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Abstract. In the field of multi-UAV collaborative exploration, commu-
nication is one of the most fundamental capabilities for effective target
deployment and collaborative exploration during mission execution. In
order to increase the quality and meet the real-time requirement in vari-
ous real world situation, collaborate communication strategy has already
been a research hotspot both in academia and industry. Recurrent con-
nectivity is a representative strategy with which UAVs do not need to
be connected to the base station all the time unless a specific event is
triggered. However, in current researches based on the recurrent connec-
tivity strategy, the condition threshold for triggering a new connection
is set to be a fixed value during all mission process. This configuration
lacks adaptability in real world mission with dynamic and various situa-
tions. This paper proposes a dynamic replanning mechanism, and estab-
lishes an adaptive multi-UAV collaborative exploration strategy based on
recurrent connectivity. Extensive experiments in a well constructed sim-
ulation environment were done and the results show that the proposed
strategy provides good situation awareness ability at the base station,
while our strategy performs an efficient explanation in both complex
and simple environments, it has a stronger ability to adapt to complex
environments especially.
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1 Introduction

Multi-UAV systems are widely used to perform missions such as exploration,
map building [20], search and rescue [7,19]. Related researches show that collab-
orative exploration of Multi-UAV systems with communication restrictions is an
important topic. Various exploration planning methods have been proposed in
recent years, with some experiments presented [6,9,14,15]. UAVs not only need
to complete the exploration mission efficiently but also need to exchange data
with the base station at the appropriate time. Literatures propose multi-UAV
exploration strategies that take into account different types of communication
constraints [11,13,16,18]. Among them, recurrent connectivity is a method that
can be applied to ensure situation awareness without excessively constraining
the exploration mission. Recurrent connectivity means that the base station
only ensures a global connection at the initial position of the UAVs, and recon-
nects with the UAVs every time when it needs to receive new data. As shown in
Figs. 1, 2 and 3, they are schematic diagrams of recurrent connectivity.

Fig. 2. The UAVs navigate to the goal’s location and collects information.
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Fig. 3. UAVs transmit the collected information back to the base station and waits to
receive the goal’s location in the next stage.

However, in the existing exploration strategy under recurrent connectivity
constraints, the specific event that triggers a new connection is usually a fixed
replanning threshold. The fixed replanning threshold will bring about a series of
problems, one is a UAV in the team fails, which makes it impossible to reach the
preset threshold and the entire UAV system unable to replan, and the other is,
when the threshold is small, frequent replanning will cause the planning to be
time-consuming and affect the efficiency of exploration. In the exploration of the
unknown environment, we need an exploration strategy that takes into account
exploration efficiency and global situational awareness and consumes less energy.

Our work focuses on solving the problem of fixed and inflexible replanning
threshold in existing exploration strategies under recurrent connectivity con-
straints. We propose an adaptive collaborative exploration strategy under recur-
rent connectivity constraints, construct an adaptive collaborative exploration
framework, and designed an adaptive threshold planning algorithm.

In summary, the main contributions of this paper are as follows:

— An adaptive collaborative exploration strategy under recurrent connectivity
constraints and an adaptive collaborative exploration framework, which takes
into account exploration efficiency and global situational awareness.

— An adaptive threshold planning algorithm and a formal algorithm for Com-
puting the adaptive replanning threshold, which calculates the replanning
threshold adaptively according to the UAV’s role and the communication
path.

— Extensive simulation experiments that validate the proposed method both in
complex and simple environments, and effectively reduces energy consump-
tion.

The rest of the paper is organized as follows: Sect. 2 provides a short review
of communication-constrained multi-UAV exploration. Section 3 first introduces
the task scenario of this work and then proposes an adaptive collaborative explo-
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ration strategy under recurrent connectivity constraints. Section4 presents our
experimental results and Sect. 5 concludes the paper.

2 Related Work

Currently, exploration research under communication connectivity requirements
is divided into three categories [1], namely exploration without any connectivity,
exploration under continuous connectivity, and exploration under event-based
connectivity. Since we aim to study the exploration under communication con-
nectivity constraints, the exploration without any connection requirement will
not be repeated.

Exploration under continuous connectivity is to maintain a continuous con-
nection between all UAVs and the base station directly or in a multi-hop man-
ner. Suitable scenarios of continuous connectivity include scenarios that require
operators to have access to real-time image streams (such as search and rescue
[10]) and scenarios that ensure a high degree of coordination between multi-UAV
systems. When exploring under continuous connectivity, new plans are usually
based on map knowledge shared by all the UAVSs in the team. [13] developed a
local search method to calculate the usefulness of team composition based on
the distance from the nearest frontiers, configurations that did not meet contin-
uous connectivity are severely penalized and are not selected by the algorithm.
[12] proposed a distributed protocol to maintain the connectivity of the physical
layer of mobile wireless networks. Obviously, ensuring continuous connectivity
is associated with non-negligible costs of exploration performance.

Exploration under event-based connectivity refers to the UAV reconnecting
with other UAVs and the base station based on a predetermined specific event
trigger. The specific events include acquiring new information in the environ-
ment, passing a preset time interval, and so on. Exploration under event-based
connectivity includes periodic connectivity and recurrent connectivity.

Periodic connectivity means that UAVs are allowed to autonomously explore
unknown areas, but the perception data must be sent back to the base sta-
tion regularly. Applicable scenarios of periodic connectivity include search and
rescue in cities with many obstacles. Periodic connectivity is regarded as an
asynchronous condition by some articles which is desirable but not enforced
as a hard constraint. [21] includes a criterion that considers the probability of
communication in the search strategy in order to prioritize places with a high
probability of communication. [2] and [8] investigated stronger forms of asyn-
chronous connectivity. The former focused on line-of-sight connectivity, and it
proposed a behavior-based architecture and tested it in exploration scenarios of
additional prior information about the environment. The latter did not explic-
itly consider a fixed BS, but it can fully explore the unknown environment in a
decentralized way. The proposed architecture is based on actions and messages
exchanged between the robot and the placed beacon.

Recurrent connectivity can be defined as ensuring a global connection only at
the deployment location of the UAV and forcing the connection every time the
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UAV collects new data. It not only has relatively loose requirements for commu-
nication connection but also can carry out timely global situational awareness.
It is a trade-off between communication connection and the global situation and
is widely used in search and rescue, reconnaissance scenarios.

[18] solved two problems, one is finding a deployment of relay nodes, which
ensures global connectivity between each agent and the base station, this prob-
lem was reduced to the computation of a minimum Steiner tree with the agents’
locations as a terminal set, and the other is given the current deployment and new
locations agents should reach, finding the redeployment that minimizes UAVs’
traveling time, this problem was solved by using a dynamic programming algo-
rithm. [5] split the general optimization problem into sub-problems: Explorers
placement, relays placement, and UAV path generation. In particular, given a
set of candidate locations to be connected, relays placement is achieved by solv-
ing variations of the Steiner minimum tree problem with a minimum number
of Steiner points and bounded edge length. [4] proposed a single-stage strategy
based on Integer Linear Programming for selecting and assigning UAVs to loca-
tions. They design a two-stage strategy to improve computational efficiency, by
separating the problem of locations’ selection from that of UAV-location assign-
ments. Extensive testing both in simulation and with real UAVs shows that the
proposed strategies provide good situational awareness at the base station while
efficiently exploring the environment.

3 Method

3.1 Scenario Description

In this paper, we consider using multiple UAVs to explore an initially-unknown,
two-dimensional, continuous, and bounded environment, as shown in the Fig. 4.
There are obstacles of different shapes in this environment. The base station(BS)
as a supervising control center exists in a fixed, known location in the environ-
ment. There is a team of n UAVs to perform unknown environment exploration
missions, and each UAV is equipped with finite-range sensors to detect the outer
boundaries of obstacles and perceive the surrounding space. Whenever the UAV
sends new information, the BS will update the map of the exploration area and
is responsible for the planning of the UAV’s goal location. The whole UAV team
collaborates to explore until the exploration mission is completed, and the BS
finally obtains a complete global map. Data exchange between UAV and UAV,
UAV and the BS through an ad hoc network.

3.2 Adaptive Collaborative Exploration Strategy Under Recurrent
Connectivity Constraints

Recurrent Connectivity means that the global connection is only maintained
at the initial deployment position of the UAVs, and it can be disconnected for
any length of time during the journey to the goal’s location. A new connection
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Fig. 4. Schematic figure of the scenario.

is triggered by a specific event (such as the completion of the transmission of
information, a certain number of UAVs reach the ready state, etc.). In the current
research work, this specific event that triggers a new connection is generally that
a fixed number of UAVs reach the ready state (ready state refers to the UAV
1) reached its goal’s location in this stage, 2) has transmitted its perceived data
to the BS, 3) has no other UAVs still require it as a relay), that is, the time to
trigger a new connection is when the replanning threshold reaches a preset fixed
value.

Aiming at the initially unknown two-dimensional, continuous, and bounded
environment exploration problem in Fig. 4, we propose an adaptive collaborative
exploration strategy under recurrent connectivity constraints, and construct an
adaptive collaborative exploration framework, as shown in Fig. 5.

This framework mainly describes the behavior of the BS and UAVs in the
exploration process using the adaptive collaborative exploration strategy under
recurrent connectivity constraints. The framework uses an adaptive collabora-
tive exploration strategy under recurrent connectivity constraints to accomplish
the exploration mission, which is usually divided into several stages. In each
stage, the BS mainly performs global map update and preprocessing, UAV’s state
recognition and confirmation of whether replanning is required, and obtains the
goal’s position of each UAV and replanning threshold in the next stage through
the adaptive threshold planning algorithm (ATP algorithm). The UAV mainly
uses the sensing module to sense the communication environment, obstacles, and
its own location, and exchange the perceived data with the BS. It receives the
goal’s location of the next stage sent by the BS and uses the navigation mod-
ule to navigate to the goal’s location autonomously, and updates the own map
for the next stage of exploration. Figure6 shows a snapshot of the exploration
process.
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Fig. 5. Adaptive collaborative exploration framework.

Fig. 6. Exploration snapshot. Blue and red - not ready and ready UAVs. Green squares
- The BS. Green lines - current communication links. (Color figure online)
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3.3 Adaptive Threshold Planning Algorithm (ATP Algorithm)

The adaptive threshold planning algorithm is divided into four parts, which are
planning the goal’s location, confirming UAV’s role, assigning weight to UAV’s
role, and computing the adaptive replanning threshold. The overall flow ATP
algorithm is shown in Fig. 7.

goal's location of next @ Confirm UAV's role

stage and
communication path

® Adaptive ®
U . Assi
P ia“ gtf’a' s threshold planning wei;:tgs"m
ocation .
algorithm UAV's role
INPUT: UAV's current
location, Known map,
Frontiers set, Information
gain
OUTPUT: UAV's goal, . Weights of UAV
Replanning threshold of next (<— ® Com!) ute adaptive
stage replanning threshold

Fig. 7. The overall flow ATP algorithm.

The input of the algorithm is UAV’s current location, known map, candidate
frontiers set, and information gain. The candidate frontiers set and information
gain are obtained by the discretization preprocessing of the map by the BS
in this strategy. The candidate frontiers set is, based on the literature [22],
clustered representation of the frontiers of the existing map, forming a candidate
set of goal’s location. Information gain is estimated by acquiring sensor data
preprocessed map information (see [11,16]). The first part of the algorithm is to
plan the goal’s location and obtain a communication path of the next stage. In
the second part, the UAV’s role is confirmed according to the degree of the node
of the communication path tree and whether the location of the node belongs to
the candidate frontiers set. The third part assigns weights to each UAV based
on its contribution to the map update and information gain. The fourth part is
to compute the replanning threshold of the next stage according to the adaptive
replanning threshold formula. The output of the algorithm is the UAV’s goal
and the replanning threshold of the next stage.

Planning the Goal’s Location. This part is to plan the goal’s location and
calculate the communication path based on the current location of the UAVs
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and the known map information. We work on a graph-based representation of
the environment G = (V,C) where vertices in V encode some discretization.
Each vertex v € V is associated with a location, the edge set C encodes the
availability of communication links between pairs of vertices. We select the goal’s
location from the candidate frontiers set according to the utility function [3], and
arrange each UAV on the goal’s location. Through the calculated goal’s location
information, the tree of the communication path of the next stage is obtained.

Confirming UAV’s Role. Through the first part, we got the planned goal’s
location of each UAV in the next stage, and also got the tree of their com-
munication path. Figure 8 is a snapshot of exploration. It can be seen that the
communication link between the UAV and the BS forms a tree structure, and
the root node of the tree is BS. We define UAVs as three types of roles based
on their location and their contribution to updating the map, namely explorer,
relay, and composite relay.

Fig. 8. A snapshot of exploration shows a tree structure.

— Explorer. The explorer is at the frontier of exploration during the exploration
stage, and is only responsible for exploring unknown areas and updating the
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map, and does not undertake relay tasks. The formal definition is shown in
Eq. (1), that is, the location of the UAV belongs to the candidate frontiers
set, its information gain is greater than 0, and it has no relay function.

— Relay. The relay only undertakes the relay task and does not contribute to
the map update during the exploration stage. The formal definition is shown
in Eq. (2), that is, the location of the UAV does not belong to the candidate
frontiers set, its information gain is 0, and it only has the relay function.

— Composite Relay. The composite relay is at the frontier of exploration, but
also undertakes the relay task. The formal definition is shown in Eq. (3),
that is, the location of the UAV belongs to the candidate frontiers set, its
information gain is greater than 0, and it is also a relay.

According to the definition, UAVs E and D in Fig.8 are explorers, UAVs C
and F are relays, and UAVs A and B are composite relays.

Info_gain(Loc,,) > 0
Loc,, € Frontiers' (1)
IsRelay(r;) = FALSE

Info_gain(Locy,) =0
Loc,. ¢ Frontiers® (2)
IsRelay(r;) = TRUE

Info_gain(Loc,,) > 0
Loc,, € Frontiers 3)
IsRelay(r;) = TRUE

Algorithm 1 formally presents the steps of confirming UAV’s role. On lines
1-3 of Algorithm 1, the algorithm shows the confirmation of the explorer, that is,
when the degree of the node is equal to 0, the UAV is an explorer. On lines 4-9
of Algorithm 1, the algorithm shows the confirmation of the relay and composite
relay, that is, when the degree of the node is greater than 0, and the location of
the node is not in the candidate frontiers set, the UAV is a relay; when the degree
of the node is greater than 0, and the location of the node is not in candidate
frontiers set, the UAV is a composite relay.

Assigning Weight to UAV’s Role. The steps of assigning weight to UAV’s
role are shown in Algorithm 2. According to the contribution of each role to the
map update, we assign the weight of the three types of roles, the relay weight is 0
(Eq. (4)), the explorer weight is 1 (Eq. (5)), and the weight of the composite relay
is assigned by the information gain of its location (Eq.(6)), where r; € REFL.

wr=0 (4)

Wwe =1 (5)
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Algorithm 1 Confirming UAV’s role

Input: Tt Ft

Output: R:TH RUTY RUF?

1: for each r!™' € T**! do

if degree(rit') = 0 then 7' ¢ RLT!

end if

if degree(r{™') > 0 then
if LociT' ¢ F' then r/t' € RLT!
end if
if Locﬁjl € F' then rf"'l € R
end if

9: end if

10: end for

11: return R:T RIHY RUF

Algorithm 2 Giving weight to UAV’s role
Input: RETY REVY REFY Info_gain(F*)
Output: Wit

for each r{™' € RI™! do

wr;, =0

end for

for each r{™' € RI™! do

wr, =1

end for

for each r{™' € RLI! do

wr, = Info_gain(Loc,,)
end for

: return Wit!

[

=

wy, = Info_gain(Loc,.,) (6)

Computing the Adaptive Replanning Threshold. We propose a formula
(Eq. (7)) for Computing the adaptive replanning threshold, that is, the sum of
the weights of all UAV roles is rounded down to get the replanning threshold for
the next stage. Rounding down is due to our slack threshold strategy. According
to the difference of three types of roles, our formula can be written in the form
of Eq. (8). According to the weight assignment of different roles, the final form
of the formula is Eq. (9).

O =1 Y w (7)

r;ERt+1

O =L Y wnt D wnt Y wnl (8)

T’f,ERi+1 Tj€R23+1 T‘kGREj«»I
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O = |n, %0+ ne x 1+ Z Info_gain(Loc,,)] (9)
ri€REST
Through the above four parts, the final output of the adaptive threshold

planning algorithm are obtained, that is, the UAV’s goal and the replanning
threshold of the next stage.

4 Experiments

4.1 Configuration of Experiments

The hardware and software configuration of our experiments is shown in Table 1.
We choose the MRESim [17] simulator for its focus on communication and we
select two environments of size 80m X 60m (represented by occupancy grids,
whose cell edge length is 10 cm), shown in Fig. 9. Alabama and grass are from the
MRESim repository (Alabama represents an environment with simple obstacles,
and grass represents an environment with complex obstacles). We run simula-
tions with teams of 6 UAVs moving at a constant speed of 0.7 m/s, and equipped
with a depth camera with a maximum range of 5m, a 60°FOV, and an angu-
lar resolution of 1°. For each experimental set, 5 runs of 90% explored area is
executed for each environment, randomly varying the starting positions of the
BS and UAVs. For the simulation experiments, we assume that the communi-
cation model UAVs are endowed with coinciding with the actual possibility of
communicating in the simulated world while ensuring enough bandwidth.

Table 1. Configuration of experiments

Categories | Configuration

Hardware | Processor Intel Core i7-9700 3.0 GHz
RAM 16G

Software | Operation System | Ubuntu 16.04 x64
Language Python,Java
IDE PyCharm,Apache NetBeans
Simulator MREsim v2.0

4.2 Simulation Experiments

Evaluation Metrics. For the evaluation and comparison of individual explo-
ration algorithms, We use the following five metrics:

— Total time explored, the total time required for the UAV team to complete
the exploration mission, reflects the efficiency of the exploration.
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(a) Alabama (b) Grass

Fig. 9. Simulation environments, approximate size 80 m x 60 m.

— Total time not in communication, the time the UAV team is in the “offline”
state during the exploration process, reflects the situational awareness of the
BS. The longer this time, the weaker the BS’s overall situational awareness
of the UAV team.

— Total distance traveled, the total distance traveled by the UAV team during
the exploration process, reflects the energy consumption of the entire team.

— Total times replanned, the number of replanning by the UAV team during
the exploration process, reflects the efficiency of the planning algorithm.

— Average time replanned, the average time for the BS to perform replanning,
also reflects the efficiency of the planning algorithm.

We evaluated three methods separately, one is our adaptive threshold plan-
ning algorithm (ATP), one is the fixed threshold planning approximate algo-
rithm(APX) [4], and the other is the Utility [16] method. Among them, the
fixed threshold of the APX algorithm has six cases of 1-6.

Table 2. Comparison of APX and ATP

Environment | Algorithm | Total time explored [s] | Total times replanned | Average time replanned [s]

Alabama APX1 481.6 65.4 1.303
APX2 308.2 43.0 1.139
APX3 387.5 34.2 1.138
APX4 350.9 28.8 0.902
APX5 305.7 28.8 0.861
APX6 385.5 28.0 0.912
ATP 403.3 35.4 1.194

Grass APX1 658.2 83.8 2.185
APX2 490.8 54.8 2.019
APX3 341.8 42.0 1.579
APX4 382.1 35.6 1.313
APX5 576.1 36.8 1.639
APX6 364.7 31.2 1.277
ATP 388.6 40.4 1.780
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Table 3. Comparison of APX, ATP, and Utility

Environment | Algorithm | Total time not in communication [ms] | Total distance traveled [px]

Alabama APX1 247.2 12349.07
APX2 380.8 12712.15
APX3 550.1 15447.47
APX4 523.3 15150.60
APX5 659.8 15587.94
APX6 592.6 14928.98
ATP 447.6 13689.92
Utility 2038.2 17747.25

Grass APX1 312.8 13534.23
APX2 420.4 14251.51
APX3 363.6 16528.31
APX4 413.4 16966.19
APX5 545.1 17095.05
APX6 429.1 15818.16
ATP 282.8 14201.22
Utility 2253.8 22692.65

Table 2 shows the comparison between APX and ATP in total time explored,
total times replanned, and average time replanned in different environments. As
shown in Table 2, from the perspective of the total exploration time, the ATP
algorithm has a higher exploration efficiency than most APX algorithms, regard-
less of whether it is a simple environment or a complex environment. Judging
from the total times replanned, the total times of the ATP algorithm are signif-
icantly reduced compared with the APX1 algorithm, the total times replanned
have been reduced by 45.9% and 51.7%, respectively. From the perspective of the
average time replanned, the ATP algorithm is at a medium level. It can be seen
that the total replanning time of the ATP algorithm is greatly reduced, allow-
ing the UAVs to have more time for exploration and improving the efficiency of
exploration.

Table 3 shows the comparison between APX, ATP, and Utility in total time
not in communication and total distance traveled in different environments. As
shown in Table 3, from the perspective of total time not in communication, both
the ATP algorithm and the APX algorithm have greater advantages than the
Utility algorithm, and the time is reduced by 87.8% to 67.6%. This shows that
both the ATP algorithm and the APX algorithm can allow the BS to maintain
good situational awareness. In terms of the total distance traveled, the ATP
algorithm also has a significant reduction compared with the Utility algorithm.
This shows that the ATP algorithm consumes less energy. Regarding the above
two indicators, we plot the experimental data as shown in Fig. 10, which can
more intuitively see the excellent performance of our ATP algorithm.

In addition, we can see that the APX algorithm and Utility algorithm have
a certain increase in total time explored, total time not in communication, and
total times replanned in a complex environment. However, the above indicators
of the ATP algorithm in a complex environment perform better than in a simple
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Fig. 10. Comparison of the planning approaches for 6 UAVs in the alabama and grass
environments.

environment. This shows that our ATP algorithm has a stronger ability to adapt
to complex environments.

5 Conclusion

In this work, we proposed an adaptive collaborative exploration strategy under
recurrent connectivity constraints, construct an adaptive collaborative explo-
ration framework, and designed an adaptive threshold planning algorithm. Our
simulation results show that the ATP algorithm can greatly reduce the number
of replanning and provide good situational awareness for the BS while ensuring
a certain exploration efficiency in both complex and simple environments, and
our ATP algorithm has a stronger ability to adapt to complex environments.
Our future work will be as follows: One is to use deep neural networks to pre-
categorize scene perception data for better adaptive cognition. The second is to
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model adaptive strategies as behaviors and use reinforcement learning methods
of data-driven strategy adaptation and optimization.
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