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ABSTRACT:

Planar structure detection from point clouds is important process in many applications such as maintenance of infrastructure facility
including roads and curbs because most artificial structures consists of planar surfaces. The Mobile Mapping System can obtain a
large amount of points with traveling at a standard speed. However, in the case that the high-end laser scanning system is equipped,
the distribution density of points is uneven. In the point-based method, this situation causes the problem to the method of calculating
geometric information using neighborhood points. In this paper, we propose a line-based region growing method in order to detect
planar structures with precise boundary from point clouds with uneven distribution density of points. The precise boundary of a planar
structure is maintained by appropriately creating line segments from the input clouds. We adapt the definition of neighborhood and
the estimation of the normal vector to the line-based region growing. The evaluation by comparing our result with manually extracted
points shows that more than 98% of curb points are detected. And, about 90% of the boundary points between a road and a curb are
detected with less than 0.005 meters of the distance error.

1 INTRODUCTION edge of the road. In such a grid, the 2D cross section of points
is created and the edge of the curb is detected. The difficulty of

A recent development of three dimensional laser scanning systefis method is in setting of the grid size. The grid size should
make it possible to obtain high density point cloud easily. Theb€ large enough to contain significant number of points, but also
Mobile Mapping System (MMS) which is equipped with such a Small enough so that a very small number of salient features be
high density laser scanning system can measure the environmepfieSent.

around a road precisely by simply traveling on the road at a stan- . . .
dard speed. Therefore, the traffic regulation is not needed to me&/9envalues and eigenvectors of the covariance matrix are often

sure the environments around road by MMS. This is very helpful_calculated within the local neighborhood area of the query point

to the survey of road environment for the purpose of maintenanck Order to characterize geometric property at that point. The nor-
and management. mal vector at the point is defined as the eigenvector which cor-

responds to the largest eigenvalue. El-Halawany et al. proposed
dthe method to detect road curbs from a point cloud by using such

An application of a large scale three dimensional point clou inf . I-4al L 2 h 4
for the management of the infrastructure facilities like road en-2" information(El-Halawany et al., 2011). They segment groun

vironments is one of the important topics. Numerous technique80int from a point cloud by thresholding eigenvalues and the an-

are offered to utilize a point cloud for practical purpose (Mertz,.gle of the normal vector to the horizontal plane. Other objects

2011),(Aoki et al., 2012). In particular, the planar structure detecincluding walls or poles are segmented by changing thresholds.
tion from a point cloud is an important technique because artifi-Bremer et al. also used eigenvalues for obiect extraction from a
cial facilities are often constituted by planar surfaces. Dengantk oint cIoud(B;remer ot al 29013) Thev pro Josed multi scale fea-
et al. focus on facade in order to utilize point cloud data for sevP . " ) y prop .

. . S . ture computation method that uses two sets of eigenvalues com-
eral purposes including localization of autonomous vehicles, re Suted from different size of neiahborhood regions
istration of point cloud and fine building modeling (Demantk P g g '

al., 2012), (Demantket al., 2013). In such a method, precision of the boundary between segmented

regions depends on the size of the neighborhood area. The size of
%he neighborhood area should be large enough so that the effect

- . . Bt noise is as small as possible. However, the wide neighborhood
unorganized point data(Belton and Bae, 2010). Their method d'é\rea causes the disappearance of relatively small changes in the

vides point ClOL.Jd Into a set of grid. Then, the ground pomts Al stimation of geometric property. Furthermore, it is difficult to
extracted by using the linear regression for ordered vertical Va'”eéstimate the normal vector around the edge where planar struc-
of points in each grid. Then, the region growing is applied with ures are adjacent each other

respect to the grids in order to merge the ground points. The curb '

points are also defined by using information of the points in thepther information defined by the neighborhood is also used. Ibrahim
grid. The curbis considered to existin the the grid which includesyt 5. proposed a method to extract roads from point cloud data
the edge of the road region or is adjacent to the grid including th@|prahim and Lichti, 2012). They use the density of points, the
*Corresponding author. normal vector direction, the planarity, the elevation gradient within
the neighborhood and the 3D edge detection.

Belton et al. proposed a method for automating some of the pr

This contribution has been peer-reviewed. The double-blind peer-review was conducted on the basis of the full paper.
doi:10.5194/isprsannals-11-5-243-2014 243



ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume 1I-5, 2014
ISPRS Technical Commission V Symposium, 23 — 25 June 2014, Riva del Garda, Italy

On the other hand, other methods which use straight line seg- 2 METHOD

ments as the basic element are proposed. A line segment is cre-

ated from a sequence of points which is arranged in a straightline.1  Utilized data

These method are based on the idea that the points in each scan

line belonging to a surface of a planar structure form a straightrhe point cloud which is obtained by MMS with the high density
line. He et al. proposed the method of detecting planar structureigser scanning system share the characteristics in distribution of
by a line-based spectral clustering from airborne LIDAR data(Hepoints. Recent laser scanning system can measure up to a million
etal,, 2013). In the case of airborne LiDAR data, the interest plapoints per second. In the direction traversing a road, points are
nar structure is a roof of a building. Itis unclear that there methodneasured very dense. Actually, the interval of measrued points is
can apply to the nearly planar surface like a road which is gentlyften a few millimeters.

curved.

. . However, the interval of measured points along the direction of
Fo_r the purpose of rc_>a_d m_amtenanc_e, there is the case that "Fhich the MMS travels depends on the rotating speed of the laser
quires very high precision in some situations. For example, 8Cradiation part and the speed of which the MMS travels. The ro-
cording to Japan Road Association, the depth of a rut is M&3;ation period of the laser irradiation part is much longer compared

sured in the precision .Of millimeters. And, itis con5|d_ered that %o the laser irradiation period. The measurement interval along
rut should be repaired if the depth exceeds a few centimeters. Rja

X ; ) . . 1e direction the MMS travels is often about a few hundreds of
Cem high _de_nsny laser scanning SVSter_“ can opt{:un the pointclo illimeters. So, the density of point distribution is greatly unbal-
which satisfies the der_nand of s_uch a _hlgh precision. Furthermorea,nced with the direction (Figure 1).
structures of road environment including road and curbstone must
be extracted in similar accuracy in order to automate the assess-
ment for road maintenance. However, it is often difficult to apply
existing algorithms to the measured data by the MMS equipped
with the high density laser scanning system, due to the character-
istics of such a data.

This paper is aimed to precisely detecting the planar structure
from a point cloud measured by the MMS with the high-end laser
scanning system. In particular, we focus on precise detection of
the boundary of planar structures and detecting relatively small
planar structure like a curb. Figure 1: The difference of point density according to the direc-

Our approach is the line-based region growing method. In pract-lon

tice, roads often have a roll and there are ruts on a road. More-

over, a curb might be bent. So, the surfaces of roads and curbs are
not strictly planar although they are locally considered as a pla-

nar. The region growing approach is appropriate to detect sucﬂ
a structure. However, the point-based region growing includes a |
disadvantage to the point cloud which is measured by the MMS L
equipped with the high-end laser scanner. F

the line-based approach. Our proposal creates line segments k

creating a polyline from a point sequence of which a point cloud —
is segmented into scan lines. If a point sequence is approximated )

by a polyline appropriately, vertices of a polyline are assigned (?) Enough range to define (b) Too narrow range.

to the boundary of structures precisely. Therefore, we use line N neighborhood.

segments as elements for the region growing in order to precisely ] ) ) )
detect the boundary of structures. Figure 2: The necessity of wide neighborhood range.

The planar structure detection by the region growing needs the =~ ]
definition of neighborhood and the estimation of a normal vector.T his situation causes the problem to the method of calculating ge-
In the point-based approach, the neighborhood of a target poirqmetric information using neighborhood points because it is nec-
is simply defined using the distance between points. The norm&ssary to define the neighborhood range too wide in the sparse
vector at a point is estimated by least squares fitting within neighdirection (Figure 2(a)). If the neighborhood range is not wide
borhood points. However, these cannot be applied to the line€nough, the neighborhood includes points in one direction only
based approach directly. We adapt the definition of the neighbofFigure 2(b)). For example, if the range of neighborhood is de-
hood and the estimation of the normal vector in order to achievdined too wide in estimating the normal vector, we cannot es-

the line-based planar structure detection by region growing in thi§mate it precisely at the point on the planar region around the
paper. boundary of structures. Figure 3 shows an example of such a

case. The estimated normal vector is tilting because the neigh-
The advantage of our proposal over ordinary point-based methodsorhood region includes points of vertical plane even though the
is that the boundary of planar structures is precisely kept. Thisarget point is on the horizontal plane.
is because the element for planar structure detection is the line
segment which is created so that an end point of a line segmeiigure 4 shows examples of the road detection by the point-based
is placed at the boundary. On the other hand, it is difficult toregion growing. In figure 4(a), we grow the region if the differ-
detect boundary points by ordinary point-based methods becausace of the angle of the normal vectors does not exceed 14 de-
the normal vector which defines the direction of a plane surfacgrees. The region growing process stopped in front of the bound-
is estimated from a certain range of neighborhood points. ary between the road and the curb. On the other hand, figure 4(b)
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Finally, we obtain polylines of the number of scan lines by apply-
ing polyline creation to each scan line. Then we use line segments
which constitute polylines as a proxy of a subsequence of points
that is approximated by the line segment (Figure 5).

2.3 Line-based region growing

We apply the region growing approach to a set of line segments in

order to detect a nearly planar region. In general, the region grow-

ing approach starts from selecting a seed as the first query. The
Figure 3: The estimated normal vector at the point around theuery is added to the region and the neighborhoods of the query
boundary. The green line is the normal vector at the point colare examined whether should be added to the region. The neigh-
ored red. Small blue dots are the neighborhood points used fdrorhood which is added to the region becomes the next query in
estimating the normal vector. order to grow the region.

In the case of the planar structure detection by the point-based re-
gion growing, a data structure like a k-d tree is used for defining
) i ) neighborhood points. However, another technique is necessary
""" to define the neighborhoods in the line-based case. Zhang et al
proposed the method using the cylindrical region whose axis is
the query line segment(Zhang and Faugeras, 1992). He et al. also
adopted this method to define neighboring line segments(He et
al., 2013). Zhang's method seems to be reasonable for neighbor-
hoods detection. But, we have to check all line segments in the

(a) The region growing pro- (b) The region exceeds the . dth t i
cess stopped in front of the  appropriate boundary. previous an € next scan lines.
boundary.

We use the 3D segment tree(de Berg et al., 1997) for defining
neighboring line segments. The 3D segment tree can determine
the relation of inclusion and the relation of partially overlap be-
tween the intervals in three dimensional space. So, we create ap-
ropriately three dimensional intervals from line segments, and
fine neighborhoods of a line segment by the intervals. We use
axis aligned bounding box (AABB) of a line segment for
representing the interval of the 3D segment tree. However, if a
line segment is aligned parallel to an axis, its AABB is degener-
ated. To avoid this situation, The redundancy along each axis is
First, we separate the input point cloud into sequences of pointasdd_Ed to aline segf;mtle_nt. For the end plom& (@i, i, 2:) and
that represent scan lines. Each point of input point cloud contain&’ — (5,95, 2;) of & line segmenpip;, 1L rmin, Ymin, Zmin,
Tmaz, Ymaz @NAZmaz bemin(x;, x;), min(ys, y;), min(z;, 2;),

angle information of which the laser has been irradiated. ThelTlaX(l'i,l'j), max(ys,y;) andmax(z, z,), respectively. And,

angle increases monotonically from 0 (degree) to 360 in the SAME4 define the AABB whose diagonal is the line segnfent. —

scan line. Then, the angle becomes 0 at the beginning of the negtymmic’ min—C) (Taas +C, Y+ C2man-+¢). This AABB

scan line. In practice, there is the case that the 0 degree point 1% used for the interval of the 3D segment tree (Figure 6).

Figure 4: Examples of road detection by the point-based regio
growing. The detected road points are colored in red.

shows an example of the road detection by a little larger threshol
(15 degrees). The region exceeds the boundary between the ro
and the curb.

2.2 Line segment creation

not measured. So, let the beginning of the scan line be the poir'1

at which the value of angle decreases from the previous point. v

s (Xt C Ve T €, Zpnt €
Next, we create a polyline which approximates a sequence of . . ,.Ef'”"T' ' =
points of each scan line. We use the line segment merging ap- - ,;-—:7_4‘_ A—H.T\ o
proach for the polyline creation. The process of the polyline cre- lT s S T (Faee Ve Zna)
ation is as follows. The points in the sequence are ordered by the ‘ L4 N ‘
value of the angle. Let the sequencewgfoints{po, p1,- -, Pn—-1} s (Xoins Vimins Zin) ™ E( L
be PS(,»n—1). The initial polyline is created by connecting the &‘——7_,. - “V L
pointp; and next poinp;+1, (0 < 7 < n — 2). Then, we define (%1 —€ Puin— € Zis—<) s .
the approximation erraf; ;y that the sequence of poinksS; ; " = b
is approximated by the line segmenp; as the equation (1). - *

Eon =, g?%)é,ﬂ(dw}f(pk’plp]))’ ) Figure 6: Definition of the AABB of a line segment.

where dist(pk, pip;) is the perpendicular distance from the point
pi, to the line segment;p;. ] ) ) ]

The line segment is defined as the neighborhood of the query
The initial polyline is simplified by merging adjacent two line segmentif the line segment satisfies the following two conditions:
segments. In the simplification process, we select the pair of line
segments of which the approximation error after merging is the
minimum. The polyline simplification is performed by repeat-
ing the segment merging process until the approximation error
exceeds the threshold.

1. The AABB of the line segment partially overlaps the AABB
of the query segment or is included in the AABB of the
guery segment.
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Figure 5: An example of the polyline approximating the scan line. Polylines are colored red. Large blue points are vertices of polylines.
Original measured points are black dots.

2. Theline segmentis in the next scan line or the previous scaand at least one end point &f is smaller than a threshold and
line of the scan line of the query segment. n;,; - di, is closed to zero, wherne; ; is the normal vector of; ;
anddy, is the direction ofl,. We calculate the degree of fit as

the summation of the lengths of the inlier line segments. Then,

An example of defining neighborhood line segment is shown ir‘g‘ . . it )
) . ; : -the candidate plane with the largest degree of fit is defined as the
figure 7. The red line segment is the query line segment and it est.fit planeP; of L;. And, the normal vecton; of P, is used for

AABB is drawn in red. The AABB of green line segment par- the normal vector of; in the region growing procedure. Figure

tially overlaps the AABB of the query line segment. Then, it is (a) shows an example of the neighborhaod line segments. And,

defined as the neighborhood line segment of the query line seg-: S . -
ment. But, the bluegline segment Whogse AABB doeqs noilintersec%gure 8 shows inliers of the best-fit plane. The line segments

colored in cyan are selected as the inliers of the best-fit plane

he AABB of th ry lin ment is not incl in th ; )
to the of the query line segment is not included in t efrom the neighborhood line segments.

neighborhoods.

(a) The neighborhood line (b) The inlier line segments.
segments.

Figure 7: Definition of neighboring line segment.

Figure 8: An example of inlier line segments of the best-fit plane.
The query line segment is colored in red. The green line segments
In the planar structure detection by the region growing, the dif-and the cyan line segments are the neighborhoods and the inliers,
ference of the angles of the normal vectors is used for examiningespectively.
whether the neighboring primitive is added to the region. The
least squares fitting within neighborhoods is often used for es- ) ) ) .
timating the normal vector. However, the area of the neighbor-The seed segment is selected by using the degree of fit mentioned
hoods will be too wide to precisely estimate the normal vector in2bove. A large degree of fit means that the target line segment is
the situation mentioned in the section 2.1. So, we adopt the locdllaced on the large planar region. So, we select the seed segment
best-fit plane of the neighborhood line segments for estimatiné)f the largest degree of fit from line segments that are not assigned
the normal vector at the line segment. The local best-fit pland© any planar structure yet.
is defined as the plane which passes the query line segment and
includes the neighborhood line segments most. We use the mod-
ified version of the local best-fit plane used in (He et al., 2013) in
this paper.

3 EXPERIMENTAL RESULTS

We evaluate our method on the point cloud data measured by the
Let the query line segment and its neighborhoods bed N (1;), MMS equipped with the laser scanning system Z+F IMAGER
respectively. The candidate plafe; is generated from two end 5010. This laser scanning system can obtain about a million
points ofl; and the mid-point of; € N(I;). The line segment points per second. The laser irradiation part rotates at 50 rounds
I is defined as an inlier aP; ; if the distance between th® ; per second. So, in this case, the measurement interval along the
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Figure 10: The result of creating line segments from the input cloud.

direction traversing a road is a few millimeters. On the otherFigure 11 shows the result of extracting line segments that con-
hand, measurement interval along the direction the MMS travelstitue planar structures. In the input point cloud of this experi-
is about 280 millimeters when the MMS runs at 50 kilometers pement, there are four planar structures that represent curb regions.
hour. Figure 9 shows the input point cloud used by this experi\We can see that all four curbs are extracted by visual evaluation.
ment. This point cloud consists of one and a half million points.

Figure 12 shows the illustration which is focused on the end of a
Figure 10 shows the result of creating line segments from thgurb. The end of a curb may become lower gradually. It can be
input cloud. These line segments are created by approximatingeen that such a small planar structure is also detected.
a point sequence of each scan line. The approximation error is
within 0.015 meters. In practical application of planar structure3.1 Evaluation of precision of roads and curbs segmentation
detection, short line segments can be eliminated from target line
segments. Intuitively, short line segments tend to be placed ofor evaluating the precision of planar structure detection, we fo-
vegetation or small object which belong to irrelevant features. Irfus on roads and curbs. An expert extracts points of curbs man-

this experiment, we filter out short line segments whose length ig/@lly in order to compare with points of curbs extracted by our
less than 0.05 meters. proposal. Figure 13 shows extracted points for comparison.

Then, the planar structures are detected by our proposal. In th[eo" comparison with manually extracted points, we discriminate

experiment, we use 15 degrees and 0.05 meters as the threshd}§ curb and the ground region from the result shown in Figure

of the difference of angle of normal vectors and the distance error-1- Discrimination of the ground region is based on the obser-
respectively. vation that the ground region is nearly horizontal and its height

is similar to the point where MMS travels. The position where
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Figure 13: Manually extracted curb points for comparison.

Figure 12: The part of a curb in the result of planar structure
detection.

the MMS travels is defined as the point whose angle information
shows just under the MMS. Then, we define the ground region
according to following two conditions:

e The difference of the angle between the vertical vector and ;,
the normal vector of the least squares fitting plane is within ”*
15 degrees.

e All differences of the height between the point under the

MMS and line segments in the detected region are within Figure 14: Discrimination of the curb and the ground region.
0.5 meters.

Figure 14 shows the result of discrimination. The ground region

The curb region is discriminated by the following two observa-dand the curb region are colored in blue and red, respectively.

tions. The curb region is nearly vertical. And, there are groun

regions above and under the curb regions. So, the curb region fSiscrimination of curbs and roads in this experiment depends on

defined as follows: the observation of the input cloud. The environment of curbs and
roads will be different in some cases. Robust discrimination such

e The angle between the vertical vector and the normal vectof Structure is the future work.

of the least squares fitting plane is nearly perpendicular. Th? | hii t imat b
threshold is 15 degrees in this case. n our proposal, each line segment approximates a subsequence

of points in a scan line. So, we can restore a subsequence of
e More than half of line segments include the ground segmenpoints from a line segment. As the first evaluation, we count
within the neighborhood of both end points. correctly extracted points (correct), non-curb points which is ex-
tracted by our proposal (false positive) and curb points which is

This contribution has been peer-reviewed. The double-blind peer-review was conducted on the basis of the full paper.
doi:10.5194/isprsannals-11-5-243-2014 248



ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume 1I-5, 2014
ISPRS Technical Commission V Symposium, 23 — 25 June 2014, Riva del Garda, Italy

Figure 15: The comparison of extracted curb points. The correct point, the false positive point and the false negative point are colored
in green, blue and red, respectively.
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Figure 16: An example of manually extracted boundary points (red) and boundary points by our proposal (blue). Magenta color means
that the position of both boundary point is match.

not extracted (false negative). An example of the evaluation resuln example of manually extracted boundary points and boundary
is illustrated in Figure 15. points extracted by our proposal is shown in Figure 16. Usually,

o . o . there are two boundary points in a scan line. One is the left side of
The statistical evaluation of extracted points is tabulated in Table, point of which MMS travels. And, the other is on the opposite
1. More than 98 % of curb points are extracted by our proposalgjje we associate the manually extracted boundary point with
And, the missing rate is 1.71 %. Most points of relatively small i, boundary point extracted by our proposal.
planar structures like a curb can be extracted by our proposal.

Then, the distance error between corresponding points is evalu-

Table 1: The statistical evaluation of extracted points ated. In this evaluation, 234 points are manually extracted for

Number of points| ratio (%) comparison. The statistical evaluation of the boundary points ex-

Manually extracted 29931 - traction is tabulated in Tables 2 and 3. Average of the distance

Correct 29418 98.29 error is 0.004 meters and median of the distance error is 0.0022

False positive 1710 5.71 meters. From Table 3, about 90 percent of boundary points were
False negative 513 171 detected with the precision of 0.005 meters by our proposal.

The maximum distance error is 0.128 meters. Figure 17 shows

Secondly, we evaluate the precision of detection of the boundar e part where the distance error is large. In this figure, the surface

between a curb and a road by the distance error. The bounda the road near the curb is dented. The planar structure detection

points between a curb and a road are also extracted by a expe nd to fail in such regions. However, In the case that the surface
And, we regard the point with lower height of a line segment's.nm deteriorated, our proposal can detect planar structures with

representing a curb as the boundary between a curb and a rodcise boundary.
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the boundary points of structures without breakage have been de-
tected precisely. In this paper, we evaluated the curb points only.
But, other planar structures will be also detected as well.

Automatic reconstruction of three-dimensional models including
buildings, roads and curbs is one of the future works. Further-
more, we aim to utilize reconstructed models for the management
of the infrastructure facilities.
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