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Abstract The streak tube imaging light detection and
ranging (LiDAR) is a new type of waveform sampling
laser imaging radar whose echo signals are stripe images
with a high frame rate. In this study, the morphological and
statistical characteristics of stripe signals are analyzed in
detail. Based on the concept of mathematical morphology
denoising, connected domains are constructed in a noise-
containing stripe image, and the noise is removed using the
difference in connected domains area between signals and
noises. It is shown that, for stripe signals, the proposed
denoising method is significantly more efficient than
Wiener filtering.
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1 Introduction

Light detection and ranging (LiDAR) is widely applied in
mapping fields due to its high precision and excellent
distance gating capability. However, the working mechan-
ism of most LiDAR systems is based on a single point, i.e.,
the system detects only one echo signal per working
period, which limits the efficiency of the whole system [1,
2]. The streak tube imaging LiDAR (STIL) is a type of full-
waveform sampling LiDAR system whose echo signal
contains full waveform information of the target, and it can
gather hundreds of waveform echo signals in one working
period [3-5]. It has been demonstrated that STIL is a
satisfactory solution for achieving a highly efficient terrain
detection, and it is also promising for underwater target
detection [6-9]. However, the processing of mass wave-
form signals collected by an STIL system is a challenge
that has to be addressed.

In recent years, the research on STIL systems is focused
on the detection ability and performance index [10-14].
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Processing methods for mass data collected by STIL are
still lacking, which is a key bottleneck for the development
of full-waveform sampling LiDAR. In this study, a
denoising method for stripe waveform signals gathered
by STIL is proposed. Compared with the traditional
Wiener filtering, the proposed connected domain denoising
method is more efficient and provides a satisfactory
denoising effect.

2 Experiments and principles

Figure 1 shows the diagram of a typical streak tube. When
the echo laser pulse exposes the slit of the photocathode,
the target echo signal is converted into electrons. This
electron beam is then accelerated to the phosphor anode by
the applied voltage between the cathode and anode. During
the accelerated motion, the electrons are deflected under
different angles using a pair of sweep plates (which
produce a linear ramp voltage), and form luminous points
on a phosphor screen, which provides time information.
Then, the phosphor screen image is recorded by a charge
coupled device (CCD) with high temporal and spatial
resolution.

The typical STIL echo signals are stripe images
containing temporal and spatial information, as shown in
Fig. 2. Each row vector of the image represents a time-
resolved channel, which reveals the time (distance)
information, while each column reveals the azimuth
(spatial) information of the laser [15,16]. Using such
images, we can obtain the target location information, as
the stripe signal represents the echo of the target.

Wiener filtering is one of the universal denoising
methods for LiDAR echo signals [17]. The mathematical
model of the Wiener filtering is described as follows [18]:
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where ;1 and ¢ represent the local mean and variance
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Fig. 2 Original stripe image

(around each pixel), respectively, while »” is the variance
of the noise.

This method is efficient when applied to conventional
LiDAR echo signals. However, the above method is not
efficient when applied to the waveform sampling signal
due to the relatively complex computational procedures. In
this paper, we propose a new morphology denoising
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method based on connected domains, and it is shown that
this method is suitable for waveform sampling stripe signal
denoising.

Connectivity means that for any two points in a
collection, there is a connection path between them that
belongs entirely to the collection. For data images,
connectivity is divided into four adjacencies and eight
adjacencies. Four adjacencies are the four directions: up,
down, left, and right; when moving from a pixel along
these directions any other pixel location is reached. Eight
adjacencies are the eight directions: up, down, left, right,
upper left, upper right, bottom left, and bottom right; when
moving from a pixel along these directions any other pixel
location is reached [19]. In this study, the eight adjacencies
method was applied.

The labeling of connected domains, i.e., assigning a
unique number to each connected domain, is the key of this
method. In this study, we adopt the method of pixel
scanning in order to label the connected domains. The
principle of labeling connected domains can be described
as follows [20]:
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where f(x,y) is the gray value of the input image, while
merge(x,y) is the connected domain tag of f(x,y).

The flow diagram of the connected domain method is
shown in Fig. 3.

First, we constructed connected domains in the original
input stripe image using eight adjacencies, then labeled the
connected domains as: 1, 2, 3,...,n, and calculated the area
of each connected domain. Taking into account that the
area of the signal is significantly larger than that of the
noise, it is not difficult to distinguish the signals from the
noise, by defining an appropriate threshold area. Therefore,
a connected domain whose area is below the threshold area
is considered as a noise. The pixel coordinates of the noise
can be simultaneously obtained; similarly, the coordinates

of the signals can be obtained.

Then, we introduced a matrix A, which has the same size
as that of the original stripe image. According to the
coordinates of the signals and noise in the stripe image, we
set the corresponding values of the signals to one, while the
values of the noise to zero. When A4 is multiplied with the
corresponding matrix of the original stripe image, a
denoised matrix is obtained, and the noise in the stripe
image can be removed.

The denoising effect can be evaluated using the signal-
to-noise ratio (SNR), the correlation coefficient (7), and the
measure of dispersion (i.e., std), defined as follows:

SNR = 10lg (%) , 3)
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Fig. 3 Flow diagram of connected domain method
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In Eq. (3), S is the intensity of the signal, while N
represents the intensity of the noise. In Eq. (4), I'is the
intensity of the original image, while 7% represents the
intensity of the denoised image. In Eq. (5), N is the number
of points, while / represents the height of each point in the
point cloud.

The SNR characterizes the denoising effect, while the
correlation coefficient shows the degree of correlation of
signals before and after denoising, which is very important
for a detailed retention of the LiDAR targets. The
dispersion can also characterize the denoising effect, as it
is sensitive to the rudimental noise in the stripe image.

3 Results and discussion

3.1 Selection of threshold area

Choosing an appropriate threshold area is of significant
importance for the connected domain method. According
to the connected domain area graph of a typical stripe
image (Fig. 4), the area of the signal is ~ 1400, while for
most of the noise it is below 200; the difference is
significant.

In order to obtain the mean of SNR and 7, and find the
appropriate threshold area, we consider threshold area
values of 20, 50, 100, 200, 300, and 500, and study a set of
1000 stripe images. As shown in Fig. 5, the SNR increases
rapidly when the threshold area is less than 200, and
gradually increases when the threshold area is more than
200; the correlation coefficient decreases monotonously
when the threshold area increases. In order to obtain a high
value of SNR, and a correlation coefficient larger than
0.990, we selected 200 as the threshold area.
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Fig. 5 Denoised results for different threshold area

3.2 Comparison of denoised results

The denoised results obtained by Wiener filtering and
connected domain method are shown in Figs. 6(a) and 6
(b), respectively. In Fig. 6(a), the background noise is
almost removed; however some details of the signal are
lost. For example, the top part (present in the original echo

image shown in Fig. 2) of the stripe is eliminated.
Moreover, the denoised signal is smoother and the edges
become blurry. In contrast, as shown in Fig. 6(b), when the
denoising is performed using the connected domain
method, the random shot noise in the background
disappears, and the shape of the stripe signal remains
unaffected, which is important for the processing of
LiDAR signals.

These two denoising methods are quantitatively com-
pared in Table 1. The time required to process 1000 stripe
images by Wiener filtering is 35 s. When the connected
domain method is used the processing time is only 16 s,
hence the efficiency (for denoising of stripe signals) of the
connected domain method is almost twice that of Wiener
filtering. This is very important for the processing of
waveform sampling echo signals. The mean SNR values of
the signals denoised by Wiener filtering and connected
domain method were 43 and 53, respectively, which
suggests that the denoising effect is better when the
connected domain method is used. In addition, the
connected domain method has a better correlation
coefficient compared to that of the Wiener filtering, as
shown in Fig. 6. This implies that the target details are
better preserved when the connected domain method is
used.

3.3 Comparison of point clouds

The conventional LiDAR output is a point cloud data and
its elevation map. Figure 7 shows the elevation maps of
typical building targets before denoising as well as after
denoising by Wiener filtering and by the connected domain
method. There are massive noise points around the
buildings in Fig. 7(a), while they are almost vanished in
Figs. 7(b) and 7(c).

In order to investigate the specific effects of these two
denoising methods using elevation maps, we chose the flat
ground between the upper two big buildings (shown in Fig.
7). The results for the flat ground are shown in Fig. 8. It can
be seen that there are massive noise points around the flat
ground in Fig. 8(a), while they are almost vanished in Figs.

(a)

(b)

Fig. 6 Denoised results of waveform sampling stripe signals. (a) Denoised result of Wiener filtering; (b) denoised result of connected

domain method
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Table 1 Comparison of different denoising methods

denoising time/s mean of r mean of SNR
connected domain method 16 0.99 53
Wiener filtering 35 0.96 43

Fig. 7 Elevation maps of buildings. (a) Original points cloud before denoising; (b) denoised by Wiener filtering; (c) denoised by

connected domain method

8(b) and 8(c). It can be noticed that some of the discrete
points are present in Fig. 8(b), while most of them do not
appear in Fig. 8(c).

The quantitative results of the elevation maps are shown
in Table 2. The dispersions of the point clouds in Fig. 8(a)—
8(c) are 10.02, 2.54, and 2.39, respectively. It is obvious
that the dispersion for Fig. 8(c) is the smallest which

indicates that the connected domain method provides
better denoising compared to that of the Wiener filtering.
The efficiency of the denoising algorithm can be also
evaluated by the point density. As shown in Table 2, the
point densities of Figs. 8(a)-8(c) are 4.57, 3.59, and 2.99,
respectively. The point densities of Figs. 8(b) and 8(c) are
smaller than that of Fig. 8(a), which indicates that both
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(a)

(b)

Fig. 8 Elevation maps of flat ground. (a) Original points cloud before denoising; (b) denoised by Wiener filtering; (c) denoised by

connected domain method

Table 2 Dispersion and point density of flat ground in points cloud

not denoised Wiener filtering connected domain method
dispersion 10.02 2.54 2.39
point density/m? 4.57 3.59 2.99

Wiener filtering and connected domain method achieve a
significant denoising. Furthermore, the point density of
Fig. 8(c) is the smallest, hence the connected domain
method provides better results.

4 Conclusions

In this study, a novel denoising algorithm based on
connected domains was applied in order to process
waveform sampling LiDAR echo signals. Compared
with the conventional Wiener filtering, the proposed
method has a higher efficiency and provides a satisfactory
denoising of stripe signals. Our results confirm that the
connected domain method is promising for applications in
denoising of STIL echo signals.
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