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This paper addresses the challenge to build an autonomous exploration system using Micro-Aerial Vehicles (MAVs). MAVs are capable of
flying autonomously, generating collision-free paths to navigate in unknown areas and also reconstructing the environment at which they
are deployed. One of the contributions of our system is the “3D-Sliced Planner” for exploration. The main innovation is the low compu-
tational resources needed. This is because Optimal-Frontier-Points (OFP) to explore are computed in 2D slices of the 3D environment
using a global Rapidly-exploring Random Tree (RRT) frontier detector. Then, the MAV can plan path routes to these points to explore the
surroundings with our new proposed local “FAST RRT* Planner” that uses a tree reconnection algorithm based on cost, and a collision
checking algorithm based on Signed Distance Field (SDF). The results show the proposed explorer takes 43.95% less time to compute
exploration points and paths when compared with the State-of-the-Art represented by the Receding Horizon Next Best View Planner (RH-
NBVP) in Gazebo simulations.
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1. Introduction exploration tasks such as: scene reconstruction, industrial
inspection, transportation, search and rescue missions
Micro-Aerial Vehicles (MAVs) have turned into one of the = and many other applications that humans are not able
most powerful robotic tools for human tasks. They can to achieve.
move in critical environments and have the ability to see in There are different techniques for building the map
a wider range than humans at the ground with the proper  when performing autonomous exploration. For example,
Sensors [1-4]. The flying path can be f‘_“_mfi using the  Fedorenko et al. [8] used a group of MAVs designed to
sampllngsg-basgd pl.adr;ners lsth as Pdrobablllstlc RoadMap generate a point-cloud map of the scene and sent it to other
(PRM) [ lan Rapl_ y-exploring Rar.l om Tree (RRT) [6_] or Unmanned Ground Vehicles (UGVs). Dang et al [9] pre-
heuristic planners like the A* algorithm [7]. However, it is L .
. . . sented a novel strategy, optimizing the exploration of un-
not easy to perform safe movements in a three-dimensional ! .
known space by focusing the robot to the most salient

(3D) environment when a collision-free path must be gen- )
objects. In order to solve the problem of MAVs autonomous

erated in unknown scenarios with unexpected obstacles. : i | )
The future of MAVs leads to a fully-autonomous system exploration using on-board sensors such as Visual-Inertial

which can work even if the map is not available at the (V1) sensors [10] and Hokuyo laser, a “FAST RRT* 3D-Sliced

beginning. This brings a wide range of possibilities in ~ Planner” is presented. It consists of a sequential two-di-
mensional (2D) slices exploration of the 3D environment.

! - : For this 2D exploration, Optimal-Frontiers-Points (OFP) are
Published 15 September 2021. This paper was recommended for publi- li . | 1 f ]
cation in its revised form by editorial board member, Yunfeng Zhang. CompUted atevery slice usinga g obal RRT frontier detector.
Email Address: *alvaromartineznovo@gmail.com, Tliang.lu@upm.es Collision-free paths to these points are generated using the
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local FAST RRT* planner with a Signed Distance Field (SDF)
collision checking algorithm. Thus, the computation is re-
duced and low resources are needed to complete the en-
vironment exploration in an optimal way. The proposed
algorithm is validated using RotorS [11] in Gazebo.

There are three key innovations in this work: (a) The di-
mensionality of 3D exploration is reduced by slicing the en-
vironment in 2D independent explorations. (b) Exploration
points are computed in 2D using the OFP algorithm. This
shows that the computing time needed to explore is reduced
when compared with other planners such as the RH-NBVP
[12]. (c) The proposed FAST RRT* planner can find paths that
are more optimal than the ones found by the conventional
RRT algorithm but in less time than the original RRT* version.

The remainder of this paper is organized as follows: In
Sec. 2, a brief overview of related works is given. In Sec. 3,
the SDF Local FAST RRT* Planner is introduced. The 3D-
Sliced Exploration algorithm is presented in Sec. 4 and the
results are discussed in Sec. 5. Finally, Sec. 6 concludes the
paper and summarizes future directions.

2. Related Work

A lot of methods have been proposed during the last dec-
ades addressing the problem of autonomous exploration in
unknown environments. The frontier-based exploration was
first proposed by Yamauchi [13]. This work explains that
frontiers consist on regions on the boundary between
mapped and unmapped space. By moving to successive
frontiers, the map knowledge increases and full exploration
is covered. Based on this concept, several innovations have
been proposed. Umari and Mukhopadhyay [14] presented a
global/local RRT-based frontier detection method for au-
tonomous exploration. It uses a RRT-based algorithm to
find frontiers, instead of conventional image processing
tools that are limited to 2D. In this work, a point reached by
the tree is considered as a frontier point if it, or at least any
point at the edge, lies in the unmapped space. The RRT
algorithm is perfect for this type of exploration because it is
biased to unexplored regions and makes this process scal-
able to higher-dimensional spaces.

An efficient MAV 3D exploration using road maps was
presented in [15]. The innovation of it lays in the incre-
mental building of the road map that generates a topolog-
ical structure of the 3D area during the exploration process.
Thus, Next-Best-View (NBV) evaluation is computed by
using this road map information and prompting the effi-
ciency for NBV determination. Furthermore, a local planner
based on the Artificial Potential Field (APF) [16] method is
proposed for leading the position of the MAV.

As one of the most famous sampling-based exploration
method, Receding Horizon “Next-Best-View” Planner (RH-NBVP)
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was first proposed by Bircher et al. RH-NBVP repeatedly
expanded a Rapidly-exploring Random Tree and selected
the best next node to explore using an objective function
that considered the set of visible and unmapped voxels from
robot configuration. This approach had two main dis-
advantages: (a) Keeping repeatedly expanding RRT is
computing expensive. (b) Selecting the optimal next step in
the field of view might lead to a sub-optimal solution. In
2018, Mahdoui et al. [17] presented another approach using
a cooperative frontier-based exploration multi-MAV system.
In this work, the MAVs are intended to explore specific
regions of the environment in an optimized manner. In
order to save communication bandwidth, the MAVs ex-
change map frontier points between them instead of the
whole grid map. Thus, feasible fast cooperative mapping
with low energy consumption is achieved.

Most of these methods presented work in a 3D grid
computed using the Octomap framework [18]. However, the
proposed approach achieves the 3D exploration computing
OFP in 2D slices of the environment using the RRT-based
frontier exploration. Map reconstruction and collision
checking are computed using Voxblox [19] which has
demonstrated to be more efficient than Octomap.

Another planner using Voxblox based on history-aware
NBV [20] showed substantial improvements in the explo-
ration time. To obtain a better sampling efficiency, this work
used a history of previously visited places. These positions
were used as seeds of the RRT to find informative regions
when the mapped area increases far away from the robot
and no gain is found in the vicinity. It reduces the sampling
time as the RRT no longer needs to sample all the map from
the current position. Schmid et al [21] presented an in-
formative path planning algorithm based on a continuously
expanded single tree. Then, using an objective function, the
trajectories are refined to maximize their utility. More re-
cently, Lu also proposed an optimal frontier-based autono-
mous exploration algorithm for MAVs [22]. This algorithm
uses Kmean++ to cluster the frontiers and information
gain to select the best candidate to explore. The path to
reach the selected frontier is generated using a corridor A*
algorithm.

3. Local FAST RRT* Planner Using Signed Distance
Field

In this section, the proposed FAST RRT* Planner is de-
scribed. This planner is used to move the MAV to the OFP
computed during the exploration process. The “SDF-based
Collision Checking Algorithm”, “FAST RRT* Planner” and
three exploration strategies: “Fixed Tree Resolution”,
“Sequential Local-Planning” and “Collision-Avoidance Flight
Maneuver” are discussed.
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3.1. SDF-based collision checking algorithm

When applied to the mapping problem, SDF [23] is a type of
representation generated from voxel meshes or 2D bitmaps.
For better understanding, SDF is a function that takes a
position as input and outputs the distance from that input
to the nearest obstacle as shown in Fig. 1.

Another key concept about SDF is the sign of the dis-
tance stored in each voxel. Computing the subtraction of the
inverted Euclidean Distance Transform (EDT) from the
original, results into the SDF. In the SDF, negative values are
inside the represented obstacle’s contour while positives
values are outside of it. This last feature can be used to
decide whether the robot is inside the contour or outside of
it and build a collision-free path. There are two well-known
SDF representations.

One of them is the Truncated Signed Distance Field
(TSDF), commonly used in computer graphics and surface
reconstruction. The other one is the Euclidean Signed Dis-
tance Field (ESDF) which is accurate for collision checking
in planning. The difference between TSDF and ESDF map
representation is the process to compute the distance to the
obstacle. In ESDF, each voxel stores the Euclidean distance
to the nearest occupied voxel. On the other hand, the TSDF
computes the projective distance from the voxel to the next
occupied voxel along the ray direction of the sensor at that
moment. This distance is truncated to only have values that
are close to the surface. Thus, ESDF is used as map repre-
sentation for collision checking. Because the MAV can be
considered as an sphere with a fixed radius, it is assumed as
Ryay, then the collision status in the ESDF at any point can
be computed as follows:

checkCollision(Xyay)
FREE, despr — Ruav > 0
= ¢ OCCUPIED, dgspr — Rmay < 0 (1)

UNEXPLORED, dggpr = Infinite

Obstacle
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Fig. 1. Euclidean SDF.
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Remark 3.1. UNEXPLORED voxels are those where ESDF is
not computed.

3.2. FAST RRT* planner

RRT is a well-known sampling-based algorithm that can be
used to solve path planning with low computational
resources. It does not increase much complexity when ap-
plied to high-dimensional spaces. RRT has probability
completeness, which means that, if initial and target posi-
tions are in the same connected area, then a path from the
initial position to the goal position will be found after
enough tree nodes extensions. There are many other
implementations studied to improve the RRT performance.
One of them is the Bidirectional RRT [24] where two trees
grow from the initial position and the goal until they reach
each other. Recently, the RRT* version that computes a low
cost optimal path was also proposed [25]. In our work,
FAST RRT* is presented as an hybridization between RRT
and RRT* algorithms to solve the autonomous exploration
problem in an optimal way.

The process of the proposed FAST RRT* algorithm is
introduced here. The tree growth is exactly the same as the
conventional RRT algorithm. First, the current position of
the robot is set as the seed of the tree and then a random
node is sampled. A new node will be added to the tree if it is
collision free between it and the nearest node in the tree.
This process is iterated until a new node in the tree is close
enough to the desired goal. From here, RRT would search
the path easily because the tree has a hierarchical structure,
where each node has a parent node. Thus, the path is found
instantly using a recursive process from the goal node to the
seed of the tree.

However, in our proposed algorithm, this process is
different and similar to the original RRT* reconnection

Fig. 2. FAST RRT* and RRT paths comparison in yellow and pink
colors, respectively.
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Algorithm 3.2 (FAST RRT* Planner).

Require: mapgspr
Ensure: path

1: function FAST_RRT_STAR(Xnit, Xgoal)

2 Goal = onSearch

3 while Goal # Found do

4: Xrand < generate RandomPoint()

5: Xnear < findNearestNodeOnTree(X and)
6: Xinter + increaseResolution(Xnear, Xrand)
7 for all X; € X;,ter do

8: if checkCollision(X;) # Occupied then
9: if i > 1 then

10: X;—1 < adoptNode(X;)

11: else

12: Xnear ¢ adoptNode(X;)

13: end if

14: if checkGoal(X;, X goar) = True then
15: Goal = Found

16: break

17: end if

18: else

19: break

20: end if

21: end for

22: if rrtTime() = True then

23: Goal = NotFound

24: Xngoal < findNearestNodeOnTree(X joa1)
25: reconnectN odes(Xngoal)

26: return generate Path(Xngoai)

27: end if

28: end while

20: reconnectNodes(X goal)

30: return generatePath(Xgoa)

31: end function

32:

33: function RECONNECTNODES(X 04c)
34: if Xnode 7£ Xinit then

35: Xneigh < findNeighbours(Xnode)
36: sortByCost(Xneign)

37: for all X; € X,¢ign do

38: if collisionFree(X;, Xnode) then
39: X, < adoptNode(Xp0de)
40: reconnectNodes(X;)

41: return

42: end if

43: end for

44: else

45: return

46: end if

47: end function

process performed during its tree growth to compute an
optimal path. In the FAST RRT*, once the goal is reached,
the path is found by reconnecting the tree at local level.
First, the goal node searches for neighbors nodes at a fixed
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distance radio. Then, it reconnects to the lower cost node if
possible. The cost is based on the distance traveled from the
seed to this node. This process is repeated for every
reconnected node until the seed of the tree is reached,
generating the path. Fig. 2 shows a comparison between the
path generated by RRT and the proposed FAST RRT* al-
gorithm. Both are using the same tree until the goal is found
and then each one looks for the path.

The FAST RRT* path is more optimal than the one found
by the RRT, but also its execution time is faster than the
RRT*. This is because the “reconnectNodes” method, defined
in line 33 of Algorithm 3.2, is only executed when com-
puting the path and not during the tree building as the
original RRT* does. This reconnection process is only done
for the minimum cost nodes during the path finding and not
during the whole tree expansion process as explained be-
fore. Thus, the number of collision checking for nodes re-
connection and computing resources are reduced. This
property can speed up the optimal path finding, which make
this planner suitable for path planning in big environments.
Once the tree has been reconnected, the generated path is
smoothed by using a polynomial trajectory optimization
algorithm [26].

3.3. Planning strategies

In this section, to improve the performance during the ex-
ploration, three strategies are discussed. First, the “Fixed
Tree Resolution” that can minimize the number of collision
checking. Second, the “Sequential Local-Planning’, that helps
to achieve points that are out of the planner range. Lastly,
the “Collision-Avoidance Flight Maneuver” to ensure safe
path tracking when unexpected obstacles appear.

3.3.1. Fixed tree resolution

To ensure a collision-free path from the nearest node X, ¢,
to the random one X,,,4, the collision status between them
must be checked. In the proposed planner,; the resolution of
the tree’s edge is fixed by creating interpolated points and
the collision is computed between them. This strategy
comes out with two benefits:

(i) The times of collisions checking depend on the tree
resolution. A proper minimum distance resolution
should be equal to the MAV radius Ry,y to guarantee
there is no collision between nodes from the same tree
edge as it is shown in Fig. 3.

(ii) The segments consist of two nodes that are X, and
X(n+m)- By using this approach, they are divided into
finite nodes at a fixed resolution. Thus, the tree can
grow at a higher precision, even in narrow areas.
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Node-to-node interpolation.

Fig. 3.

Those interpolated nodes are described as Xj,. The ith
node is computed at each dimension, j, as it is shown
in Eq. (2).

) — Xnear(j) + Xrand (]) ;Xnear(]') .

(2)

Xine( U
d

=2

g

Remark 3.3. )\ is the interpolator value, d is the distance
between nodes and ¢ is the resolution.

3.3.2. Sequential local-planning

To reduce the computation of the planner, it is executed in a
limited local area. Thus, there is a high possibility that new
exploration points cannot be achieved with just one plan.
Sequential planning is used to solve this problem. When a
new OFP is sent, the planner executes itself during a limited
time. If no feasible path is found, the closest point to it is set
as the inter-goal.

1 ’ Obstacle

Obstacle

i Planner

Obstacle

Fig. 4.

Sequential planning.
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Then, when it is reached, the planner executes itself
again and retries to find a path to the original goal as the
map knowledge increases (see Fig. 4). In the exploration,
the MAV performs 7 rad/m spins during the path tracking
to analyze its surroundings and cover much more space.
This feature can improve the mapping performance.

3.3.3. Collision-avoidance flight maneuver
During the flight, the path is supposed to be safe, this means
maintaining a secure distance from the obstacles. However,
unexpected obstacles can be found during the exploration.
Thus, the MAV can use the laser information to check the
environment around it. When an unexpected obstacle is
found, a collision-avoidance flight maneuver is executed
and replanning is performed. With the new environment
information of its surroundings, another path is computed.

The maneuver works as follows. As it is shown in Fig. 5,
there are three frames: The World frame, which is fixed; the
Drone frame, which is out of phase an angle of ay,, from
World; and the Laser_range frame, which is also out of
phase 7 rad from the Drone frame. The maneuver consists
of computing a new point (Xs, Y5, Zs) at a secure distance
dsae In the opposite direction to the nearest detected
obstacle. Because the laser view is like a circle, when the
nearest unexpected obstacle touches tangent, the normal
vector to it can be computed using the 6,,; angle. This angle
can be obtained from the minimum distance detected.
When one of the measurements from Laser_rangen]
surpasses the secure distance threshold, its laser index i is
stored. Then using this index and the resolution of the
sensor, the 6, angle is computed.

The orientation of the MAV is kept during the maneuver.
When the maneuver starts, the last safe orientation,

onr ld

.
.

Laser_range(n] Oobs

d

Laser_range[0] safe

X Yy, Z,)

Fig. 5. Collision avoidance safe flight maneuver.
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represented as g, is used as the new secure one, gqs. Then, a
new safe point can be obtained using Eq. (3).

X cos(¢) 0 0 Xo
Yo | = 0 sin(¢) 0| -dse + | Yo (3)
Zs 0 0 0 Zo

s = 4o

Remark 3.4. The value of ¢ is equal to (0ops + Ctyaw)-

4. 3D-Sliced Exploration

This section explains the “3D-Sliced Planner” exploration algo-
rithm. It consists of a sequential 2D slices exploration of the 3D
environment. These slices are built using a 2D SLAM system
based on the information recovered from the Hokuyo laser [27].

For this 2D exploration, OFP to explore are computed at
every slice using the global RRT frontier detector algorithm. Path
to these points is generated by using the proposed FAST RRT*
planner. Thus, the computation is reduced and low resources are
needed to complete 3D exploration in an optimal way.

The proposed 3D exploration algorithm is introduced
here and its illustration is shown in Fig. 6.

The OFP searching process is combined with three steps.
First, the global RRT-based frontier detector is used to
generate the frontier points candidates. Then, in order to

Algorithm 4.1 (3D-Sliced Exploration).

Require: mapap, mapespr
Ensure: Exploration

1: function 3DS_EXPLORATION(mapsp, mMapespr)
2 while Exploration # Completed do

3 newlLevel < Zyrav + 2Ry av

4: if checkCollision(newLevel) = Free then
5: M AV FlyUp(newLevel)

6: 2D_RRT_Exploration()

7 else

8: FExploration = Completed
9: end if

10: end while

11: end function

13: function 2D_RRT_EXPLORATION(mapap, MapEspr)
14: while True do

15: frontiers < frontier Detector()

16: if frontiers > 0 then

17: filteredFrontiers < filter(frontiers)
18: OFP <« assigner(filteredFrontiers)
19: FAST RRT_STAR(XY Zyiay, OF P)
20: else

21: break

22: end if

23: end while
24: end function
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2D RRT Exploration

Fig. 6. 2D versus 3D-S Exploration.

increase the computing efficiency, the mean shift filter is
applied to cluster the candidates. Finally, the results of the
filter step are sent to the robot task allocator module. A cost
function including navigation cost, information gain, and the
revenue from a frontier point is used to select the final OFP.
More details can be found in [14].

An individual 2D slice exploration is considered com-
pleted when the global RRT frontier detector is not able to
discover more frontier points. Then, the MAV checks if it has
enough free space upwards at the moment. It checks the
collision status of the point whose altitude is equal to the
MAVs current position plus its sphere collision diameter. In
case that it is collision-free, the MAV flies up and starts a new
2D slice exploration of the 3D environment using the 2D RRT
exploration algorithm. Thus, when the 2D slice is completely
explored, it starts again at a new height. When there is no
more free space upwards, the MAV considers that there are
no more slices to explore, and the 3D exploration is finished.
The proposed approach has two advantages:

(i) OFP are computed at a 2D space. This reduces the
complexity when compared with 3D exploration.

(ii) 3D environment space is divided into single 2D slices.
The distance between every slice is much smaller than
the VI-sensor Z-axis FoV used. This means that the
same points are rediscovered from different views at
each slice. This implies better 3D reconstruction.

Fig. 7 shows the whole connections between each subsys-
tem and the MAV using the proposed 3D-S exploration
system.

5. Experiments and Results

This section shows the whole exploration system results
using the algorithms explained in the previous sections.
There are two different scenarios in total and the experi-
ments consist in reconstructing them. Furthermore, a
comparison with RH-NBVP is discussed.
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Fig. 7. 3D-S Explorer scheme.

5.1. Experimental setup

In this section, the simulation environments in the experi-
ments are described. For the simulation experiments, these
are run on top of Ubuntu 18.04 using the Robot Operating
System (ROS) [28]. The Gazebo simulator is used to provide
the environment model and RotorS is employed to provide
the physical model parameters of the robot. All the
experiments run on a laptop with Intel Core i7-9750H at
2.6 GHz. The robot used in the simulation is the AscTec
Firefly, which is equipped with a Hokuyo laser rangefinder
with a FoV of 360° and ray length of 11 m. It also used the
VI-sensor camera with an horizontal field of view of 98° and
vertical field of view of 73°. The sensing range of the
camera is set as 7 m. The camera has an angle of 6° looking
down to the ground. In the simulation experiments, the
ground truth is used to perform the robot localization.

5.1.1. Scenario A

To evaluate our exploration algorithm, it is first tested in
the environment as shown in Fig. 8. The size of the envi-
ronment is 20m x 20 m x 3.5 m.

As can be seen from Fig. 8, the environment is covered
by a blue transparent ceiling and has two stages separated
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Fig. 8. Gazebo scenario A.

by a wall that does not reach the ceiling. The MAV takes off
from area one, A;, which is an empty room without obsta-
cles, three walls that reach the blue-covered ceiling and one
limited wall that does not reach it.

Compared with area A4, area 4, is more complicated.
There are four more walls that reach the ceiling in area 4,.
The only way to pass from A; to A, is by flying over the
middle-limited wall. The dimensions of the testing envi-
ronment lead the MAV to perform three slices of 2D RRT
exploration. The experiments consist mainly of the recon-
struction of the environment and the discovering of area 4,
behind the middle separating wall using the proposed 3D
exploration strategy. The results are shown in the next section.

5.1.2. Scenario B

The second scenario is more complex than the first one. It
consists on a house distributed in several areas, six in total.
These are connected by windows, doors and narrow hall-
ways. The environment is shown in Fig. 9 and its size is
20m x 20m x 2.5 m.

This is a challenging scenario as it requires the explorer to
be able to find unexplored areas of different sizes across
narrow accesses. Furthermore, there are lots of ways to ex-
plore it because of its multiple connections. This will be critical

Fig. 9. Gazebo Scenario B.
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Fig. 10. Scenario A (top side view) 3D map.

when exploring to achieve a significant time reduction of
the scene reconstruction. Also, there is one room that is only
accessible by flying across its windows. The rest of the areas
can be reached using the doors, but using the windows in a
smart way can speed up the exploration time. The dimensions
of this environment lead the MAV to perform two slices of 2D
RRT exploration. The results are also discussed in the next
section.

5.2. Results and discussion

In this section, the results of the “FAST RRT* 3D-Sliced
Planner” are given. The MAV flies at a maximum velocity of
2m/s and a maximum acceleration of 2m/s® Also, as
explained before, it performs 7w rad/m spins during the path
tracking.

Fig. 10(a) is the Scenario A Gazebo environment with its
two areas numbered, while Fig. 10(b) shows its recon-
struction. The MAV is launched from the area A; at point
(0,0,0) and it finishes the exploration in area 4,.

Furthermore, Fig. 11 shows how, during the first two 3D
slices of exploration, the MAYV flies only in the area A;. When
computing the third exploration slice, the MAV discovers
the second area and continues the exploration crossing
above the middle wall.

On the other hand, Fig. 12, shows the Scenario B Gazebo
environment reconstruction during time, and the tracked

Fig. 11. Scenario A exploration path (three slices).

exploration path. The last figure of the sequence shows
the simulation environment with its six areas numbered.
The MAV is launched at the central area A; in point (0,0,0)
and it completes the whole scene reconstruction in area Ag.
In this experiment, two slices of the 3D environment were
explored.

From area A; is it possible to access area As by flying
across its window. Also, area 4, is reachable by using the
door. However, during the experiments the MAV could not
see the available window in the first slice, so it continued
going to area A, and area As. As before, area Ag can be
reached from area A,, but only using its windows. Because
this windows were not visible from the first exploration
slice, the MAV continued moving to area A, and area As.
Then the MAV executed the second 3D slice and continued
the exploration. At this new height, all the windows are
visible to the MAYV, so it continues exploring from area Az to
area A, and then to area Ag using the windows accesses.
Thus, the MAV completes the exploration.

A video demonstration of the experiments of our ex-
ploration system is available in:

https://vimeo.com/479886339

In order to evaluate the proposed exploration algorithm,
the RH-NBVP is used to compare with it. Table 1 shows the
execution time of one run of the proposed algorithm and
Table 2 gives the time consuming of one run of the NBV
algorithm when exploring the environment.

As can be seen from Tables 1 and 2, computing the
exploration points using the OFP algorithm, results into a
43.95% computation time reduction against the NBV. This
is a critical improvement as it could lead the MAV to reach
higher speeds to explore the surroundings in less time.

Furthermore, the RH-NBVP is also tested in both Sce-
narios A and B, to compare the path length and the explo-
ration time with the proposed approach. The path length
and the exploration time comparison between both algo-
rithms are shown in Figs. 14(a) and 14(b), respectively. The
results are also shown in Table 3.
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Fig. 12.

Scenario B (top side view) exploration process with time.

Table 1. OFP time consuming. During the experiments, in Scenario A, the MAV took

. more time than expected to explore the area A;. This is
ID Time cost (ms) because the MAV could not discover the area A, until
G-RRT Detector 27415 the third exploration slice. In this last slice, the middle
Filter 80.6+21.9
Assigner 71.8+43.8 = 2D Slice, 1,
OFP 1551+455 + ______
L-FAST RRT* Path 53.3 4+ 44.1 s,
Total OFP planning  208.4 + 62.7 5 14
£ * 2D Slice,
3
Table 2. NBV time consuming. A 20 Stice,
ID Time cost (ms) A
Total NBV planning  371.84+110.9 355 lheny
i il s e e i S e
Table 3. Experiments results comparison. - P —
Y] iui
Simulation Map Exploration Path Exploration § 20 Slices * 'f 20 Slice,
environment resolution (m) algorithm length (m) time (s) rg
2D Slice, 2D Slice,
Scenario A 0.1 3D-S 93.6 +9 674.38 +44.2
0.2 NBV 120.67 +£6.36 787.22+100.7
Scenario B 0.1 3D-S 96.53 £9.87 748.57 +66.7 .
0.2 NBV 11693 +11.39 9581346222  Fig 13.

Current 3D-Sliced exploration and new future strategy
proposed, respectively.
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Fig. 14. Exploration path and time comparison.

separating wall does not appear in the Hokuyo laser range. In
the last slice, the rest of the environment can be discovered by
the 2D SLAM and the OFP of 4, are included in the exploration.
A, is explored using three 2D slices of the environment. On the
other hand, the area 4, is explored using just the last slice, but
the reconstruction is still good because of the vertical FoV of
the sensor that is large enough in this experiment to cover all
the height. However, the MAV could not explore the new area
using only one slice exploration if the current altitude is bigger
than the vertical FoV of the perception sensor.

The same happened in Scenario B, where area A was
discovered at the second slice and the MAV was then ca-
pable to see the accesses to it. As can be seen in Fig. 13, in
order to solve this problem, a planning strategy that can
compute the new 2D slices at lower altitude when new
areas are discovered is proposed as future work. This
strategy could lead to a complete and dense exploration in
really complex scenarios.

As it is shown in the last figures, there is a significant
path length and exploration time reduction when using the
proposed “FAST RRT* 3D-Sliced Planner”. This is because the
MAYV flies directly to the frontiers of the environment in an
optimal way, exploring the environment using a global ex-
plorer and not a local one, as it is the RH-NBVP.

6. Conclusions and Future Work

In this paper, a new 3D exploration strategy for MAVs is
presented. The innovation of this work consists in the slicing
of the 3D environment and its optimal exploration with low
resources. Thus, the exploration is performed in 2D instead
of 3D, so the computation can be reduced. The exploration

system is based on the global RRT frontier detector to
compute the OFP, and the new proposed local FAST RRT*
planner to lead the position of the MAV to these points in an
optimal way. Efficient collision checking for path planning is
achieved by using ESDF representation from Voxblox.

The slicing strategy of the environment explained in the
section before and shown in Fig. 13 will be proposed as
future work. This will lead the explorer to reconstruct
properly the whole new areas discovered during the ex-
ploration. Future work will also consider the post-proces-
sing of the scene reconstructed as it is done in [29]. Real
test will also be proposed to ensure the performance of our
system. It will be also proposed to use the new Voxblox++
framework [30] to build maps that contain information
about the individual object instances observed in the scene.
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