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Abstract: This paper presents a novel lidar SLAM system for localizing a mobile robot to build a map
of the environment. To identify the unknown transform matrix, we design a new scan-matching
approach, in which a point cloud segmentation algorithm is additionally integrated. Different from
the traditional normal distribution transform algorithm for point cloud registration, our newly
proposed one additionally incorporates a ground point remover and a point cloud segmentation
method. By employing the point cloud segmentation algorithm to divide the point cloud space into
different cells, the newly proposed algorithm can guarantee the continuity and convergence of the cost
function. To tackle the recognition difficulties that the camera-based loop-closure detection heavily
depends on the environment’s appearance, a depth-completion algorithm is introduced to fuse
sensor data to ensure the robustness of the algorithm. Moreover, the bags of binary words (DBoW)
are adopted to improve the image-matching quality. Finally, experimental results are presented to
illustrate the effectiveness of the proposed system.

Keywords: point cloud registration; loop-closure detection; SLAM

MSC: 93-08; 93-10

1. Introduction

In the last ten years, simultaneous localization and mapping (SLAM) has drawn
increasing attention from both scientific and industrial communities, due to its various ap-
plications such as environmental reconstruction, exploration, autonomous driving vehicles,
etc. Generally, the SLAM problem can be described as a state estimation problem as seen
from [1-6]. In [1], a random sampling approach was developed to deal with the state of
estimation for systems under measurement noise. In [2], Rao-Blackwellized particle filters
(RBPFs) were designed to improve the accuracy of pose estimation by utilizing the structure
of a dynamic Bayesian network(DBN). Furthermore, Grisetti et al. developed an RBPF
based system [3] to tackle the particle depletion problem by designing a new adaptive tech-
nique to reduce the number of particles and a good performance was guaranteed. In [4], a
laser-ranger-finder-based algorithm was proposed to achieve simultaneous localization and
mapping by designing a new distributed particle mapping, which successfully removed
the assumption that predetermined landmarks should be employed in the environment.
To make up for the noise problem caused by the inherent assumptions of EKF SLAM, a
hybrid filtering SLAM method was proposed by integrating the neural network and the
EKF algorithm [5]. An observability-constrained unscented Kalman filter SLAM method
with sampling strategy for the UK was presented to improve the accuracy and consistency
of state estimates [6]. Moreover, by combining an extended Kalman filter and an iterative
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SfM algorithm, a new control scheme was proposed and exhibited better robustness to
outliers in [7]. However, these Kalman filtering based methods only considered the impact
of the state of previous moments on the state of the current moment, which lost a lot
of information from past moments. In the proposed approach, more information from
past moments are considered and cumulative estimation errors can be further corrected
by a closed-loop detection, which is integrated into our control scheme. To alleviate the
computation burden, Kohlbrecher proposed a scheme based on Gauss—-Newton to deal with
the scan-matching problem [8]. Furthermore, a flexible and scalable 3D attitude estimation
system was developed to cope with robots learning maps in unknown environments, which
successfully incorporated the IMU data into the state estimation. However, the early works
mentioned above did not take into account the effect of cumulative errors on the accuracy
of mapping buildings. In practice, cumulative errors in large-scale scenarios are essentially
important for a SLAM system to improve the accuracy of mapping buildings.

To tackle this challenging problem, up to now, some interesting results have been
reported in [9,10]. In [9], an efficient sparse pose adjustment method was proposed to reduce
the cumulative error by transforming a large optimizing pose graph problem into solving
a linear subproblem. In [10], Hess et al. developed a new SLAM system by proposing a
branch-and-bound approach. To realize a 3D map construction, much effort has been spent
in [11-14]. In [11], a point cloud registration algorithm was proposed, which successfully
solved the relative pose transformation problem through the correspondence between two
pairs of point clouds. It was further extended to 3D mapping tasks by Magnusson [12].
In [13], Zhang et al. successfully tackled the feature-matching problem by utilizing the
Levenberg-Marquardt method to optimize the loss function. Subsequently, by designing a
new ground extraction algorithm and refactoring the code, Shan [14] proposed a LEGO-
LOAM solution and an excellent performance was guaranteed, which was successfully
applied in the six degree-of-freedom pose estimation of ground vehicles. In particular, a
graph-based SLAM approach was designed using directional endpoint features for the
efficient initialization and updating in [15]. To address the unreliability of GPS-based
localization, Jung et al. further proposed a novel hierarchical-graph-based SLAM method
to ensure the system stability by using NDT and G-ICP matching methods [16]. Moreover,
a tightly coupled multisensor fusion framework was constructed to achieve a robust and
accurate state estimation by utilizing filter-based odometry and factor graph optimization
in [17].

Inspired by the prior works mentioned above, this paper presents a 3D lidar localiza-
tion and mapping solution based on dense depth information. One of the main difficulties
hindering the development of this solution is how to use the characteristics of different
sensors to improve the perception ability of robots. To remove this obstacle, a novel loop
closure detection is proposed in this paper. Based on depth completion, we convert the
sparse depth information obtained from the lidar data into a dense depth image and use
mature visual methods to achieve loop-closure detection. The main contributions of this
paper are as follows.

1. In comparison with the previous scan-matching algorithm in [12], our newly pro-
posed one additionally contains a ground-point removal and an effective point cloud
data segmentation algorithm. To overcome the slow convergence speed arising from
the inaccurate environment model, the point cloud registration problem has been
successfully transformed into an optimization problem. Subsequently, a point cloud
segmentation algorithm is newly designed to divide the point cloud space into differ-
ent cells, which exhibits an excellent performance.

2. By fusing lidar data with camera data, our newly proposed loop-closure detection
scheme successfully avoids the common problem found in [8] that loop-closure detec-
tion is prone to fail in structured scenes. In comparison with common vision schemes,
our proposed scheme can effectively reduce the influence of the illumination on the
loop-closure detection with the aid of a depth-completion algorithm, and thus our
scheme is more robust in various scenarios.
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2. Related Work

For the SLAM problem, the uncertainty of localization and map building can be
handled by the state estimation theory, and the uncertainty of the state can be estimated by
nonlinear optimization algorithms. In lidar SLAM, a mobile robot obtains the point cloud
data of the environment through lidar and, using a point cloud registration algorithm,
the method estimates the relative pose and realizes the motion estimation of the mobile
robot.As the scale of the map increases, the global consistency of the map will continue to
decline, resulting in dislocation and ghosting. To solve this problem, SLAM systems are
usually equipped with a loop-closure detection module, which can correct the global pose
by detecting whether the mobile robot is located at a previously visited location.

The initial lidar odometry is primarily accomplished by the ICP algorithm. However,
the ICP algorithm is limited by its assumptions. Since the point cloud data are usually
sparse, it is difficult to a one-to-one correspondence between points. To address its short-
coming, many important works have been proposed. In [18], Aleksandr proposed the
G-ICP algorithm to extend the probability model of the locally planar structure to the global
one. In [19], the NICP algorithm not only restricted the distance between points but also
added constraints on the normal vector and the curvature of the surface where the point
cloud was located. In [12], the NDT algorithm was proposed, in which the distribution
characteristics of point clouds were utilized to achieve registration. Compared with the
ICP algorithm, it did not require the assumption of a corresponding relationship between
point clouds and considerably improved the calculation speed and accuracy. To improve
the performance of the NDT algorithm, much effort has been spent in [20-22]. These
methods improved the accuracy of the NDT algorithm by improving the cost function and
clustering point clouds. For the dense 3D point cloud, some scholars have proposed to use
the characteristic points of the point cloud to realize the lidar odometry, and LOAM is the
most representative one.

In traditional lidar-based loop-closure detection, some methods based on point cloud
matching [23] do not need to process point cloud data and directly use the registration
algorithm for matching. However, they require a lot of calculations in large-scale scenes
and require high initial conditions. Methods based on point cloud feature description such
as scan context [24], intensity scan context [25] and IRIS [26] can achieve point cloud closed
loop detection in large-scale scenes. However, these methods are likely to fail if the scanning
angle of the lidar changes. In visual SLAM, a camera can obtain rich environmental texture
information, and many mature methods are used to detect and match it, among which the
word-bag model is the most widely used. By using DBoW [27] to transform the extracted
visual features into bag vectors, another description of the image is obtained, which is used
to match the similarity between images. However, the camera-based approach is sensitive
to the light and viewpoint and is not particularly stable.

3. Proposed Method

To improve the accuracy of the lidar odometry, gain a more accurate initial pose
estimation and use a more robust loop-closure detection algorithm to improve the con-
sistency of the map, a complete 3D lidar SLAM system is proposed, which includes a
lidar odometry based on a point cloud segmentation and loop-closure detection on dense
depth information.

3.1. System Overview

The SLAM system proposed in this paper consists of five modules including data pre-
processing, lidar odometry, loop-closure detection, back-end and mapping. The main work
of the data pretreatment module is time synchronization and the basic cutting processing of
various sensor data. The lidar odometry is realized by using the NDT variant algorithm, by
removing ground points from point cloud data and segmenting the point cloud according
to whether they belong to the same object. Then, a Gaussian distribution is constructed in
each subspace for the initial pose estimation. In the loop detection part, the camera data
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and lidar data are combined. The global retrieval of local maps is realized by using the
depth-completion algorithm and the visual-bag-of-words model. After the corrected pose
is obtained, it is sent to the back-end optimization module for calculation. The back-end
optimization module uses the G20 [28] library to build the model of nodes and edges and
optimize the global pose. The map-building module uses the optimized pose and the saved
local map at each moment to obtain a complete point cloud map by relying on the local
map. The structure of the whole system is shown in Figure 1.
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Figure 1. An overview of the SLAM algorithm proposed in this paper.

3.2. Lidar Odometry

In general lidar point cloud data, there are often many points emitted from the ground.
Most of the ground points are sparse and have no obvious features, which can be approxi-
mated as arcs. However, the vertical right-angle resolution of lidar is large, and the ground
points of two adjacent frames of point clouds are usually difficult to overlap. Therefore,
removing the ground points in the point cloud can reduce the computational burden and
achieve a high point cloud registration accuracy. To do so, we can fit the ground plane
and then remove the ground point as shown in Figure 2. The remaining point cloud is
preserved for the point cloud registration.

54

Figure 2. Using a ground segmentation algorithm to remove useless ground points.

To achieve plane fitting, first, a set of seed points needs to be selected. These seed
points are used to generate an initial plane model depicting the ground. By designing
an LPR (lowest-points representative), which represents the average of the lowest height
points in the point cloud, that is, in the entire Ny pr, the LPR guarantees that the plane
fitting stage is not affected by measurement noise. The LPR is regarded as the lowest point
of the whole point cloud P, while the points in the point cloud whose height is lower than
the threshold Th,,; are regarded as seed points, which constitute the initial seed point set.
Thereafter, a plane model is used to estimate the ground mathematical model.

ax+by+cz+d=0 1)

nlx=—d 2)
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where n = [a,b,¢]T is the plane normal vector, x = [x,y,z|T, and the plane normal vector is
solved by the covariance matrix C of the initial point set.

C= Y Gi—9(si—9)" 3)
i=1:|S|

where § represents the mean of all points, the spatial distribution of the seed point set is
described by covariance matrix C. Since we assume a plane model, the normal vector n
perpendicular to the plane represents the direction with the least variance. The matrix C
consists of three singular vectors obtained by the singular value decomposition. According
to the SVD transformation of the covariance matrix C, the singular vector corresponding
to the smallest singular value is the direction of the plane. Therefore, the normal vector
n can be obtained by the singular vector corresponding to the smallest singular value.
Subsequently, we compare the distance [x,y,z]7 x n with the preset threshold Th,;s;.

Lidar uses an active sensor, and the data are usually represented as a disordered point
cloud. According to the acquisition method of the point cloud data, a 3D point cloud can be
projected onto a 2D space. If the scanning of the lidar point cloud is restored, a set of data
with an adjacency relationship can be obtained. Then, the distribution information of the
point cloud is calculated from the adjacency relation of the point cloud. The distribution
characteristics of the point cloud are used to divide the input point cloud space into
different subspaces.

The emission position of the point in the lidar data is initially calculated by using the
angle between a point in the point cloud and the lidar data. The point is projected onto a
2D plane according to the horizontal scanning distance and vertical resolution of the point
cloud. By doing the same calculation for each point in the point cloud, we can obtain the
position relation between each point and convert a group of disordered 3D points into a
2D matrix. That is, we project a 3D point cloud onto a 2D plane and get a distance image.
The pixel coordinate of the point in the image represents the position of the point cloud,
and the pixel value of the point represents the depth information of the point cloud. In
the distance image, the adjacency relation between point clouds is used to segment the
point cloud space, and point clouds belonging to the same object are split into the same
distribution space.

To achieve an efficient segmentation of the point cloud space, it is necessary to ensure
that the same objects are divided into the same grid. The adjacency relationship between
cloud points is determined according to the scanning characteristics of the lidar system.
After the two points A and B with a definite neighbor relationship are obtained, whether A
and B belong to the same object can be judged by calculating the included angle § between
two adjacent lidar scans. The calculation of § is as shown in Figure 3.

\A

0 4
Figure 3. Assuming that the sensor is located at O, and the lines OA and OB represent two laser

beams, points A and B produce a line to estimate the surface of the object (if they all belong to the
same object).
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OA and OB are the distances returned by lidar scanning, denoted as d; and d, re-
spectively; ¢ is the horizontal or vertical right-angle resolution of the lidar system, and the
calculation formula is defined as follows:

B = atan2(||BH||, ||HA||) = atan2(d, sin,dy — dp cos ) 4)

The preset threshold 6 is used to determine whether two points are from the same
object. If B < 6, the two points are regarded as coming from different objects. The result
of the point cloud space segmentation is shown in Figure 4. This algorithm can obtain
a fast and exact region segmentation under low-density point clouds and satisfies the
requirements of the NDT algorithm. In practice, the main problem may be that some
objects are oversegmented, but usually, the wall is huge and tilted, so the impact on
registration accuracy can be overlooked.

Figure 4. Region segmentation using point cloud spatial distribution characteristics and local ad-
jacency relationship, different colors represent point clouds divided into different subspaces. (The
more dark the color, the more dense feature points)

After the point cloud region segmentation, a Gaussian function is adopted to describe
the distribution of the point cloud for its clear physical significance. In each point cloud
subspace, the mean y and covariance matrix X can be computed as follows:

1
B= Ni{:] L X )
1N T
L= ch_li;(xi—ﬂ)(xi—ﬂ) (6)

According to the predicted pose, we rotate and translate the input point cloud y;. Thus,
yiis
vi = T(p,yi) = ReRyReyi + @)
The joint probability of each point is expressed as:
Te—1(,
1 (vi—m) T (v — )
X,y) = ——exp| — & L 8

and we get the combined probability of all the points in Y as

Ny

Y= Hf(X/T(P/J/i)) ©)
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Similarly, we have
Ny
max¥ = min ) _ (v} — y)TZ‘fl (vi—n) (10)
i=1
Lete;(p) =i — u, E(p) = el () 'ei(p); we obtain
Ny T Ny
min ) (y; — ) T (y; —p) = min}_ Fi(p) (11)
i=1 i=1
We iteratively optimize to find Ap that minimizes the following function:
Ny Ny
Y Fi(p+ap) =) e (p+Ap)Z7ei(p+ Ap) (12)
i=1 i=1
Using Taylor’s formula to extend (12), we obtain
dé‘i
eilp+Ap) & eilp) + 3 Ap = e+ Jidp (13)
Fi(p+Ap) = (ei + Jiap) 27" (e + [iAp) 1

= F(p) +2b] Ap + ApTHiAp;

among them, biT = eiT 1, H = ]l.T ¥ 1J;. The above is an optimization problem where
we can find Ap that minimizes AF(p).

Ap = —H}b; (15)

The model is a piecewise continuous differentiable probability distribution, which can
be matched with other point cloud data by the Hessian matrix method [29] without solving
the complex correspondence problem directly. The result of the registration is shown in
Figure 5; it is completed when the convergence conditions are reached. In general, input
point cloud data are directly substituted into the Gaussian distribution established by target
point cloud data in engineering. If the distribution of the input point cloud is the same as
that of the target point cloud, the probability value of the Gaussian distribution reaches
the maximum value. It is worthy to point out that the shape of each Gaussian function
can be determined by the parameters of its central point and standard deviation. With a
trial-and-error procedure, these two parameters are finally determined.

Figure 5. Using the matching algorithm proposed in this section to register the two frames’
point clouds.
3.3. Loop Closure Detection

To validate our scheme, a depth-completion algorithm was used to combine the precise
location information with the high-resolution color and texture information. When the
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external parameters of the lidar system and camera are supposed to be known, the lidar
data can be correlated with the image data, that is, the corresponding pixels of the 3D point
cloud in the pixel coordinate system can be found. It mainly involves the transformation of
four coordinate systems, which are the pixel coordinate system (1, v), the image coordinate
system (x,y), the camera coordinate system (X, Y, Z;) and the lidar coordinate system
(Xr, YL, Zt).

As shown in Figure 6, the transformation matrix relationship is

Pe = Tiggat - PL (16)

We project a 3D point in the camera coordinate system into the image coordinate sys-
tem to obtain the 2D point p = (u,v, 1)T. The matrix of the projection transformation from
the camera coordinate system to the image coordinate system is Tj,,;, and the projection
relation is:

p= Tpmj P (17)

In this transformation, only the data within the range of pixels are kept for the trans-
formation. Finally, points in the image coordinate system are transformed into the pixel
coordinate system through the camera’s internal parameter matrix K.

Z. Zc

Yo

X0 Yy

Xc

Oc

Figure 6. Projecting the point cloud data into the image space. (a) The relationship between the
various coordinate systems; (b) the projected result.

The sparse depth map is commonly obtained by a projection transformation in the
3D point cloud collected by the lidar and other ranging sensors. Even with expensive
lidar systems, the sparse depth maps which can be generated are still highly sparse and
cluttered around object boundaries. However, cheap cameras can also acquire sufficiently
dense environment texture information. The dense depth information can be obtained by
combining the color and environmental texture information with the high-precision depth
information. Moreover, the strengths of different sensors can be used to deal with more
complex scenarios or extreme environmental conditions.

The PENet [30] algorithm was utilized to realize the fusion of the sparse depth infor-
mation and dense texture information. Although the input contains a color image and a
sparse depth image, this algorithm mainly uses color features to predict depth. It is easy
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to use the structural information in the color image to get depth information around the
object. With the help of the point cloud depth completion algorithm, the color and texture
information of the image and sparse depth information are transformed into dense depth
information, and the depth image with the image resolution is achieved as illustrated in
Figure 7. For images with depth information, feature descriptors can be extracted from
images in a way similar to a visual closed-loop detection.

(0)
Figure 7. Converting a sparse depth image and an RGB image to a dense depth image using PENet.

(a) RGB image; (b) sparse depth image; (c) dense depth image.

3.4. Optimization

Pose optimization is to optimize all observations and states together, and the residual
term is the sum of all the residual terms. In practice, each residual will be assigned a
weight, that is, the information matrix, which is equivalent to weighting the residual. After
considering the information matrix, the entire residual term can be expressed as

F(X) = Z egﬂijei]- (18)
(i,j)eC
and the optimization function is
x* = argyminF(x) (19)

Let the observation between the i and j frames be expressed on the Lie group SE(3) as

AT;; = T;'T; (20)
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When there is an error in the pose, the residual term can be calculated using the left
and right sides of the following equation

A1\
eijzln(ATij Ti T])

—In (exp ( (&) A) exp((-2)") exp(8]) ) v

The Jacobian is found by adding a perturbation to the pose, where the residual is
expressed as:

(21)

&jj = ln(Ti;lTi_1 exp((—&;i)/\) exp <5§]/-\>Tj)v (22)

Moreover, to simplify this a little bit further,

ejj = ln(Ti?lel exp((—&@fi)/\> exp ((5@?) Tj>v

(23)
~ eij — jril (Ei]') Ad(T;l) 561 + ‘,7771 (61']') Ad(T;1> (56]
The Jacobian of Tj is expressed in the following formula:
dejj -1 -1
A= 55z =~ (@) Ad(T; 1) (24)
The Jacobi of the residual with respect to T is
deij -1 -1
By = 55z, = (ei) Ad(T; ) (25)
The total residual term can be expressed as
F(x+Ax) = ) Fij(x+Ax)
(i,j)eC
~ Y (ci]- +2bfAx+ AxTHl-]-Ax> (26)
(ij)eC
= c+2bTAx+ AxTHAX
To minimize the error, we can use the following equation:
HAx = —b (27)

Several iterations are carried out until the residual meets the convergence condition,
then the cycle is terminated and the optimization is completed.

4. Experiments

In this section, the system accuracy was evaluated. In the following, experiments were
conducted to verify the effectiveness of our proposed scheme. Specifically, the effectiveness
of the implemented system was verified. To validate our method, the KITTI dataset [31]
and the M2DGR dataset [32] were selected. The EVO odometry accuracy assessment tool
was used to evaluate the algorithm.

4.1. Accuracy in KITTI Dataset

To illustrate the advantages of the proposed method in an outdoor environment,
we conducted experiments on the KITTI dataset. We mainly used 3D point cloud data
acquired by the Velodyne HDL-64E lidar system. The trajectory was saved in the KITTI
data set format, and the timestamp did not need to be saved, as long as the data to be
evaluated corresponded to the ground-truth data one-to-one. In the first experiment, the
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KITTI dataset was used as the input to the designed SLAM system. The resulting motion
trajectories are shown in Figure 8; we compared our scheme with A-LOAM, CT-ICP and
HDL-SLAM. For the convenience of the comparison, all experiments were performed on
the same experimental platform. The comparison results are shown in Table 1. It can
be seen from Figure 8 that the absolute pose errors (abbreviation in uppercase, APE) of
A-LOAM, CT-ICP and HDL SLAM were 12.17, 4.54 and 4.61, respectively. It can be seen

from the experimental results that the systematic error could be well-controlled in the
system proposed in this paper.

Table 1. Comparison of trajectory accuracy obtained by different SLAM algorithms under the
KITTI dataset.

A-LOAM CT-ICP HDL SLAM Ours
APE(m) 12.171403 4.542528 4.612094 2.029666
RPE(%) 2.512680 2.319101 1.819429 1.786136
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Figure 8. Motion trajectories obtained using different loop-closure detection algorithms in the KITTI
dataset. (a) A-LOAM,; (b) CT-ICP; (c¢) HDL SLAM,; (d) ours.

300 400

The absolute pose error and the relative pose error (abbreviation in uppercase, RPE)
are shown in Table 1. It can be seen that the algorithm proposed in this paper had great
advantages in both the overall pose error and the relative pose drift. From the motion

trajectories in Figure 8, the algorithm proposed in this paper had the smallest gap with the
true value.
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4.2. Accuracy in M2DGR Dataset

To further demonstrate the robustness of our SLAM system, we conducted experiments
in nighttime scenes. The M2DGR dataset contains data collected from multiple nighttime
scenes. The absolute pose errors of the motion trajectories of the mobile robot are shown
in Figure 9, and the results are recorded in Table 2. It can be seen that our proposed
method had the best error control ability. Compared with HDL SLAM, we reduced the
relative pose error by 1.72 and the absolute pose error by 1.26. Therefore, our scheme
had a good performance in both error control and trajectory offset. The point cloud map
was constructed using the M2DGR dataset as shown in Figure 10. Our method was more
uniform in the distribution of errors than other algorithms, and the mean and variance of
the errors were also minimized.
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Figure 9. APE curves obtained using different SLAM algorithms in the M2DGR dataset. (a) A-LOAM;
(b) CT-ICP; (c) HDL SLAM,; (d) ours.

Table 2. Comparison of trajectory accuracy obtained by different SLAM algorithms under the
M2DGR dataset.

A-LOAM CT-ICP HDL SLAM Ours
APE(m) 8.382180 4.044064 3.447970 1.725925
RPE(%) 3.069632 2.855111 2.725925 1.469667

A-LOAM is an improved version of LOAM that uses the code of LOAM optimized by
the Eigen and Ceres libraries. However, as it is only a lidar odometry without loop-closure
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detection, it cannot be called a SLAM algorithm, so the overall accuracy is poor. The
advantage of HDL SLAM lies in the abnormal judgment of the pose during the matching,
and some abnormal frames can be discarded. However, when matching, only one point
cloud frame is selected as the target point cloud. If the point cloud is too sparse, a large
error will be generated. CT-ICP is a new odometry method that ensures the real-time
performance of the algorithm, but the back-end optimization is carried out only when
loop-closure data are recognized, and the optimization effect is poor for a large scene
without loop closure.

Figure 10. The point cloud map of the M2DGR dataset constructed using the SLAM algorithm
proposed in this paper.

5. Conclusions

This paper investigated a SLAM system for mobile robots. To improve the registration
accuracy and computation efficiency, a new variant of the NDT algorithm was proposed,
which was different from those previously proposed in that it contained a ground-point
remover and a point cloud segmentation algorithm. In addition, a loop-closure algorithm
included in the depth-completion algorithm made the proposed SLAM system more robust
in practical applications. Finally, experimental results were provided to demonstrate the
good localization and mapping performance of the proposed SLAM system.
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