International Journal of Control, Automation and Systems 18(12) (2020) 3204-3217

http://dx.doi.org/10.1007/s12555-019-1073-6

ISSN:1598-6446 eISSN:2005-4092
http://www.springer.com/12555

Task Assignment for Deploying Unmanned Aircraft as Decoys
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Abstract: This paper proposes a task assignment based on auction algorithm for a decoy mission using multiple
UAVs which can hover against anti-ship missiles. An optimal deployment direction of decoys are also decided based
on the cost function that is calculated with the expected signal power of a seeker and decoy, the distance between
them, and fuel availability of the decoys. A simple kinematics is considered to generate two-dimensional motions
of anti-ship missiles and a target ship. Numerical simulations are conducted under a visualization environment and
validate the performance of the proposed algorithm. A parametric study is also conducted for the decoy mission
with multiple missiles and decoys. Lastly, non-linear simulations for ducted fan Unmanned Aerial vehicles (UAVs)
are performed to evaluate the feasibility of the proposed high-level task assignment comment for the decoy mission.
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1. INTRODUCTION

Unmanned aerial vehicles have become popular be-
cause of their highly autonomous capabilities. Manned
vehicles are gradually replaced by unmanned vehicles in
various fields like military applications, reconnaissance,
surveillance, intruder tracking, and border patrol etc., be-
cause of its minimal human requirements and risks. A
higher degree of autonomy is needed to achieve a fully
autonomous system which can accomplish the challeng-
ing mission in an efficient manner [1]. In order to improve
the autonomy efficiently, instead of a single system, the
inherent redundancy and robustness of multiple systems
can be utilized [2].

Cooperation of a large number of small Unmanned
Aerial vehicles (UAVs) with autonomous capabilities is
called a UAV swarm. It can handle complex missions
for existing operational concepts using a large but sin-
gle UAV could not deal with [3]. The large cardinality
of a UAV swarm makes it nearly impossible for humans
to guide each of them directly, and thus autonomous de-
cision making is needed. In this sense, cooperative con-
trol and decision mechanisms for the UAV swarm have
got the attention including task assignment, path plan-
ning, and tactical decision making [4,5]. One of the main
challenges for the utilization of a swarm is collective task
assignment/decision making [6, 7]. Thus, this paper ad-
dresses the task assignment for multiple UAVs as decoys

and tackles the defence against anti-ship missiles (ASMs)
in a maritime mission as an example scenario. The pur-
pose of multi UAV task assignment is to allocate neces-
sary tasks to UAVs, so as to maximise the performance of
the mission. Here, the task is to allocate optimum number
of decoys against each ASMs to enhance protection of the
friendly ship, and the result of task assignment directly
determined how well the missions were performed. The
task assignment proposed in this study can be extended to
other types of unmanned aircraft deployment by modify-
ing a cost function and the related scenario [8].

Since the decoy application is based on a maritime mis-
sion, vertical take-off and landing (VTOL) UAVs have ad-
vantages on it, considering the limited area in the ship
deck to operate aerial platforms and their hovering capa-
bilities [9]. The decoy mission is known to be the most
effective way for a ship to survive from ASM in a battle
field [10]. An ASM can be launched from a variety of sys-
tems such as fighter jets, naval ships and land bases etc
[11]. Due to the small radar cross section (RCS) of ASMs
in sea clutter, it is difficult to find an ASM to a defense ship
before a terminal phase [12]. Various topics for the decoy
missions against ASMs have been widely studied due to
this importance. Decoy systems are mainly classified into
two: a towed type [13] and a mobile type. In towed types,
a decoy is basically linked with a target ship or an aircraft.
Protection of an aircraft from radio frequency (RF) mis-
sile attack is discussed in [14] and a part of this is also
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included to the current work. Comprehensive study based
on towed radar active decoys (TRAD) to defend against a
mono-pulse radar has been carried out in [15]. However,
towed types have the limitation of operation regions and it
might degrade the maneuverability of a target ship or air-
craft. To address this issue, mobile types have been inves-
tigated in [16—18] and has better performance compared
to towed types.

Mobile type decoys require advanced technologies to
make them moving with decoy devices. The deployment
process has been investigated in [16], by considering dis-
tance, deployment angle and required gains/powers. The
work proposes an optimal deployment parameters to dis-
tract the ASM. Vermeulen and Maes [17] discussed an an-
alytical derivation of the miss distance at intercept to the
target with the seeker. Interceptors are utilized for a mo-
bile decoy [18] for cooperative mission and is discussed
in [19] and has better performance compared to others. A
cooperative air defense process using a ship-to-air missile
(SAM) is discussed in [20] for a single attach.

As mentioned earlier, nowadays many researchers are
focusing on task assignment for multi-agent systems to
improve the efficiency of cooperate missions [21]. Yoo
et al. [22] considered heterogeneous UAVs to assign the
optimal number to an integrated air defense system for
a suppression of enemy air defence (SEAD) mission. A
probability based resource management algorithm is per-
formed to do the allocation of UAVs with out TA. A new
task assignment algorithm is proposed by Jia et al. [23] for
cooperative multi-UAV task assignment problem and it is
formulated as a combinatorial optimization problem, and
solved by modified genetic algorithm and path elongation
algorithm.

In this study, the mission response times and the launch
directions of decoys are the critical parameters that can
determine the success/failure of the mission. Auction al-
gorithm is chosen for the task assignment because of its
higher computation speed compared to other optimization
techniques [24]. Based on the above literatures, this paper
proposes a task assignment algorithm based on an auction
algorithm with a minimum-number-of-UAV requirement
for multi-decoy deployment to protect a friendly ship from
ASMs. The cost function is formulated by considering the
expected signal power of a seeker and a decoy, the dis-
tance between them, and fuel availability of the decoys.
Based on the cost value, the auction algorithm will allo-
cate the decoys to the particular ASM by satisfying min-
imum requirements. The term minimum requirement in-
dicate the minimum number of decoys/agent required to
perform each task in a risk free manner.

The optimal deployment direction of UAVs with mo-
bile jammer are also included to distract multiple ASMs.
When the ship detects the ASMs, the task assignment pro-
cedure will be carried out, and assigned decoys will move
towards optimal directions to distract the ASMs from the

ship. Decoys are attractive because they provide a source
of radiation that can capture the radar seeker and direct the
missile away from the ship. The decoys are only sources
of radar jamming and there is a chance of distroy decoy by
the missile. Thus return back policy for the decoys are not
included in the system. To simulate this decoy mission, a
2D point mass model is used for multiple ASMs and a tar-
get ship [10]. Each ASM model uses a guidance law using
a proportional navigation guidance (PNG) law for realistic
simulations. Additionally, this paper proposes the deploy-
ment strategy of the decoys by considering the expected
signal power (ESP) between multiple seekers and decoys.
Thus, this paper evaluates the protection provided by ac-
tive off-board decoys which are deployed by ships during
an engagement against a radar guided ASM. Parametric
study has been done to evaluate the performance of task
assignment process.

The rest of this paper is organized as follows: Section
2 explains the models used to study the decoy mission:
a ship model, a ship-missile engagement model, a decoy
dynamic model and the signal models for seekers and de-
coys. Section 3 describes the mission scenario for the de-
ployment of decoys and an optimal direction strategy. Sec-
tion 4 proposes the task assignment process where the cost
function and the auction-based algorithm are explained. In
Section 5, 2D simulation along with parametric study and
a six degree-of-freedom simulations with ducted-fan UAV
dynamics are given to verify the feasibility of the proposed
task assignment. Finally, the paper is concluded in Section
6.

2. PROBLEM DEFINITION

In order to accomplish the decoy mission against ASMs
using task assignment, it is necessary to describe a ship
model, a ship-missile engagement model, decoy dynamic
model and the signal model for seeker and a decoy. Ba-
sically the missile seeker always tends towards the cen-
tre of gravity of the target source. So in addition to the
above models, a proportional navigation guidance (PNG)
law is applied to the ASM guidance. The key of the mis-
sion is how unmanned aircraft used as decoys protect the
ship from ASMs with safe distances.

2.1. Target ship kinematics model

The section describes the point mass model for target
ship kinematics with zero or negligible velocity in the di-
rection perpendicular to heading [25].

X, Vi cos @
Y,| = | Visingy |, (D
@5 o

where (Xj,Y;) are the Cartesian coordinates of the ship, ¢

is the heading angle, V; is the speed in the (x,y) plane, and
@ is the turning rate of the ship.
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2.2.  Anti-ship missile model

In this paper, the anti-ship missile model is derived by
considering some assumptions as follows. 1) a point mass
model is adopted for the missile; 2) initially the missile
maintains a constant altitude for sea-skimming maneu-
ver; 3) the missile velocity is constant. The 2D kinematics
equation to represent an ASM model [10] is given by

).(m.j = Vm,j COS Oy, j 5 2)

Ym,j = Vm,j sin O, js (3)

where j is the index of the missile, X,, ; and Y,, ; are the
positions of the missiles in the inertial frame. V,, ; and @, ;
denote the velocity and heading angle of the ASM, respec-
tively.

This study concentrates on a missile’s terminal guid-
ance phase; thus, it is assumed that its target information
is known to the missile, guidance law is applied based on
a missile engagement model. Fig. 1 shows the geometry
of the missile engagement model. Proportional navigation
guidance (PNG) is applied that as [16]

acj=N'V.jA;, “4)

where a. ; is an acceleration command, N’ is a constant
design factor that is usually determined between three and
five, V. ; denotes a missile-target closing velocity, and A;
is a line-of-sight (LOS) angle. The closing velocity is de-
fined as

Vc,j:RAv,j:VY_Vm,jv ©)
th

where R, ; is the relative distance between the ;" missile
and the target ship. The LOS angle can be calculated as

Ys - Ym.'
Aj=tan! [ 120 ) (6)
X, — X j

Differentiating the above equation with respect to time
yields

lj — (ererij; Yr/Xr~]> , (7)
$,J

Fig. 1. Geometry of missile-target engagement.

where X,.; and Y, ; indicate the relative positions between
the target from the j* missile. This can be simplified as

LV

Aj= R"” sin (A; — @, ;) + Visin (A — @5). ®)
S, ]

The heading angle command of the missile is defined as

follows:

Am, j

Wj =a.; =NV jAj, 9)

Om.j =

where a,, ; indicates the lateral acceleration of the j™ mis-
sile. The missile-target closing velocity is derived as

Vej = Vim,jcos(Aj— @n,) +Vicos (A; — ¢y). (10)

Generally, anti-ship missiles will be equipped with an
active radio frequency seeker, which is perceived as a very
effective way to track moving targets. Identification of the
target is based on the reflected radar signal from the ship to
the missile seeker. The back scattered signal to the seeker
is represented as [16]

Sj = PG, ;G.;A50/(4m)’R} (11)
where P; is the j seeker output power, and G, ; and G,
are the transmitting and receiving antenna gains of the j*
seeker, respectively. A; is the wavelength of the j seeker,

and o is equal to the radar cross section (RCS) of the target
ship.

2.3. Decoy model

The point mass model is considered for decoys. The
non-linear kinematic model [25] of a decoy with zero ve-
locity in the direction perpendicular to the heading is given
by

Xd,i Vaicos @y,
Yoi| = [Vaisingy; |, (12)
Qa,i 0y ;

where i is the index of a decoy, and X;; & Y;; are the
Cartesian coordinates of the decoy, ¢, ; is the heading an-
gle, V, ; is the velocity in the (x,y) plane, @, is the turning
rate of the decoy.

Each decoy is equipped with a omnidirectional signal
jammer. It amplifies and emits a repetitive delay signal
that is larger than the reflected signal of the target trap
to the missile. Thus, the decoy distracts missiles from the
ship. The decoy signal can be calculated as [16]

Jij = P1iGa,;GjA; [ (47)°R}

(13)
where Py is i decoy’s jammer output power, G is the
transmitting antenna gain of i decoy’s jammer, and R; j

is the distance between the j seeker and i decoy.
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3. GENERAL MISSION SCENARIO

This section explains the general scenario for protection
of friendly ship against anti-ship missile. Generally, anti-
ship missile attack has four steps. 1) target acquisition, 2)
target tracking, 3) mid-course guidance, and 4) terminal
guidance [11, 16]. From here onwards, the words ASM
and missile will be used interchangeably. In this paper, we
consider only the terminal guidance phase and assume that
the missile seeker is already on and it is in a lock-on track-
ing mode. Additionally, because the seeker’s transmission
provides a clear threat signature to the target ship, the later
the seeker turns on, the shorter reaction time available for
the target ship [16].

Fig. 2 shows the anti-ship missile attack procedure. As
a defending side, there is a chance to interrupt the mis-
sile engagement procedure by deploying active decoys.
Since it is assumed that the electronic supporting measures
(ESM) has longer detection ranges than the attacker’s
radars; immediately after decoy deployment, the missile
does not see either the ship or the decoy [12]. Based on the
signal strength, the missile receives higher power signals
from the decoys other than the target ship. Thus, missiles
start tracking the decoys by considering them as real tar-
gets. While the missiles are maneuvering, the ship will be
given time to escape or take advantages against the mis-
sile.

Main concentration of this study is the effective deploy-
ment of decoys against the missile based on their pref-
erences. Initially, the decoys are in a circular formation
around the ship to improve safety precautions. When the
ship senses the missiles, it will perform a task allocation
for each decoy. The details about the task assignment can
be found out from the coming section. After this task al-
location steps, way point commands will be sent to each
decoy by path planning. Fig. 3 shows the ship response
and missile defense procedure.

In order to provide active protection, the distance be-
tween the ship and decoys should be as far as possible,
so that the probability of the seeker locking back on the
ship is small. During this process, the decoys should not
move so far away that it exceeds the seeker beam widths
and causes out of sight for the seeker. As an optimal de-

Target Ship Missile Platform

Terminal Midcourse Target Target
Guidance Guidance Tracking Acquisition

ns its seeke M|55|Ie is launched

Fig. 2. Anti-ship missile attack procedure.
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Fig. 3. Ship response and missile defence procedure.
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Fig. 4. Decoy deployment scenario.

ployment angle based on [16], the decoys move towards
the perpendicular direction of the line of sight (LOS) be-
tween the ASM and the ship with a maximum flight speed
to distract the missiles. Fig. 4 shows the geometry of a sin-
gle decoy deployment for a single missile, where R is the
distance between the decoy and the ship. At the time of
detection, the decoy heading angle, @, ; is updated as

ou = | P 01 <taa a4
! (Pdet,iv tdet é t é tmaxa

where t,.; and t,,,, are defined as the missile detection time
and total time of flight in the mission, ¢y, ; indicates the
UAV heading angle which is same as ship’s heading and
Qger,i 18 the ith decoy heading angle after the missile detec-
tion as

(Pdl 0 S lj S T,
Pdet,i = '
Qait+ (Qmj—7/2),

T<Aj<2m.
(15)

Fig. 5 shows the entire process performed by individual
components in the mission scenario.

4. TASK ASSIGNMENT

Task assignment (TA) is necessary to distribute or as-
sign the task for individuals based on required criteria.
Tasks can be expressed as the set of lower level goals
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necessary for achieving the overall mission goal [27]. In
this study, the optimal allocation of UAVs to each missile,
as decoys to protect a friendly ship is considered as task.
Because the response time is very limited in this prob-
lem, the proposed TA method should produce a valid solu-
tion within a reasonable time for real-time application. In
addition, this algorithm is an event trigger-based process
[28,29], which means that the algorithm will work when
the target ship detects a missile. Detailed explanation of
the algorithm can be find out in the following sections.

4.1. Cost function

In order to achieve the maximum protection of a ship,
optimal allocation of decoys against missiles has to be
done based on the ship and missile engagement model.
It is assumed that, if the ship detects a missile, it will in-
crease alert capability and will get the information about
other missiles by the help of sensing information sources.
Thus, at the time of first missile detection, the time of ar-
rival of all the missiles can be estimated assuming salvo
attack as

R, ;
ly; = V—’ (16)
m,j

where R ; denotes the relative distance between the ;7
missile and the target ship, and V,, ; is the velocity of the
7" missile.

The relative distance between each decoy and the mis-
sile is calculated as

R ;= \/(Xd,i *Xm,j)z - (Yd.i*Ym,j)z )

where (Xq;,Ya;) and (X, ;,Y,. ;) denotes the coordinates
of the decoy and missile in the Cartesian plane, and i and
J denote the indices of the decoy and missile, respectively.

As mentioned above the task assignment process in
this mission is an event triggering-based process, the cost
function considers the static information at the time of
triggering. Thus, cost function for TA is be formulated
based on time of arrival, relative distance between decoy
and missile, and signal strength of the seeker. The cost
function is defined as

Cij=Rij/éi+1i;+Ti), (18)

where R; ; and J; ; indicate the normalized values of the
relative distance between the j” missile and the i de-
coy, and jammer signal strength for the j” missile and the
i" decoy, respectively. In addition to the above mentioned
terms, a fuel/energy term is also considered. é; indicates
the normalized value of the remaining fuel for i’ decoy at
the time of missile detection.

The cost function is developed such a way that it should
consider the effect of expected signal power of a seeker
and decoy, the distance between them, and fuel availabil-
ity of the decoys. From (18), the first term indicates the
relative distance between the friendly ship with each UAV
based on their battery power at the time of an ASM de-
tection. Second and third term indicates the time of arrival
of the each missile and the decoy gamer signal respec-
tively. Based on this calculation, the overall weight-age to
be given to each UAV will be known and it is distributed
based on auction algorithm.

4.2. Auction based task assignment

An auction is a process of assigning a set of goods or
services to a set of bidders according to their bids and the
auction criteria. In this paper each ship/central unit works
as a auctioneer will receive all decoys costs which are sent
as bids. The task can be allotted to the decoy with mini-
mum cost/bid and repeat the process for all tasks [25,26].

Consider a set of n, tasks, Q = {q1,...,¢,, } and a set of
ng agents, A = {ay,...,a,, }. For each task g;, each agent
a; is associated with a different work capacity that is ex-
pressed as a form of cost function in the previous section
where i = 1,2,...,n, and j = 1,2,...,n,. A minimum re-
quirement in terms of the minimum number of agent par-
ticipation per task is expressed as ng, > ng, . where ng,
and ng . are the number of agents in the group, g; and the
minimum number of agents required to perform the task
q;, respectively. Note that the product of the total num-
ber of tasks and the minimum agents required to perform
the task should be less than or equal to the total number
of agents, i.e., ng,, ng < n,. Here, ny, n,, ng,, and ng, . are
non-negative.
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Algorithm 1: Task assignment algorithm.

input : Cost function C; ; where i € {1,2,.....n,}
and j € {1,2,....n4}
output: Agent allocations to each task

for k; <— 1 to n, do

if ng, < n, . then

Find H. = min C;...

Assign the i'* agent to the task with cost H,
and update g;.

Remove the i’ agent from the group.

ifng, =n, . I cithen

Eliminate the group, g; from the
assigning process.

Find G. =min C. ;.

Assign the agent with cost G, to j™
task and update g;.

Eliminate the group are satisfying

}’lg j = ngmm'
ifng =n, . then
[ break

for ky < jn,,, ton, do

Find K, = min C; ..

Assign the i'* agent to the task with cost K, and
update g;.

This study proposes the task assignment (TA) based on
an auction algorithm [30] to satisfy scalability and real-
time application. The initial stage of the task allocation
algorithm works based only on cost from (18) and the
agent can be allocated to the task having the lowest cost.
Then the TA calculates the cost for each agent with re-
spect to each task using (18) with initializing as n,, = 0.
After that, the number of agents assigned to each group,
ng, will be updated. When ng; = n,,, , the agent allocation
for the particular group, g; will be stopped, and the auction
algorithm will be applied for the other tasks in the same
way. This process will be continued for every task; then, QO
will be occupied by the minimum number of agents. Af-
ter this the TA will continue with the auction procedure.
The auction-based task assignment algorithm is expressed
as a pseudo code in Algorithm 1. In this study a task as-
signment algorithm ia applied for multi-decoy deployment
process to protect a friendly ship from an ASM and mini-
mum requirement is also considered as minimum-number-
of-decoys per task.

5. NUMERICAL SIMULATION AND
DISCUSSION

In this section, the first part explains a simulation exam-
ple performed to evaluate the decoy mission using multi-
ple anti-ship missiles and mobile decoys. Since we use

only simple kinematics for this study, it is necessary to
verify the real-time response of the decoys when the task
assignment gives the commands to the inner loop. Thus in
second part, we adopt ducted-fan UAVs as mobile decoys
that have VTOL capability and easy/safe operability be-
cause their shrouds cover propellers for 6-DOF dynamic
simulations.

5.1. Example simulation for decoy deployment
against anti-ship missiles
In this example, the number of missiles, n,, are considered
as three and the number of decoys, n,; as 20. The mini-
mum number of decoys per task is defined as, n,,, = 3.
A friendly ship is moving with a constant velocity, V; =
15m/s and heading angle, @, = Odeg. Initial coordinates
of the ship is chosen as (Xj,,Y;,) = (0,0). The simula-
tion is carried out for 100 seconds. Initial conditions of
the missiles are shown in Table 1.

Initially, the decoys are distributed in a circular forma-
tion with a radius Ry, = 130m around the ship center and
keep moving along with the ship by following the ship’s
velocity and heading angle. The initial position of the i
decoy is expressed as

Xd@,i = Xsu —+ Rsep COS ﬁi,
ng,i = Yso “"Rsep Sinﬁi»

where [3; is the orientation of the decoy with respect to the
center of the ship. For the i decoy,

B = 27i/n,. (19)

The remaining fuel level of the decoy is assumed to be as
the linearly increasing with its index as given by

& = ein+ (e'”“x _e""‘”> i (20)
Ng

where ¢,,;, and e,,,, are the maximum and minimum val-

ues required for the decoys. In this paper, we use e, =

85% and e, = 100%.

The multiple missile seekers and decoy repeaters as-
sume the same models, and the signal parameters are taken
from [16] as shown in Table 2. For convenience, the signal
strength calculations of seekers and jammers have been
converted into log scale (dBm). Thus, (11) and (13) can
be rewritten as

S;=10logP j+ G ;j+ G, j+ 10logo — 40logR;

Table 1. Missile initial conditions.

Parameters M, M, M; Unit
Xing 20,000 5,000 -10,000 m
Vg 20,000 20,000 20,000 m
Ving 350 300 330 m/s
[ 230 300 270 deg
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Table 2. Seeker/decoy signal parameters.

Parameters Values Units
P 200 kw
G, 35 dB
G, 35 dB
A 0.003 m
c 50 m?
P 1 kW
Gy 35 dB
—20logF; —163.4, 21
Jij = 10logP; j+ Gy j+ G, —20logR; j — 20logF;
—92.45, (22)

where Fj is the frequency of the j" seeker signal [16], and
its wave length is represented by

Aj = c/F;, (23)

where ¢ denoted as the speed of light in vacuum (3 x 103
m/s). Based on the above mentioned models, the upcom-
ing simulations are performed.

In order to improve the signal strength in a decoy group,
a formation strategy is applied, and this will reduce the
distance between individual decoys in the group. This is
accomplished by altering the heading angle of each decoy
after some relaxation time. The relaxation time will reduce
the probability of potential collisions while building decoy
formation. Equation (14) can be modified as

Qai = Qa+ 604, (24)

where 6, ; is the formation angle for each decoy and is
defined as

0, ;= tan"! <8jy —Yan (25)
n cgix—Xan)’

where X, ;, and Yy, are x and y coordinates of the K" de-
coy, h is the decoy’s index, which are allocated for ;" task.
cgjyand cg; . are the coordinates of the extended centroid
for the decoy groups, which are allocated for ;" task.
Fig. 6 shows the trajectories of the decoys for the entire
mission. The symbol ‘x’ and ‘o’ indicate the decoy ini-
tial and final positions. Initially the decoys are following
the ship using a circular formation and it is deviating after
TA comment. From figure, it is clear that all the missiles
are deviating from the ships and getting attracted by the
decoys. Thus, the safety of the ship is ensured by increas-
ing the distance between the ship and missiles. Based on
the task assignment in the simulation, among 20 decoys,
three are allocated to the first missile, five are allocated
to the second missile, and the rest 12 are allocated to the
third missile. Each group of decoys flies to the perpendic-
ular direction of its LOS between each missile; thus the

1200
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Fig. 6. Decoy trajectories.
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Fig. 7. Ship and missile trajectories.

ship can be survived from the missile attack. Group-1, 2
and 3 are the groups of decoys which are assigned for the
missiles 1, 2 and 3, respectively.

Fig. 7 shows the trajectories of the ship and the mis-
siles in the entire simulation time. When the first missile
is detected, the ship expands its field of view and detects
the other missiles and performs a task assignment based
on the pre-described cost. At the time of detection, the
decoys will activate their jammer signal generators. This
results the missiles trajectory deviation towards the ship
and lock-on modes with the decoys.

Fig. 8 shows the relative distances between the ship
and missiles along with a safe distance, dsqr, = 150 m. It
clearly shows that the relative distance is always less than
the safe distance for given parameters; thus, the ship is in
a safe condition and ensures maximum protection.

Fig. 9 shows the relative distances among the decoys.
This makes it clear that there are no potential collisions
during the flight. The minimum distance to avoid colli-
sions among the decoys is set to be 5 m which is shown
as a dashed line in Fig. 9. It can be seen that the distance
between each decoys are constant during the initial times
and is varying after the TA. Fig. 10 illustrates the jammer
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and seeker signal strengths of the individuals. When the
ship detects the first missile at the time, t = 31.5 s, the
task assignment can be done, and the jammer signal gen-
eration starts. In Fig. 10, the number 1, 2, and 3 indicate
that the missile indices. After the detection, the jammer
signal power is always higher than the seeker; therefore,
decoy mission is successful against anti-ship missiles. Be-

cause the seeker will always follow the signal which has
higher signal strength.

5.2. Parametric study regarding velocity and decision
radius.

In order to analyze the performance of the proposed task
assignment, a parametric study has been done. Three pa-
rameters are considered in this study: 1) decoy velocity;
2) decision radius; 3) missile velocity. The decision ra-
dius is the minimum relative distance between the target
ship and the missile. An additional uncertainty factor has
been added to the performance of the decoys because of
meteorological effects, malfunctioning, or missile’s anti-
counter measures. Thus, the performances of the decoys
have been limited to 70% — 100% and assigned randomly
for each decoy in the simulations. The mission success
rate is calculated based on the kill distance that is defined
as the minimum distance between the ship and the mis-
siles to keep the ship safe. This study considers the kill
distance as Ry;; = 150 m.

Table 3 shows the dependency of the decision radius on
the success rate of the mission for a maximum velocity of
decoy, Vi max = 15 m/s. From Table 3, it can be seen that
the decision radius has a significant role on the success
rate of the mission. As the decision radius increases, the
mission success rate also increases. The decoy allocation
is also different with respect to the decision radius. Ta-
ble 4 shows the dependency of maximum decoy velocity
on the success rate of the mission for a decision radius,
Rjec = 5000 m. It can be observed that there is a partic-
ular threshold for the decoy velocity to get the maximum
success rate of the mission.

Fig. 11 presents the success rate of the mission for dif-
ferent decision radii and maximum decoy velocities. It can
be seen that, the sudden drop in success rate at decision
radii 4000 m because one group of decoys are failing to
separate the ASM from the ship at the a distance of 150 m.
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Fig. 11. Succes rate of the mission with respect to decision
radius and decoy velocity.
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Table 3. Effect of a decision radius on the success rate of the mission.

. Min. relative distance
Decision radius Decoy allocation . Success rate
(m) to the ship (m) (%)
M, M, M, M, M, M
1,000 3 5 12 2.3 7.7 896.7 28.24
2,000 3 5 12 960.5 789.7 861.6 57.34
3,000 3 5 12 821.1 241.1 829 82.67
4,000 3 4 13 772.1 41.8 805.4 57.67
5,000 3 4 13 751.1 198.1 758 84.84
6,000 3 4 13 746.9 379.7 770 84.84
7,000 3 5 12 732.8 432.7 753.3 85.24
8,000 3 5 12 730.2 574.8 740.1 85.24
9,000 3 5 12 735.6 697.3 727.3 85.24
10,000 3 5 12 745.9 802.4 715.1 85.24

Table 4. Effect of a decoy velocity on the success rate of the mission.

) Min. relative distance
Max. de;(l)/y )Velocny to the ship (m) Success rate (%)
(m/s M, M, M;
3 730 128.6 826.4 56.32
5 737.6 16.69 814.3 56.32
7 755.9 93.9 803.8 56.32
9 755 129 794.7 56.32
11 754.6 178 787.8 84.84
13 755.2 196.8 787 84.84
15 751.1 198.1 786.7 84.84

Thus it is observed that the combination of higher decoy
velocity (> 9 m/s) and the larger decision radius (> 5000
m) has the maximum success rate.

The effect of missile velocity and decision radius to the
mission success is analyzed as shown in Table 5. For this
analysis, an assumption has been made that all the mis-
siles have the same velocities under a transonic range. It is
observed that the higher decision radius can increase the
mission success rate, and the higher missile velocity can
reduce the success rate of the mission. Fig. 12 shows the
success rate of the mission for different combinations of
decision radii and missile velocities.

5.3. Validation of decoy maneuverability using a 6-

DOF ducted fan simulation

Lastly, non-linear simulations for ducted-fan UAVs with
a decoy mission is performed to evaluate the feasibility
of the proposed high-level task assignmnet command. A
numerical model of the ducted fan system was introduced
using the Newton-Euler method in [31]. This paper briefly
revisits the numerical model composed of kinematics and
dynamics in the inertial () and body (B) frames. Kine-
matic equations, for translational and rotational motions
are expressed as

P=R;(0,0,y)v, (26)

+Vm = Mach 0.7
—=V_=Mach 0.8|]
V_=Mach 0.9
m
——V_ =Mach 1.0|]

Success rate (%)

—6—V_=Mach 11
V_=Mach1.2 |]

m
==V _=Mach 1.3

20

5 6 7 8 9
Decision radius (km)

4 10

Fig. 12. Success rate of the mission with respect to deci-
sion radius and missile velocity.

E=H(¢.0)0, 27)

where P = [X,Y,Z]T are positions in the inertial frame,
and v = [u,v,w]” are velocities in the body frame. Eu-
ler angles and angular rates denote & = [¢,6, ]’ and
® = [p,q,7]". R represents the rotational matrix from the
body frame B to the inertia frame /. H denotes a trans-
formation matrix for the Euler rates in terms of the body
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Table 5. Effect of a decoy velocity on the success rate of the mission.
Missile velocity|
(Mach) 0.7 0.8 0.9 1.0 1.1 1.2 1.3
Decision radius
(m)
1,000 54.08 58.86 58.62 56.45 59.97 56.95 28.76
2,000 54.35 58.00 60.50 57.57 57.94 58.80 56.50
3,000 54.35 58.00 60.50 57.57 57.94 58.80 56.50
4,000 83.63 88.11 87.90 57.57 57.94 58.80 56.50
5,000 83.63 88.11 87.90 85.78 86.08 58.80 56.50
6,000 83.63 88.11 87.90 85.78 86.08 86.56 84.47
7,000 83.63 88.11 87.90 85.78 86.08 86.56 84.47
8,000 83.63 88.11 87.90 85.78 86.08 86.56 84.47
9,000 83.63 88.11 87.90 85.78 86.08 86.56 84.47
10,000 83.63 88.11 87.90 85.78 86.08 86.56 84.47

angular velocities [10]. The dynamic model of a single
ducted-fan is given as

mly; O] [v ® X my F
[ 0 J} [m} + {m wa} - {M} 28)
where m and j denotes the mass and inertial matrices, and
F = [F,,F,,F,]" and M = [M,,Mx,M,]" indicate the exter-
nal force and moment about the body frame.

A conventional ducted fan configuration includes a
fuselage, a propulsion system, a duct, and multiple control
flaps [32,33]. Also, gravitational and gyroscopic elements
are considered for this terms. The fuselage takes the role of
a payload bay, which is equipped with batteries, flight con-
trol avionics and so on. The propulsion system includes a

rotor system with a stator for an anti-torque structure. The
external force and moments for the ducted fan is given by

F = Ffuse +Fpr0p +quct +Fflap +Fgrava (29)
M= Mfuse +Mprop +Mduct +Mflap +ngr0; (30)

where F e, F prop, Fauer> F flap, and F g, are denoted as
force component in ducted-fan due to fuselage, propulsion
system, duct, flaps and gravitation respectively. Similarly,
M. Mpyop, Mgyci, M g1, and M g, are the moments de-
volved due to to fuselage, propulsion system, duct, flaps
and gyroscopic effect respectively.

There are four control flaps along the x and y axes of
the body fixed frame, as shown in Fig. 13. The attitude
control is performed by combination of the control flaps:
two flaps ((D&®)) on the x- axis generate rolling moment;
the others (@Q&®@) act like an elevator to create pitching
moment; and yawing motion is controlled by deflecting all
the flaps ((D&®@) to the same rotational direction.

For a single ducted-fan UAV, a control system adopts
a hierarchical structure which includes the attitude, veloc-
ity, and position loops as shown in Fig. 14. For attitude
control, a model-based non-linear control approach is ap-
plied based on a sliding mode control (SMC) method with

feedback linearization to cope with the non-linearity of
the ducted-fan UAV model [34-36]. Proportional-integral-
derivative (PID) control is designed for the position and
velocity loops. The position command are fed from the
task assignment and trajectory planning discussed in the
previous sections as a higher-level decision making. A
cascaded structure is applied with a time-scale separation
for the attitude controller (Refer to [10, 37] for detailed
explanation). The nonlinear adaptive controller can be de-
signed to improve the control performance of multi-agent
systems [38,39].

Fig. 15 shows the position variation of the first decoy
and is clear that the desired positions are followed by the
actual decoys with a negligible tolerance level. The sub-
script "act’ and ’des’ indicates the actual and the desired
values of ducted fan coordinates. Fig. 16 shows the con-
trol and state variations for a single decoy. The time his-
tories of Euler angles, angular rates, velocities and con-
trol surfaces are shown to follow the given commands. In
summary, the commands fed from the TA for the decoy
mission are reasonable enough for realistic UAV mod-
els to follow under their maneuvering capabilities. The
states and control inputs of the other decoys are omitted
for brevity.

6. CONCLUSION

This paper proposed the task assignment for the deploy-
ment strategy of decoy systems against anti-ship missiles
using auction algorithm. The cost function is calculated
based on the expected signal power, calculated by the
seeker and decoy signal models, along with relative dis-
tance and energy backup of the decoy. The simple kine-
matics is used to generate each two-dimensional motion
for the ASM and the target ship. In order to verify the
maneuvering capability of the decoy, the numerical sim-
ulation is conducted with three missiles and 20 decoys.
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Fig. 15. Position variation of the first decoy.

To evaluate the real time response of the decoy, the non-
linear kinematics and dynamics of ducted fan model were
applied. Parametric study shows that the detection radius
of the ship and missile velocities were the critical factors
to affect the success/failure of the mission because their
response times were heavily dependent on the above two
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