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Abstract: A coalition formation algorithm is presented with limited communication ranges and delays in unknown
environment, for the performance of multiple heterogeneous unmanned aerial vehicles (UAVs) in cooperative
search and attack missions. The mathematic model of coalition formation is built on basis of the minimum attac-
king time and the minimum coalition size with satisfying resources and simultaneous strikes requirements. A com-
munication protocol based on maximum number of hops is developed to determine the potential coalition members
in dynamic network. A multistage sub-optimal coalition formation algorithm (MSOCFA) with polynomial time is
established. The performances of MSOCFA and particle swarm optimization (PSO) algorithms are compared in
terms of complexity, mission performance and computational time. A complex scenario is deployed to illustrate
how the coalitions are formed and validate the feasibility of the MSOCFA. The effect of communication constraints
(hop delay and max-hops) on mission performance is studied. The results show that it is beneficial to determine
potential coalition members in a wide and deep range over the network in the presence of less delay. However,
when the delays are significant, it is more advantageous to determine coalitions from among the immediate neigh-
bors.
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0 Introduction

The use of multi-unmmaned aerial vehicles
(UAVs) for search and attack mission in un-
known environment has received a growing atten-
tion"?!. To increase the mission performance, it
is necessary to design algorithms that efficiently
allocate tasks to UAVsH., We focus on the real-
time task assignment problem of multi-UAVs in
cooperative search and attack mission under un-
known environment.

Task assignment refers to how to determine
the task and timing sequences for each UAV that
satisfies all the constraints and minimizes some
[4-6]

objective functions of overall team In math-
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ematic, task assignment could be modeled as a

combinatorial optimization problem, such as dy-

7]

namic network flow optimization'”', multiple

traveling salesman problem"™, vehicle routing

problem™, mixed integer linear program-

ming"'®’, multidimensional multiple choice of

[11]

[12] o
e b o e
knapsack problem contract net''*’, satisfying

(3] game theory™™, and intelli-

gent optimization algorithmst'*).

decision theory

However, in most of the previous methods,
@O The UAVs are homogeneous, and the re-
sources of UAVs are unlimited, like in Ref. [7];
@ The task allocation algorithms have high com-
putation cost, like in Refs. [8,10-11,15], while

in real-time applications, the low computational
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complexity methods are more appropriate; @ The
number, the location and the resources of targets
are known a priori, but the UAVs only have lim-
ited or even non-existent priori information about
the targets in unknown environment; @ The ex-
isting task allocation schemes are designed on
perfect communication network, like in Refs, [ 12-
14]. Therefore, the previous algorithms cannot
be applied directly to the problem which is con-
sidered in this paper.

In multiple agents system (MAS), if an a-
gent cannot complete tasks alone, a sub-group of
agents will form a coalition to cooperatively com-
plete the tasks. The coalitions are temporary.
Once the task is accomplished, the coalition

members can perform other tasks .

Forming a
coalition to complete task allocation has been ap-
plied to both MAS'"%) and multiple robots system
(MRS)'7 . However, the resources cannot be
transferred between UAVs, so the algorithms in
MAS can not be applied to multiple UAV's system
directly. Since UAVs can not stop in the air and
move fast, the algorithms in MRS, which have
high computation cost, also cannot be applied di-
rectly to multi-UAV's system.

The coalition formation algorithms of multi-
UAVs system have been investigated™'®'"). Based
on particle swarm optimization algorithm, Su-
jitt™®) presented a task allocation algorithm that
formed coalitions which included some UAVs to
attack each target. However, the target locations
were known a priori, so this method could not be
used in unknown environment. To develop the
coalition formation algorithms for the UAVs in

0] presented a

unknown environment, Manathara
two-stage algorithm that determines optimal coa-
litions.

Due to limited communication ranges and de-
lays, the communication between UAVs is re-
stricted. Team coordination requires UAVs to
exchange their state information, observations of

the world, and control decisions such as task allo-

cation or motion planning; hence inadequate com-

munications can significantly degrade team per-
formance. Thus, coalition formation in dynamic
network is very challenging. Sun"*” studied the
network distributing cooperation observation and
tracking of heterogeneous multi-UAV based on
local communication and limited detection range,
but he ignored the communication delay. In Ref.
[21], an efficient task allocation scheme using
negotiation between multi-UAVs was demonstra-
ted, but the UAVs only had limited communica-
tion ranges. Thus, neither the realistic communi-
cation constraints nor the flexible and efficient
communication protocol have been considered
thoroughly in the previous approaches. Moreo-
ver, there was no literature related to the effect
of communication constraints on coalition forma-
tion.

We present a novel mechanism to determine
coalitions of multiple heterogeneous UAVs per-
forming cooperative search and attack missions in
unknown environment. The realistic constrains
on UAVs are taken into account, such as limited
sensing, limited communication ranges, commu-
nication delays, and limited consumable re-

sources.

1 Problem Formulation

A search and attack mission using N hetero-
geneous UAVs is considered as shown in Fig. 1.
The UAVs can carry n types of resources in limit-
ed numbers, so they are heterogeneous. These
resources are consumable, that is, the resources
deplete with use. The UAVs are identified by
their unique identity numbers A,(i=1,2,++,N).
The unique identity numbers are assigned prior.
The resources represented capability vector R? of
A; is

R} = (R} . ,Ri) @D)
where Rj, (p=1, -+, n) denotes the quantity of
type-p resources of A,.

There are M targets in the mission region.

The resource requirements and locations of the

targets are unknown a priori. The UAVs must
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Fig. 1 Cooperative search and attack mission scenario

perform the search task to detect the targets. The
sensor range of A, is limited and denoted by r..
When T, is detected by A;, the resources require-

j
ment of attacking T, can be obtained and repre-
sented by the target resource requirement vector
R;
R/ = (R}, R}.) (2)
where R, (¢g=1,++,m and m<{n) represents the
quantity of type-g resources required to attack
T;.
A; can directly communicate with other UA-
Vs that in communication range r., while other
UAVs who are outside the range can communi-
cate indirectly through a sequence of communica-
tion links. It is assumed that . >2+.. This as-
sumption ensures that multiple UAVs within the
communication ranges of each other do not form
multiple coalitions for the same target when they
detect the same target.

The process of a coalition formation is de-
scribed as follows. If a target T, is detected by
the UAV A,. but A, has insufficient resources to
attack T;, A, becomes coalition leader (CL) and
broadcasts resource requirement vector R} and lo-
cation of T; to other UAVs. This process is
called Request.

The UAVs, which directly or indirectly com-
municate with A;, that having at least one type of
the required resources to attack T; will respond to
A, with their earliest time to arrive (ETA) at the

target location and the resources represented ca-

pability vectors. The responding UAVs are called

( PCMs ). This

potential coalition members
process is called Bid.

The CL A, receives the bids from PCMs and
determines a coalition. The UAVs which form
the final coalition are called coalition members
(CMs). This process is called Formation.

The coalition should satisfy certain con-
straints: (O Attacking the target in minimum
time, which ensures the total mission completion
time is reduded; @ The final coalition formed
must be minimum size, which allows more UAVs
and resources to remain available for the early and
quick detection of other potential targets, thus
the total mission complete time can be redued; @
To maximize damage of targets, the targets
should be attacking simultaneously; @ Satisfying
resources requirement to ensure target could be
destroyed.

A;, a UAV, after detecting a target T;, with
the condition RY >R?, becomes a CL and deter-
mines the coalition Ci on the basis of above de-
fined constraints. The total resources of coalition
C; is defined as the sum of resource capabilities of

the coalition members

R{ = ZAM;R? 3

Let A denotes the set of the CL and the PC-

Ms that responded to the request of CL. A, de-

notes the ETA of UAV A, € A at location of Tj.

The coalition formation model can be represented
mathematically as

Objective; minAmax,\.:AkeA,\k 1)

s. t. Zk;AkeﬁR?p >R p=1,.n (&)

where ACA. The UAVs must arrive at the target

at the same time. It means that the earliest attac-

king time of the coalition is the latest arrival

time. A smallest size coalition with minimum at-

tacking time is determined by Eq. (4). The con-
straint @ is described by Eq. (5).

2 Discovery of Potential Coalition
Members over Dynamic Network
CL selects a feasible coalition from PCMs

and broadcasts their acceptance or rejection deci-

sions. Thus, to form a feasible coalition, a key
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requirement is determining PCMs. It cannot en-
sure that every UAV can receive messages from
CL due to limited communication ranges. Thus.,
a mechanism to find PCMs over a dynamic net-
work is designed. The UAVs outside the commu-
nication range can communicate with others indi-
rectly through a sequence of communication
links. The UAVs can retransmit messages {rom
one to another. These intermediate UAVs are
called relay, and the communication protocol be-
tween UAVs is called "flooding”. However, this
communication protocol can not guarantee the
successful delivery of the broadcast packets due to
the lack of any collision detection. The notion of
time-to-live (TTL) is used to avoid the messages
floating in the network indefinitely. The TTL is
the maximum number of hops (H,.,) that a mes-
sage can be transmitted before it is abandon. The
message has its own current hop counter, H,
which is initially set to H,... As shown in Fig 2,
if a UAV rebroadcasts
changed to Hi—1. The message is abandon until
H:=0.

Since H ., is the maximum allowed hops and

this message, H) is

each hop delay is 8, the coalition proposal, the re-
sponse to this proposal, and the result message of

coalition formation together will take at most ¢ =

allowing PCMs to respond to the request of CL,
Ac a given time window that allowing CL to form
a coalition,
The CL A; broadcasts the following request

P, =(A,.T,,Z ,R] . H: ,H,...5;.t) (6)
where Zl =[x, y] ] is the location of the target
T, ., R] the resources requirement vector to attack
target T;, and HY the current hop counter. The
upper bound on the whole time of forming a coali-
T; is detected.

Each UAV A, in the network can be a relay
or a PCM or both. Once A, receives the request

tion is ;. At time ¢,

massage, it will check whether H;>>0 or not. If
H:>0, A, will play the relay role to broadcast
the request to the neighbors. If H; =0, A, will
abandon this message. If A, does not belong to
any other coalitions and has any resource required
to attack the target, A, sends following biding
message to A;

0, = (AL A, T, ,R} A (7
where the resources vector of A, is Ry, and A, is
the ETA from the go-ahead location G} to target.
Using ¢ and current position, A, can estimate its
go-ahead location where starts the attacking ma-
neuver. If A, receives the request for coalition
formation at time z, its go-ahead location G} is

G.=[ai + G+ — o) ucosgi, yi + G+ 8 — o)

30H ,..x + Aw+ Ac seconds to propagate over the vesingt ] (8)
network, where Aw is a given time window that
Coalition leader 4, Relay node 4, Relay node 4., Potential coalition member 4,
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Fig. 2 Communication protocol for coalition formation
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where [ 2}, yi] is the location of A, ¢ the head-

ing angle, and v, the ground speed.

3 Coalition Formation

The problem of determining an optimal coali-
tion is combinatorial in nature (which is NP-
hard), therefore the solutions are computational-
ly intensive and complex. Therefore, coalition
formation algorithms with less computational
burden and complexity are required. For this, a
multistage sub-optimal coalition formation algo-
rithm (MSOCFA) that has sub-optimal and real

time in nature is presented.

3.1 Multistage sub-optimal coalition formation

algorithm

MSOCFA determines the smallest size and
minimum time coalition that can destroy the tar-
get in two stages. Algorithm 1 determines a set
of UAVs with required total resources that can a-
chieve the minimum attacking time requirement
in the first stage. In the second stage, the ob-
tained set of UAVs is pruned to achieve the mini-
mum size requirement in Algorithm 2,

In the beginning of Algorithm 1, the coali-
tion is set to empty, and the coalition resources
are set to zero (line 1). Firstly, the responses of
the PCMs are sorted in the ascending order of
their ETA to target (line 3). The algorithm takes
one UAV (A,) at a time (line 5) from the order
list Awn s appends A, to the coalition C; (line 6),
and updates the coalition resource vector (line 7)
and the coalition time (line 8). Then it checks
whether the required resource constraint is satis-
fied or not (line 9). If the constraint is unsatis-
fied, the next UAV is included and the resource
constraint is checked one by one until the required
resource is sufficient. If the total resources of all
UAVs in the order list Ay, are insufficient, no
feasible coalitions can be formed (line 18). Once
the required resource is sufficient, Algorithm 1
returns the feasible coalition Cj and the coalition
time (line 16). Ref. [22] has proved that Algo-
rithm 1 will always return a coalition with mini-

mum attacking time.

Algorithm 1 First stage of MSOCFA

Input: Potential coalition members A=[A,,
A+, Ay ] and their ETAs D =[A; ,
Asseesdn ]

Output: Coalition C} and coalition time 7.

1C:= and RS =0

2 Stage 1.

3[Duns A ] = Sort(A, D)5 % D, <sor-

ted D in ascending order, A, < corre-
sponding UAYV index of D,
4 for k=1 to |Awn]| do

5 Ay<Awon (B

6 Ci<—append A,

7 RS <R{ +R;

8 tli<D. (k)

9 if RS,>=R},, forall p then
10 break

11 else

12 continue

13 end if

14 end for

15 if ij >=R],, forall p then
16 return C; and 77/

17 else

18 return No feasible coalitions
19 end if

Algorithm 2 Second stage of MSOCFAIn-

put: Minimum time coalition C} from Algorithm

Output: Pruned coalition C;
1 Stage 2.

2 for k=1 to |Ci| do

3 A, <Ci (k)
LORR R

5 if R$ >R, forall p then
6 Ci<—remove A, from C;

7 RC=R¢

8 end if

9 end for

10 return C;

After the coalition that can achieve the mini-
mum attacking time requirement is determined by
Algorithm 1, those UAVs in the minimum time

coalition who are not necessarily required must be
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pruned in order to form a smaller size coalition.
The smaller size coalition is achieved by using Al-

gorithm 2. By removing resources of A, from

RS . Algorithm 2 checks whether the resources of
each UAV A, in the coalition C; determined in the
first stage are necessarily required for the smaller
size coalition or not (lines 4 and 5). If not neces-

sarily required, A, is removed from C; (line 6)

and its resources are deducted from RS (line 7).
This process is carried out for all UAVs in the co-
alition C} determined in the first stage (A, €C}).

The Algorithms 1 and 2 together form
MSOCFA. Ref. [22] has proved that the algo-
rithm complexity of MSOCFA is O(N (logN +
2m)).

3.2 Deadlock resolution

(1) Multiple UAVs detect the same target
simultaneously

When multiple UAVs detect the same target
at the same time, there can be situations causing
deadlock where all the detecting UAVs want to
form coalition for this target. We use a token
mechanism to eliminate deadlock. Each UAV has
» ND.

When a UAV receives multiple coalition forma-

a unique token number TN? (i =1, 2, -

tion requests, it will respond to the UAV who
has the highest token number.

(2) A single UAV detects multiple targets
simultaneously

When a single UAV detects multiple targets
at the same time, there can be a deadlock where
the coalition leader needs to form multiple coali-
tions for multiple targets at the same time. In or-
der to eliminate deadlock, the target use unique
token number, TN/ (;=1,2,++,M), which are
assigned to them to be attacked preferentially.

(3) Multi-UAVs detect multiple targets sim-
ultaneously

When multiple UAVs detect multiple targets
at the same time, we need combine TN? and
TN to eliminate deadlock. For example, assume
that the descending order of TN# is TN{ >
TN2>TN%?>TN{, A; and A, detect target T,

and T,, respectively, and need to form coali-

tions. With the highest token number, A, will
broadcast the proposal for coalition formation
firstly. Thus A, and A; (A, has been the coalition
leader already with detecting T;) will respond to
A, firstly and a coalition C, = {A,, A;} is
formed. After A, determines its coalition, A,
broadcasts a request, and then A, will send its re-
sponse to A;. Then, A, determines a coalition
Ci={A,, A,} to attack target T,.

Consider a complex scenario where A, detect
targets T, and T, simultaneously, at this mo-
ment, A, also detects targets T, and T,. With
the highest token number, A, will be the CL and
broadcast the proposal for coalition formation
firstly. But A, need select which one to be at-
tacked from T, and T,. Since T, has higher token
number than T,, A, determines the coalition C! to
attack T,. After A, determines its coalition C: ,

A,determines the coalition C; to attack T,.

4 Simultaneous Strikes
4.1 UAYV model

In general, UAYV is equipped with an autopi-
lot that holds a constant altitude and ground
speed. Assuming that each UAV is located at dif-
ferent unique altitudes and hence there is no need
for collision avoidance. Therefore, the two-di-
mension motion of UAV in a horizontal plane is
analyzed and the inner loop dynamic of the UAV
is modeled as a first-order model**-,

x=Vcosg, y=Vsing. ¢=W, (¢ —¢ (9
where x and y give the UAV location, ¢ € [0,
27n) is the current heading, V the ground speed,
W, the autopilot gain, and ¢ the desired (com-
manded) heading of the UAV, which is generated

[24]

by path tracking algorithm in the outer guid-

ance loop.
4.2 Path generation based on Dubins curves

Given position and heading of UAVs, there
are two Dubins paths to arrive at target T: The
short path (D) and the long path (D, ). As
shown in Fig. 3, A, and A, are members of the
coalition. When the short path is selected, A,

needs to continually increase its path length until
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) L .
Lo = D%40. However, it is impossible to gener-

ate a Dubins path for A, if the circle encircles the
target. If the short path is selected, the achieva-
ble ETA is discontinuous™*.

discontinuity, the long Dubins curve is always

To eliminate this

used as a tracking path to target for the coalition
members in this paper. When the long path is se-
lected, A, can continually increase its radius until

1 — 2
long = Dlong .

Fig. 3 Path generation based on Dubins curves

5 Simulation Results

5.1 Performance of MSOCFA in a complex sce-

nario

A complex scenario experiment was presen-
ted to illustrate how the coalitions are formed and
validate the feasibility of MSOCFA. In Scenario
1, 6 UAVs and 3 targets were distributed in a re-
gion (2 km X 2 km). Tables 1, 2 list the initial
settings of the UAVs and targets, respectively.
The corresponding parameters of UAVs are listed

in Table 3.
Table 1 The initial settings of 6 UAVs in Scenario 1

UAV Token number Position Heading Capability
A, TN% (xis y)/m ¢/ () vector R?
A, 6 (10,10) 160 (1,2.3)
A, 5 (150,150) 0 (2,0,1)
A, 4 (900,700) 225 (1,3.1)
A, 3 (800,—800) 270 (1,2.1D
As 2 (—900,—600) 60 (1,0,0)
As 1 (600, —900) 100 (1.2,3)

Table 2 The initial settings of 3 targets in Scenario 1

Target Token number Position Requirement
T, TN/ (x;,y;)/m vector R}
T, 3 (300,0) (3,2,2)
T, 2 (—500,0) 2,1,
T, 1 (0,300) (0,0,1)

Table 3 The parameters of UAVs in Scenario 1

Parameter Value

Ground speed V/(m + s ") 50
Minimum turning radius R, /m 100
Communication range r,/m 500
Maximum number of allowed hops H .. 3

Estimated maximum possible hop delay 6/s 1

Time window Aw/s 0.2
Time window Ac/s 0.3

As shown in Fig. 4, at time t=0, A, detected
targets T, and T, simultaneously, at this mo-
ment, A, also detected targets T, and T;. With
the highest token number, A, became CL and
formed coalition first. Then, A, need determine
which one to be attacked from T, and T,. Since
T, had higher token number than T, A, deter-
mined the coalition C} to attack T, by sending the
information of T, to the potential coalition mem-
bers A;, A,, A; and As. The formed coalition C:
included A;, A; and As, the total resources vec-
tor of C} is (3, 7, 7) and the latest arrival time of
C! is 30. 3 s. The resources requirement vector of
T, was RT =(3, 2, 2), thus the total resources of

coalition satisfied resources requirement of T;.

Coalition formation and UAVs' trajectories

Fig. 4

(Scenario 1)

After C} has been formed, A, performed the
attack task for T;. Its resources satisfied the con-
dition Ry > RI, hence A, attacked T, without
sending a coalition proposal.

At time t = 4. 7 s, A; detected T, and

broadcasts for a coalition. Only A, performed the
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search task and becomes PCM after it had re-
ceived the proposal from A;. The coalition C; =
{A,, A;} was formed, the total resources vector
of C; was (2, 2, 1) and the latest arrival time of
C; is 24. 6 s. The mission was accomplished at
32.9 s.

5.2 Performance of MSOCFA for pop-up targets

In order to demonstrate feasibility of MSOC-
FA in pop-up targets scenario, Scenario 2 was
carried out. Table 4, 5 list the initial settings of
the UAVs and targets, respectively. The appear-
ance of time with target T, is unknown a priori

and random, as shown in Fig 5.

Fig. 5 Initial positions of UAVs and targets in Scenar-

io 2

As shown in Fig 6, at t= 21.7 s, A, detected

T,. The resources requirement vector of target
T,was RI=(2, 2, 2), but the available resources
of A,was R = (1, 0, 3), so A, became CL and
broadcasted request message to form coalition C}
for T,. The coalition Ciwith A, and A, was
formed, the total resources vector of Ciwas (2,
2, 4) and the latest arrival time of C} was 26. 2 s.
As T, was destroyed, the available resources of
A;would deplete and became RY = (0,0,1), the
available resources of A; became R} = (0,0,1).
As shown in Fig. 7, at t=51.6 s, T, appeared.
As shown in Fig. 8, at t=51.8 s, A, detected T}.
The resources requirement vector of target T, was
'=1(2,3,2), but the available resources of A,
was Ry = (1, 1, 1), so A, became the CL and

formed coalition C¢ for T,. The total resources

vector of C} was (2,3,2) and the latest arrival
time is 43. 3 s. The mission was accomplished at
t=95.1 s, as shown in Fig. 9.

Table 4 The initial settings of four UAVs in Scenario 2

UAV Token number  Position Heading Capability
A, TN% (x5 yi)/m ¢/ (°)  vector R}
A, 4 (500,400) 180 (1,0,3)
A, 3 (—950,—500) 8 (1,1.1D
A; 2 (900.,—100) 160 (1,2,
A, 1 (600, —600) 190 (1.2,0)

Table 5 The initial settings of two targets in Scenario 2

Target Token number Position Requirement
T, TNT (z;5v,)/m vector RT
T, 3 (300,0) (3,2,2)
T, 2 (—500,0) (2,1,D
T, 1 (0,300) (0,0.1)

Fig. 6 Situation at r=21.7 s

Fig. 7 Situation at t=51.6 s
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Fig. 8 Situation at t=51.8 s

Fig. 9

Coalition formation and UAVs' trajectories
J

(Scenario 2)

5.3 Validation of MSOCFA with low computa-

tional complexity

The combinatorial coalition formation prob-
lem can be solved by PSO algorithm when the re-
sources requirement and locations of the all tar-
gets are known a priorii'®. To validate the
MSOCFA with low computational complexity,
we considered Scenario 3 with 4 UAVs and 4 tar-
gets and analyzed the effect in terms of the time
taken to accomplish the mission, and the compu-
tational time taken to form the coalitions using
MSOCFA and PSO algorithms in Microsoft Visu-
al C++ 6.0 on 2. 4 GHz, 2 GB RAM machine.
Tables 6, 7 list the initial settings of the UAVs

and targets, respectively.

Table 6 The initial settings of 4 UAVs in Scenario 3

UAYV Token Number  Position Heading Capability
A, TN# (x;s y;)/m /(") vector R}
A, 4 (400,100) 0 (2,3.4)
A, 3 (—700,600) 0 (2.1,3)
A, 2 (700,500) 135 (3,2.4)
A, 1 (—500,—800) 0 (2,2.0)

Table 7 The initial settings of 4 targets in Scenario 3

Target Token Number Position Requirement
T, TNT (x;,y;)/m vector R}
T, 4 (600, —100) (1.2,2)
T, 3 (—200,—400) (3,2.4)
T, 2 (—600,210) (2.1,2)
T, 1 (400,700) (3,4.1)

As shown in Fig. 10, at time t=0, A, detec-
ted T,. The available resources of A, was R{ =
(2,3,4) and the resources requirement of T, was
Rf= (1,1,2), hence A, attacked T, without
sending a coalition proposal. At time t=0. 4 s,
A, detected T, and formed C} to attack T, by
sending the information of T, to the PCMs A, and
A,. The formed coalition C} included A, and A,.
The total resources vector was of C} (5,4,4) and
the latest arrival time of C} is 47. 2 s. The re-

sources requirement vector of T, was R = (3, 4,

1), which satisfied resources requirement of T,.

Fig. 10  Coalition formation and UAVs' trajectories

achieved using MSOCFA (Scenario 3)
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At time t=57.5 s, A; detected T, and deter-
mined the coalition C} to attack T, by sending the
information of T, to the PCMs A,, A, and A,.
The formed coalition C! included A; and A,. The
latest arrival time of C} was 24. 2 s. At time t=
85.6 s, A; detected T; and determined the coali-
tion C} to attack T; by sending the information of
T,to the PCMs A,, A, and A,. The formed coali-
tion Ci included A, and A,. The latest arrival
time of C; was 3.9 s. The total mission was ac-
complished in 122. 4 s.

The details of the coalitions formed in the
whole process using MSOCFA are listed in Table

8.
Table 8 The coalitions formed using MSOCFA

Tir:c/ CL  Target  Coalition I‘atfi;::ival
0 A T - -
0.4 A, T, (Ass Ay} 47.2
57.5 A T, (Ars Ay 24,2
85.6 A, T, (A, Ay 36.9

Fig. 11 shows the coalition formation results
using PSO and the trajectories that the UAVs
took to accomplish the attacking mission. A, at-
tacked T alone. A; attacked T, alone. A, firstly
attacked T, and then attacked T,, with A, to-
gether. The Dubins path length for A, attacking
T, was equal to the Dubins path length for A, at-
tacking T, plus the Dubins path length from T to
T,. The mission was accomplished in 47. 2 s.
The details of the coalitions formed using PSO are
listed in Table 9.

Table 10 summarizes the time taken to ac-
complish the mission and the computational time
spent on forming the coalitions using MSOCFA
and PSO algorithms. It can be concluded that the
mission is accomplished earlier when using PSO
than using MSOCFA, because locations of all tar-
gets are known a priori. The UAVs do not need
to search targets, when we use PSO algorithm.
However, the computational time spent on the
coalition formation using MSOCFA is much lower
than using PSO.

Fig. 11

Coalition formation and UAVs' trajectories

achieved using PSO (Scenario 3)

Table 9 The coalitions formed using PSO

Target Coalition Latest arrival time/s
T, {Ay} 18. 1
T, {Ay) 37.0
T {As)} 20.3
T, (A, Ay 47.2

Table 10 Comparison of MSOCFA and PSO (Scenario 3)

Time MSOCFA PSO

Taken to accomplish the mission/s 122.4 47.2

Spent on the coalition formation/s 0. 064 17.3

5.4 Effect of hop delay and max-hops

The Monte-Carlo experiments were used to
study the effect of max-hops (H,,,) and hop de-
lay (8) on mission performance. The metric of
comparison was the average mission completion
time, Fig. 12 shows the variation of average mis-
sion completion time (averaged over 100 runs)
taken by 10 UAVs and 5 targets in 2 km X 2 km
area with combined effect of H,,., and §. In these
simulations, § were 1 s, 2 s and 3 s, while H ..
were 1, 2 and 3.

(1) The effect of varied H,,, for a given § on
mission performance

When §=1 s, with the increase in H,,., the
mission time will decrease. This is because as the
network depth is more, the CL. can get more PC-

Ms, and hence the CL will be able to make more
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reasonable coalitions to attack the target more
quickly. However, when the delays are signifi-
cant (for example, §=2 or 3 s), further increas-
ing H.., will result in a slight degradation of per-
formance. The reason is that if the values of de-
lay are large, the cumulative delays of reaching
H.,... depth in the network are significant, leading
to further increases in the ETA and effect on the
performance.

(2) The effect of varied ¢ for a given H,,, on
mission performance

With the increase in communication delay,
the mission completion time will increase.

It can be concluded that if the delay is low,
finding PCMs over a wide and deep range in the
network is beneficial. However, it is advanta-
geous to determine coalitions among the immedi-
ate neighbors in the presence of significant de-

lays.

Fig. 12

Effect of increase in each § and H,.. on mis-

sion performance

6 Conclusions

In this paper, a coalition formation algorithm
(called MSOCFA) for multiple heterogeneous
UAVs performing search and attack mission in
unknown environment is presented. Some conclu-
sions can be obtained as follows:

(1) The performance of MSOCFA and PSO
are compared in terms of the mission completion
time and the computational time. The mission is
using PSO than
MSOCFA because locations of all targets are

accomplished earlier using

known a priori. However, the computational

time taken to form the coalitions using MSOCFA
is much lower than using PSO.

(2) The effect of max-hops and hop delay on
the average mission completion time is studied. It
can be concluded that if the delay is low, finding
PCMs over a wide and deep range in the network
is beneficial. However, it is advantageous to de-
termine coalitions among the immediate neigh-

bors in the presence of significant delays.
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