well as the KD-ICP algorithm. The visualization of the alignment results is
shown in Figure 7.

Figure 7. Fine alignment of classical sample. (a) SAC-IA+ICP; (b) SAC-IA+KD-ICP; (c) Improved
SAC-IA+ICP; (d) The proposed algorithm.

The alignment results of the ICP algorithm are very dependent on the initial position
of the point cloud. For the same original point cloud of bunny sample data, Figure 7a,b
are compared with the same number of iterations and other parameters set by the ICP, as
well as KD-ICP algorithms. In (a), it is possible to visualize the less-than-perfect positional
situation obtained from the initial alignment based on the SAC-IA algorithm, where the
ICP algorithm is not able to align successfully. However, (b) shows that the KD-ICP
algorithm incorporating the bidirectional KD-tree improvement can be realized. (d) is a
graph of the results obtained according to the flow of the alignment method proposed
in this paper, in which the bunny sample results can be directly compared to observe its
excellent alignment. Yet, the alignment of the dragon sample data resulted in all four
sets of experiments performing well enough that no difference could be directly observed.
When the visual result figure does not intuitively show the difference in the alignment of
different algorithms, we still analyze it by more reliable data results. Therefore, we compare
and analyze the running time with the alignment accuracy in conjunction for the specific
algorithms. The data are shown in Table 1, where the proposed method has the highest
alignment accuracy, i.e., the smallest RMSE, and the shortest algorithm runtime.
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Table 1. Comparison of classical sample alignment algorithms.

. . Bunny Sample Dragon Sample
Clarification Algorithm Runtime (s) RMSE (mm) Runtime (s) RMSE (mm)
SAC-TIA 50.939 7.980 x 1073 40.138 1.373 x 1072
Initial alignment RANSAC 45.844 7.574 x 1073 47.134 2.633 x 1072
Improved SAC-TA 26.016 1.924 x 1073 22.573 9.594 x 103
ICP 7.471 7.860 x 1073 3.485 7.609 x 10~7
- SAC-IA result KD-ICP 4404 9.573 x 104 2.031 5.395 x 107
Fine alignment 4 _7
Improved Icp 6.000 7.261 x 10 3.193 7492 x 10
SAC-IA result KD-ICP 2.960 7.245 x 10~* 1.422 2.878 x 1077

There is independence in the evaluation metrics of point cloud alignment in terms of
run time as well as RMSE, because these metrics are affected by factors such as the size
of different point cloud objects, the size of the data volume, and so on. So, they are both
only suitable for longitudinal evaluation of the results of different algorithmic processing
of the same point cloud object. As can be seen in Table 1, according to the flow of the
alignment method proposed in this paper, the accuracy of the final alignment results of
the initial alignment with the improved SAC-IA algorithm is higher than that using the
SAC-IA algorithm. This shows that the improved SAC-IA algorithm can indeed provide
a better transformed bit position for fine alignment, which in turn improves the final
alignment accuracy. The KD-ICP algorithm optimized with bidirectional KD-tree for fine
alignment shows significant improvement in runtime as well as alignment accuracy for
both bunny and dragon samples. The proposed alignment method reduces the RMSE of
the bunny sample from 7.860 x 1073 to 7.245 x 10~* compared to the base algorithm; the
total running time of the algorithm was reduced from 58.410 s to 28.976 s, i.e., the speed
of alignment was increased by 50.392%. The improvement in dragon sample alignment
results is also intuitively obvious. Its RMSE decreased from 7.609 x 10~ to 2.878 x 10~7;
the total running time of the algorithm was reduced from 43.623 s to 23.995 s, i.e., the speed
of the alignment was improved by 44.995%.

The results show that the proposed alignment method improves both the initial
alignment and the fine alignment algorithm to optimize the final alignment results from
two aspects. First, the initial alignment is improved by the introduction of a dissimilarity
vector, so that the initial alignment provides a better transformed bit position, which in
turn affects the alignment results of the fine alignment. Then, the nearest point pairs
with one-to-one correspondence are identified by a bidirectional KD-tree for subsequent
iterations of the algorithm. It makes the KD-ICP algorithm not only accelerate the search
of nearest neighbor pairs to improve the alignment speed, but also make the selection of
nearest point pairs more accurate to improve the alignment accuracy. The experimental
results on classical samples prove the feasibility of the alignment method proposed in this
paper, but practical experiments are needed to align the scanned point cloud data to prove
the reliability of the method proposed in this paper.

4. Practical Experiment
4.1. Scanned Sample Data Acquisition

PrimeScan, a portable scanning system from Hexagon AICON Measurement Systems
(see Figure 8) was used to scan and obtain 3D data information about the workpiece. Its
resolution is 5 and 8 Mpx. The 3D scanner consists of two high-resolution industrial CCD
cameras distributed on the left and right sides, as well as a central raster projection unit,
which uses structured light measurement.
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Figure 8. Laser scanner experimental setup.

Structured light is laser light emitted from a laser and converged into a narrow band
after passing through a cylindrical lens. By means of a grating projection unit, a set of
grating stripes with phase information is projected onto the surface of the measuring
workpiece and synchronized by two industrial cameras, left and right. The 3D laser scanner
is calibrated and ready for actual part measurement. In order to perform the measurement,
the sensor needs to be placed in front of the measuring object. The ideal operating distance
depends on the selected measuring area of the sensor. However, in reality the optimal
working distance is where the two laser red dots coincide, which needs to be adjusted to
the center of the object to be measured.

The point cloud data generated by the laser scanner [29-31] does not produce singular
deformations. It can be used to analyze the actual condition of the surface of the workpiece
by reproducing the 3D data of the measured workpiece one-by-one, and it can also be used
directly for the alignment study with the ideal CAD model.

However, the scanned result of the laser scanner is affected by the scanned angle
and the shape of the measured workpiece. It is impossible to generate the complete
surface information of the measured workpiece from only one viewpoint for a workpiece
with complex curved surfaces. Therefore, partial measurements are performed to obtain
localized point cloud data of the measured workpiece and simply fill the holes created by
the marked points. The specific scanned results are shown in Figure 9. Figure 9a shows the
point cloud of local features to be aligned; Figure 9b is the ideal target point cloud.

(a) (b)
Figure 9. Scanned workpiece model. (a) Scanned data; (b) Ideal CAD data.

4.2. Scanned Sample Data Preprocessing

The data obtained by laser scanner measurement are affected by the measurement
environment and other factors during the measurement process. The directly obtained
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(a)

data may have outliers or data redundancy, etc., which requires point cloud preprocessing.
To begin with, the scanned point cloud is filtered to remove noise points and outliers.
Statistical filtering is capable of processing point clouds of different shapes with a wide
range of applicability. Moreover, the statistical filtering is based on the distance distribu-
tion characteristics from the point to all neighboring points, and each point field in the
point cloud data is statistically analyzed to filter out some outliers that do not meet the
requirements. At the same time, the uniform grid method is used to streamline the point
cloud data, which is a better way to reduce data redundancy, while preserving the point
cloud features. A specific before and after comparison of the scanned point cloud data
preprocessing is shown in Figure 10. The original point cloud has 20,001 data points, which
is streamlined to 9418 data points after preprocessing. The point cloud is arranged more
regularly, removing redundancy, while better preserving the data characteristics of the
original point cloud.

(b)

Figure 10. Comparison of scanned workpiece before and after preprocessing. (a) Original scanned

point cloud; (b) Preprocessed point cloud.

4.3. Initial Alignment of Scanned Sample

According to the local feature point cloud alignment process, the initial alignment of
the scanned workpiece point cloud data is performed. The SAC-IA algorithm, the RANSAC
algorithm, and the modified SAC-IA algorithm were also used for the initial alignment of
the point cloud. The visualization of the alignment results is shown in Figure 11.

(b)

Figure 11. Scanned workpiece model initial alignment. (a) Initial position; (b) SAC-IA; (c) RANSAC;
(d) Improved SAC-IA.

(d)

From Figure 11, it can be seen that both the SAC-IA algorithm and the improved SAC-
IA algorithm can be used for the alignment of point cloud data with a large data volume and
a large search radius. The algorithms are also better aligned with the measured workpiece.
The difference between the specific SAC-IA as well as the improved SAC-IA algorithms
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in terms of runtime and alignment results is shown in Figure 12. The improved SAC-IA
algorithm aligns 37.8% faster than the SAC-IA algorithm and has a significant improvement
in alignment accuracy, while the RANSAC algorithm has poorer alignment results.

M runtime(x10s) M RMSE(x0.1mm)

45.00
10.00 38.76
36.27
35.00
30.00
25.00 22.93 24.10
20.00
15.00
10.79 05

10.00

0.00

SAC-IA RANSAC improved SAC-TA

Figure 12. Comparison of initial alignment algorithms for scanned workpiece model.
The transformation matrix for the initial alignment of the workpiece model is as follows:

0998  0.011 —0.066 82.365
H— —0.008 0999  0.052 52218
0.066 —0.061 0996 39.678

0 0 0 1

4.4. Fine Alignment of Scanned Sample

When the classical sample data alignment is performed in Section 3.3, it has been
shown that the KD-ICP algorithm, which incorporates bi-directional KD-tree improvements,
also has good alignment results against poor initial positional attitude. Also, to increase
persuasiveness, we use the GICP alignment algorithm based on principal component
analysis proposed in the literature [32] as a comparative. Its essence is also the optimization
of the most classical ICP algorithm. We borrowed the initial alignment results obtained
by the RANSAC algorithm with insufficient overlap (see Figure 11c) for the test. For
the scanned point cloud, all three fine alignment algorithms set the maximum distance
between corresponding pairs of points to 10, which means that the algorithms can find
corresponding pairs of points with a maximum distance of 10 mm. We set the maximum
number of iterations to 50 and the convergence threshold to 1, i.e., we stop iterating when
the number of convergences is reached, or the mean square error sum is less than the
threshold value of 1 mm. Under such conditions, the ICP algorithm, the GICP algorithm,
and the KD-ICP algorithm were used for the initial alignment results of the RANSAC
algorithm (Figure 11c data) to perform fine alignment. The visualization of the alignment
results and the accuracy of the alignment are shown in Table 2.
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Table 2. Comparison of ICP, GICP, and KD-ICP algorithms for scanned workpiece.

ICcp GICP KD-ICP

Visualization of
alignment results

RMSE (mm)

2.2538 2.1763 0.7480

This can be illustrated by the visualization graph of the alignment results shown
in Table 2, as well as the corresponding results of the alignment accuracy data. We can
see that the alignment results of the GICP algorithm are better than the ICP algorithm,
indicating that the improvement of the literature [32] is effective, but the improvement
is not significant. It may be due to the fact that the improvement principle of the GICP
algorithm is based on principal component analysis, which considers the whole point
cloud data as a whole. Therefore, it is less applicable for overall and local point cloud data
alignment. In contrast, the proposed improved KD-ICP algorithm based on bidirectional
KD-tree is more applicable and has the best alignment effect among the three algorithm
comparisons. This is because our bidirectional KD-tree is optimized for the selection of the
nearest point pairs in the most basic and important part of the algorithm, which makes
the selection of point pairs more accurate and thus improves the alignment accuracy and
applicability. In the scanning point cloud alignment, the improved KD-ICP algorithm
incorporating bidirectional KD-tree can optimize the selection of the nearest point pairs
and make the point pair selection more accurate to improve the alignment accuracy, which
is more applicable.

Similar to the classical sample alignment, the SAC-IA algorithm alignment results for
the scanned workpiece and the modified SAC-IA algorithm alignment results were aligned
using the ICP algorithm as well as the KD-ICP algorithm, and the alignment results are
visualized in Figure 13. Since the SAC-IA algorithm and the improved SAC-IA algorithm
have good initial alignment results and provide a good change of position, both the ICP
algorithm and the KD-ICP algorithm are better at achieving fine alignment of scanned
parts. From Figure 13, it appears that the differences are not significant, so the data were
used for further analysis, as shown in Table 3.

(b) @

Figure 13. Scanned workpiece model fine alignment. (a) SAC-IA+ICP; (b) SAC-IA+KD-ICP;
(c) Improved SAC-IA+ICP; (d) The proposed algorithm.
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Table 3. Comparison of scanned workpiece model alignment algorithms.
Clarification Algorithm Runtime (s) RMSE (mm)
SAC-IA 387.591 1.079
Initial alignment RANSAC 362.716 2.293
Improved SAC-TA 240.964 0.953
ICP 27.775 0.605
Fine alionment A result KD-ICP 14276 0598
8 Improved ICP 17.499 0.601
SAC-IA result KD-ICP 9.822 0.597

From Table 3, it can be seen that according to the proposed alignment method, the
RMSE of the scanned point cloud is reduced from 0.605 to 0.597 compared to the base
algorithm; the total running time of the algorithm was reduced from 415.366 s to 250.786 s,
i.e., the speed of alignment was improved by 39.623%. As can be seen from the results
of the previous test experiments, the overall algorithmic alignment speed of the rabbit
point cloud data is improved by 50.392%; the dragon point cloud data is improved by
44.995%. By combining all of the experimental results, it is roughly possible to assess that
the algorithm proposed in this paper operates with a speedup of 40% to 50% compared to
the base algorithm. Since SAC-IA and the improved SAC-IA algorithm give good initial
transformed poses, which affect the fine alignment, the alignment accuracies of the four
sets of experiments are in the upper and lower ranges of 0.6, and the KD-ICP algorithm
improves, but not by much. The reason for this is that the scanned workpiece itself has
surface roughness and is labeled with marking points, while the target model is an ideal
CAD model. It is impossible for the two to achieve absolute coincidence with the RMSE of
zero. In terms of operating speed, the large size of the scanned part corresponds to a large
search radius of the algorithm. The proposed alignment method reduces the time required
for alignment well and can be applied to large size point cloud alignment.

The transformation matrix for the fine alignment of the workpiece model is as follows:

0999 -0.021 -0.025 3.524
H— 0.021 1.000 0.004 —1.503
~10.024 —0.005 1.000 —3.038|°

0 0 0 1

5. Conclusions

This paper proposes an improved point cloud alignment method for the local feature
point cloud alignment problem. First, the improved SAC-IA algorithm is used for the initial
alignment of the point cloud, and the introduction of dissimilarity vectors can remove
erroneous feature point pair selection in advance. The bidirectional KD-tree can accelerate
the nearest-neighbor pair search and optimize the selection of nearest-neighbor pairs,
which improves the ICP algorithm’s heavy dependence on the initial positional attitude
and makes it more applicable. Moreover, the well-recognized classical sample data as
well as the actual workpiece model scanned by the laser scanner were selected for the
experiment. Experimental analysis shows that the improved SAC-IA is able to increase
the operation speed by 30% to 50% compared to the SAC-IA algorithm; KD-ICP is able
to increase the speed of the ICP algorithm by 30~50%; and the overall running speed
of the algorithm can be increased by 40% to 50%. In terms of alignment accuracy, for
all the experimental subjects, the alignment results obtained by the proposed alignment
method in this paper have the smallest RMSE and the best alignment results. Through
test experiments and practical experiments, the feasibility and reliability of the proposed
improved point cloud alignment method applied to local point cloud data alignment are
demonstrated. The alignment efficiency of this method is also significantly improved
compared to conventional methods.
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