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a b s t r a c t

The construction quality control of hull blocks is of great significance for shipbuilding. The total station
device is predominantly employed in traditional applications, but suffers from long measurement time,
high labor intensity and scarcity of data points. In this paper, the Terrestrial Laser Scanning (TLS) device is
utilized to obtain an efficient and accurate comprehensive construction information of hull blocks. To
address the registration problemwhich is the most important issue in comparing the measurement point
cloud and the design model, an automatic registration approach is presented. Furthermore, to compare
the data acquired by TLS device and sparse point sets obtained by total station device, a method for key
point extraction is introduced. Experimental results indicate that the proposed approach is fast and
accurate, and that applying TLS to control the construction quality of hull blocks is reliable and feasible.

© 2020 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The construction error analysis of hull blocks is of great signif-
icance for shipbuilding. Traditional error analysis methods employ
total station device for data acquisition, and thus suffer from long
measurement time, high labor intensity and scarcity of measure-
ment points. Furthermore, only local information around the
measurement points can be analyzed. In this article, the Terrestrial
Laser Scanning (TLS) device is used to obtain comprehensive con-
struction information while significantly reducing the measure-
ment time cost, and thereby enabling the automation of hull blocks
error analysis (Table 1 shows a comparison between the two
methods).

Although 3D scanning technology based on point cloud data is a
high precision, high efficiency and high-tech measurement
method, there are still many challenges when it is applied to the
shipbuilding field. We summarize these challenges as follows:
noise reduction of dense point clouds, removal of redundant
structures in site point cloud, ship point cloud segmentation and
recognition, simplification of large original point cloud, algorithms

for cloud-model registration, methods for cloud-model error
measurement. Among the above challenges, registration of site
point cloud and design model is critical to effective project control
(Bosch�e, 2012), and the large number of points in site hull block
point cloud greatly increases the time consumption of traditional
registrationmethods. This paper aims at developing efficient cloud-
model registration algorithms.

In a cloud-model registration problem, registration means
aligning the point cloud and the design model in the same coor-
dinate system and then comparing them. Registration is usually
divided into coarse registration and fine registration. The coarse
registration provides good initial guess for the subsequent fine
registration (Rusu et al., 2008), and the fine registration follows the
initial conditions of coarse one for the search of the optimal solu-
tion. Since fine registration algorithms often fall into the dilemma
of local convergence, a good rough registration method becomes
the focus of many previous research. The two most often used
methods are briefly summarized below.

The most popular coarse registration algorithms are feature-
based methods, and can be divided into two categories:
descriptor-based methods and industrial plane-based methods.
The former are very popular in the field of computer graphics, while
the latter are widely used in industrial practical problems.

The basic flow of a descriptormethod consists first of computing
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the feature values of each point in the point cloud by some pre-
designed specific descriptors. Then, obtaining point correspon-
dence from these feature values, which allows the computation of
transformation parameters. The registration errors are then derived
from all possible point correspondences. Finally, the parameters
corresponding to the minimum registration error provide the so-
lution of the coarse registration algorithm. As a feature descriptor
can fully consider the internal topological information of the point
cloud, the method is reliable and state of the art. In the past 20
years, a large number of descriptors such as 3D shape context
(Frome et al., 2004), unique shape context (Tombari et al., 2010),
spin image (Johnson and Hebert, 2002), TOLDI (Yang et al., 2016),
point feature histogram (Rusu et al., 2008), fast point feature his-
togram (Rusu et al., 2009) have been proposed, and the theoretical
investigation of these descriptors is rapidly developing. However, a
descriptor method suffers from high time complexity and poor
noise resistance. Since the time consumption and poor accuracy of
processing a noisy point set with more than 100,000 points are
unacceptable, the method is obviously inadequate to a hull block
point cloud with more than 5 million points.

The industrial plane-based approach is the most popular coarse
registration method in the industrial field. The method addresses
the registration problem by exploiting the large number of planar
structures existing in artificial scenes (cities, factories, roads and
bridges). It is performed in two steps: plane extraction followed by
plane-based registration. Bosch�e and Fr�ed�eric (2012) used the
model-RANSACmethod to automatically extract potential planes in
the point cloud, and then manually selected three pairs of planes
for registration. However, the method lacks efficiency and accuracy
and does not provide an automatic registration. Pathak et al. (2010)
utilized a plane-based approach to register two virtual urban
disaster sites. They used the region growing algorithm to extract
planes and find the correspondence through normals registration.
However, region growing methods suffer from the problem of seed
choice and the lack of robustness (Biosca and Jos�e Luis Lerma,
2008). Jian et al. (2013) also used the ransac method to directly
extract planes and then employed the point-plane hybrid con-
straints to find registration solutions. For large-scale point cloud, it
is still challenging to accurately extract specific points. Bueno et al.
(2018) proposed a 4-plane congruent set method which uses a
region growing method to extract planes and then processed to
registration using the special 4-plane sets. In fact, for the Building
Information Models (BIMs) problem (Tang et al., 2010), there are
many repeated large-scale planes (for example, ceilings of each
floor), resulting in too many 3-plane set candidates, and so using 4-
plane congruent sets can reduce the number of candidate sets and
improve the computational efficiency of the method. But for a
single hull block, there are a small number of significant large-scale
planes (partial bulkheads, inner bottoms, side plates, etc.), so
directly employing 3-plane sets is fast enough for practical use.

In addition to feature-based methods, there are other coarse
registration algorithms, such as the PCA method (Kim et al., 2013)
and the point based Ransac method (Fischler and Bolles, 1981;
Fontanelli et al., 2007.). The PCAmethod requires that the two point
sets to be registered have a very similar point distribution, which is
often difficult to achieve in the cloud-model registration problem,
and thus this method fails to provide good registration results.

Nevertheless, it must be noted that the approach works well when
dealing with small-scale point sets and is suitable for processing
point sets acquired by the total station. The point based Ransac
method is not appropriate to process large-scale point clouds due
to its extremely high computational complexity.

After the point cloud and the design model are roughly aligned,
the fine registration algorithm is executed. Fine registration con-
sists in solving an optimization problem using iterative algorithms
that converge to local optimal solutions. The most famous fine
registration algorithm is the ICP method (Besl and Mckay, 1992). In
the industrial field, the point-to-line and point-to-plane (Horn
et al., 1988; Olsson et al., 2006) ICP variants have been deeply
studied. In recent years, research on plane-to-plane methods
(Khoshelham, 2016; Forstner and Khoshelham, 2017) has also been
undertaken. Although the plane-to-plane method can greatly
reduce the time consumption of the fine registration algorithm,
there is no reliable plane distance metric and plane-to-plane
registration algorithm.

To avoid the problems mentioned above and give a fast regis-
tration algorithm for hull blocks, we propose an algorithm that uses
cluster-based industrial plane method for coarse registration and
point-to-plane ICP method for fine registration. In the coarse
registration stage, a clustering method is applied to extract the
potential plane clusters and then the 3-plane sets based on normal
vectors clustering is adopted to generate 3D rigid transformation
parameters. As for the fine registration, we utilize a point-to-plane
ICP method to ensure the reliability of the algorithm. Besides the
automatic registration algorithm, we provide a method for key
points extraction in clouds to accomplish the comparison between
data acquired by total station device and TLS.

The key contributions of this paper are:

(1) By replacing the random selection process and region growth
workflow with clustering method based on semantic infor-
mation, the proposed plane extraction algorithm achieves
faster execution in the realistic point clouds than the RANSAC
method and the region-growing method. Based on the plane
extraction result, the automatic coarse registration can be
achieved.

(2) The application of the TLS device in the construction error
analysis of hull blocks is preliminarily studied here, which
may lead to more relevant research.

The remainder of this paper is organized as follows. Section 2
introduces the proposed automatic algorithm. Then, as the deter-
mination of some parameters of the proposed automatic method is
important during the execution of the algorithm, the selection of
important parameters is discussed in section 3. The key point
extraction method is presented in section 4. In section 5, experi-
ment results of the proposed methods are shown. Section 6 shows
the application and feasibility discussion of the proposed method.
Finally, conclusions are drawn in section 7.

2. Automatic registration algorithm

The proposed automatic cloud-model registration algorithm for
construction quality measurement of hull blocks is summarized in
Fig. 1. It can be divided into 3 steps: salient plane extraction from
cloud andmodel, automatic coarse registration via 3-plane sets and
point-to-plane ICP fine registration. The details of each step are
introduced below.

2.1. Salient plane extraction from cloud and model

As we mentioned previously, most hull blocks contain many

Table 1
Comparison between total station device and TLS device.

Device Time cost Number of point

Total station >4 h 40e60
TLS 10e30 min >5,000,000
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large-scale flat-planes, for example partial bulkheads, inner bot-
toms and side plates (Fig. 2 shows an instance of large-scale planes
in a hull block). These structures make it possible to exploit a plane-
based method to address the coarse registration issue. Better yet,
these planes are sparse in each hull block, which enables a fast
automatic registration algorithm. Then the first task is to extract
those salient planes from the whole data sets (point cloud or CAD
model).

Generally, the raw point cloud of a single hull block contains 5 to
8 million points, which may take more than 8 min for the coarse
alignment task. As we only aim, at this stage, at a coarse extraction,
the original point set is downsampled to about 1e2 million points

to provide a fast and accurate solution. To extract salient planes
from the downsampled point set, the points belonging to the po-
tential planes must be selected. A semantic descriptive method
introduced by Hackel et al. (2016) is applied to obtain the ‘Surface
Variation’ (a type of semantic information which is often regarded
as a substitute for local curvature) and the normal vector of each
point simultaneously.

The covariancematrix C of each point p in the cloud is computed
by:

C¼ 1
k

Xk

i¼0

ðpi �pÞðpi � pÞT ; p¼1
k

Xk

i¼1

pi (1)

where k is the number of k-nearest neighbors pi to p, and refer to
Hackel et al. (2016), here k is set to 10.

Once the eigenvalues l1 � l2 � l3 � 0 and the corresponding
eigenvectors e1, e2, e3 of C are computed, the ‘Surface Variation’ is
defined by l3=ðl1 þ l2 þ l3Þ, and the normal vector at p is chosen
to be e3. ‘Surface Variation’ can be seen as a value estimating the
smoothness of the local region, for when this value is close to zero,
the local geometry tends to be planar. To detect the points with flat
local shape, we set a threshold to 0.005 (this value only needs to be
close to 0) and discard all points whose surface variation are above
the threshold value to obtain a subset with only planar points.

Next, a normals clustering strategy splitting the planar point
sets into some clusters via normals differences is employed. In
differential geometry, the set of normal vectors can be represented
by a Gaussian sphere which contains vertices of all normal vectors
in a unit sphere, and the distance between two normal vectors is
evaluated by their angle or the Euclidean distance between their
vertices. As it is difficult to yield disambiguating normal vectors
from point cloud, angle between normal vectors is utilized and
defined by:

Fig. 1. Work flow of the proposed method.

Fig. 2. An instance of large-scale planes in a hull block.
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q¼180
�

p
acosðjn1 ,n2jÞ (2)

where n1, n2 are the two given normal vectors, and |∙| denotes the
absolute value. Eq. (2) means that the angle between two vectors is
equal to the angle of their support lines. Thus two points will be
assigned to the same cluster when q < qt, where qt is a threshold
value, which we set to 2

�
. The normal vector clustering algorithm

(see Algorithm 1) divides the given point set P into some groups C1,
C2, …, Cn. Each cluster Ci consists of planar points with similar
normals, and thus lie in some parallel planes. Moreover, to obtain
the salient planes from these clusters, small scale groups can be
ignored. Thus, in this work, all clusters with number of points less
than 10,000 are not considered.

A simple expression of a plane is axþ byþ czþ d¼ 0, where n ¼
ða; b; cÞ is a normal vector and d is the offset. All points in a cluster
Ci have the same n and different d. Therefore, extracting planes
from the remaining clusters is another clustering problem which
employs d as a classification feature. This process can be solved in a
similar fashion as in Algorithm 1, by merely replacing q with d, and
setting a threshold value to 5 mm. All clusters will be segmented
and some plane clusters P1, P2, …, Pm are then generated. Similarly
to the previous step, all plane clusters with less than 10,000 points
are ignored, and the salient planes are finally obtained.

As it is similar to the plane extraction from point cloud, the
salient plane extraction process for CAD model is briefly described
here. In practice, a 3D CAD model can be exported to an STL file

which represents objects by many triangular surfaces. The plane
parameters n and d of each triangle are computed from the co-
ordinates of its three vertices. Evidently, the normal vectors and
plane clustering methods described above can be applied to extract
the salient planes M1, M2, …, Mg. Here the salient criterion is the
sum of areas of triangles in a cluster, and the threshold is set to
sumA⁄50, where sumA denotes the area of the whole model.

2.2. Automatic coarse registration via 3-plane sets

Generally, a hull block contains less than 20 salient planes,
which significantly accelerate the algorithm’s execution. A simple
3-plane based approach can achieve rough matching between the
cloud and the model. The task consists of determining the 3D rigid
transformation parameters R and t, where R is the rotation matrix
and t is the translation vector. They can be calculated from corre-
spondence between three non-parallel planes. In this study, we

first generate the rotation matrix from the Gaussian sphere and
then obtain the translation parameter from any corresponding 3-
plane set between the cloud and the model. In general, this step
is a natural extension of extracted salient planes.

As the calculation of the rotation matrix is the most significant
task in cloud to cloud or cloud to model registration problem, the
determination of rotation matrix R is introduced first. A rotation
matrix R can be calculated by:

R¼ ½n1M;n2M;n3M�,½n1P;n2P;n3P��1 (3)

where niM, niP are the normals of the salient planes in the CAD
model and the corresponding ones in the point cloud, respectively.
Each n is a 3-by-1 vector. This indicates that if three normal vector
correspondences between the model and the cloud are found, R is
automatically obtained. Note that as our normal vectors are not
disambiguated, errors in the solution will certainly arise. To solve
this problem, opposite vectors of all the normals are included in the
Gaussian spheres.

At this stage, we must point out that our proposed method only
works in cloud which involves at least 3 non-parallel planes. Now
the only issue is to find all potential correspondences between 3-
normal sets. Let Gp ¼ fn1pn2p/nmpg be the normal vector set of
salient planes of the cloud and Gm ¼ fn1mn2m/nnmg be the one of
the model. All 3-normal sets of Gp and Gm are first generated, with
sizes C3

m and C3
n. In order to determine the correspondence between

these sets, for each set Si ¼ fnsi1 nsi2 nsi3g, a feature vector is
defined by:

di ¼ðnsi1 �nsi22 nsi2 �nsi32 nsi3 �nsi12Þ (4)

fi ¼ sortðdi; ’descend’Þ (5)

where di represents the 3 distances of the 3 normals’ vertices and fi
sorts the elements of di in descending order. All feature vectors of
normal vector sets are computed, and two normal vector sets are
assumed to be in correspondence if the distance between their
feature vectors is smaller than a certain threshold, which we set
here to 0.01. Then a set of candidate rotation matrices is obtained
(see Algorithm 2). Finally, these matrices are evaluated by
computing the distance between the translated cloud and the fixed
model. In this step the translation vector is taken to be the distance
between the centers of cloud and model, and the best matrix R*

with the minimum evaluation distance is the solution of the rota-
tion parameters.

Algorithm 1 The normal vector clustering implementation.

Data: N ¼ {normals of planar points}, qt
Result: Normal Clusters C ¼ fC1/Cng
C ) Ø
i ) 1
while (N! ¼ NULL) do
for n 2 N do

q ) q ¼ 180
�

p
acosðjn1 ,n2jÞ //n1 means the first normal in N.

if (q < qt) then
Ci ) add index of n
i ) i þ 1
endif

//remove all normals that have been clustered from N.
N(Ci,) ¼ []
end for

end while
return C

Algorithm 2 Generate best rotation matrix.

Data: Gp, Gm, point cloud P, discrete cloud of model M, threshold ft
Result: R*

R)Ø
t is assumed to be (mean(M) e mean(P)).
TRIp)generate triples of Gp

TRIm)generate triples of Gm

Fp)generate feature vectors of TRIp
Fm)generate feature vectors of TRIm
for tri1 2TRIm do
for tri22TRIp do
if (ftri1 � ftri22 < ft) do
R(i))compute Ri via Eq. (3)
Distance(i))

Pn
i¼1RðiÞpi þ t� mi

2
2

i ) i þ 1
end if
end for

end for
ind ) the index of minimum element in Distance.
R* )R(ind)
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Once the best rotation matrix R* is found, the point cloud can be
rotated to an appropriate pose and so as to be parallel to the model.
The remaining task is to find translation parameters by means of
the three non-parallel planes detection strategy. Given cell-lists
LM ¼ find1M/indtMg and LP ¼ find1P/indtPg of plane indices of
the model and the cloud, where indiM and indiP store the indices of
planes which are parallel. By selecting three correspondences from
the two lists and then picking arbitrary planes from each selection
index set indiM or indiP, we get a three non-parallel plane set from
which the translation vector t is computed. This way a series of
translation vectors are generated, and the best t* is obtained in the
same way as R*.

2.3. Fine registration based on point-to-plane ICP

In this sectionwe exploit the point-to-plane method introduced
by (Horn et al., 1988) to accomplish fine registration.

Given a point set P ¼ fp1p2/png and its corresponding plane
sets P ¼ fp1p2/png. We denote by N ¼ fn1n2/nng the normal
vector set of P, and let Y ¼ fy1y2/yng be a set of arbitrary points
on these planes, i.e. yi is any point on the plane pi. The fine regis-
tration consists of searching for the optimum of

min
R;t

Xn

i¼1

�
nT
i ðRpi þ t � yiÞ

�2
(6)

where R and t are transformation parameters. This can be solved by
quaternion or decoupled Euler angles.

A critical problem is to find the point-plane correspondences.
Due to the high complexity of computing distances from large-scale
point clouds to CAD models, the STL files are converted into a point
set and the correspondence is obtained between the two point
clouds. By utilizing k-d tree structures, the latter process can be
accelerated. The final solution of the optimization problem will be
achieved via some iteration steps.

3. Determination of significant parameters

Some parameters mentioned in section 2 may influence the
performance of the proposed method, these parameters are dis-
cussed here. Among all the parameters (thresholds), we find the 3

most important ones. They are the angle threshold qt and the dis-
tance threshold dt in the plane extraction step and the threshold of
the feature vector distance ft in the automatic coarse registration
step. The selection of them are discussed here.

In order to research the influence of the 3 parameters, some
possible values of them are applied in the execution of coarse
registration algorithm. For qt, we take 10 values from 0:5

�
to 5

�
with

an equal interval (0:5
�
), for dt, 10 values from 1 mm to 10 mmwith

an equal interval (1 mm) are taken, and for ft, 8 values from 0.005 to
0.04 with an interval 0.005 are taken. Refer to Fr�ed�eric et al. (2012),
the evaluation criteria of these parameters are the runtime and the
Root Mean Square Error (RMSE) of the distances of points to the 3D
model, where the former one measures the speed of our method
and the later one indicates the final registration quality. Please note
that all values of RMSE are calculated according to the point cloud
after fine registration, this is because that the coarse registration
only provides a good alignment for subsequent fine registration.

Firstly, as the speed of the plane extraction step is influenced by
the angle threshold qt and the distance threshold dt, they are
evaluated together. It is no doubt that the runtime here is the time
of the plane extraction step. However, when computing the RMSE,
ft also affects the final registration results. So for each combination
of qt and dt, 8 values of RMSE generated by the pre-specified 8
values of ft are calculated, and finally the mean value of them is
recorded. All results are based on 2 downsampled realistic clouds of
hull blocks, the detailed information of the 2 point clouds can be
found in section 5.

The evaluation results are shown in Table 2 and Table 3. In each
cell of the 2 tables, the runtime of the plane extraction step is stored
in the upper row, and the mean RMSE calculated by the pre-
specified 8 values of ft is stored in the bottom row. For example,
the first cell in themain part of Table 2 stores 72.19s and 2.41mm, it
means that when qt is set to 0:5

�
and dt is set to 1 mm, the plane

extraction process will consume 72.19s and the mean value of 8
RMSE computed by 8 final fine registration results according to the
8 given ft is 2.41 mm. It can be found that the running time de-
creases as qt or dt increases and the RMSE rises as qt or dt increases,
this is because that the clustering process will be more elaborate
when the 2 thresholds increase, which leads to more time con-
sumption and better plane extraction result. The selection of the 2
parameters with less time consumption and good registration
quality (smaller RMSE) is our goal here. It can be observed that

Table 2
The evaluation results of qt and dt based on the point cloud and CADmodel of the bilge block. Each cell of the main part of the table stores 2 values, the upper one (unit: second)
stores the runtime of the plane extraction step, while the bottom one (unit: millimeter) represents the mean RMSE generated by the pre-specified 8 values of ft.

qt dt 0:5
�

1:0
�

1:5
�

2:0
�

2:5
�

3:0
�

3:5
�

4:0
�

4:5
�

5:0
�

1 mm 72.19 70.95 69.27 68.74 68.29 68.33 67.73 67.81 66.75 66.10
2.41 2.40 2.68 2.67 2.67 2.72 2.73 2.72 2.88 2.87

2 mm 70.45 69.43 67.28 66.53 66.18 65.16 65.37 65.98 64.34 63.56
2.45 2.67 2.68 2.72 2.73 2.76 2.77 2.92 2.93 2.93

3 mm 65.21 63.95 62.29 61.47 61.58 60.83 60.86 59.30 58.42 57.57
2.68 2.69 2.70 2.72 2.73 2.88 2.87 2.87 3.20 3.26

4 mm 64.84 61.33 59.07 58.30 58.18 57.86 56.93 56.87 57.41 55.19
2.70 2.69 2.73 2.72 2.73 2.87 2.88 3.45 3.48 3.47

5 mm 63.76 59.42 56.12 56.04 56.00 58.37 57.93 56.28 56.47 54.11
2.70 2.72 2.73 2.72 2.74 2.73 3.48 3.48 3.47 4.52

6 mm 62.37 60.88 57.18 56.06 56.61 55.01 54.83 54.95 53.56 52.75
2.69 2.70 2.72 2.71 2.73 3.49 3.48 4.53 4.52 4.70

7 mm 60.05 58.92 56.60 55.68 55.30 54.06 55.87 53.05 52.27 50.94
2.70 2.71 2.73 3.48 3.46 3.47 4.51 4.52 7.69 7.70

8 mm 59.36 57.36 56.51 55.36 54.41 53.65 53.75 52.63 51.18 49.66
2.71 2.73 3.49 3.47 4.55 4.52 5.20 5.18 7.70 7.68

9 mm 56.96 55.45 54.84 54.96 53.41 52.05 51.84 49.98 48.32 46.49
3.50 3.47 4.17 4.19 4.19 7.68 7.69 7.69 12.91 12.90

10 mm 55.52 54.10 53.65 53.57 52.70 50.75 48.01 46.99 44.76 42.71
3.94 6.19 6.17 8.67 8.72 8.70 13.93 13.94 21.30 21.35
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there is an area in the 2 tables that meets the above requirements,
when qt2[1:0

�
,3:0

�
] and dt2[3 mm,7 mm], the runtime of algo-

rithm and registration quality are appropriate. As this is only a
qualitatively analysis, the 2 parameters are set to 2

�
and 5 mm

respectively.
The threshold of the feature vector distance ft in the automatic

coarse registration step is also evaluated according to the runtime
of coarse registration step and the final RMSE. Here the values of qt
and dt are as described above (2

�
and 5 mm respectively), the

experiment results of the 2 clouds are shown in Table 4. It can be
found that this parameter doesn’t influence the runtime, and the
final registration quality declines as the parameter increases due to
the error correspondence of plane clusters between clouds and CAD
models. In this experiment, 0.005, 0.01 and 0.015 are all appro-
priate, it is finally set to be 0.01.

4. Extraction of partial key points

An error nephogram based on the registration results can be
easily provided, but this type of error analysis representation,
which cannot guide site work concisely, is not of practical use.
Furthermore, it is also difficult to compare the obtained results with
data acquired by total station. Here, a method to extract partial key
points from the whole cloud is given.

The problem is described as follows: Given a query point set Q ¼
fq1q2/qng and the cloud after registration P ¼ fp1p2/png, find
the point correspondences between Q and P, where Q is a set of key
points in the CAD model and which are usually measured by total
station device. A simple idea for solving this problem is to find the
nearest points from P according to a certain closest criterion, but

this unfortunately fails since it does not consider the inner geom-
etry structure of each single point. Instead, a local descriptor named
3D shape context (3DSC) developed by (Frome et al., 2004) is
employed to accomplish this task.

3DSC divides local regions of center points into separate 3D
spheres and generates a histogram from the distribution of local
points in each bin. Radius, azimuth and elevation are partitioned.
The descriptor can then characterize the neighbor geometry of
center points. Here we set 10 radial divisions, 36 azimuth divisions
and 18 elevation divisions, and get a descriptor with length 6480.
The radius of the whole sphere is set to 500 mm.

For each qi2Q, we first search its radius neighbor points Pr2 P,
where the search radius is set to 100 mm, which indicates that we
assume the error of qi in the hull block is less than 100 mm. All
descriptors of points within the selected neighborhood are then
calculated, and the descriptor of qi can be easily obtained via the
discrete cloud of the model. Descriptors in Pr are compared with
the descriptor of qi, and the point which has the most similar
descriptor is finally extracted as the corresponding point. We
perform this process along all points in Q, and extract all the cor-
responding key points from the cloud. Thus, by computing the
distances of all tuples (qi and its corresponding point), errors of key
points are obtained.

5. Comparison with existing methods and experimental
results

In order to validate the performance of the proposed automatic
registration method, a series of experiments are performed based
on 2 realistic point clouds of hull blocks. The 2 clouds are acquired
by the FARO Focus S 70 scanner at 2 construction sites. They are a
bilge block with 8 million points (as shown in Fig. 5 (a)) and a side
block with 5 million points (as shown in Fig. 6 (a)) respectively. And
they are measured from 5 stations and 6 stations respectively. The
measurement time consumption of each block is less than 15 mi-
nutes. The stitch of all stations are based on target balls. And we
also get their design CAD models. Due to the structural form and
scanning position, there are inevitably some noise and occlusion in
the 2 clouds. Before all experiments, the 2 clouds are downsampled
to 1,318,871 points and 763,433 points respectively, and it can be
found that this doesn’t influence the final registration quality but
reduce the computation time (in Table 7).

Table 3
The evaluation results of qt and dt based on the point cloud and CADmodel of the side block. Each cell of the main part of the table stores 2 values, the upper one (unit: second)
stores the runtime of the plane extraction step, while the bottom one (unit: millimeter) represents the mean RMSE generated by the pre-specified 8 values of ft.

qt dt 0:5
�

1:0
�

1:5
�

2:0
�

2:5
�

3:0
�

3:5
�

4:0
�

4:5
�

5:0
�

1 mm 46.93 45.60 44.78 43.55 43.24 42.21 41.01 40.36 39.02 39.93
1.82 1.83 1.89 1.91 1.90 1.91 2.12 2.10 2.10 2.52

2 mm 45.88 44.25 42.34 40.90 40.26 39.37 38.94 38.56 37.44 36.16
1.91 1.91 2.11 2.08 2.10 2.53 2.52 2.62 2.65 2.63

3 mm 42.28 40.59 39.30 37.84 36.62 36.07 35.28 34.55 33.74 34.29
1.90 2.10 2.08 2.13 2.65 2.51 2.63 3.66 3.64 3.67

4 mm 40.25 38.22 36.14 35.16 34.85 32.96 33.52 32.36 31.75 30.13
2.08 2.07 2.52 2.49 2.64 2.65 2.65 3.61 3.64 5.03

5 mm 37.50 35.32 33.69 32.70 31.48 32.04 30.97 29.77 28.14 28.29
2.47 2.49 2.68 2.64 2.65 3.63 3.64 3.64 5.00 5.03

6 mm 35.41 33.80 32.11 31.89 30.76 29.19 28.08 29.87 28.13 27.01
2.47 2.49 2.63 2.65 3.64 3.64 5.01 5.05 7.60 7.57

7 mm 33.20 32.53 31.90 32.57 31.87 30.28 28.10 28.79 27.54 27.61
2.47 2.70 2.65 3.27 3.26 3.62 5.03 7.59 7.60 7.57

8 mm 32.25 32.01 31.23 31.73 31.04 30.28 29.00 28.69 28.47 27.63
2.60 2.64 2.62 3.23 3.28 5.01 5.00 7.53 7.57 7.62

9 mm 31.90 31.16 30.11 30.52 30.73 30.28 29.01 28.46 28.18 27.51
2.66 3.29 3.26 5.92 5.94 7.57 7.60 9.64 10.61 11.22

10 mm 30.27 30.40 30.39 30.36 29.55 29.73 28.57 28.75 27.21 26.05
5.96 5.90 8.61 8.65 10.62 10.61 10.27 12.93 12.95 13.43

Table 4
The evaluation results of ft. Each cell in the main part of the table stores 2 values, the
upper one (unit: second) stores the runtime of the coarse registration step, while the
bottom one (unit: millimeter) represents the RMSE.

ft
Data

0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040

Bilge block 26.50 26.47 26.79 26.86 26.70 26.78 26.65 26.31
2.73 2.71 2.73 2.85 2.87 3.47 4.52 4.70

Side block 15.23 15.15 15.55 15.63 15.79 15.10 15.97 15.05
2.63 2.62 2.65 2.93 4.03 5.57 7.61 7.22
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Based on the 2 downsampled clouds, the proposed workflow is
compared with existing methods in 2 ways: 1) As the plane
extraction method is our main technical innovation, we compare
our algorithm with the RANSAC method and the region-growing
method. 2) Since the proposed method aligns the measured cloud
and the design model automatically, it is compared with 2
commonly used commercial software packages (Geomagic Studio,
and Polyworks) which can also complete registration work auto-
matically. Then, we compare the results from Terrestrial Laser
Scanning device with the ones from total station by using the key
point extraction method introduced in section 3, and provide error
analysis which cannot be obtained by total station.

5.1. Comparison with existing methods

The proposed workflow is an automatic registration method.
Since there are many similar algorithms, to highlight the advan-
tages of our method, it must be compared with the existing
methods.

Firstly, as the main innovative part of this paper is the plane
extraction algorithm, we compare it with the RANSAC algorithm
and the region-growing method. Here, the RANSAC method in
Fr�ed�eric et al. (2012) and the region-growing algorithm in PCL li-
brary are applied, and the 2 methods are representative in the
related field. To compare all plane extraction method, they are
executed based on the 2 downsampled clouds, and according to the
plane extraction results, automatic coarse alignment and subse-
quent fine registration are performed. All methods are evaluated
according to the runtime of plane extraction step and the final
RMSE (after fine registration). In addition, because that the RANSAC
method and the region-growing method are both random algo-
rithms, each method is performed 20 times in each cloud, and the
maximum, minimum and mean values of the runtime and the final
RMSE are recorded in Table 5. Please note that the 2 random al-
gorithms (RANSAC and region-growing) may lead to error results
whose values of RMSE are very huge, in this case, the experimental
results are discarded and the algorithms are executed again.

The results in Table 5 indicate that the final registration qualities
according to the plane extraction results of the 3 methods are
similar, and when considering the algorithm speed, the proposed
method is the fastest and the region-growing method is the
slowest. This is because that the region-growing method has high
time complexity and the computational cost increases as all regions
grow. As for the RANSAC method and the proposed method, since
we replace the process of randomly selecting 3 point triple with the
process of clustering, the time consumption of error selection of 3
point triple is saved and the final time cost declines benefit from
the simple clustering method. As it is a cluster algorithm, the
proposed method is not a random process, its result is only related
to the parameters in this step.

Secondly, the proposed automatic registration workflow is
compared with 2 commonly used commercial software packages
(Geomagic Studio, and Polyworks). The comparison results are

shown in Table 6. It can be found that the values of RMSE of the 2
software packages are recorded as ‘-’ when processing the bilge
block, this is because that the 2 methods fail to provide appropriate
registration results automatically and the final RMSE are larger than
100 mm, so the 2 values are discarded. Fig. 3 shows the final
registration results of the bilge block generated by the 3methods, it
can be observed that the results of the 2 software packages are
terrible. Due to the presence of noise and occlusion (see Fig. 4), the
point cloud of the bilge block is not similar to the design CAD
model, so the former 2 methods can’t complete the automatic
registration task well, but the proposed method only concerns the
salient planes in registration step, asmost salient planes of the bilge
block are well preserved, the proposed method achieves a good
result in the experiment. As for the side block, the proposed
method is slower than Polyworks, but faster than Geomagic Studio.
And the final registration quality of the proposed method is best.

Based on the registration result of the bilge block, we can further
discuss the effects of noise and occlusion to the plane extraction
step and registration process. Despite the aforementioned inter-
ruption in realistic point cloud, the plane extraction step is only
relevant to the preservation of the measurement points belonging
to the salient planes and the registration step is only relevant to the
form of extracted salient planes. In other words, a salient plane can
be extracted if some (only require this number larger than the
salient threshold (10,000 here)) of its measurement points are well
preserved, the automatic registration canwork well if the extracted
salient planes contain at least 3 non-parallel planes. Beside the 2
points above, as the coarse alignment step concentrates on salient
planes, the proposedmethod is not sensitive to noise and occlusion.

In addition, the implementation of the proposed registration
workflows based on the 2 point clouds is shown in Figs. 5 and 6. The
planar points are first selected from the downsampled sets and the
salient planes are extracted from the planar sets (see Figs. 5 (c) and
Fig.6 (c)). Next, the salient planes in design CAD models are
extracted (see Figs. 5 (d) and Fig.6 (d)). Then, automatic coarse
registration based on the extracted planes of clouds and CAD
models and subsequent fine registration (the fine registration is
based on the original clouds) based on coarse alignment results are
accomplished (see Figs. 5(e) and Fig.6 (e)), and the final error
nephograms are shown in Figs. 5 (f) and Fig.6 (f). The final residual
nephogram reflects a comprehensive construction quality.

Finally, a small experiment is performed to prove that the
downsampling process is reasonable. The proposed method is
executed based on the downsampled point clouds and the original
point clouds, the results are shown in Table 7. It can be found that
the downsampling process doesn’t influence the final registration
quality but reduce the computation time.

5.2. Comparison with data obtained by total station

To obtain all the key points, the three axes x, y and z are first
partitioned into some bins with a constant interval of 0.5 mm and
some candidate points with special distribution in the

Table 5
The comparison results of 3 methods.

Runtime (s) RMSE (mm)

Max Min Mean Max Min Mean

Bilge block RANSAC method 83.57 72.93 76.04 2.73 2.72 2.73
Region-growing 325.14 231.20 271.42 2.72 2.72 2.72
Proposed method 56.53 55.77 56.39 2.72 2.71 2.72

Side block RANSAC method 77.15 62.07 71.72 2.64 2.63 2.63
Region-growing 251.63 148.98 213.07 2.63 2.62 2.63
Proposed method 33.48 32.90 33.17 2.66 2.64 2.64
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neighborhood of each query point (design point in CAD model) are
selected, then best key points are filtered using the method intro-
duced in section 3. The error analysis results can be produced by
simply subtracting the coordinates of the final points from the ones
of the corresponding design points. Fig. 7 depicts an instance of key
point extraction with coordinates (158980, 30000, 6800).

The error analysis results of 11 key points belonging to the
former bilge section are compared in Table 8. As listed in the second
and third columns, the two error results are similar, and we assume
that an absolute differencewithin 1mm in any coordinate direction
is acceptable due to the difference between the two measurement
approaches. It can be seen that only one coordinate in the fourth
column (absolute difference between the two methods) is larger
than 1 mm and it takes the value 1.17. Therefore the data acquired
by TLS device is reliable, and the measurement method is feasible.

Furthermore, due to the massive data in point cloud, error in-
formation that cannot be obtained by traditional methods is pro-
vided. In principle, we should provide a 3D example of this
situation, but for a better geometrical illustration, only 2D instances
in the transverse plane of a hull block are shown. Fig. 8 illustrates 3
instances which are not measured by total station. A and B are 2 T-
profiles measured by total station. Since the key points (blue

points) are located in the intersectional regions of the T-profile and
the shell plate, no more information of the T-profiles are given. The
2 structural members are both qualificatory in key points, but we
find that they are tilted along the z-axis in cloud, which will affect
subsequent construction operations. As for T-profile C, no key
points are located near it, thus its quality cannot be analyzed via the
data acquired by total station, but in cloud we find that it translates
3.37 mm in the positive direction of the y-axis.

6. Discussion

Based on the proposed registration method, the TLS devices and
point cloud technology can be utilized in shipbuilding field, which
may enable faster measurement and more comprehensive con-
struction quality analysis of hull blocks. In the foreseeable future,
the total station may be replaced by the TLS device in the mea-
surement workflow of some specific type of hull blocks in ship-
yards. And as a method faced large scale point cloud, the GPU
parallel computing technology may accelerate the execution pro-
cess, for instance, the calculation of‘Surface Variation’ and the
evaluation of 3 plane sets can be coded as GPU programs.

In addition, as the proposed method may be applied at the

Table 6
The comparison results of 3 automatic registration methods.

Runtime (s) RMSE (mm) Runtime (s) RMSE (mm)

Geomagic Studio Bilge block 1272.69 e Side block 229.44 10.14
Polyworks 216.30 e 174.38 6.06
Proposed method 242.93 2.72 188.09 2.63

Fig. 3. Final registration results of the bilge block generated by the 3 methods.

Fig. 4. Noise and occlusion in the bilge block.
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Fig. 5. Registration flow of the first hull block.
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construction site, its applicable conditions must be described. In a
word, the method is effective when both the point cloud and the
design CAD model contain at least 3 non-parallel planes. For the
blocks of raft body, the proposed method is obviously applicable,
but for some fore side blocks, after side blocks and cured blocks, the
method may fail because non-parallel faces may not exist. Fig. 9
illustrates the salient plane extraction results of four curved
blocks and one fore side block. Please note that the five point clouds

just contain the point coordinates, and the color information is
added just for clarity. The count of non-parallel plane (the parallel
planes are counted only once) and feasibility of the proposed
method are shown at the bottom right of each point cloud. It is
apparent from Fig. 9 that three curved blocks can be processed
since each of them contains at least 3 non-parallel planes, and the
proposed method is not applicable for the remaining curved block
and the fore side block. Somemanual work may be necessary when

Fig. 6. Registration flow of the second hull block.

Table 7
The results of proposed method based on the downsampled point clouds and the original point clouds.

Runtime (s) RMSE (mm) Runtime (s) RMSE (mm)

Downsampled clouds Bilge block 241.17 2.72 Side block 186.92 2.63
Original clouds 374.90 2.72 295.13 2.65
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the count of non-parallel plane is less than 3, people can select
some needed planes to enable the process. When we just concen-
trate on the automatic registration workflow, further research of
the specific method for blocks like the curved block A and the fore
side block E is needed.

7. Conclusion

This paper presents an automatic registration approach to align
measurement point clouds and CAD models of hull block. In the
coarse registration step, a clustering method and a plane based

algorithm are utilized to provide effective and accuracy results.
Then in fine alignment step, point-plane ICP is directly used to
solve the cloud-model problem. The experimental results
demonstrate that the registration process is fast and accurate
comparing to the existing methods. Furthermore, the point cloud
performs well in quality analysis of key points which are currently
measured by total station device, and can provide more quality
information than the traditional measurement methods. In addi-
tion, as has been shown in Table 1, the measurement imple-
mentation of TLS device is simpler and more effective than that of
total station. Applying TLS to control the construction quality of

Fig. 7. Key point extraction in (158980, 30000, 6800).

Table 8
Comparison of error analysis results for some key points.

Data acquired by total station(mm) Data acquired by TLS(mm) Absolute difference(mm)

(þ4 þ 3 þ4) (þ4.27 þ 3.33 þ4.24) (0.27 0.33 0.24)
(þ6 þ 2 þ3) (þ5.66 þ 1.67 þ2.99) (0.34 0.33 0.01)
(þ2 þ 1 þ0) (þ2.69 þ 0.86 þ0.45) (0.69 0.14 0.45)
(þ2 þ 2 þ1) (þ2.39 þ 1.88e0.17) (0.39 0.12 1.17)
(þ3 þ 5 þ0) (þ2.84 þ 4.93 þ0.59) (0.16 0.07 0.59)
(þ3 þ 7e3) (þ2.44 þ 7.15e2.38) (0.56 0.15 0.62)
(þ6 þ 3 þ3) (þ5.48 þ 3.21 þ2.36) (0.52 0.21 0.64)
(-6-4 -6) (-6.39e4.30 -6.30) (0.39 0.30 0.30)
(-7 -4 -3) (-6.22e3.59 -3.85) (0.78 0.41 0.85)
(-7 þ1e5) (-6.88 þ 0.23e4.42) (0.12 0.77 0.58)
(-7-2 -5) (-6.55e1.44 -5.39) (0.45 0.56 0.39)

Fig. 8. Three instances which are not measured by total station. Cloud is represented by red points and design model is represented by black lines. Blue points represent the key
points measured by total station device.
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hull blocks is reliable and feasible.
Finally, as the proposed approach can only complete automatic

registration task when the measurement point cloud contains at
least 3 non-parallel planes, although this method is theoretically
applicable to most hull blocks, other methods are being studied for
boarder automatic registration tasks.
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