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ABSTRACT:

Unmanned Air Vehicles (UAVs) will be more lethal and strength air force than the remotely-piloted
platforms in use today. The new tendency is to implement it in combat missions. Among the many open
issues in their development is that of trajectory planning (TP). This is a challenging problem for several
rcasans. The algorithm must compute a stealthy path, and minimizes a cost function . The cost function is
composcd of : trajectory length and (hreat of adversarial sites which may be Radar Sites or Surface to Air
Missiles (SAMs). This problem becomes moare complicated if a UAV fleet is considered to attack multi
targets simultaneousty. A lol of techniques are reported for UAV TP such as : cell decomposition, road
map, potential field and optimization techniques. Each one suffers from serious disadvantages such as :
local minima, long computation time, the search for the optimal path can be NP — hard problem, and no
guarantee to find an optimal {or near optimal) path.

This paper explains a new methodology to gencrale a trajectory for a single UAV assigned for a
specific target. This trajectory is chosen among all (easible (rajectories from the UAV starting postion to
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the target posilion, each trajectory has to : avoid the SAMs effective range circles, minimize the radar
signature and length. From the UAV starting position all feasible tangents (on safe circles wider than the
SAMSs range circles) are considered to be a leg of a possible path. From each tangent point other
generations of possible path legs is produced as tangent points on the safe circles of the way till the target
position. Each leg length and threat is computed and added, then the overall path length and threat are
computed, The algorithm searches for the minimum cost trajectory.

This study is extended to multi UAVs attacking multi targets with rendezvous arrival time. The
algorithm computation cost is sufficiently feasible to be executed in real time, besides the increase in
arguments (computation cost due the increase in the number of targets, SAM's sites and UAVSs) causes
the computation cost to be increased in a deterministic manner, so this increase is bounded.

[. INTRODUCTION:

Unmanned vehicles—Air borne, under sea, and
land based have become an integral part of the
battlefield environment. They also bave civilian
applications such as disaster relief, environmental
monitoring and planetary exploration. There has
recently been considerable interest in making
these unmanned vehicles autonomous, giving rise
to the search area of UAVs. These are usually
seen as rather simple wvehicles, acting
cooperatively in teams to accomplish difficult
missions in dynamics purely known in hazardous
environment,

The Capabilities of UAVs are evolving
continuously, some versions were built to carry a
payload 2000 Ib for altitude range 65000 ft with
42 hr endurance [1-3].UAVs have the potential to
significantly improve operational effectiveness of
the Air force. They have many useful military
applications, including reconnaissance, search
and destroy and search and rescue missions in
hazardous environments such as battlefields or
disaster areas. Reccently there has been
considerable interest in the possibility of using it
in combat missions i.e, altacking a pre-specified
targets[4].

1.1 The potential advantages of UAVs

Therc arc a lot of advantages that give the
implementation of UAVs a considerable interest
such as maneuverability of a UAV could vastly
exceed that of a manned aircraft, even with G
suits to keep blood from pooling in the lower
extremities, seated human  beings lose
consciousness if subjected to maneuvers harder
than 4 to 10G.

Humans are also quickly exhausted by
continuous heavy maneuvering. By removing
men from the vehicles, UAVs may be able to
extend their performance envelope to approach
performance limits achieved by modern missile
systems (40 to 50 G) negative G is allowed too,
[5].

UAVs are suitable for missions where the risk
to pilots would be deemed unacceptably high. for
example suppression of enemy air defense
missions involve attacking well defended
locations where risk to craft attacking in the
earliest stages of the offensive are exiremely
high. In this situation, UAVs could be used in
initial attacks to degrade or destroy enemy air
defense systems, while manned aircrafl could be
used in subsequent bombing sorties.

There is significant weight savings because there
is no pilot or cockpit in a UAV. Most of the
weight savings is not from the pilot but from the
support hardware that a pilot requires. Up to 40%
of the weight and volume of a manned fighter is
dedicated to the human interface and life support
systems. This weight savings can be dedicated to
increase the payload or to improve performance
by maintaining a lighter weight platform.
Superior coordination by taking advantage of
modern sensing, computing and communication
capabilities, UAVs, have the potential to offer
superior coordination of activities among
aircrafts. Currently coordination is accomplished
by visual and voice communication among pilots.
This limits in a fundamental way the level of
coordination that can be attained among air crafts.
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[t is assumed that coordination strategies for
UAVs will draw on the superior cognitive and
deciston making capabilities of humans, while
also taking advantage of both the superior
computing,  sensing and  communication
capabilities that modern technelogy provides, as
well as (he maximum maneuverabilily available
to UAVs. To take full advanlages of UAVSs, it is
neeessary o devetop new operalional paradigims
that draw on the unique strengths and capabilities
ol UAVSs[6],[7]. They have the potential to fulfill
many of the same duties performed today by
manned aircralt  such as intelligence,
surveillance, reconnaissance, communications
node, suppression of enemy air defenses, fixed
target attack, air combat, and coordinated
jamming capability. Using UAVs as unmanrszd
compact air vchicles represents a significant cost
savings. The effectiveness of a system is tied not
only to its combat effectiveness ie. ability to
destroy targets, but also to such factors as theater
integration effectiveness and costs of acquisition
and operation [5). UAVs will cost less than their

tnanned aircraft counterparts, Most of the cost
savings will come from the reduced need for |

multiple highly trained pilots per aircraft. Other
savings, will result from the mass production of a
common UAV plaiform capable of fulfilling
multiple roles. For example, the role of a large
payload bomber could be accomplished by many
simaller payload UAVs operating in a cooperative
fashion.

1.2 Trajectory planning approaches:

Generally, the UAV trajectory planning
approaches can be classified as : cell
decomposition, road map, and potential fields or
virtual forces [8]. Most of the algorithms
implementing these techniques suffer from
critical disadvantages e.g. local minima, SAMs
in{luence (threat) are not considered.

Besides, searching for the minimum cost path in
these techniques is an NP-hard problems [9-12].
The computation cannot be completed in real
time which is a necessity for the vehicle to be
autonomous.

These approaches assume all threat sites
equally tethal, and treat ali the threats on the
same level. Optimization techniques are used
to solve the trajectory planning problem [12-
15} but they also suffer from the computation
cost which increases exponentially with the
number of siles and targets, Some work 1s done
using lincar programming with a receding
horizon and compules (he optimal (rajectory in
that part of the path after reaching it. Another
horizen is staled and a ncw oplimized leg is
computed and so on, tilt it reaches the target,
but no guarantee for the overall optimization
[16]. In this paper, a proposed optimal
lrajectory planning technique is explaincd. The
lechnique has powerful advantages. It does not
suffer from local minima, considers both radar
threat and SAMs. No unnecessary flying over
adversary area., takes the UAV dynamic
constraints into consideration i.e. maximum
turning angle of the UAV. More importantly
the computation cost is considerably low that
makes the trajectory to be planned in real time.
This enables the UAV to be autonomous and to
deal with pop up threats. If a pop up threat is
detected, replanning for a new trajectory can be
done. Another important advantage of the
proposed technique is that the increase in
computation cost with the number of targets,
UAVs and NTZs is deterministic. It cannot
turned out to be NP-hard. From the UAV
starling position the algorithm answers the two
questions. First, What are all feasible paths to
the target?. Second, which path of these is
optimal. The obstacle space is determined by
the SAMS range circles, any point outside
these obstacle space is in the free space.
Searching points in the free space is determined
by all possible tangent points from UAV
position to each circle. The length and threat
for each path leg is considered and added. The
technique is introduced for multi UAVs multi
targets with rendezvous time,
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2 Trajectory Planning

Without loss of generality, the vehicle altitude
is assumed to be constant, so the planning process
is in a 2-D plane.

List of symbols :

N, : number of radar sites.

N; : number of SAMs sites, which are the no 1y
zones NFZs.

n : number of UAVs.

m : number of targels.

(D, : the center line angle.

O, : angle of right tangent of NFZ circle.

{, : angle of left tangent of NFZ circle.

(g : angle of direct line (LOS) to the target.

L4 : length of (LOS) to the target.

L, : length of the tangent.

L. : length of the line to the circle center.

o : the angle between center line and the tangent.

oy: the center angle UAYV side.

, : the center angle target side.

[, f3 © coordinates of the NFZ center.

fr : radius of the (NFZ) circle.

tx , ty : target position coordinates.

Xr, ¥r - tangent point coordinates R.H.S. m'.éﬁ

X, Y1 : tangent point coordinates L.H.S8J tangent poinis

Xr, ¥r : tangent point coordinates R.H.S.| rrom target

XL,y : tangent point coordinates L.H.SJ position

hy : tangent length from target to NFZ.

3 The Algorithm

3.1 Arranging the numbers of NO-Fly Zoncs
(NFZs)

The tangent points from UAYV starting position to

all NFZs are called level 0 points Fig.1 and Fig.2

1. The line of site (LOS) From UAV to the

larget and the first tangent is

L= V( ty- ux)2 +(ty - uy) # ()
(If the altitude is going to be considered for
variable flying altitude then Equ.1 will be

Ly = V(te- u)” +H{ty - uy) + h'a; (Where hay is
the altitude)
(g = arctan [(ty-uy)/(tx-uy)] @)

Fig 1 Tangents, Angles and LOS From UAY Position

2. From the vehicle starting position to the first
NFZ (in the given NFZs order) The length of
the center line

Le = V( fzy-uy)” H(fzy-u,)’ 3)
It’s angle is
O, = arctan [(fzy-uy / fze-uy)] 4

The other center lines (L) and their angles (¢.) to all
NFZ are computed in a similar way.

3. Getting L, for all sites, the sites numbers are
arranged W.R.T. the UAV position, the NFZ
number 1 will be the closest to the UAV i.c.
which has the shortest L. length. This
arrangement is considerable since every tangent
point will be considered in order as a node for
other points, Generation of tangents will be
from these nodes to the NFZs which lay
between it and the target.

4. The tangent length on a NFZ is

Li= JLe— P (5)

And the angle between the center line and the
tangent is o = arctan(fz,/ L,) (6)
Getting L, and o the angle of the R.H.S.
tangent can be determined as:

OO, -t (7)
And the angle of the L.H.S. tangent
OO +a (8)

5. The coordinates of the R.H.S. tangent Point
is computed as shown in Fig. 2 :
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X - uy+ Licost, (9
Ye= Uyt Lisin O }
Similarly, the coordinates of the L.H.S. tangent
Point is computed as
X)= iy +L, cos By } (10)
¥i=Uuy HLsin @
6. The LOS shown in Fig. 1 {Lg) has an angic @y
conmputed by Lqu. 2 is feasible and is considered
a candidate path to the target [f this condition is
nol (ruc
Oy < Dy< Dy (i=1,....... N {1
if this condition iv Equ.(11) is {ulfilled, this means
that the LOS will pass over one or more of the
NIZs. [f this condition is not true then the LOS is
considered one of the candidate path to the target.
7. For a tangent number j , its length is L; and
its angle @; . it is not feasible if :
O, < d)j <Oy and (12)
Li-Li (i=1,... N (13)
Equalion 12 and 13 have 3 conditions :
a) Equ. 1215 true and Equ. 13 is not true then the
tangent j is allowed ( {easible) Fig.3A.
b} Equ. 12 is not true and Equ. 13 is true then the
tangent | is allowed ( feasibie) Fig.3B.
¢) Equ. 12 istrue and Equ. 13 is true then the
tangent j is not allowed {unfeasible). Fig3C
Clearly if both Eqns. are ((2, 13) not true then
the path is feasible.
In case ( ¢ ) the tangent point is no! considered as
a node to gencrale new points by the algorithm
(rom this Uto T. Else if
the tangent is allowed , the tangent is considered
as an edge of a possible path. A path will be
feasible if all of its edges (legs) are allowed. Its
tangent point is a node point and is used to
generate more new legs.
8. Repeating steps 1 to 7 for NFZ'si,i=, 2,3,...
N, these arguments are computed:
* X5, ¥y The coordinates of the right tangents to
NFZ i, ils length L and its angle @y
*x4.y; The coordinates of the left tangent to
NFZ i, its length Ly and its angle ©,
* The length of the LOS Ly, its angle @y,
and its allowance.
* The state of each tangent allowed or not
allowed.

» Compuling the tangents on NFZ from the target

position Fig. 4. :

Uy

Fig. 2 Tangent Coordinates

Tangenl |
s Lenglh Lj

P
.
\
\
.

Fig.3 A) Casc a Allowed Tangent

Fig.3 B) Casc b Allowed Tangent
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Fig. 3 C) Case ¢ NOT Allowed Tangent

T, Iy
Targat

118
o {XY)

reys f

UAY

Fig 4 Tangent From Targct

The center line length from T to NFZ center is

he = V{ 12,-6,)7 +(zx-t)’ (14)
its angle is :
& =arctan [ (fzy-ty)/ (fzx-ty) ] (15)

h="vh - £z} (16)

This tangent has an angle

B = arctan (fz, / hc) (17)
For R.H.S. the angle Q, is computed as
Q=&+p (18)

The tangent point coordinates are :

X =tx—hy cos Qr } (19)

¥s =1ty + hy sin Qr

Similarly for L.IHL.S.
The left tangent (from T) has the angle £

u=E-P (20)
And the tangent coordinates are

XL =t +hcos } (21)
YL =ty = hsin

3.2 Turning Arround The NFZ

It is clear from Fig. 5 that if point 1 is turned to

point T by an angle @, + @, the vehicle will be

closer to the target and a new group of edges are
generated.

* Checking whether the turning is possible (to
get the UAV has a face to the target) and
compute the turning angle:

From triangle (0-1-B) Fig. 6. For the R.H.S.

tangent point #1

Fig 5 Tangents From the Target And The
Turning Angle
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Fig 6 Turning Steps Around a NFZ

- Q=2 +a,
then the turning angle from the tangent point fo the
X — axis

0, =m2-0Q _ (22)
_From triangle (0-A-1)

Q=2+,

the turning angle from the x - axis to the tangent
point_

=0 -a/2 (23)

The (urning angle from tangent point to the target
tangent point is computed as
Aw=wu+m.=ﬁ-Q

These two angles {w,, w,) determines if it is
possible to turn or turning is not necessary as:

A) If v, <o, then point ] is in face and closer to
the target than point 1 (turning is not necessary)

By If w, > w, it can turn on the circumference by
an angle :

Aw = @+ 0y for RH.S. (24)
wilh a sunilar procedure fotlowed with left hand
tangent

Aw = wf — o for LH.S
o Computing The Turning Steps:
One of the dynamic conslraints of the vehicle is its
maximum turning rate Omay , the turning on the
NFZ circumference is done through turning steps,
the number of steps is computed as

(25)

E. 52

Nslc:ps = AW/ Omay (26)
Where Oy is the maximum turning angle of
the vehicle .

Each step length {h-step) Fig.6 is computed as :

Yo h-step = f, sin (0,,./2)

h-step =2 £, sin Buue/2 27
The angle y= /2 - G550/2 {28)
The angle of the Radius at tangent point
8 = arctan [ (fz,- yo) / (fze- %) | 29
(he step angle £= 6 - v 30

Getting the step length h_step , step angle £ the
step coordinates can be computed as:
Xsiep= Xy + l1-step cos (&), }
Ysep= ¥c+ h-step sin(e)
The coordinates of the second step are
Koep2™ Ksiep 1 + h-step cos (g),
Ystcp2= Y‘su:p ¥ h'Slep sin (8)=
Generally the 1+ slep is computed as;
Xepi= Xswpic1 T h-step cos (g), } (32)
Ystcp i~ Yslep i1t h'Stcp sin (8):
Wherei=2 to Neps
The same procedure is repeated for the left
hand side tangent with its own number of
steps. A remarkable note here is that the
turning s in the same flying direction, the
vehicle does not have to do sharp turns or
unnecessary movements over adversarial
territories,
3.3 Generation Of A New Group Of Edges
The allowed tangent points from UAV starting
position before and aflter turning are considered
parent nodes .They are used to generate new
children point of LOSs and edges.

s Generating New Tangents From level O Nodes
(before turning) ; These are the tangent points
generated from all level 0 nodes. After the
coordinates of all level ¢ points are computed
in the previous steps (in sections 3.1 and 3.2)
and with the same procedure level | points are
computed they are:

- the direct line from the nodes to the target
position. :

- tangent points on the NFZs between it and the
target.

(31)
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[ig.8 shows these for a sample point i.e. point
number 1. The number of NIZs to be tangented is
reduced by one (this one is the NFZ containing the
parent node point 1). Considering Ns = 5 these
tangents will be :

From points (1,2) on NFZ, to NFZ;, NFZ4, NFZs.
I'rom points (3,4) on NFZ; to NFZ4, NFZs

From points (5,0) on NFZ;3 to NFZs, NFZs

From points (7,8) on NFZ4 to NFZs

The coordinates of the tangents arc compuled as
(Fig. 7) :

Le =V (yi-fzy2 )" +(x1 —fzx2 (33)
O = arctan [(y-lzy,) / (x1 —T7x3)] (34)
L= VL2 - 20’ (35)
The angle 0 = arctan (fzry /L) (36)
The tangent angle of the tangent af point g is
Gy=D -0 37)
Then the tangent coordinates of point g are:

Xg= X + Licos @, (38)

Yg= Yc + Lisin (g
The LOS at point | is

Li= V-4 + (- (39)

With an angle @y = arctan (———Ly' _{.’)
x L

These L tangents are checked for allowance by

Equ. 12, I3 and the LOS is checked by using

Equ.ll.

» Generating New Tangents From level 0 Nodes
(Afier Turning): After computing the coordinates
of the last turning step i.e. the coordinates of
point 1 a LOS from 1 is computed and checked
for allowance. Also, a group of tangents are
generated to the remaining NFZs and checked
for allowance. Fig.8 shows them for a sample
point 1. The Computation of coordinate and
allowance is analogous to Equ. 33 to 39.

The feasibility check are applied at each point.

If the direct -line (or the tangent) is allowed, it

will be a possible edges and it will form with its

previous edges a part of the pathway. Its length is
added to the pathway length and its threat value
is added to the pathway threat.

Repeating for all points, excluding the not
allowed legs and reducing NFZ number by one
as we pass one NFZ we complete all possible
tangents and direct points from UAV starting
position to the target position.

When the node is the vehicle starting point the
allowance checks by the Equ. 11 for the direct
line and in Equs.12, 13 for the tangent
allowance are sufficient . But when the node is
a point on the circumference of a NFZ an L,
and/or Ly may be passing over this NFZ for
example L, (in Fig. 8) passes over its own
NFZ1. So another check on this NFZ to
specify if L,and/or Ly are allowed or not. This
is done as:

The distance between the two NFZ circles is

(Fig. 7) :

Lo =V (fzyr-fzy1)* (fzxo-fzx))* (40)
vh= J(LO 'f?JI ) (4I)

vh represents the length of a tangent originated
from NFZ,; to NFZ; so

IF L, <=wv, thenL,isallowed . else, if

L, > vy the Lt is not allowed

3.4 Points Of Other Levels 2 to Ny ¢

The tangent points are generated for the other
levels as explained in level 1 points. They are
generated, turned and checked as explained in
sections 3.1 to 3.3.

o Forming The Paths :

From UAYV starting position to all level points
all tangents generated are checked. If it is not
passing over any NFZ then it is in the free
space and is considered an edge of the path. Its
child points (of level 1,2.., N¢,) are checked
also. Each children point is connected to its
father node to form a path provided all path
edges are feasible. This includes the paths
generate from the turned points. At any point in
the path multi child points are considered
including LOS from that point. The maximum
number of edges (MNE) is computed as:

Ns—1
MNE=8[Ns4 3 (N;-i)] (42)
i=]

=
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Fig 8 New Tangents Generaicd From Turned Point t

4 Multi Vehicles To Multi Targets :

If multi UAVs are assigned to multi targets
le. (n >1 and m >1), each vehicle will plan all
feasible paths from its position to (each) target
taking inio consideration (hat the tumning angles
to face targets are different from target to anthor
for the same UAV on the same NFZ. This means
that the paths gererated from a UAV position to
one target are different from paths generated to
other targets. Consequently, the number of edges
is increased in proportion 1o the number of both
vehicles and targets (m,n). It can be computed as:

\'INE=8mn[Ns+4NiSZ—I(Ns~i)2} (43)

i=i

The algorithm is shown in Fig. 12

5. Forming The Threat Function :

The vehicle is subjected 1o two types of threals
L.e. detectton by radar sites and SAMs sites. It
has other counter measures against other threats
like jamming and decoying.

5.1 Radar Sitcs:

Threat cost computation is based on the UAVs
radar signature. Since the strength of a UAV’s
radar signature is proportional to 1/ d*, where d
is lhe distance between UAV and radar site
[17], [18), the threat cost for traveling along an
cdge is proportional to the inverse of d 1o the
forth power. An exact computation of the threat
cost for traveling along an edge would involve
the integration of the cost along the edge. A
simpler approach involves compuling the threat
cost at several locations aloeng an edpe and
laking into account the length of the edge is
used [4],[7],[19],[20-23]). It can be employed
for the path way legs. The threat cost J, is
computed at three points along each edge: L /6,
Lif2, 5Li/6, where L; is the length of the edge i.

PR [ S N PP
A ,j=? &, . ’rl“ s 1 ;

2

L]

This is depicted graphically in Fig. 10.

Using Eqn. 44 to compute the threat cost for all
legs of the allowed trajectories including the
turning steps and dys ;, is the distance from the
1/6" point on ith edge to the J,, radar site,

5.2 SAM Sites :

Although the algorithm avoids these sites. There
is still a considerable threat due 1o sensor errors
time defays, ... etc. The threat on the vehicle is
due to the site which it is turning around only.
The threat value si for turning step i is computed
as shawn in Fig. 11 as [24]:
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Fig 9. All leg points Gencerated from point # 0

8si=(1+ds)? ifds<=D (45)
dsi=0 ifds>=D

Where d is the distance spacing SAMs site and
the specified point on the path.

D is the safe circle diameter (greater than SAMs
range) range for this site that the UAVs turning
around. By analogy to Eqn. 44 the SAMs threat Js
can be computed as :

I i I

kl
)i = (hogep®ks t t (46)
il IE| (+dae) (Hdanl  (I4dg)
The total SAMs threat is :
k;
Js =} bsi 47

Where k, is the number of steps to be turned around
the specified NFZ. And the threat cost from radars &
SAMs is :

Jn=Jdi+Js (48)
The trajectory has to minimize another cost, i.e.
the length- of the trajectory. Minimizing path
length leads to minimizing the fuel consumption
and the flying time. The length cost is the
summation of the lengths of all the edges forming
the path. This includes the tangents and the length
of the turning steps.

The length cost is :
ky

L= 3 L (49)
=l

Where K, is the number of consecutive tangents
forming one path, this includes the turning steps
number (if any). If J;, exceeds the constraints for
the vehicle, the specified path is excluded.

The trajectory total cost Jo is computed from
Eqgn. 48 and 49 is :

Jo =k (Jn) + (k-1) JL (50)

Where ( 0 <k < 1) is a weighting factor to be
specified by the mission planner.

The same technique can be used to plan
trajectories for multi UAVs in different position
attacking the same target or multi targets. A ot
of additional problems arise in this case, among
these problems is the coordinate of the
rendezvous time, every UAV has to arrive to its
target simultancously. After planning the
optimal trajectory for each, the algorithms
specifies the cruising speed for each UAV,
assuming the UAV that has the longest
trajectory is traveling by its maximum speed.

6 Results :

The planning algorithm is used for different
situations to plan trajectory on (3) different
machines. Although computation time requires
a few seconds it is system dependent. The
following results are performed on a (3.2) GHZ
processor, (400) MHZ bus speed and (256) MB
RAM.

In Fig. 13 a single UAV planned its trajectory
on adversary field of 6 NFZs and 5 radar sites.
The path avoids passing over any NFZ and
keeps exposure to radars as small as possible.
The computation time is 11 seconds.

Another result shown in Fig. 14, (2) vehicles are
assigned to, (2) targets through (7) NFZ and (4)
radar sites the computation time is (12) seconds.
A significant advantage of the algorithm is
cleared here that is : it considers
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for the overlapping coverage ranges of two NI'Z:
and planning paths that avoid it. This is no
possible in most of the surveyed literatures.
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For multi UAVs assigned to multi targets as
shown in Fig. 15 (6) vehicles and (6) targets,
the algorithms plans the minimum cost path for
each UAV to its the specified target. All
trajectories avoid all NFZs and be as for as
possible from the radar sites. The computation
time for this algorithim is 14 seconds which is
perfect, and proves that the increase in
computation time is no longer NP-hard,

6. Conclusions

The introduced algorithm is a powerful tool to

plan an optimal or near optimal trajectory for

a single Unmanned Air Vehicle guided o

specified target, or multi UAVs specified to

multi targets. The primary strengths of the
algorithm are :

1} Tt avoids passing over the range circles of
the SAMs siles.

2) [t minimizes both the trajectory length
and the radar signature. Consequently,
minimizes fuel consumption, flying
time and the probability of detection by
the adversarial radars.

3) It avoids the overlapped areas covered by
more than one SAM site,

4) It allows {urning around the SAMs sites
in its flying direction, no sharp tums are
included.

5) There are no unnecessary movemenls as
other algorithms may have.

0) Preserves the dynamic constraints of the
vehicle i.e, maximum furning angle and
mnaximum speed.

7) The computation cost is significantly
small. Consequently, planning and re-
planning can be executed in real ime
which enables the vehicle to be
autonomous

8) The increase in computation cost {due to
the increase in number of UA Vs, targets,
and SAMs sites) is deterministic. So,
searching for the optimal trajectory
among all possible trajectories cannot be an

NP-hard problem, like other techniques.
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Fig. 13 The Optimal Trajectory For Single UAV To A
Single Target
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