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Abstract: Geometric map features, such as line segments and planes, are receiving increasing attention
due to their advantages in simultaneous localization and mapping applications. However, large
structures in different environments are very likely to appear repeatedly in several consecutive time
steps, resulting in redundant features in the final map. These redundant features should be properly
fused, in order to avoid ambiguity and reduce the computation load. In this paper, three criteria are
proposed to evaluate the closeness between any two features extracted at two different times, in terms
of their included angle, feature circle overlapping and relative distance. These criteria determine
whether any two features should be fused in the mapping process. Using the three criteria, all features
in the global map are categorized into different clusters with distinct labels, and a fused feature is then
generated for each cluster by means of least squares fitting. Two competing methods are employed
for comparative verification. The comparison results indicate that using the commonly used KITTI
dataset and the commercial software PreScan, the proposed feature fusion method outperforms the
competing methods in terms of conciseness and accuracy.

Keywords: mapping; geometric features; feature fusion

1. Introduction

Simultaneous localization and mapping (SLAM) is one of the major challenges in
the field of autonomous driving and robotics [1]. In the process of SLAM, two parallel
tasks are simultaneously dealt with, including localization and mapping [2]. The latter
one is normally referred to as the process of constructing a certain type of representation
of the surrounding environment, in which the autonomous vehicles or robots perform
localization and path planning.

In recent years, many works have been proposed to tackle the mapping problem for
various map types, such as [3-7]. In the existing literature, the maps used for SLAM can be
categorized into the following three major types: occupancy grid maps, topological maps
and geometric feature maps (e.g., point feature maps, line feature maps and plane feature
maps). Due to the lower memory usage compared to occupancy grid maps, and higher
accuracy compared to topological maps, geometric feature maps have received significantly
more attention in recent years. Among the various types of map features, point features
are normally used to provide geometric constraints for precise localization [8]. However,
it should be noted that the use of point features often leads to low-quality maps, because
the real environment cannot be faithfully represented by points alone and important
information about the environment may be lost in point feature maps. To tackle this issue,
more sophisticated map features—line features and plane features—have been proposed in
the literature [9,10].
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The use of line features/plane features has shown several obvious advantages over
the traditional approaches. It has been pointed out in [11] that the employment of line
features/plane features yields significant advantages in terms of storage space and compu-
tational load. In addition, the adverse effects of sensor noise can be sufficiently suppressed
if plane features/line features are used, since they are normally extracted from a large
number of points [12,13]. Moreover, for mapping environments with abundant flat struc-
tures, plane features can be employed to better constrain the camera motion and effectively
suppress drift [14]. This paper contributes to the field by addressing the feature fusion
problem of these two important types of geometric features.

1.1. Literature Review

In recent years, a number of methods have been proposed in relevant literature for
identifying and merging redundant map features (e.g., line features and plane features),
aiming to represent the structure outlines in a more clear and concise manner.

Line features are commonly used to represent environments in which straight or flat
structures are dominant. These features are often observed in maps constructed by means
of LiDAR sensors [15], cameras [16] and RGB-D sensors [17]. In the existing literature,
fusion algorithms for line features can be categorized into the following two major types:
offline algorithms [18-20] and online algorithms [21-24]. In offline algorithms, line features
obtained in the sensor coordinate system are first transformed to the global coordinate
system, and then they are clustered and merged in the global coordinate system. In
comparison, online algorithms achieve map compression normally by means of line feature
association/matching; in the meantime, the vehicle/robot pose is simultaneously obtained
in real-time. Then, new features extracted in the current frame are used to update the
global map.

Sarkar et al. [18] proposed an offline approach to fuse line features. In this method,
angular clustering and spatial clustering are applied to all line features, and then the
features in each cluster are merged to a line of infinite length. The endpoints of all features
in one cluster are projected onto this infinite line, and the two farthest points, making
the longest length form the resulting (fused) feature. Elseberg et al. [19] put forward an
offline fusion method and used similarity measures (i.e., the angular distance and the
spatial distance) to cluster line features, and the merged feature direction for a cluster
is the averaged direction of all constituent features in that cluster. Amigoni and Li [20]
reproduced the A-V approach [21] for merging line features. This method fuses line
segments by checking the maximum Euclidean distance from endpoints to the supporting
line against a threshold and ensuring non-empty intersections of projections within the set
of line features.

Gomez-Ojeda et al. [22] proposed an online method to match current and previous
features by comparing their directions, lengths, and endpoint positions, thereby achieving
feature fusion for key frames. Liu et al. [23] achieved an initial match between line features
in the image plane and those in the global coordinate system using bundle adjustment,
and then obtained the endpoints of fused features by means of the least squares method.
Gao et al. [24] proposed an online approach in which line features with 3 degrees of free-
dom are used in an enhanced EKF-SLAM framework to construct sparse feature maps.
Wen et al. [25] introduced an online merging method for line features. In this method, three
measures (heading deviation, separation distance and overlap) are employed to evaluate
the spatial proximity between the previous global feature map and line features of the
current frame.

Plane features have been employed in the existing LIDAR SLAM and RGB-D SLAM
solutions [26-30]. Along with the development of plane feature-based SLAM methods,
plane feature fusion algorithms have also been invented and developed accordingly.

Wang et al. [26] transformed the plane features obtained in consecutive frames to
the global coordinate system, and calculated the Mahalanobis distances between plane
pairs. Then, a constant threshold was chosen to check whether any pair of planes should



ISPRS Int. ]. Geo-Inf. 2023, 12, 235

30f19

represent the same structure surface. Lastly, the least squares method was employed to
fuse the features obtained in the current frame and the global map from the previous step.
Hsiao et al. [27] presented a fusion method to match new plane features with existing plane
features. For each plane feature to be fused, three criteria should be evaluated: (1) the
normal value of the plane feature, (2) the distance between the plane feature and origin of
the coordinate system, and (3) the residual of the plane model. Cwian et al. [28] proposed
a series of criteria to determine whether two plane features should be fused, including
the angle between two plane features, the mean residual error, the minimum point-to-
point distance between two plane features, and the planarity and curvature parameters.
Grant et al. [29] proposed a new plane fusion method, taking into account the constraints of
having similar normals and distance values between the two planes. When these constraints
are met, the two planes are projected onto their mean plane obtained by averaging their
normals and offsets, and the intersection area and union area of the two projected planes
are calculated. If the ratio of the intersection area over the area of the smaller projected
plane is over a threshold (or the ratio of the intersection area over the union area is greater
than a threshold), then the two plane features are associated and must be merged in the
next step. Pan et al. [30] proposed to merge newly detected plane features with previous
planes using surface normal similarity and spatial proximity criteria. By detecting and
merging matched small plane segments from multiple RGB-D frames, a large indoor plane
can then be obtained.

1.2. Problem Statement

In general, line features and plane features are superior to point features, since they
not only reduce the amount of data involved in mapping, but also provide better geometric
information about the environment [31]. Although great efforts have been made in fusing
line features and plane features, challenges still remain in the accuracy and conciseness of
the fused feature maps. Existing methods frequently falter in efficiently merging features
detected at different time points, resulting in redundancy and potential clarity issues in
the resulting maps. Furthermore, the computational burden of handling these redundant
features can slow down the mapping process. These challenges present an obvious research
gap that needs to be addressed for improvement in this field.

Given this context, to effectively utilize these two types of features, the ‘feature fusion’
problem must be properly solved to merge the features extracted at different times. The
‘feature fusion” problem in this context is referred to as the process of merging the features
that represent the same structures in the environment but are extracted at different (and
mostly consecutive) times. For example, as shown in Figure 1, when an autonomous
vehicle navigates through an unknown environment, big structures (e.g., building walls)
are very likely to appear repeatedly at several time steps. As a result, redundant features
that originate from exactly the same structure may exist at different times. Therefore,
appropriate measures must be taken to fuse these redundant features, for the following
two important reasons: (1) avoiding ambiguity and enhancing mapping accuracy, and
(2) reducing the computation load and accelerating the mapping process.

features extracted at time k—1
features extracted at time &

Building 1 Building 2

Building 3 ‘ | Building 4

Figure 1. Features extracted at two consecutive time steps.
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1.3. Original Contributions

To tackle the above problem, in this paper we propose a novel feature fusion algorithm
for geometric feature maps, which effectively merges the repeating features extracted at
different time steps. Specifically, the proposed algorithm is mainly applicable to two types
of geometric features—line features and plane features. In this study, the plane features are
assumed to be perpendicular to the ground and are projected onto the ground plane. Hence,
the line features and plane features can be uniformly treated using the proposed algorithm.

In this paper, three important criteria are proposed to evaluate whether the features
extracted at two different times represent the same structure, which are as follows: (1) a
small included angle, (2) large overlapping area of feature circles, and (3) small relative
distance between features. Features that satisfy the above three criteria simultaneously are
merged by means of least squares fitting, namely, the repeating features extracted at two
different times are fused to form a single feature. By this means, the mapping accuracy and
mapping speed are both improved, as only the fused features remain in the constructed
feature map.

The effectiveness of the proposed algorithm is verified through comparative studies
with two typical feature fusion methods proposed in [18,31]. The principles of the compet-
ing methods are revisited in Section 2. The fusion performances of these three methods are
compared using the KITTI dataset [32] and the commercial software PreScan. It is shown
in the fusion results that the proposed algorithm outperforms the competing methods in
terms of conciseness and accuracy.

1.4. Outline of the Paper

The rest of the paper is organized as follows. The principles of the two competing
methods are introduced in Section 2. The details of the proposed feature fusion algorithm
are elaborated in Section 3. The feature fusion results are compared and discussed in
Section 4. Conclusions and future works are given in Section 5.

2. Background

In this paper, two line feature fusion methods [18,31] are employed for comparison
purposes. The first method is devised based on the principle of mean shift clustering [31].
The second method is a more recent and advanced feature fusion algorithm designed
based on density clustering, in which the typical mean shift clustering is also involved.
In Section 4, the proposed feature fusion method is compared with these two competing
methods in terms of conciseness and accuracy, in order to evaluate the effectiveness of the
proposed feature fusion algorithm.

2.1. Feature Fusion Based on Mean Shift Clustering—Competing Algorithm 1

In this method, 2D line segments are employed as the form of map representation, and
the mean shift clustering algorithm [31] is adopted to merge the perceptually similar line
segments into a single instance, thereby significantly downsizing the line feature dataset
while providing better geometric information of the map. In the resulting global 2D map,
each set of the originally redundant linear features is represented (and replaced) by a single
line segment without any ambiguity.

Note that in [31], the mean shift clustering algorithm is applied sequentially to cluster
the line segments, based on the feature orientations and feature centers. Then, each cluster
of features is merged by projecting individual line segments onto a representative segment
located in the middle, leading to the final fused feature for that cluster. Interested readers
are referred to [31] for more details of this feature fusion method.

2.2. Feature Fusion Based on Density Clustering—Competing Algorithm 2

The second competing algorithm was designed based on density clustering [18]. The
core of this approach is two successive density-based clustering steps for identifying the
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same clusters of line features. Note that in this approach, the typical mean shift clustering
algorithm is also involved in the clustering steps.

In the two successive clustering steps, the first step is based on feature orientations.
After computing the orientation of each line feature, the mean shift clustering algorithm
based on angular orientations is applied to classify the line features extracted from all
individual scans. The second step is based on feature spatial proximity. Two indicators are
employed to evaluate the proximity of line features—lateral separation and longitudinal
overlap. The line features that are considered to be close in terms of both orientation and
spatial proximity are merged to produce a resulting (fused) line feature by taking into
account the weight (i.e., length) of each constituent line feature.

3. Proposed Feature Fusion Method

In this section, we propose a novel feature fusion method for merging line features and
plane features. Note that the majority of plane features extracted from the environments
result from large structures such as building walls. Assuming that the ground is flat, these
plane features are at large perpendicular to the ground and can be treated as lines if they
are projected onto the ground plane. Hence, the fusion method proposed in this section
can be uniformly applied to both line features and plane features.

As mentioned in Section 1.2, when an autonomous vehicle navigates through an
unknown environment, it is highly likely that big flat structures, such as building walls,
repeatedly appear at several time steps, and as a result, redundant features (which originate
from exactly the same structure) are repeatedly extracted at these time steps. This problem
has been schematically shown in Figure 1. Ideally, in the final constructed map, only one
fused feature should be retained to represent each flat structure (e.g., a building wall) in the
environment. To achieve this goal, three important criteria for feature fusion are proposed
in our method.

3.1. Criteria for Feature Fusion

The following three criteria are proposed to determine whether the features extracted
at two different times should be merged. These criteria are based on an intuitive principle
that only the features that are ‘close enough’ should be fused.

3.1.1. Criterion 1—Small Included Angle

The first criterion is to evaluate the closeness of the two extracted features in terms
of the included angle between them. Any two features extracted at time k and k — i
(i=1,2,...,k — 1) can be expressed in the following form:

T = { (v, (v § M
I ;= {<XZ71»3/Z71»>, (xllcjfi/ylléfi)} 2

where (xf,y{) and (x,’z, yZ) represent the endpoint coordinates of the line feature at time
k, and (x{_,y¢ ;) and (x!_,y? ) denote the endpoint coordinates of the line feature at
time k — 7.

The equations for the above two line features in the x-y plane (i.e., the ground plane)
of the global coordinate system are written as:

Ax+ By +C =0 3)

Ap—ix+Bg_jy +C¢—; =0 4)

where Ay, By, Cx, Ax—i, Bx_; and Cy_; denote the coefficients of these two linear equations.
Then, the included angle § between these two line features is given by
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| AxAx—i + BxBy_il
VAR + B2 A2+ B

B = cos™!( ) 5)
where g € [0, F).
If two line features originate from exactly the same flat structure, then the following

necessary condition must be met:
0<p<s (6)

where § denotes the threshold for the magnitude of the included angle B. This criterion
evaluates the closeness of the features in terms of their orientations in the global coordi-
nate system.

3.1.2. Criterion 2—Large Overlapping Area of Feature Circles

The first criterion can be satisfied as long as the features involved are generally parallel,
even if they are located far apart. For example, the features that represent the buildings
on the two sides of a straight road can be easily found parallel to each other. Hence, these
features satisfy the constraint imposed by Criterion 1, although they are separated by the
road and located far from each other. This problem calls for more stringent constraints on
the similarities of the features to be fused.

In the second criterion, the concept of feature circles is introduced to solve the above
problem by evaluating the level of feature circle overlapping. For line features, the feature
circle is defined as the circle that takes the midpoint of the line segment as the center, and
the length of the line segment as the diameter. Figure 2 shows an example of the feature
circles resulting from one single scan. In this example, 10 line features are present and each
of these features is assigned a label, ranging from 1 to 10. In Figure 3, the feature circles
resulting from two consecutive scans are drawn, with feature labels ranging from 1 to 13.

It can be observed that some features repeatedly appear in two consecutive scans and
they are very closely located, such as feature 7. These features are referred to as ‘survived
features’, and they are very likely to have originated from exactly the same structures. To
reflect the true locations of the real structures, the survived features should be properly
merged in the map. By observing Figures 2 and 3, intuitively, features 2, 3,4, 5, 6,7, and
10 are expected to be survived features. The expressions for survived features at different
time steps are given by Equations (1) and (2).

30 [

line features at time k—1

I5F T O

feature circles at time k-1 |

v (m)

=30 =20 =10 0 10 20
x (m)

Figure 2. Example of feature circles resulting from one single time step.
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0 line features at time &
feature circles at time k 10
-5
-10 Py
= 2 ~13
-15 ! =0 ﬂ\ 4/ 3
-30 -20 -10 0 10 20
x (m)
Figure 3. Example of feature circles resulting from two consecutive time steps.
The radii of the feature circles at time k and time k — i are as follows:
R, = 1 a b2 a b2 7
k=5 (xk_xk) +(]/k_]/k) (7)
1 2 2
— b b
Ry_i= E\/(xi_i - xk_i) + (yi—i - yk—i> (8)

The level of feature circle overlapping is employed in this study as an indicator to
evaluate the extent of feature closeness. Specifically, the following overlapping indicator ¢

is defined as follows:
e — Soverlap )

S min

where Syyerlap denotes the overlapping area of the feature circles at time k and time k — 7,
and Spin represents the area of the smaller feature circle.
Let us denote the distance between these two circle centers by d; apparently, if
Ry + Ry_; < d, then we have ¢ = 0, and if |Rp — R;_;| > d,then ¢ = 1 holds. When
|Rx — Rg_i| < d < Rg + Ri_;, the indicator ¢ takes a value between 0 and 1. Note that in
this case, the two feature circles intersect and an overlapping area is formed, as schemati-
cally shown in Figure 4. It can be readily proven that the overlapping area, Soyerlap, is given
by the following equation:

Soverlap = &kRE + a_iR_; — ARy sin ay (10)
where a; represents the magnitude of angle ZMO;Oy_; in radians, and «a;_; denotes the
magnitude of angle Z/MOy_;Oy in radians. Note that in Equation (10), the first two terms
reflect the areas of sectors MOxN and MOy_;N respectively, and the last term stands for
the area of quadrangle MO NOy_;.

With the above definition, if two features are considered survived features and to be
merged, the following inequality is enforced as a necessary condition for feature fusion:
r<e<l (11)

where v is the lower boundary of the indicator ¢, which is dependent on the environments
to be explored.
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Figure 4. An example of two intersecting feature circles. The purple and green circles respectively
represent the feature circles at time k — 7 and time k.

3.1.3. Criterion 3—Small Relative Distance between Features

This criterion is proposed to eliminate the adverse influence of trivial features extracted
from the environment. This purpose cannot be achieved by applying only Criterion 1 and
Criterion 2. The trivial features may originate from small structures in the environment
rather than large buildings, such as fences on the road side. These trivial features should
not be fused in the map, as they could lead to significant deviations of the fused features
from the true locations of large structures (e.g., buildings) in the environment.

For example, in Figure 5, it is assumed that feature FG originates from a large building
and feature HJ results from a small structure on the road. Apparently, features FG and
HJ satisfy both Criteria 1 and 2, and they would be fused if Criterion 3 was not enforced.
However, the fusion of FG and HJ could result in a fused feature F'G’ that is located far
from the major structure FG, which in turn leads to serious problems for localization or
path planning. Therefore, measures should be taken to eliminate the adverse effect caused
by trivial features such as HJ.

o

Figure 5. An illustration of the effect of a trivial feature on the fusion result. The blue and purple
circles respectively represent the feature circles at time k — i and time k.

To tackle the above problem, in this criterion, the distance from the center of one
feature (e.g., point Oy) to the other feature (e.g., line segment FG) is employed as an
indicator. In the case shown in Figure 5, denoting the distance from Oy to FG by dj_,x_;
and that from Oy _; to HJ by dj_;_, the following indicator can be defined:

Amax = max(dy ki, dx—i k) (12)
Then, the inequality below is enforced as a necessary condition for feature fusion:
0 < dmax < n (13)

where 77 is the upper boundary for the indicator dmax, which is dependent on the environ-
ments to be explored.
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To sum up, if any two features extracted at time k and time k — i satisfy the above three
criteria at the same time, then these two features are considered to have originated from
the same structure. Such features will later be fused using the approach proposed in the
following section.

3.2. Feature Fusion Strategy

By means of the three criteria proposed in Section 3.1, we are able to determine
whether the features extracted at two different times should be merged. Note that for each
time step, it is quite common to obtain more than one feature from the feature extraction
algorithm. Before the feature fusion process takes place, each feature extracted at time
k is compared with those extracted at time k — i, using the above proposed criteria. If
any two features extracted at two different times satisfy all three criteria simultaneously,
then they are classified in the same cluster and a unique label (i.e., an integer) is assigned
to that cluster. Repeating this process sequentially, all features in the global map can be
categorized into different clusters with distinct labels. Note that a new label is assigned to a
cluster only when the first two features (which satisfy the three criteria) for that cluster are
found, and in the following process, the newly added features will be attached the same
label as the others in the same cluster.

For major structures in the environment (e.g., buildings), they repeatedly appear in
multiple scans and the number of repetitions can be quite large. In comparison, trivial
features such as fences appear in significantly fewer scans due to their considerably smaller
dimensions. For this reason, the number of features in each cluster is evaluated before
feature fusion takes place, in order to retain only the significant (i.e., sufficiently large)
features in the map. In other words, if the number of features in a cluster is too low, then
this cluster is neglected, as the trivial features only appear in a limited number of scans.

The feature fusion process can be completed using the straightforward least squares
fitting method. Specifically, the endpoints of all features in a cluster are employed as the
data points to be fitted. Applying least squares fitting, the mathematical expression (i.e.,
the linear equation) for the fused feature in the x-y plane (i.e., the ground plane) of the
global coordinate system can be obtained. In order to determine the new endpoints for the
fused feature, the endpoints of the original features in this cluster are all projected onto
the fused line. Then, the two projected points that maximize the length of the fused line
segment are chosen as the new endpoints. This process is schematically shown in Figure 6.

[}
L mee e cluster representative lines
cluster 1

cluster 2

Figure 6. Feature fusion process.

The last step in the feature fusion process is to optimize the fused features that form
the building edges. It can be observed in Figure 7a,b that the endpoints of some fused
features are closely located (but are not coincident). Intuitively, these features reflect the
building edges (corners) and their endpoints should indeed coincide. In this study, if the
distance between two endpoints is within a certain threshold, then these two endpoints are
replaced by a new endpoint located exactly in the middle of the two original endpoints. By
this means, the original intersecting or disconnected lines are now replaced by connected
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line segments, leading to smooth and continuous building profiles without any protrusions
or gaps, as shown in Figure 7c,d.

115
-46

b
y (m)
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(b)

—-46

47
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-49
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Figure 7. Fused features before and after optimization. (a) Fused features before optimization;

(b) fused features before optimization; (c) fused features after optimization; (d) fused features
after optimization.

4. Results and Discussion

In this section, the effectiveness of the proposed feature fusion method is verified through
comparative studies with two typical feature fusion methods introduced in Section 2.2. Firstly,
the commonly used KITTI dataset [32] is employed for this verification. Specifically, the dataset
numbered ‘2011_09_30_drive_0018_sync’ that reflects a residential environment is used. In
addition, to provide quantitative comparison results, the commercial software PreScan is also
employed in this study for further verification. All the comparative experiments were run on
a desktop equipped with a 3.4 GHz Intel Xeon CPU and a 64 GB RAM.

Two types of data in the KITTI dataset are employed in this section for comparative
verification: point clouds, as well as coordinates (latitude and longitude) and the heading
angle of the vehicle. The point clouds in the dataset were collected by a 64-beam HDL-64E
Velodyne LiDAR, which features a 0.09 degree angular resolution, 2 cm distance resolution
and 10 Hz frequency [32]. The field of view of this LiDAR is 360° horizontal and 26.8°
vertical, while the range of this sensor is 120 m [32]. The coordinates and heading angle of
the vehicle were obtained using an OXTS RT3003 inertial and GPS navigation system. This
system features a 100 Hz data output rate, 0.02 m positioning resolution and 0.1° heading
resolution [32].

The proposed method is compared with the competing methods in terms of two major
aspects: conciseness and accuracy. For the former one, we evaluate the number of features
needed to represent the flat structures in the map. A lower number of features indicates a
smaller storage space and less processing time. For the latter one, we check the closeness

between the fused features and the ‘ground truth’, i.e., the structure locations obtained
from Google maps or commercial software PreScan. The accuracy of fused features is first
demonstrated graphically based on Google maps, and then the accuracy is quantified by
the sum of the distances between the endpoints obtained by the fusion algorithm and the
corresponding vertex, using an artificial environment constructed in PreScan.

4.1. Comparison in Terms of Conciseness

Figure 8a demonstrates a global map without feature fusion, in which all features
extracted at different times are directly plotted. It can be easily observed that redundant
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features are locally concentrated, as they originate from the same flat structures. Figure 8b
shows a global map consisting of fused plane features, resulting from the proposed feature
fusion method. In this figure, almost all redundant planes have been fused, which yields a
rather neat feature map compared to Figure 8a.
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Figure 8. Global maps before and after feature fusion. (a) Global map before feature fusion; (b) global
map after feature fusion.

To show how the proposed method outperforms the competing methods, four lo-
cal maps are selected from the global map for comparison purposes, as observed in
Figures 9 and 10. These figures demonstrate the feature fusion results for three meth-
ods in 3D and 2D, respectively. It is observed that the proposed method yields a fewer
number of planes, and no redundant (i.e., repeating) features are retained. In contrast,
the competing methods maintain more features in the map, and redundant features are
still present in these four local maps. In other words, with the competing fusion methods,
ambiguity in the map is not completely eliminated; in addition, more storage space and
higher computation power are also required.
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Figure 9. Fused features produced by the three competing methods in 3D. Subfigures (a—d) illustrate
the feature fusion results of the three competing methods in 3D at four selected positions.
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Figure 10. Fused features produced by the three competing methods in 2D. Subfigures (a-d) illustrate
the feature fusion results of the three competing methods in 2D at four selected positions.
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Apart from the graphical results, the number of resulting features is also counted
using these three methods. Table 1 compares the number of fused features produced
by the three methods, for the four local maps shown in Figures 9 and 10, as well as the
global map shown in Figure 8b. It can be observed that the proposed method provides
a consistently lower number of fused features for all cases, thereby leading to improved
mapping efficiency.

Table 1. Comparison of fused feature numbers.

Number of Fused Features

Map
Competing Algorithm1  Competing Algorithm 2  Proposed Algorithm
Figure 11a 4 3 2
Figure 11b 4 3 2
Figure 11c 2 3 2
Figure 11d 4 3 2
Global Map 1333 513 360
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Figure 11. Line features maps on top of 2D Google maps for the three methods. Subfigures (a—d)
present the comparison results of the three feature fusion methods, overlaid on Google maps (ground
truth). Each subfigure corresponds to a distinct local map.

4.2. Comparison in Terms of Accuracy

The advantage of providing a lower number of fused features should not be achieved
at the cost of jeopardizing the accuracy of the feature map. In this section, the fused features
resulting from the three methods are plotted on top of Google maps for exactly the same
areas, in order to evaluate the closeness between the fused features and the actual structures.
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Figure 11 demonstrates the comparison results for four different local maps, with fused
features plotted on top of Google maps.

The vehicle locations at two different times are employed to align the feature maps
with Google maps. In Figure 11, the two red location icons in each subfigure represent the
vehicle locations at two different times. Note that the vehicle location on the Google map
can be obtained by its longitude and latitude, while its location on the feature map can be
acquired by converting its longitude and latitude to x and y coordinates on the feature map.
Hence, for a specific area, map alignment can be achieved by matching the two vehicle
locations on the feature map and Google map. It can be observed in Figure 11 that the fused
features produced by the proposed method generally match well with the profiles of actual
structures, faithfully reflecting their geometric information. In contrast, the competing
methods exhibit inferior performance due to their high sensitivity to the bandwidth choice,
causing incorrect feature classification and fused features that deviate from the ground
truth. For example, some fused features generated by competing Algorithms 1 and 2 (see
Figure 11a,b) are located in between two buildings, resulting in significant feature location
errors. The proposed fusion algorithm effectively addresses these limitations, providing a
more accurate and reliable feature fusion solution.

Apart from the graphical results, in this study, quantitative results are also obtained
to compare the feature accuracies of the three methods. Generating quantitative results
requires the knowledge of the actual location and dimension of the buildings (ground truth),
which is not available in Google maps. To tackle this issue, an artificial urban environment,
as shown in Figure 12, is constructed using the commercial software PreScan. In this simu-
lated environment, the exact building locations are available, thus the discrepancies (i.e.,
errors) between the extracted features and the actual structures can be readily computed.
Note that the simulated vehicle used in PreScan is equipped with a 32-beam LiDAR sensor.
This sensor has a range of 150 m and the received 3D points contain Gaussian measurement
noise. Plane features are first extracted from the received point clouds, and then fused by
means of the proposed method and the two competing algorithms.

400 -
300
200 -

100

y(m)
[=}
T

-100-

—200r

=300+

-400 =300 —200 —100 0 100 200 300 400 500
X (m)
Figure 12. Artificial urban environment constructed in PreScan. Three different types of buildings
are represented by red, green and magenta rectangles, while the roads are depicted by black lines.
The pink circle denotes the LIDAR’s horizontal field of view at its current position.

Figure 13a is a bird’s-eye view of the actual outline of a building (ground truth) in the
constructed environment. The four vertices of the outline are denoted by lowercase letters
a, b, cand d, and the areas enclosed by the green rectangles are zoomed in and denoted by
numbers 1, 2 and 3, as shown in Figure 13b—d.
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Figure 13. Ground truth and fused features produced by the three methods—Case 1. Subfigure (a) is
a bird’s-eye view of the actual outline of a building (ground truth) in the constructed environment.
Subfigures (b—d) offer magnified views of areas encompassed within the green rectangles in the
primary figure. The lowercase letters a, b, ¢, and d denote the positions of the rectangle’s four vertices.
Additionally, the zones within the green rectangles are distinctly labeled with the numbers 1, 2, and 3
for further reference.

To quantify the accuracy of fused features, the error (Euclidean distance) between the
actual vertex and the endpoint of a fused feature is employed as an indicator. Specifically,
for a certain vertex, the sum of all such errors is used to evaluate the accuracy of the fused
features. For example, in Figure 13d, the sum of errors between vertex a and the two blue
endpoints reflects the accuracy of the fused features (blue dashed segments) resulting from
competing Algorithm 1.

Table 2 shows a comparison of the fused feature accuracies, quantified by the sum
of errors, for all four vertices a, b, c and d. It can be observed that the proposed method
in this paper outperforms the two competing algorithms, producing fused features with
consistently higher accuracies for all four cases. This advantage is of great significance
for SLAM applications, since more accurate map construction undoubtedly facilitates
vehicle/robot positioning. Note that to ensure fair comparison, the same post processing
has been employed for all three algorithms in Table 2.

Figure 14 shows a more challenging case of the simulated environment constructed
in PreScan, where the density of buildings is higher than that in Figure 13. Figure 14a
displays a bird’s-eye view of the actual contours (ground truth) of two closely located
buildings in the constructed environment. The areas enclosed by the green rectangles are
magnified and labeled with numbers 1 and 3, as shown in Figure 14b,d. In Figure 14b, the
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area enclosed by the green rectangle is further magnified and labeled with number 2, as
shown in Figure 14c. Within these enlarged areas, we observe that the proposed method
exhibits a clear advantage in handling details over its competitors. Specifically, due to the
inherent shortcomings of Algorithm 1, the results of Algorithm 1 in Figure 14b significantly
deviate from the ground truth, and similar situations are also observed in Figure 11a,b.
As for Algorithm 2, we can observe that its fused features cannot accurately align with
the contours of the ground truth, in comparison with the proposed algorithm. The above
illustrations indicate that our proposed method provides higher accuracy and robustness
compared to the other two methods in both real and simulated environments.

Table 2. Comparison of fused feature accuracies.

Vertex Competing Algorithm 1  Competing Algorithm 2  Proposed Algorithm
a (m) 0.0414 0.0416 0.0310
b (m) 0.0916 0.0917 0.0397
¢ (m) 0.0196 0.0200 0.0010
d (m) 0.0665 0.0664 0.0212
-7 1
o Iii) Ii:'\ \iH l;‘? I;U ) - 120.5 121 1215 122 1225 1
x (m) x (m)
(@) (b)

v (m)
v (m)

N

7.35 1174 11745 1175 11755 1176 117.65 117.7

x (m) x (m)

(c) (d)

----- fused features produced by the competing algorithm 1

ground truth

fused features produced by the proposed method === fused features produced by the competing algorithm 2

Figure 14. Ground truth and fused features produced by the three methods—Case 2. Subfigure (a)
delivers a bird’s-eye view of the true contours (ground truth) of two closely positioned buildings
within the constructed environment, featuring areas enclosed by green rectangles that are magnified
and marked as 1 and 3. Subfigure (b) delves into the area enclosed by green rectangle 1, offering
a magnified view and further highlighting the region marked as number 2. Subfigure (c) provides
an even more detailed perspective of the area within green rectangle 2, originally highlighted in
subfigure (b). Subfigure (d) affords a magnified depiction of the region within green rectangle 3,
initially identified in subfigure (a).
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Apart from the comparisons in terms of feature fusion performance, the computation
time required by the three methods is also investigated in this study. The time consumed
is compared and shown in Table 3. The proposed method takes a slightly longer time to
complete the feature fusion task, but provides the best feature fusion results among the
three. In comparison, competing Algorithm 1 consumes the shortest time but produces the
worst fusion performance.

Table 3. Time evaluation of three competing algorithms.

Competing Algorithm 1  Competing Algorithm 2  Proposed Algorithm
time (s) 3.24 4.68 8.45

Generally, the proposed feature fusion method is superior to the competing methods,
in terms of conciseness (i.e., number of fused features) as well as accuracy (i.e., closeness
between the fused features and actual structures). The underlying reasons are as follows.
Firstly, using the mean shift principle in the stage of orientation clustering, any features
that share the same (or similar) orientations are classified in the same cluster regardless of
their spatial distances. Spatial clustering is conducted only after orientation clustering is
completed. Consequently, in the first stage, features that are located far from each other
may be categorized in the same cluster, as long as their orientations are close enough.
Secondly, the performance of the two competing algorithms is highly sensitive to the choice
of bandwidth. Specifically, if the bandwidth is too large, in the spatial clustering stage, it
is possible that line features that originate from different building surfaces are wrongly
classified in the same cluster. As a result, the resulting fused features may greatly deviate
from the ground truth. To tackle the above limitations, the proposed algorithm deals with
the feature fusion problem in a different fashion and does not rely on mean shift clustering
any more. It is not a simply modified version of the typical mean shift algorithm, but a
novel framework for solving the above feature fusion problem. The proposed algorithm
uses three criteria to simultaneously evaluate the orientation, overlapping, and relative
distance of any two features extracted at two different times. These criteria determine the
closeness of any two features and whether they should be fused in the mapping process.
Using the three criteria, all features in the global map are categorized into different clusters
with distinct labels, and a fused feature is then generated for each cluster by means of least
squares fitting. By this means, the above defects existing in the competing algorithms can
be effectively overcome by the proposed method.

It should also be pointed out that two limitations are observed for the proposed
method. Firstly, the effectiveness of the proposed approach is dependent on the accuracy
of vehicle positioning. Namely, vehicle location errors can lead to deterioration of feature
fusion performance. This limitation is not only present in this approach but also in all
feature fusion methods that rely on vehicle position information (such as the two com-
peting algorithms). Thus, this is indeed a common research problem that requires further
investigation in the future. Secondly, the time consumed by the proposed method is slightly
longer than the two competing methods. This is because the proposed method employs
three criteria to evaluate whether any two features ‘should or should not be fused’, and
also counts the number of feature appearances in LIDAR scans. This pre-processing signif-
icantly enhances the feature fusion performance (which is lacking in the two competing
algorithms), at the cost of the slightly increased computation time. The second limitation
should not become a major problem as it is an offline approach, especially considering the
performance enhancement it achieves.

5. Conclusions and Future Works

This paper proposes a feature fusion method for merging geometric features (i.e., line
and plane features) for the mapping process in SLAM applications. Large structures in
the environment appear repeatedly at multiple time steps, which results in redundant
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geometric features that originate from the same structures. These redundant features not
only give rise to ambiguity, but also slow down the mapping process. To tackle this issue,
three important criteria are proposed in this paper to evaluate the closeness between the
features and determine whether the original features should be fused. Based on these
criteria, all features in the map are classified into different clusters, and for each cluster, a
single fused feature is generated as a representative by means of least squares fitting. For
comparative verification, the proposed method is compared with two typical feature fusion
methods in the literature, using the commonly used KITTI dataset and the commercial
software PreScan. The comparison results show that the proposed method outperforms
the competing methods in terms of conciseness (i.e., number of fused features) as well as
accuracy (i.e., closeness between the fused features and actual structures).

In the next step of investigation, the proposed method will be incorporated in a
complete geometric-feature-based SLAM framework for further verification. In addition,
experimentation will be followed by the use of small-scale autonomous robots equipped
with LiDAR sensors.
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