Journal of Computational Design and Engineering Vol. 1, No. 3 (2014) 202~212

www.jede.org

Efficient point cloud data processing in shipbuilding:
Reformative component extraction method and registration method

Jingyu Sun"”, Kazuo Hiekata', Hiroyuki Yamato', Norito Nakagaki® and Akiyoshi Sugawara®

! Graduate School of Frontier Sciences, University of Tokyo, Environmental Building, 5-1-5 Kashiwano-ha, Kashiwa, Chiba 277-8563, Japan
2 Sumitomo Heavy Industries Marine & Engineering Co., Ltd, 19, Natsushimacho, Yokosuka-shi, Kanagawa, 237-0061, Japan

(Manuscript Received February 27, 2014; Revised May 9, 2014; Accepted May 12, 2014)

Abstract

To survive in the current shipbuilding industry, it is of vital importance for shipyards to have the ship components’ accuracy evaluated
efficiently during most of the manufacturing steps. Evaluating components’ accuracy by comparing each component’s point cloud data
scanned by laser scanners and the ship’s design data formatted in CAD cannot be processed efficiently when (1) extract components from
point cloud data include irregular obstacles endogenously, or when (2) registration of the two data sets have no clear direction setting.
This paper presents reformative point cloud data processing methods to solve these problems. K-d tree construction of the point cloud
data fastens a neighbor searching of each point. Region growing method performed on the neighbor points of the seed point extracts the
continuous part of the component, while curved surface fitting and B-spline curved line fitting at the edge of the continuous part recog-
nize the neighbor domains of the same component divided by obstacles’ shadows. The ICP (Iterative Closest Point) algorithm conducts a
registration of the two sets of data after the proper registration’s direction is decided by principal component analysis. By experiments
conducted at the shipyard, 200 curved shell plates are extracted from the scanned point cloud data, and registrations are conducted be-
tween them and the designed CAD data using the proposed methods for an accuracy evaluation. Results show that the methods proposed
in this paper support the accuracy evaluation targeted point cloud data processing efficiently in practice.
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1. Introduction (Step 4) Find the displacement errors by comparing the po-
sition of the two data and visualize them as the accuracy
evaluation result.

Two vital problems exist here.

(a) In Step 2, the part of the component cannot be extract-
ed efficiently due to irregular obstacles endogenous to
manufacturing workshops and their shadows divide
the component’s measured point cloud data into sev-
eral separated domains. Manual extraction and inte-
gration of these separated domains waste a lot of time
and is a barrier for practical application. The well-
known methods for calculating smooth surfaces from
noisy point cloud such as moving least squares (MLS)
projection [4] has the same problem that the whole
component cannot be extracted at one time when the
component is separated by the obstacles’ shadows.

(b) In Step 3, an ICP (Iterative Closest Point) algorithm is
used to conduct a registration between the measured

*Corre'sponding author.'Tel.: +81—47—13'»6—4626, Fax.: +81-47-136-4626 point cloud data and the design data. Due to the fea-

@Es'xlel;ld;?;;/ucr?ﬁ gﬁz;;;};z‘z%ichno—ﬁess tures of the ICP algorithm, without a clear registration
direction presetting, the registration of the two data

While efficiently evaluating the accuracy of the ship com-
ponent has been considered important for many years as a
necessary part of planning and control of production in ship-
building, using point cloud data scanned by noncontact 3D
laser scanner has only recently been taken into consideration
[1]. As an application of laser scanners to shipbuilding, an
accuracy evaluation system for ship components was devel-
oped at the University of Tokyo [2, 3]. The procedure is as
follows:

(Step 1) Obtain the point cloud data by scanning the compo-
nent using the noncontact 3D laser scanner.

(Step 2) Extract the part of the component from the point
cloud data using basic region growing method.

(Step 3) Conduct a registration of the component’s measured
point cloud data and the design data using ICP algorithm
directly.
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Figure 2. Region growing method.

sets could go in the wrong direction and lead to im-
proper registration results.

As a result, existing point cloud processing methods (the
basic region growing method and ICP registration method)
can rarely satisfy the accuracy evaluation target in shipbuild-
ing without significant improvements and appropriate com-
bination.

This paper presents a reformative component extraction
method solving problem (a) and a reformative component
registration method solving problem (b) for the component’s
accuracy evaluation in shipbuilding. First, k-d tree construc-
tion is performed on the scanned point cloud data to fasten
the neighbor searching of each point. To extract the continu-
ous domain of the component from the point cloud data, a
region growing method is performed on every neighbor point
of the seed point. Then the neighbor domain, which is sepa-
rated by obstacles’ shadows from the extracted domain, is
recognized by conducting curved surface fitting and B-spline
curved line fitting at each edge point of the extracted domain.
The whole component can be extracted by repeating the
above steps. Before registering the extracted point cloud data

of the component and the designed data, proper registration
direction is decided by performing registration direction
analysis on the two kinds of data. And then, ICP is applied
for the following registration.

2. Component extraction

In shipbuilding, depending on the conditions in the factory,
the laser scanner measured results of components (see Figure
1 left) cannot satisfy the accuracy evaluation requirement due
to the following factors:

(1) The measured point cloud data always includes a lot
of needless noise, such as the floor, the workers and
some wooden templates which are necessary tem-
plates for the manufacturing.

(2) The measured point cloud data are usually divided in-
to multiple separated domains by these obstacles’
shadows. Manual extraction and integration of these
separated domains wastes a lot of time.

A. The measured point cloud data always has a
large amount of points which slow down the
extraction process dramatically under the
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Figure 3. Weighted plane fitting using principal component analysis.

preferred time limit of several minutes.

As a crucial pre-process, all of the noise should be re-
moved and the separated domains belonging to the same
component should be extracted efficiently as shown in Figure
1. In this paper, the component extraction consists of two
main processes: the continuous domain extraction which
extracts the small separated domains from one single seed
point and the separated domain recognition which decide if
an extracted domain is from the same component as the other
ones.

2.1 Continuous domain extraction

This paper makes some improvements in the continuous
domain extraction method (basic region growing method)
proposed in the prior work to make the extraction more effec-
tive and high speed.

2.1.1 Proposed methods in the prior work -— Region grow-
ing method and k-d tree construction

The proposed component extraction method is based on a
basic point cloud processing method called region growing
method [5] proposed in the prior work which repeats the
process of calculating the normal vector at each neighbor
point of the seed point, extracting the neighbor point which
has a similar normal vector as the seed point and setting the
extracted neighbor point as the next seed point. Figure 2
shows the main flow of the region growing method. The
growing process ends when the normal vectors have relative-
ly dramatic changes.

To make the neighbor search more efficient here, a space-
partitioning data structure, k-d tree [6], is constructed using
the scanned point cloud data for organizing points in a k-
dimensional space recursively.

2.1.2 Normal vector calculation considering point cloud’s
density

When the point cloud’s density varies dramatically, to cal-
culate the normal vector of a seed point using its neighbor
points, plane fitting method using all the neighbors equally
may cause unrepresented results. As shown in Figure 3, to

determine whether P, belongs to the same region as
P; (i = 1,2,3), normal vector calculation is performed on it.
Since the density at P; (i = 5,6,7) is lower than that at
P; (i = 1,2,3), the normal vector of no weighted plane will
be outputted as in Figure 3. Obviously, it cannot represent the
normal vector at P4, and is dramatically differed from the
normal vector at P,. Therefore, the growing is terminated
without P, being included while P, actually belongs to
the same region as P; (i = 1,2,3).

Thus, to calculate the normal vector at each neighbor point
and the seed point, weighted plane fitting [7] is conducted in
this paper. The center of gravity of the point cloud G is calcu-
lated by Eq. (1), and then the variance-covariance matrix V'
can be obtained using Eq. (2). The minimum eigenvector » is
calculated as the normal vector of this point using V. d is the
distance between each point and the point being calculated
and / is the average interval of the point cloud points. Since
the weight m; is calculated for each point so as points closer
to the point being calculated have greater influence when the
plane is fitted, the normal vector of weighted plane can be
outputted as shown in Figure 3. With an acceptable minor
difference from the normal vector at P,, P, can be consid-
ered as belonging in the domain as P; (i = 1,2,3).
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2.1.3 Points selection for plane fitting and growing entry
candidate

To avoid improper growing into points that are too far
from the seed such as the floor near the component, points
which are used to do the plane fitting have to be seriously
selected under certain constraints. The distance d between the
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Figure 5. Region growing entry point selection.

point being evaluated and the extracted points is checked to
decide if this point should be considered to be part of the
domain. In this paper, two planes are fitted for the normal
vector calculation and the distance d’s calculation respective-
ly as shown in Figure 4. The point P; is the point being
evaluated. Since planel is used to calculate the normal vector
of the point P;, it is fitted using all the neighbor points R4
with no concern about whether they are already recognized as
part of the domain or not. Normal vector comparison can
only evaluate the direction trend here at P;. The distance d
should also be considered to avoid growing to an area not
part of the domain but only has a slight difference in normal
vector comparison result. Plane2, which is used to evaluate
the distance d, is calculated using only the points R, which
are already recognized as part of the domain.

To save the computing time, only the points which are rel-
atively outside of the neighbors are considered to be the next
growing entry candidates. Thus, as shown in Figure 5, the
weighted gravity point G is calculated using Eq. (1) in Sec-
tion 2.1.2, and the distance d; is computed for every point
P; of the neighbors. Only when

n
d;, > bthresh x de /n
1

is the point P; considered to be the next growing entry. The
bthresh is a thresh value between 0 and 1. In this paper,
bthresh is set to 0.74.

2.2 Separated domain recognition

Since the method discussed above can only extract contin-
uous domain, to extract the whole component, which has
been irregularly divided by obstacles’ shadows like the
curved shell plate in Figure 6 (left) or some component with
more than one curved surface as in the block’s bottom panel
in Figure 6 (right), workers have to choose a seed point for
every separated domain and execute region growing method
on every domain one by one. This paper proposes separated
domain recognition method to save this inefficient step.

2.2.1 Separated domain’s recognition and extraction from
single seeds

Figure 6. Curved shell plate (left) and block’s panel (right).
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Figure 7. Component extraction flow (single seed).

The common domain judgment is conducted here to de-
cide if any neighbor domain is of the same component as the
continuous domain extracted firstly using plain region grow-
ing method illustrated above.

Figure 7 shows the flow of this common domain judgment
process. First, one single seed Pge.q on the component is
selected randomly, and then the continuous domain is com-
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puted by a region growing method illustrated above. The
second step, highlighted in gray, has the same processing as
the process discussed in Section 2.1. Neighbor points
R cighborsare calculated for every point of the extracted con-
tinuous domain’s boundary Ppoyndary- Then the neighbor
points Ryeighpors are obtained for point D} in Ryeighpors-
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Figure 8. Common domain judgment.
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judgment, which will be introduced later, is performed to
decide whether N; can be chosen as a seed point of another
domain of this component. Also, this process is recursively
repeated until all the points of the component are extracted
successfully.

Figure 8 illustrates how common domain judgment works.
Domain A is first recognized by the method in Section 2.1.
For every edge point of domain A, 4th curved surface fitting
and B-spline curve fitting [8], which is widely used in de-
signing free-form surface of ships, are performed to decide if
the degree of judgment Yj" of pqint Dl"- is true (1) or false
(0). Only when the sum of all Y} is greater than the thresh-
old, is the point N; selected as a seed point to start another
domain’s (domain B) growing process.

; N2
Yhoalze = Tioo(Big cijoixiyi™)] =0,

Py = (x;,yi,2)" (3)
m-n-2
S(t) = z P; bi,n(t)' t€E [tn' tm—n—l] (4)
i=0
bj,O =1 lf tj <t< tj+1

wherej =0,..,m—2

bj,O =0 lft> tj+1 or t<t]
where j=0,..,m—2

t-t; t; -t
] j+n+1
bj,n(t) = bj,n—l(t) + bj+1,n—1(t)
tign - t; t; -t
j+n J j+n+1 j+1

projection

N : not edge point

where j=0,..,m—-n-—2 5)
In this process, Eq. (3) is used to fit the curved surface
around the edge point of the extracted domain A. Dl"- is
checked to see whether it belongs to the curved surface
Sfittea O NOL.

If only Dj passes the curved surface check, the B-spline
curved line check is conducted using Egs. (4) and (5). Here
P; is the control point. The n times B-spline curve of one
segment is expressed as Eq. (4). b;,, is the basis function of
B-spline curve. ¢ are m real numbers which are called knots
here.

As shown in Figure 9 four points (Dl’: > Peages Pm1> Pm2)
are taken as the control points of the B-spline line. P tend1
and Pyenaz are two points on the extension line of
|D;: Pggel, and Py Py, are their nearest points in domain
A. After B-spline curve Cpeq is calculated out, the nearest
points in domain B are obtained for the points of C;req. The
group of these nearest points is Cpegsurea- Only if the aver-
age of every pair’s distance between Cgirreq aNd Creasured
is smaller than the threshold, can the degree of judgment }j-i
of Dj be set to true.

2.2.2 Edge extraction

If the entire neighbor points in Ryeignpors (shown in Fig-
ure 7) are considered as the next entry of growing, needless
calculation of the points which have already been recognized
as domain points will cost a lot of time. Thus only the points
at the edge of Ryeignpors are used to do the following calcu-
lation.

To extract the edge in this process, as shown in Figure 10,

N: edge point

Figure 10. Edge detection.
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Figure 11. Component registration flow.

a plane is fitted using the principal component analysis. The
points used to do plane fitting is the neighbor points of seed
point N searched by k-NN method. Then the neighbor points
are projected to the plane. If not all of the four quadrants have
neighbor points as shown in the right image of Figure 10, the
point NV is considered as the edge [9].

3. Component registration

In shipbuilding, components’ design data is often ex-
pressed in SAT format, a standard file format of ACIS. In
SAT files, surfaces and curves are expressed as NURBS
(Non-Uniform Rational B-Spline). To evaluate the accuracy
of the component or to provide any farther manufacturing
advice, as an important pre-process, a registration between
the design data and the extracted component’s point cloud
data should be conducted efficiently. As shown in Figure 11,
this paper proposes an efficient registration method involving
parallel transformations using the center of gravity of the two
data sets, the pre-setting of the registration direction and the
traditional ICP registration, an algorithm employed to mini-
mize the difference between two clouds of points.

3.1 Parallel transformation using centre of gravity

To register the measured point cloud to the designed data,
a parallel transformation using the center of gravity of both
data sets is conducted using the equation below. Here the P
represents the point from the measured data. G4 and G,,
are the centers of gravity of the designed data and measured
data respectively.

P'=P+(Gy;—G,) (6)

3.2 Registration Using ICP Algorithm

After a parallel transformation using the center of gravity,
a basic ICP algorithm is conducted for the registration of the
point cloud and the design data. The design curved surface
S(tu,v) = (x(u, v),y(u,v), z(u, v)) is a rational equation

Sulww)

Figure 12. Flow chart of the method A.

using the B-Spline basis functions which represent the ho-
mogeneous coordinate system projection results of the non-
constant spacing knots [10].

r(u,v) =Su,v)—P @)
r(u,v)-Sy(w,v) =0 (8)
r(u,v)-S,(u,v) =0 9

As defined in Eq. (7), the projection vector can be obtained
by subtracting the measured point P’s position vector from
the design curve surface S(u,v). Therefore, r(u,v) satis-
fies the Egs. (8)and (9). Here, the S,(u,v) and S, (u,v)
are the u-direction’s and the v-direction’s partial derivatives
of the designed curved surface respectively. Projection vector
r(u,v) as shown in Figure 12 can be calculated by solving
these three equations. Here @ is the projection point.

Next, the coordinate transformation of the measured point
cloud using the motion vector # and the rotation matrix R is
conducted to reduce the displacement of the design curved
surface and the measured point cloud [11, 12]. P’ in Eq. (10)
is the transformed measured point. To estimate R and ¢, the
displacement E(R,t) expressed in Eq. (11) is minimized
[13]. This process is repeated until E(R,t) is smaller than
the threshold [14].

Figure 13. Inverted registration result.
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P'=RP +t (10) 4. Experimental results
n In this section a set of experiments are conducted in the
shipyard to evaluate the performance of the point cloud pro-
ER,0) = ) 110, — RP, — t] (11) by p P e P
; cessing methods proposed above. All examples in this paper
i=1

3.3 Registration direction pre-setting

In practice, as shown in Figure 13, the registration method
discussed in Section 3.2 stands a good chance of getting an
obviously wrong output if the registration is started from an
improper direction.

To solve this problem, before ICP algorithm is conducted,
After three directions of the inertia principal axes are calcu-
lated to find the proper registration start direction with the
minimum displacement. Firstly, the inertia tensor I is calcu-
lated using Eq. (12). The three eigenvectors of I are the iner-
tia principal axes as shown in Figure 14.

As expressed in Eq. (13), the measured point cloud P is
registered to the design data according to multiple ways. The
registration direction with the minimum displacement is cho-
sen to be the original direction to conduct the ICP algorithm.
Here R; and R,, are the eigenvectors’ set of the design
data’s and the measured data’s inertia tensor I respectively.

P'=R;” xR,, XP
R, = (edltedz,edS)' R, = (aeml,bemz’cemS)

a={1,-1}b={1,-1},c = {1,-1} (13)

€d1

€as

€dz

are the result of implementing the proposed algorithm em-
bedded in a 3D point cloud system developed in C# provided
by UNICUS Co., Ltd.. The user can explicitly change the
parameters discussed above to adjust the balance between the
processing accuracy and the efficiency. All of the point cloud
data are measured by a FARO Focus 3D laser scanner [15].

4.1 Component extraction results

About 200 curved shell plates are measured, extracted and
evaluated after plastically deformed. Three examples about
component extraction are given below. The Comparison
between the prior method and new presented method is
summarized in Table 1.

Example (a). As shown in Figure 15(a), a curved shell
plate is measured with a few obstacles, such as the banner’s
code and the worker. It has about 1.68 million points. The
algorithm discussed in Section 2.1 is used to deal with this
kind of case in which the component is not divided by the
obstacles’ shadow. As the extraction result shows in the fig-
ure, the proposed advanced region growing algorithm is
proven to be capable in overcoming these obstacles. The time
used for extraction in this case is about 64 seconds.

Example (b). As shown in Figure 15(b), another curved
shell plate is measured with some wooden templates on it. It
has about 1.34 million points, and is divided into multiple
domains due to the shadows of the wooden templates. In this

/_emz

€m1

“€m3 / €m3

y

€mz2 /

—€mi

Figure 14. Inertia principal axes.
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Table 1. Comparison between the single region growing method (b) and newly presented methods (a) and (b).

Component divided into Manually/Automatically Execution time
(a) 1 Automatically 64s
(b) 7 Manually 120s
(c) 7 Automatically 53s

(a)

XA \\ e XM
Yooazrn . Y Yo aazre
1+.4m1? N \ 2=.am1?

Figure 15. Curved shell plate extraction results: (a) extraction using algorithm in 2.1, (b) extraction using algorithm of
prior work in Section 2.1.1, (c) extraction using algorithm in Section 2.2.

example, the manual extraction method of the prior work
introduced in Section 2.1.1 is used to extract the multiple
domains of the component. One growing seed point with 3D
coordinates shown in the square box in the figure is selected
manually for every domain. As the extraction results shown
in the figure, the manual separated domain extraction method
with multiple seeds is evaluated in this case. The time (man-
ual integration operation included) used for extraction in this
case is over 120 seconds.

Example (c). As shown in Figure 15(c), the same curved

shell plate as example (b) is extracted using the algorithm
proposed in Section 2.2. Only one single point is selected
previously, then according to the curved surface fitting and
the B-Spline line fitting (shown as white lines in the figure),
the multiple domains are recognized automatically. The time
used for extraction in this case is only about 53 seconds.

Not only can curved shell plates be extracted from the
measured point cloud using the proposed algorithm, other
components, such as the panel or the block’s lateral surface
can use this method. Figure 16 shows the extraction results of

Figure 16. Panel extraction result.

Table 2. Comparison between basic methods used in prior work (a) and (b) and newly presented method (c).

Registration result

Execution time

(a) Failed 4s
(b) Failed 43s
(c) Succeeded 30s
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Figure 17. Curved shell plate registration results: (1) measured point cloud and design data, (a) registration using grav-
ity center, (b) registration without direction presetting, (c) registration with direction presetting.

a panel component using the algorithm in Section 2.2.
4.2 Component registration results

A curved shell plate’s registration example is given below
to illustrate how the proposed component registration method
works. As shown in Figure 17(1), the measured point cloud
of the curved shell plate and the design data are displayed on
the computer. It can be seen that originally they have totally
different positions and need to be registered. The execution
time is summarized in Table 2.

Result (a). Parallel transformation using only the 3D coor-
dinate of the center of gravity according to the method dis-
cussed in Section 3.1.1 is performed at first. Figure 17(a)
shows the transformation result of this step.

Result (b). Figure 17(b) shows the result of conducting the
ICP algorithm directly from the position in result (a) without
direction pre-setting. It turns out that the registration went in
an inverse direction. Obviously, result (b) cannot satisfy the
following component evaluation processing due to the large
displacement.

Result (c). Multiple ways of registration direction are test-
ed before the ICP algorithm is performed. The registration
direction with the least displacement is chosen to do the di-
rection pre-setting for the ICP algorithm. As shown in Figure
17(c), with registration direction test and presetting, the regis-
tration result goes exactly the right way, and turns out to be
capable for the following processing.

5. Conclusions

This paper presented a set of efficient point cloud pro-
cessing methods in shipbuilding including the reformative
component extraction method and the component registration
method. These methods solved two common problems which
arose when using the existing methods including basic region
growing method and ICP method directly in point cloud pro-
cessing at shipyard, and are proved to be efficient according
to experiments conducted in shipyard. With efficient point
cloud processing using the reformative component extraction
method and registration method presented in this paper, the
component accuracy evaluating approach of comparing each
component’s point cloud data scanned by laser scanners and
the ship’s design data formatted in CAD became possible and
practical.

In the future, more experiments will be conducted on the
other kinds of ship components; according to the actual need
and each method’s availability, the presented reformative
methods may have different designs. The parameters of each
method discussed in this paper will also be optimized to the
different components.
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