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ABSTRACT

Recently, many applications require 3D informatimhan object (i.e. point cloud) such as 3D image
scanning, 3D surface reconstruction and etc. Howeweny researches on point cloud registration face
many challenges especially for increasing the aaguiof point cloud matching. This research employs
surface curvature features in discrete surfacesurface curvature feature is a pointer of ridges #re
invariant to rigid body transformations. In thispea, a new algorithm of point cloud registratfon non
deformable object is proposed. This algorithm ermyplsurface curvature features estimated by ditkin
nearest neighbor of local point to hyperbolic patald equation.

The proposed algorithm is implemented with ItexatClosest Point (ICP) technique and quantitatively
evaluated and compared with common techniques @nt pcloud registration. Experimental results
demonstrate that the proposed technique approxyn@s8s faster and 23% more accurate than iterative
closest point with angular invariant feature (ICH=Aregistration techniques. These results areiddaby
testing the proposed frame work with noise, diff¢q@gose of point cloud and overlapped area.

Keywords. Registration, Point Cloud, Surface Curvature Featur

1. INTRODUCTION registration of point clouds can be defined as the
process of estimating the rigid transformation that
Recently, 3D computer models of real worldplaces point clouds in to a common coordinate
objects have been widely used for virtual realityystem[2].
applications such as business (real estate, To register point cloud it is started by data
architecture), education (electronic museumgnatching method to establishing correspondences
multimedia books) and entertainment (3Dbetween two point clouds followed by
interactive games, movie)[10]. It is also totransformation estimation[11].  Iterative closest
construct a virtual environment of a realpoint algorithm (ICP)[4] is a common algorithm
environment for Industrial Robotics and inversgegistration that widely used by researchers. ICP
engineeringdurposel 9]. and its invariant [5][3][6][15] is based on metric
To build a 3D model required the coordinates oflistance techniques to find the closest point to
the object surface is collected from a 3D acquisiti establish correspondence. This techniques can lead
equipment such as a 3D scanner[14] or by usin‘@e registration algorithm converge to a local
multiview 3D image reconstruction technique [13]Minima because the closest points is not exactly
Due to its high density, the data point is ofterfepresent compatible point on the original surface.
referred to as point cloud. A point cloud of agin Some researches using features such as
view can not accommodate the entire shape of t#@lor[10], curvature[9], spin image[17] that have
object due to self occlusion and the limitatiorttuf ~ €xtracted from a set of point interest previously
field of view of the 3D scanner[12]. To build theselected in both point cloud to find the compatible
entire object required some data points capturgdPints. Two points are compatible if the value of
from multiple viewpoints to obtain the entire the associated features lies below a threshold.
surface [10]. Furthermore, point cloud is This paper proposes a novel registration
registered to obtain a complete 3D model. Thalgorithm for non-deformable object based on
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surface curvature  matching to find the closes A
point. Non-deformable object is a special casa of n

system of particles where in the distances betwe¢
all particles remains unchanged.

In the proposed algorithm, the surface curvatur
is represented by surface curvature feature
extracted from a local surface. To find the closes
compatible point, we match the points by finding
the nearest surface curvature feature in one poi
cloud to another point cloud.

2. POINT CLOUD REGISTRATION AND
SURFACE CURVATURE FEATURE Fig 1. The view ofcurvature directio
z
2..1. Point Cloud Registration A
Multiple point clouds that obtained from 3D tangen plane
range acquisition equipment are in the locs
coordinate system with respect to the range finde
The purpose of point clouds registration is to finc
the relative position and orientation one poinudo
to another point cloud.
Given two point setP = {p,,..,py} and
Y = {3,..,¥y} where N the number point. Ip;
is theith data point of the whole data point et
and y; denote théth data point of the whole data
of point setY which {p;, y;} is pair point matching.
Point cloud registration Eroblem is to find rigid Fig 2. The Relation Between Angle And Z Coordinate
transformation parametefg, t] with R is rotation Of Closest Curve C, With Which Surface Curvature

Y

closed curve ¢

matrix andt is translation vector which minimize a Feature Can Be Constructed.
cost function in the least square distance metric
following: The associated vector of the principal curvature

is called as principal direction& (and ). Fig.1
W ~ shows the Principal directions and normal vector at
rglfnZH(R-fJ. +£) -y (1) a point on surface S construct a local
Tois coordinate at points [18].

2.2. Surface Curvature

On a Non-Deformable-object, surface curvaturé-3- Surface Curvature Feature Definition
is an important feature because of its invariance SupposeSis a local surface which centered at
with respect to the rigid transformation[1]. Sugiac pointp and the normal vector of surfaSgointing
curvature is defined as the curvature of a curve do positive Z axis. If g is located at origin andj
the surface passing through a point. The maximuis a point that lie on the local surfa& Fig.2
curvature k;) and the minimum curvaturek,] of shows, in cylindrical coordinates systef is
the curve is referred as the principal curvature.  represented as graph function= f(r,8) whichr
is the radius of the point to the central point atd
is the angle between the reference direction on the
chosen plane and the line from the origin to the
projection ofg on the plane. If is set toa , it
will be obtained a closed cureeon local surface
S whithin a. Sampling those coordinate of the
closed curve at =6;, 6,,.., § one lap will obtain
the relation between the angle and ztmwordinates
of the closed curve on local surfagat radiusa.
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This relationship is defined as the surfaceminimum curvature of the local surfa&are 1,
curvature feature of the poipt which denoted by and A, respectively. The eigenvector of matrix

SCF(P) = (21, 23,..,2). hessian H are the principal direction of local acef
S(u, V).
3. REGISTRATION POINT CLOUD USING 3.3. Point Cloud Matching Using Surface
SURFACE CURVATURE FEATURE. Curvature Feature.
St guer;?r::eeti\lorrPgl I:rﬁier:aglj)gh as normal vector Given two point set? = By, pz,.., v} and
Y prop B’ = (pL,B).., B} If B; is theith of the whole

and principal direction have an important role

within the proposed frame work. This geometr)}jata point sef am_j p; is thejth data pomt_o)f the
property is used to construct local coordinat/hole data point setP. Let SCF(p) =
system in the whole point in every pointcloud.  (Zi1, Zi2, -+ Zy) and SCF (B}) = (21, 2j5,--, 2j;.) are
This section describes the estimation of normalurface curvature feature related to the pgjand
vectors for each point. Our work adopt Thirmepoint 7; respectively. The point matching strategy
et al [16] for finding normal vector of a point. is finding the closest point with respect of the
The Normal vector at a poim; is estimated by surface curvature feature distance. The surface

calculating the angle-weighted average of theyrvature distance o§CF(3;) to SCF(ﬁ}) is :

normal vector of the triangle arranged by the point <
p; and its neighbors. d(SCF(P,), SCF(P))) =,/ D. (2 = Zj)? @)
If Q; ={Gi1,Gizs-.qix}» i EP,G;; #D; IS K K

neighboring points are connected directly to the S :
point p, the surface normal vector is Correspondencp;, p(;)} between two point sefs
‘ I . andP’ is computed based aifi).
Lo (|qij - pi|x|qij+1 Y |)
N = 2T oo - (3) N
=l = B[~ B o) = argmin [ 3 d(SCF(R).SCRE) | (g
j[{l..N'} i=1 ) ( )

where w; is the weight which is the angle two
successive tangent vectors.

o H(_jij -B ‘ X‘qij a~h H (4)

e ‘qij - Hqijﬂ_ f’i‘

3.4. Rigid transfor mation estimation

Rigid transformation of two point sefsp }t,
and{ P} 1%, is estimating by calculated the matrix

rotation R and the vector translatiof that
3.2. Principal Curvature and Principal Direction

L . =1N
Edtimation, minimize the distance error betweepp },Z, and

o o o {ﬁé(i)}ihll as follow:
The principal curvature and principal direction
is calculated by decomposition of eigenvalue and

eigenvector of hessian matrix of the local surface - Np o,

of point pi [7]. This local surface is estimated by (R:')=argmin El“RPi +t- pc(i))H 9)
fitting of k nearest neighborhood gf to hyperbolic Rt

paraboloid function :

z= f(xy)=2x*+2y*+cxy+dx+ey+g  (5)  \where areas, we solved the rotation maRiand

the translation vectorf using Singular Value

The hessian matrix of (5) is Decomposition (SVD) as described in [8].

H=|® © (6)
c b 3.5. Proposed Registration Algorithm.

If 2, and 2, are the eigenvalue of matrix hesstn In this paper, we propose 3D registration using
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algorithm is based on standard iterative close$p,,, by} which is have distance less than the

point (ICP) algorithm proposed by Besl[4] butthresholdty and surface curvature feature distance

unlike the standard ICP, our algorithm registratiogector less than threshotd to remove false pair
using surface curvature feature to find thenatching.

coordinate closest compatible point.
Given two set of point cloud P= Step 6: Calculate the root mean square error as the
{Br, P2 ... By} andP’ = {1, p},.., By} which N cost function
andN’ are the number of point in point sel8 and Ne - = ,
P'respectively.  Registration  techniques is X = Z"(R(mﬂ) Pineni * Lmey) = Plevay
initialized by setting rotation matriR, to unit =
i3 € R33, translation vectorf, to (0,0,0)
iteration indexm to 0 and P =P. The registration

algorithm using surface curvature feature can kb

|2

(11)

If € less than thresholdt then terminated the
iteration else repeat step 4.

stated as follows: //,'
47/ INN
. %T%\;A\%"‘ VA\/@“ N
Stepl: Construct local coordinate system of eact A, /@%ﬁfi‘l‘v J
point. The local coordinate system of each point i u’r’“‘“é‘”“‘" i
\\

constructed from the normal vector and the
principal direction of each point. The estimatifn
normal vector and principal direction in a point is
described on sub section 3.1 and sub section 3.2.

Step 2: Construct surface curvature feature vectot
for each point Based on the local coordinate
system that has calculated in Step 1, the surfa
curvature of poinp; andp; is calculated by finding
the z coordinate of the point on local surface of
point p; and p; within radiusr from z axis and
angles 6, 6., 4 from reference axix. The
surface curvature feature vector of poir; and
point pjare SCF(p;) = (21, Ziz,..,2Zy) and
SCF(B}) = (21,2}, .., 2j,) respectively.

Fig. 3.Point cloud models of test object :
Step 3: Find pair matching point between two sets (a) wave, (b) bunr
P and P! The pair matching poirp i, By ()} IS
calculated by finding the closest distance between

two surfaces curvature featurCF(p,,;) and 4 EXPERIMETSAND RESULT
SCF(,,;) as described in sub section 3. 3.

. . . In this section, we evaluate the performance of
Step 4 Es_t|mated _rotatlonal and_ translatlonal proposed registration algorithm We is test the
trans_formanon_ matrix for (m+1) iteratian The proposed algorithm on two objects wave and
rotational matrixRm.) and transformation vector y,;nny ohject. The wave objects is a pair synthetic
tan+1)iS estimated by minimizing the distance errokrfaces that are consisting 10000 vertex obtained
between(p,,;}¥., and {ﬁ;nc(i)}f"_ as described in from non-uniform sampling of SD sinusoidal
sub section 3.4 =1 surface. Overlap area, pose, and noises of the wav
objects can be adjusted to test the proposed
algorithm performance in different setting.
The bunny object is obtained from data
1(10) repository of Stanford University that is consigtin
five different views. The amount of points of each
view is shown in table 1 while each view pose is
shown on Fig.4.

Step 5: Apply the registration of each point i,

Bim+1)i = Rans1yPan+1yitimeni

Step 6: Update correspondenceCorrespondence
{Bam+1)i Pim+1)e(py} 1S Updated by selecting the pair
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We called our algorithm registration as iterative =~ 20 o
closest point using surface curvature feature (ICP- = —— |CP-AIF
£ ] -6 -ICP-SCF
Table 1. The Number Of Point Each View Of Bunny Tg 3& |

Object 5

Amount of Pose IS

point (degree) ®

View-1 40256 0 g

View-2 40097 45 o

View-3 30379 90 g

View-4 31701 270 o
View-5 35336 315

Iteration
@
20
——ICP
—E—ICP-AIF

- ¢ -ICP-SCF

Rms registration error (mm)

(b)
20 ; :
—+—ICP

Rms registration error (mm)

KEHOAAHKAARAK XORXRRR
10 20 30 40 50
Iteration
(©)
Fig 5. RmsRegistration Error (Ground Truth) Of Wa
Object Vs Iteration (Count/Number) With Different
. . Amounts Of Noise : (A) 2%,(B) 7% And (C) 10%
SCF). We compare our algorithm with Noise.

original Iterative Closest Point Algorithm (ICP)[4]
and ICP with angular invariant feature algorithm . : :
(ICP-AIF)[9]. We know the real conjugate points4'1' (R)oggs:ttratmn Algorithm Test For Wave
between point clouds. Therefore, we measure RMS J

distance error between two ground truth point sets. . _
All registration result is plotted as graphic RMSW? perform three different tests to the wave object
registration error (ground truth) as a function of'CiS€, overlapped areas, and pose test.

iteration number. The tests are performed on
computer with a processor "Intel" Core (TM) 2 Duo
CPU, frequency 2 GHz and a memory of 2 GB.

Fig.4. Pose of each view of the bunny object fa) 0
(b)45°, (c)90°, (d) 27C¢°, and (e) 318

a
4.1.1 Noise test.

In the noise test, we set the overlap area of cesfa
fix 90% and the pose is set by rotating one of the

e ——
510



Journal of Theoretical and Applied Information Technology

31% May 2013. Vol. 51 No.3 B
© 2005 - 2013 JATIT & LLS. All rights reserved- T
ISSN: 1992-8645 www.jatit.org E-I1SSI¥17-3195
surface 5 degree to x-axis and y-axigle 6 By
perform three tests by adding 2%, 7%, and 10% ol —&— ICP-AIF ||
noise on each test to both surfadéhe registration ~© -ICP-SCF

results are plotted in Fig. 3, RMS registratisrnaa
function of iteration number. Fig. 5 shows that
proposed algorithm  convergent at 5, 10 and 13
iteration in 2%, 7% and 10% noise testing with 2
mm rms registration error however ICP algorithm
convergent at 30 iteration  with rms error

registration 3 mm in all noise testing. The resilt
ICP-AIF registration shows that ICP-AIF

30

——ICP
T —&—ICP-AIF ||
£ - ¢ -ICP-SCF
et
g 20
[}
c
9 15
g f
? 10
q
<
[)]
g A |
B R
)
10 20 30 40 50
Iteration
(a)
30
—+—ICP
T —8—ICP-AIF ||
£ - % -ICP-SCF
et
2 20
[}
<
B l
8 WWH@H%&H%@H%@%H%%F
14
30 40 50
Iteration
(b)
30§
—+—ICP
T S5t —8—ICP-AIF ||
é okl — © ~ ICP-SCF I
E 20
o)
c
2 15f
:
D 10 5
) <
\
é 5 &>
\
S
o 0
10 20 30 40 50
Iteration
(c)

Fig 6. Rms Registration Error (Ground Truth) Of \éav
Object Vs Iteration (Count/Number) With Different
Overlap Area Rate : (A) 86%,(B) 68% And (C) 406
Overlapped Area Rate Between Two Surfaces.

N w IS

Rms registration error (mm)
=

o

5 10 15 20 25 30

Iteration
(@)
6
—+—ICP
sl —8—ICP-AIF ||
- -ICP-SCF

& %

w

N

Rms registration error (mm)
[

L

|

)i

$6-6-0-6-0-0-0-0-0-000 56
5 10 15 20

o

30
Iteration
(b)
6 T T T
\ﬁ —+—ICP
| —8—ICP-AIF ||
- % ~ICP-SCF

w B a1

N

Rms registration error (mm)
[

o

5 10 15 20 25 30
Iteration
(©)
Fig 7. Rms registration error (ground truth) of wav
object in different pose by rotating one of theface to
x-axis and follow to y-axis: (a) 4,(b) 10 and {7.

convergent at 15 and 30 iteration in 2% and 7%
noise test with registration error rms 3 mm. When
ICP-AIF is tested with 10% noise, the algorithm
failed to reach converge.

4.1.2 Overlapped areatest
Overlapped area is part of the surfaces thaé hav
common area. In the overlapped area test, we test

511



Journal of Theoretical and Applied Information Technology
31% May 2013. Vol. 51 No.3 B

© 2005 - 2013 JATIT & LLS. All rights reserved-

" A mmmm—
F7aYTTI]

ISSN: 1992-8645 www.jatit.org E-ISSI¥17-3195

150

—+—ICP
—5—ICP-AIF
- & -ICP-SCF
;W MWWWW%@FW%%F
100 1

al
P =]

Rms registration error (mm)

0 S o
Iteration Fig. 9 The Result Of Registration All Views Of
Bunny Object. Eackiew Is Transformed Relative
Fig 8. RmsRegistration Error (Ground Truth) Result ( ToView- 1.
Object Vs Iteration (Count/Number) Of View-1 AndWA 20, and 25 iteration with RMS error registration
2 Of Bunny Object. 0.45. The result of ICP registration test shova th

the proposed algorithm to the wave object in thregy 4 degree pose test ICP convergent well at 20
different percentage of overlapped area which afigsration with rms error registration 0.45 while a
86%, 68%, and 41%. We set noise rate fixed t90 and 17 degree pose test, ICP convergent at more
2% and set pose by rotating one of the surfacetfan 30 iteration.

degree to the x axis and y-axis. The result ist@dbt

in fig 6 as RMS registration error as the functadn 4.2. Registration Algorithm Test For  Bunny
iteration number. Fig.5 shows that our proposed Object

algorithm converge well at 5,10, and 15 iteration We use five views of the bunny object to test
with rms error 2 mm in  86%, 68%, and 41%our proposed algorithm which each view is shown
overlapped  test while the ICP-AIF achievein Fig.8. Each view have relative pose of°45
convergence at 15, 23, and 29 iteration with rmexcept View-3 and View-4 have relative pose of
registration error 3mm. Registration with ICP9(°. We test all of view by registering the nearest
algorithm convergence well in 45 iteration in 86%pair view. Fig.8 is the result of View-1 and View-2
overlap area test with the rms error (ground truthjegistration of bunny object. It is shows that the
5mm. While in test with overlap less than 68% otCP-SCF achieve convergence at 5 iterations with

the registration is fails. rms error registration 0.317 mm however ICP-AIF
algorithm achieve convergence at 30 iterations with
4.1.3 Pose test RMS registration error 0.336. The registration

result of ICP algorithm shows that the algorithm
To test the algorithm in different pose we rotatdail to achieve convergence. This condition occurs
one of the surface to the x-axis and to y-axis byn other registration test. All of result test is
4,10, and 17 degree. Noise and surface overlappsdmmarized in Table 3. We don’t include the result
area is set fixed 2% and 80% respectively. Thef ICP registration because the ICP algorithm fail
result is plotted in Fig.7 RMS registration ere® to achieve convergence when it tested to the bunny
function of the number of iteration. Our proposeabject.
algorithm convergent at 1,2, and 4 iteration with  The registration result of all view of bunny
rms registration error 0.4 mm at 4, 10, and 1@ébject is shown in Table 3. We compare the
degree pose test while ICP-AIF convergent at 5, iteration convergence amount, convergence time,
Rms error registration and processing time after 50
iteration between ICP-SCF and ICP AlF.
Proposed algorithm convergent in average

Table 3 Result Of Bunny Objects Registration

Iteration Convergence Convergence Time RMS Error Registration | Processing Time After 50
Registration (sec) (mm) iteration (sec)
ICP-AIF | ICP-SCF| ICP-AIF ICP-SCH ICP-AIF ICP-SCH ICRIF ICP-SCF
View 1-View 2 43 28 0.100 0.032 0.336 0.317 0.109 .048
View 2-View 3 47 43 0.053 0.050 0.326 0.339 0.054 .056
View 3-View 4 48 49 0.047 0.039 0.294 0.275 0.279 .058
View 4-View 5 63 26 0.065 0.019 0.443 0.299 0.047 .032
Average 50.25 36.5 0.066 0.035 0.397 0.307 0.122 0.045
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36.6 iteration or in 0.035 second with RMS
registration error average 0.307 mm while ICP-
AIF algorithm convergent in average 50.256]
iteration or in 0.066 second with rms registnatio
error average 0.397 mm. Processing time average
after 50 iteration of the proposed algorithm takes
0.045 second while ICP-AIF takes 0.122 second. It
shows that our algorithm 63% faster and 23% moi&]
accurate than ICP-AIF.

Fig.9 shows the result of all views of bunny
object. Each view is transformed relatively to
View-1 as the result of registration process. [8]

5. CONCLUSION

This research proposes an algorithm for point
cloud registration base on surface curvature featur
estimated by fitting k-nearest neighbor of Ioca[g]
point to hyperbolic paraboloid equation. The
proposed algorithm is implemented with Iterative
Closest Point (ICP) technique so called ICP-SCEF,
In experiment we compare ICP-SCF vs ICP an[jlo]
ICP-AIF then testing them with noise, rigid
transformation and overlapped area. In thfll
experiment, while ICP algorithm fail to achieve ]
convergence, ICP-SCF demonstrates approximately
63% faster and 23% more accurate than ICP-AIF.
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