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Abstract. Environment perception in satellite signal denied situations is one of
the challenging problems for multi-robot collaboration. Visual collaborative
mapping is an effective solution. However, visual collaborative mapping using
Unmanned Aerial Vehicle (UAV) and Unmanned Ground Vehicle (UGV) en-
counters difficulties such as heterogeneous map fusion and high memory demand
for saving the fused map. This paper proposes a heterogeneous map fusion
method for Generalized VVoronoi Diagram (GVD) and octree map (OctoMap)us-
ing point cloud as the transitional map. The UAV builds a global GVD map of
the reconnaissance. The UGV establishs OctoMap of the local area after moving
to the mission area according to the guidence provided by the UAV. Both the
global GVD and the local OctoMap are generated according to point cloud gen-
erated by ORB-SLAM3 implemented in the UAV and the UGV. The fused map
is presented in the form of high-precision OctoMap in the mission area and GVD
map in the non-mission area to reduce memory cost. The proposed map fusion
method is demonstrated in a simulation environment.

Keywords: Multi-robot collaboration, map building, heterogeneous map fu-
sion, GVD map, OctoMap.

1 Introduction

Multi-robot collaboration between UAVs and UGVs shows great potential for mili-
tary and civilian applications to perform special tasks[1]. Accurate location and envi-
ronment information are the premise for navigation and other higher level tasks.
However, it is often difficult to obtain usable satellite signals for localization and nav-
igation in forested areas, built-up urban environments, or indoor environments.

Visual collaborative mapping such as collaborative visual simultaneous localization
and mapping (CVSLAM), is an effective solution[2] for satellite signal denied environ-
ments. Since vision sensors are low cost, lightweight and small, they are easy to inte-
grate into UAVs and UGVs. The UAV is usually used to build a rough global map of
the whole environment, while the UGV is often employed to perceive detailed environ-
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ment information for target area. Thus, CVSLAM usually requires the fusion of heter-
ogeneous maps since the map built by UAVs and UGVs usually involvs the question
of different forms or scales. Furthermore, the high memory requirements needed for
saving the fused global map is still open to be addressed.

Common forms of maps built by the UAV and the UGV are metric maps and topo-
logical maps. For navigation, grid maps are commonly used dense metric maps, but
take up large memory and are not suitable for large-scale map building scenarios[3].
Topological maps, on the other hand, are another form of compact map representation,
where nodes in the graph correspond to specific locations in the environment and edges
represent passages between different nodes, which is suitable for representing large-
scale environments [4], but not suitable for accurate navigation since each node may
reprsent a large area and each edge is actually a passable passage without fixed width.
For UAV-UGYV collaboration scenarios, one type of map often fails to meet the appli-
cation requirements for navigation in large-scale environemt [5][6]. Heterogeneous
map fusion technology can fuse different types of maps to obtain a more adaptable map
with different navigation resolution[7].

The innovation of this paper is to save memory space for storing maps. We fuse
Generalized Voronoi Diagram (GVD) maps with octree map (OctoMap), so that the
UAYV builds a global GVD map and determines the target area (usually some nodes in
GVD); the UGV travels to the target area according to the GVD map and builds a local
OcTOMap. The global GVD map and the local OcTOMap are matched through the
transitional point cloud map. Then, we get a global consistent map with coarse envi-
ronment information for non target area and fine details for target area, which reduces
the memory requirement for large scale environment mapping.

2 Related work

The map fusion technique is divided into: map alignment and map fusion. Map align-
ment is the process of finding appropriate spatial coordinate transformations between
local maps. Since mapping alignment is beyond the research of this paper, we assume
that the map data have been matched and aligned. Map fusion is the process of merging
aligned map data to form a complete and consistent map. Heterogeneous map fusion,
is a technique that fuses map data with different geometric structures and attribute in-
formation.

The fusion approaches to metric and topological maps include hybrid fusion and hi-
erarchical fusion. Hybrid fusion can address the specific shortcomings of one represen-
tation with respect to the other.The study in [8][9] requires a global metric map and
also a topological map is extracted from the metric map, which results in a heterogene-
ous fusion of metric and topology. However, this method does not take memory re-
quirements into account, is not applicable to large-scale environments.

The hierarchical fusion method, on the other hand, represents different maps hierar-
chically, preserves the advantages of different maps, and can satisfy different applica-
tion requirements. [10][11] developed the Spatial Semantic Hierarchy (SSH), which
can deal with incompleteness or uncertainty in the information depending on the form
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of the particular localization or navigation problem to be solved, maintaining the rep-
resentation of the environment in the form of a hierarchy of maps.

However, there is a limit to how efficiently a single robot can work. [12] utilizing
multiple UGVs, decentralized sampling is performed in unknown areas according to a
set sampling plan. Firstly, the global topology map and the grid map are established
independently, and then the nodes of the topology map and the key points of the grid
map are correlated and fused by using artificial environment property(such as Radio
Frequency ldentification (RFID) tags) with image features in the raw data of the sen-
sors. Finally, the heterogeneous fusion of grid and topology is completed in the form
of hierarchical fusion.

There is no single sensor that can acquire map data. In the study of [13][14], grid
maps and topological maps were created using LiDAR. Subsequently, features are ex-
tracted from the raw LIDAR scan data, based on this, topological nodes and connectiv-
ity are extracted to create grid-topological maps. In [15], multiple ultrasonic sensors are
utilized to obtain environmental information and the multi-sensor information is fused
using a BP neural network algorithm. Finally, both the grid map and the topological
map are created at the same time, both directly obtaining the grid-topological map.
However, both of the above approaches do not consider the size of the storage space,
which does not meet the memory requirements of large scene mapping. [16] enables a
heterogeneous team of robots equipped with radar and cameras to perform mapping,
utilizing a hierarchical system to preserve the environment with metric-semantic topo-
logical maps, and ultimately employing target-level semantic topological maps for map
fusion, which greatly improves the work.

The heterogeneous fusion method of GVD maps and OctoMaps proposed in this pa-
per enables the creation of a globally consistent heterogeneous map of the environment,
meeting the requirements for large-scale environment mapping while maintaining low
memory costs.

3 Heterogeneous Map Fusion of Generalized Voronoi Diagram
(GVD) and OctoMap

This brief presents a heterogeneous fusion method of GVD maps and OctoMaps
based on point clouds, which includes three steps: the creation of GVD maps, the cre-
ation of OctoMaps, and the fusion of GVD maps and OctoMaps.

3.1 Main idea of Heterogeneous map fusion of GVD maps and OctoMaps

In this paper, a heterogeneous map fusion approach of point cloud-based GVD maps
with OctoMaps combines the advantages of topological maps and 3D raster maps to
provide more comprehensive and accurate environmental map information. Specifi-
cally, the UAV traverses the entire workspace to create a global GVD map, and at the
same time determines the mission area in the GVD map. The pilot UGV travels to the
mission area according to the route of the GVD map, establishs the OctoMap of the
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mission area, and fuses this detailed map with the GVD map to obtain a global con-
sistent map of the large scene with coarse details. The final form of the heterogeneous

map is demonstrated in Figure 1.
. mission region

N GVD maps provided by UAV

I:l Local maps

Fig. 1. Pilot UAV provides GVD maps to UGVs, and UGVs travel to the mission area according
to the path to build local OctoMaps.

3.2  Creation of the GVD

Voronoi Diagram, also known as Tyson polygon or Dirichlet tessellation, is com-
posed of consecutive polygons formed by the vertical bisectors of the lines connecting
two neighboring points. It has a generator within each polygon, and the distance from
each polygon to this generator is shorter than the distance to other generators. Points on
the boundary to generate this boundary of the generator is equal in distance, and neigh-
boring polygon boundaries to the original neighboring boundaries as a subset, can be
expressed in the following formula:

V; = {x:Vj # i,d(x,p;) < d(x,p;)}i,j € {12,...,m} (D
where Vi is the i-th polygon, x is any point inside or on the edge of the i-th polygon, pi
is the generator inside the i-th polygon, pj is the generating element inside the j-th pol-
ygon neighboring the j-th polygon, d(x,pi ) is the Euclidean distance between the point
of x and the generating element p; , and d(x,p; ) is the Euclidean distance between the
point of x and the generating element p;. d(x,y) is calculated as:

dCe,y) =l x —y lla=/ Xhe1 (X — Vi)? (2
Compared to Voronoi diagrams, GVD can handle a wider range of objects. For these
objects, GVD maps can be divided into different regions in space so that the points in
each region are closest to the object represented by that region and farthest from other
objects.

In this paper, GVD maps are generated from point cloud data by constructing Delau-
nay triangles and connecting the centers of the circumcircles of adjacent triangles. The
final generation of GVD maps with passable paths also requires the elimination of Vo-
ronoi edges intersecting with obstacles. We use ORB-SLAM3, which is a sophisticated
and widely used visual SLAM framework, to generate the transitional map—point
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cloud map. However, the point cloud map usually involves thousands even millions of
points to be processed, which may hinder real-time applications. Thus, point cloud spar-
sification is necessary before further processing.

In this paper, we use radius search with farthest point sampling to sparsify point
cloud. That is, select a part of the point cloud in the region, such as corner points, that
can represent a subset of points where the distance traveled has changed, as the center
point of the query. And specify a search radius to limit the search scope, traversing each
point in this radius. First, the distance between the current point and the reference point
is calculated to determine whether the distance is within the search radius, and if it is
within the search radius, then the point is eliminated. The next reference point is chosen
to be approximately the distance from the previous reference point to the search radius
continue traversing the set of points in the region until the end to reduce the density and
number of points. Then a threshold is set according to the maximum height at which
the UGV can pass to remove some of the point cloud data. While because the GVD
map is built on a 2D plane, only the first two dimensions of the point cloud data are
needed, but the point cloud data is a 3D point set describing the environment. So it is
possible to save the first two dimensions in the non-task area first, and wait for the GVD
map to be built, and then save only the GVVD map to further reduce the data storage and
computation overhead.

After processing the point cloud data, the construction of Delaunay triangles begins.
After traversing the processed point cloud data, the point sets that can form acute trian-
gles are automatically linked into a triangular mesh, and then the remaining point sets
are inserted. That is, for n points on the plane, when constructing a triangle net, the
requirement that three interior angles of the triangle be acute angles should be met, and
at the same time the points and the triangle number should be recorded, listed into the
triangle chain table. Figure 2 shows the construction process of the VVoronoi diagram.

(@) (b) (©
Fig. 2. (a) A few processed point cloud data. (b) Point cloud data are randomly connected ac-
cording to the acute triangle standard, and the perpendicular bisector of each side is made after
forming a Delaunay triangle. (c) Voronoi diagram is made by removing the Delaunay triangle.

When inserting the remaining set of points, the triangles whose outer circles contain
the insertion points are to be found in the triangle chain list, the common edges of these
triangles are to be removed. At the same time the insertion points are to be connected
with the vertices of these triangles, completing the insertion of a point into the Delaunay
triangle chain list. After that, the vertical bisector is retained and the Delaunay triangles
are removed to form a polygonal net with the vertices of each triangle as the generators
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and the vertical bisector as the edges, which is also known as the Voronoi diagram.
Figure 3 shows the insertion of the point P in the Delaunay triangular chain table.

) )

Fig. 3. (d) Insertion of point P after forming Delaunay triangle. (e) The two outer circles contain-
ing the P point are found. (f) The common edges contained in the two outer circles are deleted.
(9) Point P is connected to complete the insertion of a point in the chain table of Delaunay trian-
gles.

The GVD map with passable paths is built on the VVoronoi diagram by connecting all
the generators and filtering some Voronoi edges: remove the edges when they are con-
nected to or cross an obstacle boundary, otherwise keep them. Finally we can build a
set of passable paths away from all the obstacles. Figure 4 shows an example of a Vo-
ronoi diagram and a GVD map.

(@) (b)
Fig. 4. (a) Example of a VVoronoi diagram generated using random points, with white dots as
generators and white lines as Voronoi diagrams. (b) Example of a GVD map with all passable
paths, with blue lines as passable paths.
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3.3  Establishment of OctoMaps

In this paper, we use point cloud data to directly generate OctoMaps (Octomap),
which compresses the updated maps with adjustable resolution and saves more memory
space by storing the maps in the form of Octomap[17].

Octomap is a spatial partitioning data structure. The cube of the octree before parti-
tioning is known as the root node and after partitioning to maximum resolution is
known as the leaf node, also known as the voxel. Each node in Octomap represents a
cubic volume which is recursively partitioned into eight sub-volumes until a leaf node
is reached. The actual data structure of Octomap it is a tree root that keeps expanding
downward, dividing into eight branches at a time, until it reaches the leaves. The leaf
nodes represent the highest resolution. For example, if the resolution is 0.01m, then
each leaf is a small square of 1cm3. In Octomap, probabilities are needed to express
whether a child node of a square is occupied or not. E.g., expressed in terms of a float-
ing-point number x € [0,1] with an initial value of 0.5, if it is continually observed to
be occupied, then let this value will be continually increasing; conversely, if it is con-
tinually observed to be blank, then just let it be continually decreasing. However, when
a node in the square is all or none occupied, then with a probability of 1 or 0, the node
does not need to be expanded, and a map that is blank from the start is then a root node
without a complete tree, so that UGV can dynamically model the environmental infor-
mation in the map.

P is denoted as the probability that a node is occupied or not, belonging to (0,1), and
a €R, denotes the logarithm of the probability. A probability P can be transformed onto
the full real number space R by means of the logit transform:

a = logit(P) = log(P /(1 — P)) 3
This is an invertible transformation and vice versa there:

P=logit_1(a)=m (4)

Suppose the node isn, t=1, ..., T moments, the observed data are zi, ... zr, and let the
logarithmic value of the probability of a node from the beginning to T moments be L
(n|z1:7), and according to the derivation of the Octomap, the information recorded at the
moment T+1 is:

L(n|zyr) =Ll zypq) + L(n | z7) (5
Written in probability form as:

1-P(nlzr) 1-P(nlzy.r—1) P(m) |71
Pilzp) = [1+ P(nlzr)  P(nizrr—1) 1—P(n)] 6

In this paper, the target point is an area. When the UGV travels to the area, it directly
takes the processed point cloud data, sets the voxel and node thresholds as needed to
control the resolution of the Octomap. The first cube is built to the actual prescribed
scale of the scene, and the unit elements are put sequentially into cubes that can accom-
modate and have no child nodes. When the Octomap needs to be updated and opti-
mized, the tree structure can be dynamically adjusted, such as merging the nodes first
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and then re-splitting the nodes, in order to maintain the real-time and accuracy of the
map.

3.4 GVD map and OctoMap map fusion process

Output the global map built by UAV as a GVD map, output the local sub-map built
by UGV as an OctoMap. Using the topology map as the underlying map, the OctoMap
and the global topology map are fused using the partitioned hierarchical map fusion
method.

When the local OctoMap is fused with the global GVD map, different fusion algo-
rithms are executed according to whether the current region is a target region or not. If
the current region is not the target region, the edges in the global GVD map are cor-
rected according to the actual running path of UGV; if the current region is the target
region, the local OctoMap is fused with the node regions in the global GVD map to
obtain the OctoMap of the target region. This partitioned hierarchical map fusion
method can not only meet the needs of navigation-based applications but also reduce
the storage density of the map in the non-target region, which can realize the com-
pressed storage of large-scale maps. The specific process is as follows.

Firstly, the UAV utilizes the ORB-SLAM3 algorithm to obtain a global sparse point
cloud. In order to meet the demand of real-time application, the point cloud is filtered
and sparsified, and then the global GVD map is built and the mission area is marked.
The pilot UGV travels according to the route of the GVD map, and on the way, the
UGV needs to turn on the obstacle avoidance element to prevent it from encountering
dangers on the way. When the UGV travels to the mission area, it will use the ORB-
SLAMS algorithm to explore the nearby environmental information and generate an
OctoMap. At this time, the UAV stays in the air, updating the global GVD map at all
times, waiting for the UGV to finish building the OctoMap of the target area. After the
map is built, the UGV continues to follow the GVVD map to the next target area to repeat
the previous task. Figure 5 shows the map fusion process.

.
Lad

ORB-SLAM3 .
» UAV » Point Cloud
v

Fig. 6. The UAV generates a GVD map through the point cloud data and marks out the mission
area. The UGV drives to the mission area through the GVD map and generates an OctoMap.
Finally generates a globally consistent map that integrates the GVD map and the OctoMap.
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4 Experiments

We build a simulation environment in gazebo platform, shown in Fig.6. We use the
keyboard to control UGV to traverse around in the environment, simulating the UAV
in the real environment. ORB-SLAM3 is adopted to collect the environmental point
cloud data, simulating the UAV perceiving the global information, so as to build out
the GVD map. The the robot is run again, moving from a random positon to the target
area guided by the global GVD map, simulating the UGV traversing to the target area
to the established the local OctoMap.

Fig. 6. Live view of the simulating environment.

Since the point cloud acquired by UGV is dense, the computational and storage costs
are high, resulting in a slow process of creating VVoronoi diagrams. Therefore, it is nec-
essary to perform point cloud sparsification.Each edge of a polygonal obstacle is sim-
ulated with a small line segment composed of a sequence of processed discrete point
sets, and then a Voronoi diagram is constructed directly using the VVoronoi construction
algorithm using these approximated discrete points as input. Figure 7 shows the VVoro-
noi diagram generated directly using the sparsified point cloud data.

) \ | )
W1
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In the next step, the edges of the obstacles in the environment are detected by finding
the vertices of the obstacles, in setting up a range of spacing between the detected ver-
tices and the obstacles, eliminating the VVoronoi edges whose vertices are included in
the range, and the rest of the VVoronoi edges constitute the set of drivable paths as far as
possible from all the obstacles to form the final GVD map. Figure 8 shows the final
GVD map.

Fig. 8. GVD Map.

The UGV starts the creation of the OctoMap by overall path planning, traveling along
the passable path on the GVD map, and then traveling to the mission area by the local
shortest path. Firstly, an OctoMap centered on the target point is determined, and then
the processed point cloud data is used to directly generate the OctoMap. Figure 9 shows
an example of the local OctoMap created when the UGV moves to the lower left corner,
the red circle is the starting point, the red line is the real travel route, the blue star is
the mission area, and the arrow point to an OctoMap of the target area.

Fig. 9. The UGV travels to the blue star area (mission area) from the red circle (starting point),
creating a local Octomap.

The resulting GVD map built by the UAV is used as the base map for navigation,
and the OctoMap built by the UGV provided at the mission area is completed.

Checking on the memory used to save maps, we can see that the global map without
fusing GVD map and OctoMap takes up 106.51KB, where the global GVD map re-
quires 6.71KB of memory, and the global OctoMap requires 99.8KB. While global map
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using the proposed map takes up only 12.96KB, where the global GVD map requires
6.26KB of memory, and the local OctoMap built with the task area requires 6.7KB. The
proposed method result in 93.55KB memory decrease when only one target area is con-
sidered.

The method of generating GVD maps and OctoMaps using occupancy grid maps
requires 164KB of memory to store the occupancy grid map. The established global
topological map takes 11.24KB, and the local OctoMap for the task area requires
13.8KB, totaling 25.04KB. In comparison, the proposed method requires an additional
12.08KB, which is twice the memory usage of the proposed method. This clearly
demonstrates that the method presented in this paper effectively reduces memory usage.

5 Conclusion

In this paper, a heterogeneous map fusion method of GVD map and OctoMap based
on sparse point cloud is explored for the collaborative map building work of multiple
robots in satellite signal rejection environment. The advantage of UAV's wide view is
utilized to build a global GVD map. The global GVD map is provided to the UGV, so
that the UGV can navigate itself while staying away from the obstacles in the process
of traveling, which ensures the safety of traveling. When the UGV reaches the target
point, the UGV builds a local OctoMap, which improves the accuracy of the map and
at the same time reduces the occupancy rate of the memory. However, we assume the
global map built by UAV and the local map built is aligned before fusing, which is not
always true in reality. Future work will loose this assumption to comply with more
realistic setting.
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