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(57) ABSTRACT

A method and a system for reoptimizing unmanned aerial
vehicle formation communication topology based on mini-
mum cost arborescence are used for optimizing recon-
structed UAV formation communication topology after a
communication failure occurs on the UAVs in the formation.
The method includes calculating a first communication cost
of the reconstructed UAV formation communication topol-
ogy; comparing the first communication cost with a target
communication cost for the minimum cost arborescence of
the formation communication diagram under a predeter-
mined state; when the first communication cost is greater
than the target communication cost for the minimum cost
arborescence of the formation communication diagram
under the predetermined state, optimizing the reconstructed
UAV formation communication topology through a prede-
termined strategy.
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calculating a first communication cost of the reconstructed UAV formation
communication topology
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comparing the first communication cost with a target communication cost for the
minimum cost arborescence of the formation communication diagram under a
predetermined state
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when the first communication cost is greater than the target communication cost for
the minimum cost arborescence of the formation communication diagram under the
predetermined state, optimizing the reconstructed UAV formation communication

topology through a predetermined strategy
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METHOD AND SYSTEM FOR
REOPTIMIZING UNMANNED AERIAL
VEHICLE FORMATION COMMUNICATION
TOPOLOGY BASED ON MINIMUM COST
ARBORESCENCE

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims priority of Chinese Patent
Application No. 201610383787.3, filed on May 27, 2016,
which is herein incorporated by reference in its entirety.

TECHNICAL FIELD

The present disclosure relates to the field of unmanned
aerial vehicle communication technology, and particularly to
a method and system for reoptimizing unmanned aerial
vehicle formation communication topology based on mini-
mum cost arborescence.

BACKGROUND

In the prior art, when a communication failure occurs on
the unmanned aerial vehicle (UAV), it is usually to realize
fast communication topology reconstruction by reconstruct-
ing communication topology so as to avoid the UAV colli-
sion accidents and to restore the formation shape.

After a fast communication topology reconstruction, all
the UAVs will be secure, although some of the UAVs may
have left the formation (they are flying along with the
predetermined reference track at a different altitude or flying
back to the airport to which they belong on their own), and
the remaining UAVs keep flying to the target area in the
formation. However, the communication cost of the forma-
tion corresponding to the reconstructed communication
topology is not always optimal, thus it is necessary to
reoptimize the communication topology so as to minimize
the communication cost of the formation and to continually
maintain the formation shape by UAV position reconstruc-
tion (exchange the positions of the UAVs in the formation
shape, or fill up the vacancy of the UAV left the formation
with another UAV).

SUMMARY

For the defects in the prior art, the present disclosure
provides a method and a system for reoptimizing unmanned
aerial vehicle formation communication topology based on
minimum cost arborescence, guaranteeing that the optimal
communication topology will be obtained by UAV position
reconstruction.

On the one hand, the present disclosure provides a method
for reoptimizing unmanned aerial vehicle formation com-
munication topology based on minimum cost arborescence,
it is used for optimizing reconstructed UAV formation
communication topology after a communication failure
occurs on the UAVs in the formation, the method comprises:

calculating a first communication cost of the recon-
structed UAV formation communication topology;

comparing the first communication cost with a target
communication cost for the minimum cost arborescence of
the formation communication diagram under a predeter-
mined state;

optimizing the reconstructed UAV formation communi-
cation topology through a predetermined strategy, when the
first communication cost is greater than the target commu-
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nication cost for the minimum cost arborescence of the
formation communication diagram under the predetermined
state.

Optionally, optimizing the reconstructed UAV formation
communication topology through the predetermined strat-
egy comprises:

exchanging the positions of the UAVs in the formation
communication diagram for multiple times, obtaining a
second communication cost for the minimum cost arbores-
cence of the formation communication diagram in which the
positions have been exchanged for multiple times;

taking the formation communication topology corre-
sponding to the second communication cost, as the reopti-
mized UAV formation communication topology;

Wherein, the second communication cost is the minimum
communication cost for the minimum cost arborescence of
the formation communication diagram in which the posi-
tions have been exchanged for multiple times.

Optionally, exchanging the positions of the UAVs in the
formation communication diagram for multiple times,
obtaining a second communication cost for the minimum
cost arborescence of the formation communication diagram
in which the positions have been exchanged for multiple
times comprise:

taking the first communication cost as the initial value of
the second communication cost;

exchanging the positions of the UAVs in the formation
communication diagram for the first time, obtaining a third
communication cost;

taking the third communication cost as the optimizing
value of the second communication cost, if the third com-
munication cost is smaller than the initial value of the second
communication cost;

exchanging the positions of the UAVs in the formation
communication diagram firstly exchanged for the second
time, obtaining a fourth communication cost;

taking the fourth communication cost as the optimizing
value of the second communication cost, if the fourth
communication cost is smaller than the optimizing value of
the second communication cost;

exchanging the positions of the UAVs in the formation
communication diagram secondly exchanged for the Nth
time, obtaining a fifth communication cost;

taking the fifth communication cost as the optimizing
value of the second communication cost, if the fifth com-
munication cost is smaller than the optimizing value of the
second communication cost.

Optionally, exchanging the positions of the UAVs in the
formation communication diagram for multiple times,
obtaining a second communication cost for the minimum
cost arborescence of the formation communication diagram
in which the positions have been exchanged for multiple
times comprise:

comparing the exchange times and exchange distances for
the UAV positions of the UAV formation communication
topologies corresponding to the fifth communication cost
and to the optimizing value of the second communication
cost with respect to the reconstructed UAV formation com-
munication topology respectively, if the fifth communication
cost is equal to the optimizing value of the second commu-
nication cost;

taking the fifth communication cost as the optimizing
value of the second communication cost, if the exchange
times and exchange distances for the UAV positions of the
UAV formation communication topology corresponding to
the fifth communication cost are smaller.
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Optionally, the formation communication diagram under
the predetermined state is: any one of the UAVs in the
communication diagram may be the formation leader and all
the UAVs communicate normally with each other.

On the other hand, the present disclosure also provides a
system for reoptimizing unmanned aerial vehicle formation
communication topology based on minimum cost arbores-
cence, which is used for optimizing reconstructed UAV
formation communication topology after a communication
failure occurs on the UAVs in the formation, the system
comprises:

calculating module, for calculating a first communication
cost of the reconstructed UAV formation communication
topology;

comparing module, for comparing the first communica-
tion cost with a target communication cost for the minimum
cost arborescence of the formation communication diagram
under a predetermined state;

optimizing module, for optimizing the reconstructed UAV
formation communication topology through a predeter-
mined strategy, when the first communication cost is greater
than the target communication cost for the minimum cost
arborescence of the formation communication diagram
under the predetermined state.

Optionally, the optimizing module is used for:

exchanging the positions of the UAVs in the formation
communication diagram for multiple times, obtaining a
second communication cost for the minimum cost arbores-
cence of the formation communication diagram in which the
positions have been exchanged for multiple times;

taking the formation communication topology corre-
sponding to the second communication cost, as the reopti-
mized UAV formation communication topology;

Wherein, the second communication cost is the minimum
communication cost for the minimum cost arborescence of
the formation communication diagram in which the posi-
tions have been exchanged for multiple times.

Optionally, the optimizing module is specifically used for:

taking the first communication cost as the initial value of
the second communication cost;

exchanging the positions of the UAVs in the formation
communication diagram for the first time, obtaining a third
communication cost;

taking the third communication cost as the optimizing
value of the second communication cost if the third com-
munication cost is smaller than the initial value of the second
communication cost;

exchanging the positions of the UAVs in the formation
communication diagram firstly exchanged for the second
time, obtaining a fourth communication cost;

taking the fourth communication cost as the optimizing
value of the second communication cost if the fourth com-
munication cost is smaller than the optimizing value of the
second communication cost;

exchanging the positions of the UAVs in the formation
communication diagram secondly exchanged for the Nth
time, obtaining a fifth communication cost;

taking the fifth communication cost as the optimizing
value of the second communication cost if the fifth com-
munication cost is smaller than the optimizing value of the
second communication cost.

Optionally, the optimizing module is specifically used for:

comparing the exchange times and exchange distances for
the UAV positions of the UAV formation communication
topologies corresponding to the fifth communication cost
and to the optimizing value of the second communication
cost with respect to the reconstructed UAV formation com-
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munication topology respectively, if the fifth communication
cost is equal to the optimizing value of the second commu-
nication cost;

taking the fifth communication cost as the optimizing
value of the second communication cost, if the exchange
times and exchange distances for the UAV positions of the
UAV formation communication topology corresponding to
the fifth communication cost are smaller;

Optionally, the formation communication diagram under
the predetermined state is: any one of the UAVs in the
communication diagram may be the formation leader and all
the UAVs communicate normally with each other.

It can be known from the technical solutions described
above that, by comparing the first communication cost of the
reconstructed UAV formation communication topology with
the target communication cost, and by optimizing the recon-
structed UAV formation communication topology through
predetermined strategy when the first communication cost is
greater than the target communication cost, the method and
system for reoptimizing unmanned aerial vehicle formation
communication topology based on minimum cost arbores-
cence provided by the present disclosure, minimize the
communication cost of the reoptimized UAV formation
communication topology when communication failure
occurs on the UAVs in the formation.

BRIEF DESCRIPTION OF THE DRAWINGS

A Dbrief description of the drawings required by the
embodiments or the prior art depiction will be made here-
inafter, so as to more clearly illustrate the embodiments of
the present disclosure or the technical solutions in the prior
art. Obviously, the accompanying drawings in the following
description are only some embodiments of the present
disclosure. For those of ordinary skills in the art, it is
possible to obtain other accompanying drawings on the basis
of these drawings without creative work.

FIG. 1 is a flow chart illustrating a method and system for
reoptimizing unmanned aerial vehicle formation communi-
cation topology based on minimum cost arborescence in
accordance with an embodiment of the present disclosure;

FIG. 2 is a diagram illustrating a formation shape needed
to maintain by the formation provided by an embodiment of
the present disclosure;

FIG. 3 is a diagram illustrating an initial optimal com-
munication topology of the formation provided by an
embodiment of the present disclosure;

FIG. 4 is a diagram illustrating a reconstructed commu-
nication topology of the formation provided by an embodi-
ment of the present disclosure;

FIG. 5 is a diagram illustrating a reoptimized communi-
cation topology of the formation provided by an embodi-
ment of the present disclosure;

FIG. 6 is a diagram illustrating a reoptimized communi-
cation topology of the formation in the prior art;

FIG. 7 is a construction diagram illustrating the system for
reoptimizing unmanned aerial vehicle formation communi-
cation topology based on minimum cost arborescence
according to an embodiment of the present disclosure.

DETAILED DESCRIPTION

The technical solutions in the embodiments of the present
disclosure will be described clearly and completely herein-
after with reference to the accompanying drawings for the
embodiments of the present disclosure. It is obvious that the
described embodiments are not all but only part of the
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embodiments of the present disclosure. Based on the
embodiments in the present disclosure, all other embodi-
ments obtained by those of ordinary skills in the art without
creative work are within the scope of the present disclosure.

FIG. 1 illustrates the flow chart of the method for reop-
timizing unmanned aerial vehicle formation communication
topology based on minimum cost arborescence provided by
an embodiment of the present disclosure. The method is
used for optimizing the reconstructed UAV formation com-
munication topology after a communication failure occurs
on the UAV in the formation, the method comprises:

Step 101, calculating a first communication cost of the
reconstructed UAV formation communication topology;

Step 102, comparing the first communication cost with a
target communication cost for the minimum cost arbores-
cence of the formation communication diagram under a
predetermined state;

It can be understood that the formation communication
diagram under the predetermined state is: any one of the
UAVs in the communication diagram may be the formation
leader and all the UAVs communicate normally with each
other.

Step 103, when the first communication cost is greater
than the target communication cost for the minimum cost
arborescence of the formation communication diagram
under the predetermined state, optimizing the reconstructed
UAV formation communication topology through a prede-
termined strategy, which comprises:

Step 1031, exchanging the positions of the UAVs in the
formation communication diagram for multiple times,
obtaining a second communication cost for the minimum
cost arborescence of the formation communication diagram
in which the positions have been exchanged for multiple
times.

In detail, exchanging the positions of the UAVs in the
formation communication diagram for multiple times,
obtaining a second communication cost for the minimum
cost arborescence of the formation communication diagram
in which the positions have been exchanged for multiple
times in step 1031 comprise:

taking the first communication cost as the initial value of
the second communication cost;

exchanging the positions of the UAVs in the formation
communication diagram for the first time, obtaining a third
communication cost;

if the third communication cost is smaller than the initial
value of the second communication cost, taking the third
communication cost as the optimizing value of the second
communication cost;

exchanging the positions of the UAVs in the formation
communication diagram firstly exchanged for the second
time, obtaining a fourth communication cost;

if the fourth communication cost is smaller than the
optimizing value of the second communication cost, taking
the fourth communication cost as the optimizing value of the
second communication cost;

exchanging the positions of the UAVs in the formation
communication diagram secondly exchanged for the Nth
time, obtaining a fifth communication cost;

if the fifth communication cost is smaller than the opti-
mizing value of the second communication cost, taking the
fifth communication cost as the optimizing value of the
second communication cost.

In another achievable way, exchanging the positions of
the UAVs in the formation communication diagram for
multiple times, obtaining a second communication cost for
the minimum cost arborescence of the formation communi-
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cation diagram in which the positions have been exchanged
for multiple times in step 1031 comprise:

if the fifth communication cost is equal to the optimizing
value of the second communication cost, comparing the
exchange times and exchange distances for the UAV posi-
tions of the UAV formation communication topologies cor-
responding to the fifth communication cost and to the
optimizing value of the second communication cost with
respect to the reconstructed UAV formation communication
topology respectively.

if the exchange times and exchange distances for the UAV
positions of the UAV formation communication topology
corresponding to the fiftth communication cost are smaller,
taking the fifth communication cost as the optimizing value
of the second communication cost.

Step 1032, taking the formation communication topology
corresponding to the second communication cost, as the
reoptimized UAV formation communication topology;

Wherein, the second communication cost is the minimum
communication cost for the minimum cost arborescence of
the formation communication diagram in which the posi-
tions have been exchanged for multiple times.

By comparing the first communication cost of the recon-
structed UAV formation communication topology with the
target communication cost, and by optimizing the recon-
structed UAV formation communication topology through
predetermined strategy when the first communication cost is
greater than the target communication cost, the method
described above minimizes the communication cost of the
reoptimized UAV formation communication topology when
communication failure occurs on the UAVs in the formation.

Before a detailed description of the method described
above, a description will be made first regarding the forma-
tion control methods of UAV forming and maintaining the
formation shape, and the formation communication topol-
ogy.

There are mainly four formation control methods of UAV
forming and maintaining the formation shape: leader-fol-
lower strategy, virtual structure strategy, behavioral strategy,
and consensus-based strategy. Wherein, the leader-follower
strategy is the most mature one, the basic idea thereof is that,
there is only one UAV in the formation as the formation
leader flying according to a predetermined formation refer-
ence track; the rest of the UAV's are as the follower following
the formation leader directly or indirectly, for example, a
UAV may follow the formation leader directly, or may
follow another UAV that follows the formation leader
directly or indirectly. If the ith UAV UAV, directly follows
the jth UAV UAV , UAV, is referred to as the follower of
UAV, and UAV, is referred to as the leader of UAV,. UAV;
will send its position, speed and direction information to the
UAV, through a point-to-point communication link every
T oonsor S€conds. After UAV, receives these information, it
will accordingly adjust its own speed and direction to realize
maintenance of an expected relative position between itself
and UAV,. When all UAVs can realize maintenance of
expected relative positions between themselves and the
leader, maintenance of the formation shape is realized. It is
assumed that n UAVs use the leader-follower strategy to
form and maintain a formation shape S, n positions in S are
numbered {1, 2, . . ., n}, each UAV can be located in any
position in S, a few UAVs but not all UAVs can be used as
the formation leader (these UAVs are also referred to as
candidate formation leaders), each UAV can exchange infor-
mation with any other UAV through a point-to-point com-
munication link, and communication cost of each commu-
nication link 1is determined by its corresponding
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communication distance. Therefore, a weighted directed
graph G=(V, E, W, P) can be used to represent all available
communication links between UAVs in the formation,
referred to as a formation communication diagram.

(1) V={v,}, 1=i=n is a set of nodes in the diagram, where
v, represents the ith UAV UAV,.

(2) E={e,} = VxV, I=j=n is a set of edges in the diagram,
where e, represents there is an available communication link
from UAV, to UAV, thereby enabling UAV, to send infor-
mation to UAV,, that is, UAV, can be the leader of UAV.

(3) W={w(e,)}, e,, EE is a set of weight for each edge in
the diagram, where w(e,;) represents the communication cost
of ;.

(4) P={p,}, 1=i=n is a set of a specific position of each
UAV in the formation shape S, referred to as UAV position
configuration, where p, represents the specific position of
UAV, in S.

According to the description above, it can be known that
each UAV only needs to receive information from its leader
and send information to its follower, which means that
creation and maintenance of the formation shape can be
realized without using all available communication links,
wherein the set of communication links that are used is
referred to as communication topology of the UAV forma-
tion and the communication links that are not used are
referred to as redundant communication links. Therefore, the
communication topology of the UAV formation A=(V, E*,
W*, P) is a special subgraph of its formation communication
diagram G=(V, E, W, P), where E* cE, W* c W .Let w(A)
represents the communication cost of communication topol-
ogy A, and then there is

WA) = Z wie).

ejjeE*

Communication topology A has the following two charac-
teristics.

Theorem 1: the communication topology A of the UAV
formation based on the leader-follower strategy has to be a
spanning tree of its formation communication diagram G,
but it is not necessary for a spanning tree of its formation
communication diagram G to be its communication topol-
ogy.

Theorem 2: the communication topology A of the UAV
formation based on the leader-follower strategy has to be a
spanning tree of its formation communication diagram G,
and UAV represented by its root node has to be able to act
as the formation leader; vice versa.

Due to reasons such as mechanical failure, external inter-
ference or so forth, communication failure may occur in one
or more UAVs during formation flight so that some of the
communication links in the current communication topology
become unavailable, thereby resulting in UAVs cannot con-
tinue to maintain the formation shape and even leading to a
UAV collision accident in serious situation. Therefore, in the
prior art it is usually to realize fast communication topology
reconstruction by reconstructing communication topology
(select some of the redundant communication links for
replacing those unavailable communication links in the
original communication topology) so as to avoid the UAV
collision accidents and to restore the formation shape. After
a fast communication topology reconstruction, all the UAVs
will be secure, although some of the UAVs may have left the
formation (they are flying along with the predetermined
reference track at a different altitude or flying back to the
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airport to which they belong on their own), and the remain-
ing UAVs keep flying to the target area in the formation.
However, the communication cost of the formation corre-
sponding to the reconstructed communication topology is
not always optimal, thus it is necessary to reoptimize the
communication topology so as to minimize the communi-
cation cost of the formation and to continually maintain the
formation shape by UAV position reconstruction (exchange
the positions of the UAVs in the formation shape, or fill up
the vacancy of the UAV left the formation with another
UAV).

Therefore, the present disclosure provides a distributed
algorithm for reoptimizing communication topology under
communication failure based on minimum arborescence, the
algorithm runs in each remaining UAV in the formation.
Take UAV, as an example, the basic steps of the algorithm
are as shown in table 1.

TABLE 1

A algorithm for reoptimizing
communication topology under communication failure

Input: With respect to the communication failure, the formation
communication diagram G = (V,E,W,P) before reconstruction, the
reconstructed formation communication diagram G,=(V,,E,,W,.P,), and the
reconstructed communication topology A,=(V,,E,* W, *P,), wherein
V,cV, P, cP, since some of the UAVs may have left the formation.
Output: The reoptimized communication topology A =(V,,E_,W_,P,) ,
wherein V_=V,.

Step 1, Let i=1, A=A, and P_=P,.

Step 2, Assume that all the remaining UAVs could be the formation
leader and all of them could communicate with each other, construct the
corresponding communication diagram G =(V,E,,W,P.) thereof, wherein
V=V,, P.=P,, calculate the minimum arborescence A, of G, therefore
W(A,) must be the minimum value of all the possible formation
communication costs.

Step 3, If w(A,)=w(A,), then reoptimizating the communication topology
is not necessary, proceed directly to Step 10.

[VI!

Step 4, Leti=i+l. If i 2 ———
P 7B

, proceed to Step 10.

Step5, Obtain the next unused UAV position configuration P,, replace the
P, in G, with P, so as to obtain a new formation communication diagram
G,=(V,,E,.,W,.P ), wherein V,=V,.

Step 6, Add VL(vy) and the corresponding outgoing edges thereof in
G,=(V,,E,.,W,,P,) so as to construct a new formation communication
diagram G,/'=(V,,E, "W, P.".

Step 7, Calculate the minimum arborescence A, of G,,".

Step 8, If A,,' does not exist or there is more than one outgoing edge of
vo in A, proceed to Step 4, otherwise proceed to Step 9.

Step 9, Delete v, and the only outgoing edge thereof in A,". If the one of
the conditions below is satisfied, let P_= P,, A_=A,,. Then proceed to Step
4.

(1) W(A,)<W(A,).

(2) w(A,)=w(A,), but the exchange times for positions of the UAVs
needed by the transition from P, to P, are smaller than that of the UAVs
needed by the transition from P, to P,.

(3) w(A,,)=w(A,), and the exchange times for positions of the UAVs
needed by the transition from P, to P, are equal to that of the UAVs
needed by the transition from P, to P,, but the exchange distances for
positions of the UAVs needed by the transition from P, to P, are smaller
than that of the UAVs needed by the transition from P, to P,

Step 10, A, is the reoptimized communication topology, wherein P, is the
reoptimized UAV position configuration.

The reconstructed formation communication diagram G,=
(V,, E,, W, P) in the algorithm is obtained by modifying
the original formation communication diagram G=(V, E, W,
P) according to the type of communication failure. In
addition to the four communication failures considered in
the prior art, two other communication failures are taken into
consideration: broadcast transmitter failure and broadcast
receiver failure. All six types of communication failures are
shown in Table 2.
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10

Type of communication failure Description

Link interrupt When a link interrupt occurs in e

i

UAV; cannot

receive any information sent by UAV; through
point-to-point communication, but both of the
unicast transmitter of UAV; and the unicast

receiver of the UAV; work normally.
Unicast transmitter failure

When a unicast transmitter failure occurs in

UAV;, UAV, cannot send any information to other
UAVs through point-to-point communication.

Unicast receiver failure

When a unicast receiver failure occurs in UAV,,

UAV, cannot receive any information sent by

other UAVs through point-to-point
communication.
Unicast transceiver failure

When a unicast transceiver failure occurs in

UAV,, UAV, can neither send any information to

other UAVs through point-to-point

communication, nor receive any information sent

by other UAVs through point-to-point
communication.
Broadcast transmitter failure

UAV;, UAV, cannot send its own status or

communication failure information to other

UAVs through BC.
Broadcast receiver failure
UAV;, UAV; cannot receive status or

When a broadcast receiver failure occurs in

When a broadcast transmitter failure occurs in

communication failure information sent by other

UAVs through BC.

With respect to these six kinds of communication failures,
in order to ensure that all UAVs receive consistent commu-
nication failure information in time, it is assumed that all
UAVs have the same communication failure diagnosis strat-
egy as described below:

(1) When any communication failure in a unicast trans-
mitter failure, a unicast receiver failure, a unicast transceiver
failure or a broadcast receiver failure occurs in UAV,, UAV,
itself can detect this failure, and UAV, will record the
timestamp at which this failure occurred and inform other
UAVs of the failure and corresponding timestamp informa-
tion through BC.

(2) When a broadcast transmitter failure occurs in UAV,,
UAV, itself can detect this failure but cannot notify other
UAVs through BC. After T,_,,,, seconds, since other UAV's
cannot receive status reported by UAV,, they will determine
that a broadcast transmitter failure occurs in UAV, and
record timestamp at which the failure occurred.

(3) When a link interrupt occurs in e; and UAV, is the
leader of UAV,, UAV, cannot receive position, speed and
direction information sent by UAV,. After T,_,;,. seconds, if
UAV, itself does not have a unicast receiver failure and does
not receive unicast transmitter failure information of the
UAV, through BC, UAV, will determine that a link interrupt
occurs in e, and UAV, will record timestamp of this failure,
and then inform other UAVs of this failure and correspond-
ing timestamp information through BC.

(4) If one UAV receives two or more communication
failure information within T ,_,;,,. seconds, only the commu-
nication failure with the earliest timestamp is processed and
the remaining communication failures are left to be pro-
cessed in the next T, . seconds. As such, conflicting
decisions between UAVs can be avoided, thereby enabling
all UAVs to obtain consistent communication failure pro-
cessing results.

Based on the communication failure diagnosis strategy
described above, each UAV can obtain the same communi-
cation failure information in time, each UAV then modifies
the original formation communication diagram G=(V, E, W,
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P) so as to obtain the reconstructed formation communica-
tion diagram G,=(V,, E,, W,, P,), the details are shown as
follows:

(1) When a unicast transmitter failure occurs in UAV,
delete all outgoing edges of v,.

(2) When a unicast receiver failure occurs in UAV, delete
all ingoing edges of v;.

(3) When a unicast transceiver failure or a broadcast
transmitter failure or a broadcast receiver failure occurs in
UAV,, delete all ingoing edges and outgoing edges of v,.

(4) When the link from UAV, to UAV,, interrupts, delete
€

In Step 5 of the algorithm, each kind of feasible UAV
position configurations P,, must be a permutation selecting
IV, elements from [VI| elements, wherein V| elements
represent different positions in the formation shape respec-
tively, i.e. they are 1, 2, . . ., IV respectively.

Therefore, the total amount of all feasible P, is

vt

AV Vi) = i=vr

In Step 6 of the algorithm, a special node referred to as
virtual leader (VL) and the corresponding outgoing edges
thereof with a specific weight are added in G,=(V,,, E,,, W,,
P,), so as to form a new formation communication diagram
G,=(Vv,, E, W' P, the details are shown as follows:

(D) V,'={v,}UV,, is a set of nodes of diagram G,,', wherein
Vv, is the virtual leader VL, it represents a virtual point in the
predetermined formation reference track.

(2) B,'={ex}UE,,, 1=k=|V,| is a set of edges of diagram
G,, wherein e, represents that the kth UAV UAV, knows
the predetermined formation reference track, i.e. UAV, is the
candidate formation leader.

B) W, ={w(ey) HW,,, e, EE',, is a set of weight for each
edge of diagram G,, wherein all outgoing edges of v, have
the same weight
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Vil 1Vl

wieop) = ZZW(@U) +1,e; €k,

=1 j=1

i.e. w(e,,) is 1 more than the weights sum of all edges in the
original formation communication diagram G,,.

(4)P,'=P,={p,}, 1=i=n is a set of specific position for each
UAV in formation shape S, it is referred to as UAV position
configuration, wherein p, represents the specific position of
UAV, in S (particularly, p,=0 represents that UAV, has left
the formation).

Based on the definition of G,;', the following conclusion
can be drawn.

Theorem 3: If minimum cost arborescence A, of the new
formation communication diagram G, exists and v, has
only one outgoing edge, the optimal communication topol-
ogy A, of the formation on the basis of the original forma-
tion communication diagram G,, exists, and it is a result after
deleting v, and v,’s outgoing edges in A,".

In Step 9 of the algorithm, the exchange distance of a
certain UAV needed by UAV position reconstruction is a
euclidean distance between the original position and the new
position of the UAV in the formation shape.

After the performance of the algorithm, all remaining
UAVs will be switched to the reoptimized communication
topology and continue to keep the formation shape. The core
step of the algorithm is Step 7, wherein a faster implemen-
tation of the Edmonds algorithm proposed by Gabow et al is
used. In addition, it could be seen from Step 4 of the
algorithm that Step 7 can be called in loop to a maximum of

Vit
(VI-1vih!

times. Therefore, the computational complexity of the algo-
rithm is

o(L < (E|+|V/| xlogIV’l))
(vi=1vh! " " ey

wherein |EI<IEI+IV] and IV 'I=<IVI+1. Although the com-
putational complexity of the algorithm is relatively high,
since all UAVs are secure by reconstructing communication
topology, the remaining UAVs can perform the algorithm
with the idle time in their own flights, and the UAV position
reconstruction will be conducted only when all remaining
UAVs have performed the algorithm.

Compared with the existing algorithms for reoptimizing
communication topology under communication failure, the
algorithm has the following advantages:

(1) Possesses stronger theoretical basis, can guarantee that
an optimal communication topology must be obtained by
UAV position reconstruction.

(2) The algorithm is more flexible, suitable for any
formation shape.

Examples are made as follows:

Assume that five UAVs fly in a wedge-shaped formation
as shown in FIG. 2, all positions therein are numbered {1, 2,
3, 4, 5} respectively, each of which is at the same height and
the distances between them are identified in FIG. 2. In
addition, only UAV,, UAV, and UAV,, can be the formation
leader.
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FIG. 3 is an initial optimal communication topology in the
absence of communication failure. Wherein UAV| is the
formation leader, UAV, flies following UAV,, UAV; flies
following UAV,, UAV, flies following UAV,, UAV flies
following UAV, the formation communication cost is 2271.

FIG. 4 is a reconstructed communication topology after a
unicast transceiver failure occurs on UAV;. Wherein UAV
has left the formation, UAV| is the formation leader, UAV,
flies following UAV,, UAV, flies following UAV,, UAV
flies following UAV,, the formation communication cost is
2156.

FIG. 5 is a reoptimized communication topology obtained
through the method of the present disclosure. Wherein
UAV, occupies the vacancy left by UAV;, UAV, is the
formation leader, UAV, flies following UAV,, UAV, flies
following UAV ,, UAV flies following UAV,, the formation
communication cost is 1600.

FIG. 6 is a reoptimized communication topology obtained
through the existing method. Wherein UAV occupies the
vacancy left by UAV;, UAV, is the formation leader, UAV,
flies following UAV,, UAV, flies following UAV,, UAV
flies following UAV,, the formation communication cost is
1771, which is higher than the formation communication
cost obtained by the method of the present disclosure.

FIG. 7 is a construction diagram illustrating the system for
reoptimizing unmanned aerial vehicle formation communi-
cation topology based on minimum cost arborescence
according to an embodiment of the present disclosure. The
system is used for optimizing reconstructed UAV formation
communication topology after a communication failure
occurs on the UAVs in the formation, as shown in FIG. 7, the
system comprises:

calculating module 71, for calculating a first communi-
cation cost of the reconstructed UAV formation communi-
cation topology;

comparing module 72, for comparing the first communi-
cation cost with a target communication cost for the mini-
mum cost arborescence of the formation communication
diagram under a predetermined state;

optimizing module 73, for optimizing the reconstructed
UAV formation communication topology through a prede-
termined strategy, when the first communication cost is
greater than the target communication cost for the minimum
cost arborescence of the formation communication diagram
under the predetermined state.

In a preferred implementation way of the embodiment,
the optimizing module is used for:

exchanging the positions of the UAVs in the formation
communication diagram for multiple times, obtaining a
second communication cost for the minimum cost arbores-
cence of the formation communication diagram in which the
positions have been exchanged for multiple times;

taking the formation communication topology corre-
sponding to the second communication cost, as the reopti-
mized UAV formation communication topology;

Wherein, the second communication cost is the minimum
communication cost for the minimum cost arborescence of
the formation communication diagram in which the posi-
tions have been exchanged for multiple times.

In a preferred implementation way of the embodiment,
the optimizing module is specifically used for:

taking the first communication cost as the initial value of
the second communication cost;

exchanging the positions of the UAVs in the formation
communication diagram for the first time, obtaining a third
communication cost;
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taking the third communication cost as the optimizing
value of the second communication cost if the third com-
munication cost is smaller than the initial value of the second
communication cost;

exchanging the positions of the UAVs in the formation
communication diagram firstly exchanged for the second
time, obtaining a fourth communication cost;

taking the fourth communication cost as the optimizing
value of the second communication cost if the fourth com-
munication cost is smaller than the optimizing value of the
second communication cost;

exchanging the positions of the UAVs in the formation
communication diagram secondly exchanged for the Nth
time, obtaining a fifth communication cost;

taking the fifth communication cost as the optimizing
value of the second communication cost if the fifth com-
munication cost is smaller than the optimizing value of the
second communication cost.

In a preferred implementation way of the embodiment,
the optimizing module is specifically used for:

comparing the exchange times and exchange distances for
the UAV positions of the UAV formation communication
topologies corresponding to the fifth communication cost
and to the optimizing value of the second communication
cost with respect to the reconstructed UAV formation com-
munication topology respectively, if the fifth communication
cost is equal to the optimizing value of the second commu-
nication cost;

taking the fifth communication cost as the optimizing
value of the second communication cost, if the exchange
times and exchange distances for the UAV positions of the
UAV formation communication topology corresponding to
the fifth communication cost are smaller;

In a preferred implementation way of the embodiment,
the formation communication diagram under the predeter-
mined state is: any one of the UAVs in the communication
diagram may be the formation leader and all the UAVs
communicate normally with each other.

It needs to be noted that the above-described system is in
a one-to-one relationship with the above-described method.
The implementation details of the above-described method
are equally applicable to the above-described system, and
the above-described system will not be described in detail
once again in the embodiment.

A number of specific details are set forth in the specifi-
cation of the present disclosure. However, it will be appre-
ciated that embodiments of the present disclosure may be
practiced without these specific details. In some embodi-
ments, the well-known methods, structures, and techniques
have not been shown in detail so as not to obscure the
understanding of this specification.

Similarly, it should be understood that in order to simplity
the present disclosure and to assist in understanding one or
more of the various aspects of the present disclosure, each
of the features of the present disclosure is sometimes
grouped together into a single embodiment, a figure, or a
description thereof. However, the methods of this disclosure
should not be explained to reflect the intent that, the claimed
present disclosure claims features more than those specifi-
cally cited in each claim. To be more specifically, as reflected
in the following claims, the inventive aspect is less than all
the features of the previously disclosed single embodiment.
Accordingly, the claims that follow the specific embodi-
ments are expressly incorporated into this particular embodi-
ment, each of which is a separate embodiment of the
disclosure.
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It will be appreciated by those skilled in the art that the
modules in the devices in the embodiments may be adap-
tively changed and placed in one or more of the devices that
are different to the embodiments. The modules or units or
components in the embodiments may be combined into one
module or unit or component, and in addition they may be
divided into a plurality of submodules or subunits or sub-
components. In addition to the fact that at least some of the
features and/or processes or units are mutually exclusive,
any combination could be applied with respect to all the
features disclosed in this specification (including the accom-
panying claims, abstract and drawings), and all the processes
or units of any method or device disclosed as such. Unless
otherwise expressly stated, each feature disclosed in this
specification (including the accompanying claims, abstract
and drawings) may be replaced by alternative features that
provide the same, equivalent or similar purpose.

Besides, it will be understood by those skilled in the art
that although some of the embodiments described herein
include certain features included in other embodiments and
are not other features, combinations of features from differ-
ent embodiments are meant to be within the scope of the
disclosure and form different embodiments. For example, in
the following claims, any one of the claimed embodiments
may be used in any combination.

Each component embodiment of the present disclosure
may be implemented in hardware, or implemented as soft-
ware modules running on one or more processors, or imple-
mented in a combination thereof. It will be appreciated by
those skilled in the art that some or all of the functions of
some or all of the components with the devices of a browser
terminal according to an embodiment of the present disclo-
sure may be implemented in practice using a microprocessor
or a digital signal processor (DSP). The present disclosure
may also be implemented as a part or all of the devices or
device programs (e.g., computer programs and computer
program products) for performing the methods described
herein. Such a program for implementing the present dis-
closure may be stored in a computer-readable medium or
may have a form of one or more signals. Such signals may
be downloaded from the Internet website, or provided on a
carrier signal or in any other form.

It is to be noted that the above-described embodiments
illustrate the disclosure but not limit the disclosure, and
alternative embodiments could be designed by the person
skilled in the art without departing from the scope of the
appended claims. In the claims, any reference sign between
parentheses should not be construed as limiting the claims.
Word “comprise” does not exclude the presence of elements
or steps not listed in the claims. Word “a” or “one” in front
of elements does not exclude the presence of a plurality of
such elements. The present disclosure may be implemented
with the help of hardware comprising several different
elements and with the help of a suitably programmed
computer. In the unit claims listing several devices, some of
these devices may be specifically implemented by a same
hardware item. The use of the “first”, “second”, and “‘third”
do not indicate any order. These words can be construed as
names.

Finally, it should be noted that each of the embodiments
above is only used for describing rather than limiting the
present disclosure; although the present disclosure has been
described in detail with reference to each foregoing embodi-
ment, it should be understood by those of ordinary skill in
the art that it is still possible to modify the technical
solutions described in the foregoing embodiments, or to
equivalently substitute some or all of the technical features
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therein; and these modifications or substitutions do not
separate the essence of corresponding technical solutions
from the scope of the technical solutions within each
embodiment of the present disclosure, they are intended to
be included within the scope of the claims and the descrip-
tion of the present disclosure.

The invention claimed is:

1. A method for reoptimizing an unmanned aerial vehicle
(UAV) formation communication topology diagram based
on a minimum communication cost arborescence, compris-
ing:

reconstructing a UAV formation communication topology

diagram after a communication failure occurs on UAVs
configured in a formation, while maintaining the for-
mation of the UAVs;

calculating a first communication cost of the recon-

structed UAV formation communication topology dia-
gram;

comparing the first communication cost with a target

communication cost for a minimum communication
cost arborescence of a formation communication dia-
gram under a predetermined state; and
optimizing the reconstructed UAV formation communi-
cation topology diagram through a predetermined strat-
egy if the first communication cost is greater than the
target communication cost for the minimum commu-
nication cost arborescence of the formation communi-
cation diagram under the predetermined state,

wherein optimizing the reconstructed UAV formation
communication topology diagram through the prede-
termined strategy comprises:
exchanging positions of the UAVs in the formation com-
munication diagram for multiple times while filling up
avacancy of a first UAV that leaves the formation of the
UAVs with a second UAV and maintaining (1) the
formation of the UAVs and (2) a same communication
cost between the positions of the UAVs after the first
UAV is replaced with the second UAV as before the
replacement, obtaining a second communication cost
for the minimum communication cost arborescence of
the formation communication diagram in which the
positions have been exchanged for multiple times; and

taking the formation communication topology diagram
corresponding to the second communication cost, as
the reoptimized UAV formation communication topol-
ogy diagram,

wherein, the second communication cost is the minimum

communication cost for the minimum communication
cost arborescence of the formation communication
diagram in which the positions have been exchanged
for multiple times.

2. The method according to claim 1, wherein exchanging
the positions of the UAVs in the formation communication
diagram for multiple times, obtaining a second communi-
cation cost for the minimum communication cost arbores-
cence of the formation communication diagram in which the
positions have been exchanged for multiple times comprise:

taking the first communication cost as the initial value of

the second communication cost;

exchanging the positions of the UAVs in the formation

communication diagram for the first time, obtaining a
third communication cost;

taking the third communication cost as the optimizing

value of the second communication cost, if the third
communication cost is smaller than the initial value of
the second communication cost;
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exchanging the positions of the UAVs in the formation
communication diagram firstly exchanged for the sec-
ond time, obtaining a fourth communication cost;

taking the fourth communication cost as the optimizing
value of the second communication cost, if the fourth
communication cost is smaller than the optimizing
value of the second communication cost;
exchanging the positions of the UAVs in the formation
communication diagram secondly exchanged for the
Nth time, obtaining a fifth communication cost;

taking the fifth communication cost as the optimizing
value of the second communication cost, if the fifth
communication cost is smaller than the optimizing
value of the second communication cost.
3. The method according to claim 2, wherein exchanging
the positions of the UAVs in the formation communication
diagram for multiple times, obtaining a second communi-
cation cost for the minimum communication cost arbores-
cence of the formation communication diagram in which the
positions have been exchanged for multiple times comprise:
comparing the exchange times and exchange distances for
the UAV positions of the UAV formation communica-
tion topology diagrams corresponding to the fifth com-
munication cost and to the optimizing value of the
second communication cost with respect to the recon-
structed UAV formation communication topology dia-
gram respectively, if the fifth communication cost is
equal to the optimizing value of the second communi-
cation cost;
taking the fifth communication cost as the optimizing
value of the second communication cost, if the
exchange times and exchange distances for the UAV
positions of the UAV formation communication topol-
ogy diagram corresponding to the fifth communication
cost are smaller.
4. The method according to claim 1, wherein the forma-
tion communication diagram under the predetermined state
is: any one of the UAVs in the communication diagram may
be the formation leader and all the UAVs communicate
normally with each other.
5. A system for reoptimizing an unmanned aerial vehicle
(UAV) formation communication topology diagram based
on minimum communication cost arborescence, comprising:
one or more processors; a memory; and one or more
modules stored in the memory, the one or more mod-
ules are configured to perform the following operations
when being executed by the one or more processors:

reconstructing a UAV formation communication topology
diagram after a communication failure occurs on UAVs
configured in a formation, while maintaining the for-
mation of the UAVs;

calculating a first communication cost of the recon-

structed UAV formation communication topology dia-
gram;

comparing the first communication cost with a target

communication cost for the minimum cost arbores-
cence of a formation communication diagram under a
predetermined state;

optimizing the reconstructed UAV formation communi-

cation topology diagram through a predetermined strat-
egy if the first communication cost is greater than the
target communication cost for the minimum commu-
nication cost arborescence of the formation communi-
cation diagram under the predetermined state;

the processor is further configured to perform the follow-

ing:
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exchanging positions of the UAVs in the formation com- taking the fourth communication cost as the optimizing
munication diagram for multiple times while filling up value of the second communication cost if the fourth
the vacancy of a first UAV that leaves the formation of communication cost is smaller than the optimizing
the UAV's with a second UAV and maintaining (1) the value of the second communication cost;

formation of the UAVs and (2) a same communication 5 exchanging the positions of the UAVs in the formation

cost between the positions of the UAVs after the first IC\IO h .umcagor.l filagrag} ;econdly e.:xcl.langed I.“or the
UAV is replaced with the second UAV as before the ak't tllrlrleh?ﬂltalmng a lifth cor umcatl}oln cost;
replacement, obtaining a second communication cost t mi% t ef h comndlumcatlon cost as the .Ofpt;lmlggﬁ
for the minimum communication cost arborescence of value of the second communication cost it the fi
the formation communication diagram in which the 10 communication cost is smal.ler.than the optimizing
positions have been exchanged for multiple times; value of the secon.d comMmumCation cost.

taking the formation communication topology diagram . 7. The system according to claim 5, Where?ln the processor
corresponding to the second communication cost, as is further configured to perform the following steps:

the reoptimized UAV formation communication topol- comparing the exchange times and exchange distances for
ogy diagram 15 the UAV positions of the UAV formation communica-
wherein, the second communication cost is the minimum tion .topc.)logy diagrams correspogdlpg to the fifth com-
communication cost for the minimum cost arbores- munication cost and to the opmizing value of the
cence of the formation communication diagram in second communication cost with respect to the recon-
which the positions have been exchanged for multiple structed UAV. forme.mon communication topology dle.l_
times. 20 gram respectively, if the fifth communication cost is
6. The system according to claim 5, wherein the processor eqqal to the.: optimizing value of the second communi-
is further configured to perform the following steps: cation cost,

taking the first communication cost as the initial value of taking the fifth communication cost as the oplimizing
the second communication cost: value of the second communication cost, if the

exchanging the positions of the UAVs in the formation 25 exchange times and exchange distances for the UAV

communication diagram for the first time, obtaining a positions of the UAV for.matlon communication tOP.OI_
third communication cost: ogy diagram corresponding to the fifth communication

taking the third communication cost as the optimizing cost are smaller. . . . .
value of the second commumication cost if the third 8. The system according to claim 5, wherein the formation

communication cost is smaller than the initial value of 30 communication diagr, am under the .pre(.ieterr.nined state is:
the second communication cost: any one of the UAVs in the communication diagram may be

exchanging the positions of the UAVs in the formation the formation leader and all the UAVs communicate nor-

communication diagram firstly exchanged for the sec- mally with each other.
ond time, obtaining a fourth communication cost; I T S



