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Abstract—Occluded boundary detection in a 3-D point cloud is
an indispensable preprocessing step for many applications, such
as point cloud completion. Meanwhile, existing methods do not
have the ability of distinguishing occluded and complete surface
borders, such as the border of a sign board. To solve this problem,
this letter presents an occluded boundary detection method for
small-footprint LIDAR point clouds. The main novelty of this
letter is using the last-echo information for occluded boundary
detection. Seed boundary (SB) points are subsequently detected
using this last-echo information. Finally, the SB points are grown
into neighboring points using an occluded boundary growth algo-
rithm. To the best of our knowledge, this method is the first method
that uses the last-echo information to detect occluded bound-
aries. Experimental results with comparisons indicate that the
proposed method can accurately and efficiently detect an occluded
boundary without contamination from a complete surface border.
These advantages allow the proposed method to benefit further
applications such as point cloud completion, as demonstrated in
the application section.

Index Terms—Last echo, LIDAR, occluded boundary detection,
point cloud.

I. INTRODUCTION

THE development of 3-D laser scanners provides conve-
nient means to acquire real-world 3-D point cloud data.

Occlusion is a general and inevitable problem that generates
shadowlike missing regions in a point cloud during its acqui-
sition. The further processing of point clouds such as object
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detection [3] and 3-D reconstruction [2] is often affected by
occlusion. Occlusion manipulations heavily depend on accu-
rately detecting an occluded boundary. A major difficulty for
occluded boundary detection is distinguishing the complete
surface border from an occluded boundary. This letter aims
to detect the occluded boundary points in a small-footprint
groundborne LIDAR point cloud.

In previous literature [4]–[8], researchers considered occlu-
sion detection for 2-D images. Nevertheless, 3-D point clouds
differ and are more complex than 2-D images. Some litera-
ture focusing on similar topics has been recently published.
Bendels [1] proposed a multiclue-filtering-based hole detection
method for 3-D point clouds. Wang et al. [9] proposed an
edge extraction method that merged 3-D point clouds and 2-D
images. However, none considered distinguishing an occluded
boundary from a complete surface border.

In an airborne laser scanning point cloud, large-footprint
multiecho information has been already used in applications
such as vegetation filtering [10] and building extraction [11],
[12]. However, due to the significant difference in the footprint
size between airborne and close-range groundborne LIDAR
systems, the characteristics of the last-echo information are
significantly different; therefore, the processing method and the
potential applications are also quite different.

In most airborne LIDAR systems, the footprint size of a scan-
ner is large. Large-footprint airborne systems have a 10–70-m
footprint diameter, and small-footprint airborne systems have
a 0.2–3-m footprint diameter, depending on the flying height
and the beam divergence. Most of the previous applications are
based on large-footprint systems. Small-footprint systems have
considerable potential but do not have dedicated applications
[13]. With such a large footprint, the last-echo point of airborne
LIDAR systems is not suitable for detecting an accurate oc-
cluded boundary.

In small-footprint groundborne LIDAR systems, the footprint
size is much smaller due to the short distance from the scanner
to the target. For instance, for RIEGL VZ-1000 and RIEGL
VMX-450, the 100-m footprint diameter is 0.03 m [14].

Small-footprint multiecho LIDAR systems provide the accu-
rate location of an entire backscattered signal for each emitted
laser pulse. This multiecho information from the backscattered
signal reflects the order for all targets scanned by the same laser
pulse. The last echo is the last detected echo from a reflected
waveform of a laser pulse; in addition, only the reflection with
multiple echoes is concerned, and single-echo reflection does
not have a last echo (as shown in Fig. 1). In this letter, we
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Fig. 1. Demonstration of full-waveform data and multiecho information.

Fig. 2. Workflow for the proposed method.

propose an original way to make use of the close relationship
between the last-echo information and occlusion. Indeed, the
last echo allows revealing the location of an occluded boundary.
This observation inspired us to generate the proposed method
for detecting occluded boundaries.

The proposed method makes three main contributions. First,
to the best of our knowledge, we are the first to discover that
small-footprint last-echo points are able to help indicate the
location of an occluded boundary. Using this property, the
occluded boundary is quickly detected, even for large-scale
real-world data. In addition, a complete surface border can be
distinguished from the occluded boundary using the last-echo
information. Second, the outliers near occluded regions are
quickly and precisely removed using the indication of the last-
echo information. Finally, an occluded boundary growth algo-
rithm increases the detection rate for occluded boundary points.

II. METHODOLOGY

The workflow for the proposed method is shown in Fig. 2. All
seed boundary (SB) points are first extracted using the last-echo
information to indicate the occluded region. With the problem
of the low density of SB points, an occluded boundary growth
algorithm is then proposed to extract all the occluded boundary
points.

A. SB Point Detection

There are many small-footprint LIDAR systems capable of
acquiring the last-echo information. However, the potential of
this information has not yet been realized. The major problem
with detecting an occluded boundary is distinguishing occluded
boundary points from complete surface boundary points. Build-
ing a mathematical model for occlusion is difficult in a 3-D
space. Therefore, we proposed a novel usage of the last-echo
information in small-footprint groundborne LIDAR systems to
precisely detect an occluded boundary.

In a small-footprint multiecho LIDAR system, a scanner
emits a laser pulse to scan an object and records all the
backscattered signals of the same laser pulse. As shown in
Fig. 1(a), multiple echoes are generated when a laser pulse is
incompletely blocked by the front object and illuminates the
objects behind it. As shown in Fig. 1(b), the order for each

Fig. 3. Outlier removal. (a) Occluded region with outliers. (b) Occluded
region after the outlier removal process. The blue points are the SB points.

echo is recorded according to the time the laser pulse hits the
corresponding object. Therefore, multiecho information reveals
the order of the different objects scanned by the same laser
pulse. Of the generated multiple echo points, the last-echo
points are the last hit by the laser pulse, and they are occluded
by the front objects. Thus, the last-echo points indicate the
location of occluded boundaries.

The last-echo information is provided by commercial LIDAR
systems, such as the RIEGL VZ-1000 and VMX-450 systems.
We label all of the extracted last-echo points as SB points.
Using this indication, the proposed method avoids detecting the
complete surface border that is not generated by the occlusion.

Due to the occlusion, the acquired coordinate accuracy for
the last-echo points is not trustworthy. A LIDAR system uses
the time-of-flight principle to compute the distance between the
laser scanner and the target as follows:

S =
cn

2f
(1)

where S is the distance to the target, c is the speed of light, n
is the number of returned signals received by the sensor, and
f is the frequency of the oscillator. When occlusion occurs,
only part of the laser beam illuminates the target. Thus, some
of the returned signals for the last-echo point may have a lower
intensity than the signal detection threshold, which lowers the
measured n in (1) from the real number. Consequently, the
measured distance to the target may be lower than the real
distance, which produces erroneous last-echo points. Therefore,
the initially detected SB points usually include outliers [as
shown in Fig. 3(a)]. Additionally, when the returned signal
disappears, no last-echo point will be detected. As a result, the
density of the SB points is usually low.

This phenomenon affects the performance of many appli-
cations, such as point cloud completion and reconstruction.
Based on these observations, we propose an efficient two-step
outlier removal process with the following steps: 1) remove
all last-echo points; and 2) find for each removed last-echo
point a nearest point to be the new SB point. Fig. 3(a) shows
an occluded region filled with outliers. All of the blue points
were the first detected SB points. Fig. 3(b) shows the same
region after removing all the last-echo points and after detecting
new SB points (painted in blue). In this way, most of the
outliers were removed, and the occluded boundary contour was
accurately detected.
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Fig. 4. Occluded boundary growth algorithm. (a) Result of the SB point
detection. (b) Extracting CP 1

i between bi and np1i . (c) Newly detected SB
points between bi and np1i . (d) Result of the occluded boundary growth.

B. Occluded Boundary Growth Algorithm

The last-echo point density is usually low, which makes
it difficult to precisely indicate the entire occluded boundary.
Therefore, we propose an occluded boundary growth algorithm
to enhance the detected boundary point density and to benefit
further applications.

The occluded boundary growth algorithm finds the unde-
tected boundary points near each SB point. The occluded
boundary growth algorithm for each SB point consists of three
steps (as shown in Fig. 4).

1) For every SB point, i.e., bi, find np1i and np2i , which are
the two SB points nearest to and on the opposite sides
of bi. If there are fewer than two points on the opposite
sides of bi within a certain radius, i.e., r, then find as many
points as possible. r is defined as follows when P denotes
the original point cloud:

r = 5 ∗ min
pi,pj∈P

‖pi − pj‖(pi �= pj). (2)

Specifically, factor “5” in (2) was set according to our
experience. It works well in our data acquired by the
RIEGL VZ-1000 and VMX-450 systems. The factor can
be turned larger for other LIDAR systems to guarantee the
ability of finding np1i and np2i . Moreover, the time cost
is not heavily affected by the adjustment of parameter r.
The efficiency of the proposed method using a different
parameter r is shown in Section III-A. np1i is defined as

np1i =

⎧⎪⎪⎨
⎪⎪⎩
argmin

bj �=bi

(‖bi−bj‖),
(
min
bj �=bi

(‖bi−bj‖)≤r

)

∅,

(
min
bj �=bi

(‖bi−bj)>r

)
.

(3)

Let Nbi denote the neighbor point set for bi within a
radius r. Define

ϕ =

∑
pj∈Nbi

(bi − pj)

∥∥∥∥∥
∑

pj∈Nbi

(bi − pj)

∥∥∥∥∥
(4)

which is the normalized mean vector from all the points
of Nbi to bi. np2i is found if ∃bk �= bi, such that

(v2 − v2 · ϕ · ϕ) · (v1 − v1 · ϕ · ϕ) < 0 (5)

where v1 = np1i − bi, and v2 = bk − bi. Let B2 denote
all the SB points that meet (4); then, np2i is defined as

np2i =

⎧⎪⎪⎨
⎪⎪⎩
argmin
bk∈B2

(‖bk−bi‖),
(
min
bk∈B2

(‖bi−bk‖)≤r

)

∅,

(
min
bk∈B2

(‖bi−bk‖)>r

)
.

(6)

2) For npji , construct boundary extension line segment lji ,
and if ‖lji ‖ > (r/2), extract all the points within a dis-
tance, i.e., τ , from lji , where

τ =

∑
pj∈Nbi

min
pk �=pj ,pk∈Nbi

‖pj − pk‖

|Nbi|
. (7)

Using τ as a bounding radius reduces the time cost for
the next step. The extracted points are defined by point
set CP j

i .
3) Detect all the boundary points within CP j

i using the fea-
ture proposed by Bendels [1]. The feature for boundary
detection contains three parts, i.e., the angle criterion, the
half-disk criterion, and the shape criterion, respectively.

The effect of the occluded boundary growth algorithm is
demonstrated in the following section.

III. EXPERIMENTAL RESULTS

The experimental test for the proposed method used real-
world point cloud data acquired by a RIEGLVZ-1000 system
and a RIEGL VMX-4501 system. Other kinds of laser scanning
systems are also able to provide the last-echo information, such
as all other RIEGL VZ-Series systems. The proposed method
was implemented using C++ and executed on a computer with
an Intel Core i3-2120 3.30-GHz central processing unit with
4.0-GB random access memory.

A. Results and Discussion

The result for the proposed method is shown in Fig. 5.
The occluded boundary points were precisely detected under
various occlusion situations. Because the last echo will not be
generated on the complete surface border, complete surface
border points [such as the boundary points of the window in
Fig. 5(a) and the window of a car in Fig. 5(f)] are perfectly
excluded. The density of the boundary points is sufficiently high
to provide information for further applications.

The time cost of the proposed method is shown in Table I.
For all demonstrated large-scale real-world point clouds, the
proposed method was fast.

The efficiency of the proposed method is not heavily related
to parameter r. Fig. 6 shows the effect parameter r had on the
time cost for four point cloud data. The time cost remained
nearly unchanged after increasing r.

1Our laser scanning system can be found at http://www.riegl.com/.

http://www.riegl.com/
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Fig. 5. Results from the proposed method. (a) Detection result of the entire
data. (b) Detected occluded boundary points. (c) and (d) Partially enlarged
detail of (a). (e) and (f) Other data with different occlusion situations. The blue
points are the detected occluded boundary points.

TABLE I
TIME COST OF THE PROPOSED METHOD AND THE METHOD OF BENDELS

Fig. 6. Time cost for the proposed method with a different parameter r.

The effect of the occluded boundary growth algorithm is
shown in Fig. 7. Before the execution of the algorithm, there
remain undetected occluded boundary points between each pair
of SB points [as shown in Fig. 7(a)]. In contrast, after the
occluded boundary growth, most of the undetected occluded
boundary points between two SB points are detected [as shown
in Fig. 7(b)].

Fig. 7. Result of the occluded boundary growth algorithm. (a) Result before
the execution of the algorithm. (b) Result after the execution of the algorithm.
The blue points are the detected occluded boundary points.

Fig. 8. Comparative results. (Left) Result for the method of Bendels.
(Right) Result using the proposed method.

B. Comparison

In this section, we compare the performance of the proposed
method with the method of Bendels [1]. As shown in Fig. 8,
within two large-scale real-world data, the method of Bendels
cannot distinguish the occluded boundary from the complete
surface border. The boundary of window frames and the edge
of walls that are all complete surface borders are not excluded in
Fig. 8(a) and (c). In contrast, the proposed method can not only
precisely detect the occluded boundary points but also perfectly
exclude the complete surface border.

The time cost and accuracy of the two methods are shown
in Tables I and II, respectively. In Table II, Tpr refers to the
true-positive rate, and Fpr refers to the false-positive rate. The
proposed method utilizes the last-echo information to quickly
locate the occluded region. Therefore, the proposed method
significantly reduces the time cost for calculating the complex
geometric feature throughout all points of the data. When the
number of points exceeded 12 million, the method of Bendels
cost more than 3 h. In contrast, the proposed method only costs
2.521 s, which is about 500 times faster than the method of
Bendels.
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TABLE II
ACCURACY MEASUREMENTS OF THE DETECTION RESULT

Fig. 9. Application of point cloud completion. (Left) Original data with
occlusion. (Right) Completion results using the proposed method.

For accuracy measurements, we manually selected all oc-
cluded boundary points to define the ground truth because no
standard database for occluded boundary detection in a point
cloud exists. In addition, in the experiment, a ground-truth point
is considered correctly detected if there is at least one detected
occluded boundary point within a certain distance (0.03 m
in practice) of the ground-truth point. The proposed method
yielded a true-positive rate above 96% with no false-positive
points because the last-echo information provides the capability
to only extract the occluded boundary points. In contrast, the
method of Bendels was sensitive to the density of the neighbor
points, and it was unstable for data with different density levels.
In Data 4, which are the data in Fig. 5(a), many thin gaps on the
wall occluded by the tree branches were not detected by the
method of Bendels, which caused a low true-positive rate. For
all of the data, the false-positive rate of the method of Bendels
was higher than 5% (28.63% for Data 5), which is intolerable
because all the data have more than 50 000 points. Thus, there
were always over 2500 false detected points, which will lead to
unacceptable errors in further applications.

C. Further Study on Point Cloud Completion

The proposed method is able to benefit further applications.
Here, we implemented the point cloud completion applica-
tion that is shown in Fig. 9. We first used the proposed

method to accurately detect occluded boundaries, and then, we
completed the occluded regions based on the occluded bound-
aries. In Fig. 9(b) and (d), all of the incomplete regions were
perfectly completed.

IV. CONCLUSION

This letter has presented a novel last-echo-based occluded
boundary detection method for small-footprint groundborne
LIDAR point clouds. First, the innovative use of guidance from
the last-echo information allowed the location of an occluded
boundary to be quickly and precisely detected through an SB
point detection procedure. Outliers near the occluded boundary
were precisely removed via an efficient outlier removal pro-
cess during the SB point detection. Complete surface borders
were excluded from the occluded boundary using the last-echo
information. An occluded boundary growth algorithm then
increased the detection rate of the occluded boundary points.
The results from the discussion and comparison reveal the
advantages of the proposed method, i.e., high accuracy, a low
time cost, and the ability to distinguish an occluded boundary
from a complete surface border. Occlusion in structures such
as tree leaves is not particularly removed, which may be a
limitation for further applications.
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