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ABSTRACT:

Unmanned Awr Vehicles (UAVs) have
poiential strenglhs 10 be implemented in 1he
batlle fields. A major problem for UAVs is to
plan an opltimal taectory path from its
slartipg position o the targel position n real
fime. For a path to be oplimal it has 1o

minimize:  threat,  path  lengih,  fuel
consumption, flying lime, and preserves
dynamic construcis of the vehicle.

The safety of the wehicke ({ic
nunimizing the threats) has the first priority in
the planning process. A major problem in this

o —

field is : how Lo campute the threats for o path
on-line? A relioble solution for this problem u
not  seided yer, Differem  proposalt  are
published, each has Ws own limitations. Some
of these techrigues integrate a threat cost
function. The price 15 o long computalion 1mme
that cancels the vehicle autonomy, since it can
nol be done in real (une.

Otiver widely used technigues saerifice
the accuracy of the threal computation for the
sake of smaller computation time. The threat is
compuied by this sunplified method only at
three points on each path leg (edge). These ]
points arc the optimal dispersion in Sukharev

Accepled December 29, 3006




E. 54 Jumul A. F. Azzum, Hussan El-Deip & Soliaman M. Shara

grid. Examining this method shows that it is ir-
reliable since the threat value is decreasing
with the mcresse of path length at the same
closure 1o the radar site. In all those methods
the concemn is only about radar sites threats.

In this paper a shorn survey for threat
cost computation methods is ntroduced A
proposed method that imroduces an answer for
the mentioned questions, This method
computes the real threat pot only from radars
but also from surface 10 Air Missiles SAMs by
micgration usung Chebychev quadratic formula
in a very short time, The procedure is
compared with results obtained by Simpson's
Formula and with those gei by the simphiied
" techmique  (for computation  Lime  and
accuracy). This simplified technique s
commonly used in a lot of rescarches, The
comparison proves that this melhodology is
accurate and very fast. It fulfills the (wo
crucial  goals accuracy and  swiltness.
Morcover, the increment in computation lime
due 10 the increase in the arguments (UAVS,
largets, radar sites) is trivial.

1. Introduction :

One of the critical problems of the evolving
implementation of the UAVs is the trajsclory
planning (TP) in real time 1e. while the
vehicle is flying. The optimal trajeciory has 1o
minimize a cosl function J composed of path
length, threat cost all over the path, flying time
and fuel consumption. In the same lLime the
oplimal trajeciory preserves the dynamc
constraimts of the vehicle (eg. maximum
speed, and maximum turning rate). Reported
lteratures foc TP apply the outdoor robotic
algorithms to UAV TP [1-4). These techniques
can be proudly classified as: grid based [5,6],
graph based [7-9], vutual forces [10] and
mathematical programming [11-13] A
common problem in all these techniques is :
how 1o compute the threat cost of the feasible
paths in real time. Accuracy and swiftness of
the threatl cost are the key issucs i planning a
trajectory. The published reports are concerned
only about the threat of bemng detecied by
radar sites only. They can be classified as :

- Planning the path edges in equidistance
from each two adjacent radar siles Fig. |

(for grid based, graph based and virtual
forces). Clearly, there is no guarantee for
minimum threat since there may be large
range coverage or multiple coverage. It
may fit for a robot avoiding a fixed
obstacles, but not useful for UAV
penetraling enemies Sites.

- Jotegrating the threat function all over the
path (in conventional oplimization and
mixed mleger  linear  programming
techniques). They are off-lne methods and
can nol be implemented n real time due Lo
s large compulation time. *

- To reduce the compuiation time, a widely
used simplified methodology is reported
by computing the threat on 3 points on
cach edge of the path
Investigating the sunplificd method proves

that the gain of reducing the computation time

is very costly since (he accuracy of the
compuled threat is nol guaraniced.

In this paper an analysis of optimization
methods and the simphficd one is introduced.
A proposed method to compulte the threats on-
line accuraiely and swifily s explained. The
results of the proposed technique are compared
with those obtamed by uvsing the simplified
techmique (which s widely implemented e 2
[11.[3).18)). Another comparison with resulis
gel by implementing the Simpson's formula
for integration. They are compared for :
accuracy of the computed threat value and
computation time. Thus, enable the vehicle 1o
be autonomous, This is applied for the real
threats a UAV is subjected to iLe. radar sites
and SAMs siles. The tlweats are also inlegrated
accurately by Simpson’s Formula and the
simplilied method. A comparison of the thieat
compuled values and limes are shown and
proves Lhe strength of the proposed method.

2 Threots on UAV:

A UAV is subjected to different types of
Uweats [rom soft weapons like jammers and
decoyers or hard weapons such as: shoulder
Lunched homing weapons, radar directed guns
Surface o Air Missiles (SAMs) and early
warning radars. The UAV is equipped with
anti-jamming, and anti-decoying sets. Flaying
at altitude above 5000 fi defeats most radar
directed guns and above 13000 [t defeats most
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shoulder lhunched homing weapons | 1] Still
SAMs and Radar detection threa the UAV.
SAMs are of different types of equipments,
namely small range, medium range, large
range and longer-range fire control sensors.
Fire control sensors work as tracking and
sensing tools and do not have any destructive
capability [14].

2.1 Radars Threats

The general radar equation includes a luge
number of parametlers explained in Equ.(1)
[ 15]. The backscattered power received from a
target of radar cross-section at the first mixer
or preamplifier in the radar receiver site is:

PrGrlrGa la A Lo LA,

P.=
(4n)' ¢y

(H

Where

P is peak received power

d, the detection range of the deswed larget.

Py the peak wransmit power (the average power
during the pulse).

Gy the transmit power gam of the anierna with
respect Lo an omni directional radiator.

A; the effective aperture of the anienna which
is equal to the projected area in the
direction of the argel times the efficiency.

A the wavelength of the radiation

Ly the losses between the transmiller outpul
ard free space.

G the receive power gain of the radar defined 1n
a sirmular manner to the transmit gain

Ly the receive antenna losses defined in
a similar manner 1o the (ransmit losses may
be included in the effective system noise
teinperature T,

L.p the beam shape and scanning and paitern
factor losses.

L, the two way patlern absorption o1
propagation losses of the medum

A the radar cross sectional arca of (he cbject
that 5 being detected and is equal Lo

it is clear from Equ. 1 that the received signal
P, by the radar site is inversely proportional to
the [orth order of the Cuclidian distance
between the radar site and the vehicle so

T = 2
o - @)

Where
a;is the threat on the UAV due to a radar sic.
1.2 Threats of SAMSs Sites

Every SAM sile has o range circle, the
UAV path must be ofl the circumference of a
safe circle, This cugle has a diameter greater
enough than that of the range circle Fig.l. It
will be beyond the SAMs range, These sule
circles of course have different  diameters
depending on SAMs range. However, n is still
subjected 1o threais from these SAMs due to
sources of errors (e.g. sensors error. Lime
delays, position estumation errors,....€tc), This
threat is computed as (1]

|
th = r:r ifd, <.

thed) (3
= {} else where

Where

as . is the threat anthe UAV duc o a
SAM site,

d.: is the distance [tom UAV position
and the SAM sie

r,: is the minimum radios of the safe
circle

i —
fi Ak e e

Fig 1 Considered Distances From SAMs And
Radar Siles

3 Optimization Technique

For stealihy purpose the body of the UAV
cap be designed (o reflect the incadent radar
signals o other directions Lo stray it away
from the radar site. Fig 2 shows the bady axis



[
und sngles. The threst funclion ecan be
computed as [3] :
{4m*{3vnr v
adp.vi= (4)
4 cos’ (v)sin’ (Zp) ifv> 30
Where

p s the azimuth angle
v the elevation angle messured with respect (0
Zy axhs

Fig. 2 The Fllect of Fiying Angles (On Radar
Signature

A Cosl function formed by integrating the
threat of Equ 4 plus the path length and tries 1o
minimize the reflected radar signal from the
UAV body to the radar siie.

Another oplimization 1echmiques consider
the canh axis x. y, z axu of the UAY body
frame nxis (An Yoo Zo} 08 shown in Fig. 3, The
UAV has 5 degrees of freedom 4 of them are
considered i these methods ;

« Tranglatlon about xa, Ve
- Yaw rolation aboul the 2y axis by an angle W.
- Roll rotation about the x sxis by an angle @,
« Pilch rotation abouwt Ihe yy {assumed zero
here).
So. the following kincmatic equations are used to
model the UAY dynamic consirmints [21];
X =cos ¥
Y=sn'¥
W = 't arctan u
The roll angle ¢ Is consirained to an artificial
input u 25
9 ="harctan u
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A classical optimal control problem s 10
muntimize 2 cost function of the form
{5

Ju)= :ill " ginﬁ#._r;ﬂ ¥ r.'i -:l.uﬂizin - L w2l
—

Pathlength K, radar cost  turming cost

Where

S is the thecal cost of mdars. I & represented

m Equ 4 oz o, {u. v}

= —'— :inm::l'mmm:ndﬂut_
dT
ks &8 control constanl =0

Other iechniques use inleger linear
programening  andfor Mixed Limear Ineger
Programaming (MLIP) [12] to minimize the
cost, The magor dsadvantage of these
technigues s that its computation cost s
sufficently high that it connot be done in real
lane.

Fig. 3 Frames Of Reference

4. The Simplified Threat Computation

To avoid integration in real time, this o
simplifed method & 2 wacly used by
muﬁulhﬂmummmmdrun

the path. Le {"ﬁ- 'i‘ ;]ﬂflltlllhh:n.,l.h,
[BLIPLI14],116] Fg. 4.

Threat coms arc based on a UAY s exposure
to adversary radars. Since the n:l'-

UAV's radar signature is proportional o 1/ ¢,*
. where d, s the distance between radar site
ald the UAV, the threat cost for traveling

along an edge of puth & proportional to the
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mverse of the distance to the forth power as
explamned in Equ.2.

TARGLY

ot

L Qe f)
RADAR J I i

or? RADAR )

Fig. 4 Simplified Threat Cost From Vehicle To
Target

Choice of these localions is dependent on the
optimal dispersion i constructing Sukharev
grid. The maximum dispersion obtained by the
Sukharev grid is [17].

e
b(p)z 2 N, | (6)
where Ng is the number of grid points
d; is the number of grid dimension

while the next point in the grid can be
computed as

1N,
poit number k = ?_ k g M

j!

These three locations namely, LJ6 , L2,
5L/6, where L; is the length of the kg i arc
depicted graphically in Fig 5.

The threat cost associated with the i* edge is
given by the expression [8].[9].(14].]16]):

w1y + |8
2 Je "_!.4-"\' d'é"' d"".b‘l
8

[} 7
Where :
N, is the number of radar sites
diei; 18 the distance fromn the 1/6™ point on |
th edge 1o the jth radar

By examining a lot of simulated examples a
major disadvantage of this technigue is that the
performance of computed threat value is
decreasing as the leugth of the edge is
increasing a3 explained in (Fig.6), aithough its

exposure 1o radar sites s lasting for more time,
Consequently choosing the lowest cosl cdge
may be improper .

Fig § The Effect OF The Leg Length On The Threm
vanlue

in Fig 5 it 15 clear that the dwtances from R 10
ABC at ( éi 3 %; of the leg length Ly js

greater than those (o . b, ¢ at ( %. -;n -:-}of

the leg lengih L, ahhough ihe two legs are on
the same closer lo the radar site i.e. RA > Ra,
RB > Rb . RC > Re.. Hence, Lhe compulation
of the threat due to the radar site s reduced
significantly if (he leg length increased as
shown in Fig. 6 as a consequent of this resull,
the comparison between the cost functions of
different paths will be acwually misleading and
the searched opumal path with minimum cost
will not be actually the minimum cost one,

In the remaining of this paper, an
explanation of a more accurate technique
based upon the computation of the intcgral
over the path length. This computation 1s done
using both the Simpson's formwla  and

Chebychev's formula.
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Fig: 6 Simplificd Conpoted Threat 1. Leg Longih
(AL The Same Close )

5 Simpeon Formula :

To overcome this naccuracy problem,
the threal has 10 be inegrated over the length
of the leg. As a reference of the inlegraled
value the Simpson’s general formulas used.
Let o= Im be an even number and let [ (x) {0
=0, 1.2, .. n)be the values of the function [
{x) for equally spaced poinis & = 5, . ..., L=
b, wiith spacing

b=t D=y

1] S —
= = = 9}
Smmpson’s rule:
fic} #ix)

r-r-'.*.ﬁ-—v—r—' - -
i

L T T T B

hea

iy
Fig. 7 Simpson’s inler vals of o pencral Tuaction

&l
i f irw-i;{rﬂrmliﬁ+1h1 (10)
al
Where :
E¢=I|"Ij+....fu
Bi=f1+fat... [i=

By implementing 1 (o tisgrate the threat,
the integrated volues are more accurate but the
compotation time s very long (in order of
cost  compulation

mummes). This  nemkes

mmpeactical and prevenis the  autonomous
reactions of the vehicle A comparison of e
miegrated, valuc aml compulabion time are
Biven m Fig 11

6. Chebyshey Quadratic Formula
The quadrate formula can be represented as
118}

L}
frd = 8.5 (1

Where B, are constant coefficiens, Chebiyahev
suggesicd chooking ihe abicissas i so lhat :
(1) The cociMcients B; ore equal.

{2) The quadrture formula (11) & exact for all
polynomials of degree up o n inchisive.
Let us show thot the B, and i can then be

found. Sening
Bymfy=..=B,=8
And noting thas for f{r) = 1, we have
n
2=1 B.=nb

Wanei vie abtaln B's —%— (2

Conscquently, the quadrature formula & of the
form

2 n
‘hmm s — L [t 1Y

Bul the general case is 10 apply the miegrals
dilferent from (-1, 1) so M iy necessary (o map
the two boundaries (-1,1} to a general case. To
apply the guadrature formula to an integral on
a general wnterval of the form

'
J o

h b nccossary 1o imesform o by 1he
substilution

e [T
i= 1 + ] L

which corries the merval a € . < b into the
inMerval - 1 1€ 1
applying the formula (11) 1o the ransformed
micgral we get.

W
bem

| fix)dz = -;—:li fixd
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L LR bew
T 7 * 7 [P (14}
7. The Proposed Technigue
The proposed techmque consders the two

types of threats which UAYV are exposed 1o:
radar signature and SAMs sites The threat
values are computed by integrating the two
threat functions over the path length using
chebyshev's quadrature formula,

Compulation Steps

For a single leg a-b Fig 7 which is a leg of
the UAV path 1o the targel position. We have
10 intcgrate the threat functions due to every
‘radar site . The reflecied signals from a plone
body back 1o the radar sie ( hence the
probability of detection) depends on muli
factors such as the reflecting arca, original
signal strength, almospheric conditions, snd
the mann [actor s the dslance beitween the
planc and the radar site. As explaned by Equ 2
the milenustion is proportional to the forth
power of the mverse distance. The following
theeat funciion has 1o be wtegrated:

To integrate these (wo functions Eqn. 2 and
Eqn. 3. (Assuming the leg a-b, Fig 7 i
subjected 1o the two threats) as follows:

Step 1:
The leg kngth L=Vy~yo)* + (a0~ 1) (15)
Wsangleis @= tan' [-u'-'—ﬂ- ]

[ %,=x,)
Where
ig, Yo are the coordinates ol point a
Xe. Yo 2re the coordinates of point b

Fig. 8 Integrated Threat Due To Radar
Sites and SAM Sites
Step 2

For the best accuracy, the order of the guadraic
formula 5 considered o be 7 which 5 the
maxinm solvable value. They are accurate for
orders higher than since the derivation of them
fulfills the second condition of Equ.ll so, we
compute the roots of the x axis as x, [rom Equ.
16 as follows -

A+ X X
e Ty "'24 " (16)

Step 3
If the distance between the radar sie and the

leg root i are considered d ., , this con be
computed us
o=V y -+ lx-xy (m

or

di=V{y =) * (ke -2) ¢ (z=-2)

for 3D coordinales
The radar theeat ut point i is

|
W = T:i=l.1.....?. (18)

m i
Getting o, the owverall threat along the
specilied (a-b) leg is compuled as ¢

Xn
o. =  a; dn Le.
Ao

- "
L+ =£H_=_,£E E Oy dx {1v)
r=|




E 60

where :

X, X are the x coordinates of the start and end
points of the leg,

G is the threat value of point i computed in
Equ. (18)

Step 5:

Repeating the steps 1-4 to the other legs of the
specified path from UAV starting position (o
the target position (nig,) the radar threat all
over the path P is summed as :

Grp = ;1 ﬁn {20]

and for other radar sites the over all radars
thseat on path P is

n, I jegs
(O Joui = L Op (21)

Step 6:
Getling x.. i in steps 2 the distances (dy) (for

the wming steps around the safe circle) the
SAMs threats can be compuled n a similar

way as :
X + X X - X
X = _ﬂcnﬂTaizpn.,(__ﬂﬂu_‘?_ﬂcnn} 1

And its counter part
x -
y, = — ! S
Cos Bsiepi

d,. = \l‘ [ Yaj — }'i}l + {.’i,j - KJ): (22)

x. yi lhe coordmmates of point i on the first
tirning sicp around SAM site j.

Xaepon Xuepn the X — coordinates of the first and
last point of the first step lurning around
SAMs j.

where
X+ Yy are 1he coordinates of the jih SAM site.

j 15 the SAM site the path is turning around
then

fida<rg (23)

=0 clsc where
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Xegoom = Jgepn 0

Y G4 (24)
2 =]

so, the SAMs threal on the (turning part) if the

path is

SO Oy=

Mysems
o= 2 G (25)
i2ml

where Ny, @ s the number of turning steps
around the SAM sile.

The only siles offecting Equ. 25 are the
concerned ones. The effect of other sites (which
the path do not turn around them) is zero. If the
path is turning around a number of sites Ny 50
the total SAMSs Lhreats will

"I'i N Mete "

{ Tp how) = o Z;u T (26)
3=l (2=

Step 7:

The overall threats targeting path P is
Jo=( Omp how + ( O4) wul

te Mlegs Yurn Msteps
]F= T I Op + 2 L Ownyp (27)
J=1 il=l i3=i 2=}
LY o L. .~
— =
ne radars threats Purn SAMs thrat

The overall cost function of the paih P is formed
from this Threat function and the length of the
path.

Jrwoal = Kin Jp+ ki Jip (28)

Where

y
Jup is the length cost of the path P = fst,
i1=|
ke 35 a threat weighting facter to be estimated
by the mission planner from (G to 1):
ki is a length weighing lactor. ky = | - ky,

8. Simulation And Resulls

Fig.9 shows thc increase of the integrated
value of the threat funciion with the length of
the path legs, while it is decreasing in the
simplified method as shown m Fig6. In
trajectory planning techniques, all feasible
trajectories are computed. A cost function s
computed for every one. The cost function is
composed of two major costs: The €irst is the
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path length (consequently fuel consumption

and fNying time). The second is the threat cost.

Then the planner seorches among all (hese

feasible trajectories (or the minimum cost one.

Hence, if the sumpliied method is used to

compule the threal, it results a lower value

than the actual Consequently. the optimal
irajectory scarched s not actually the optimal.

Fig 10 & Fig 11 show 1wo Irajectories A,B, for

a UAV through 6 SAMs siles along with 6

radar sites i Fig. 10, and 4 radar swcs o

Fig.11. the results are summarized m 1able |

To compare the optimal trajectory which threat

s computed by the simplified method (path

A), and that computed by the proposed

" technique (path B):

«In Fig 10 path A (0.=2050, ocw=I04) is
shorter than path B (0y=2788, 0u=09),
while path B is less in threat than path A.
this s due to the last leg of path A & closer
to the radar site while path B avoxded that
rodar and  gets away around SAM  site
number 5.

«In Fig. |1 path B (o =4210, 0u=1.52), is
shorter than path A (01=4469, o.=1.5), with
trival increase in threal value, This increase

is due 1o the more accuracy of the proposed
technigue over the simplified one..

ald} graat veie
disancs
E
4
(B)
Fig. ¥ Increased Threat With Length
Table | Simulation Resulis
Tech.
— Palh
LA <
Fig 10 | 13.95] 2050 [ 1.04] 4.75 [ 2788 | D90 |
1] 145 (4469 |15 4210 1.52

J

Fig. 10 Path A by the Simplified Metbod, Path B by
ihe Proposcd Meihod

Fig. 11 The Minimum Threal Path A
Cumpuled By The Simplified
Technigee And Path I} Computed by The
Proposed Technigues,

To check the efficiency of the proposed

techmque, a ot of sunulations are performed

for differcet siluatwons, The threal computation
is done by 3 different methods:

a. The simpliied technigue explmed
Section 4,

b. By Simpson’s method 1o integrate the
threat along the puth lengih explained in
Section § (aking the interval = | km,

¢ The proposed lechnique.

A comparson of the resulls regarding:
computation tume and the computed threm
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- The Computatson cost of the proposed
technque is the minimum among the three
methods. While Simpson's method requires a
significant time cost which makes it unfeasible
for autonomous systemn Fig. 12,

2- The threat value integrated by the proposed
techniques and the Simpsos's lechnique sre
close 10 each other, while both are higher than
the simplified technique Fig. 13. This shows
the inaccuracy of the simplified one.

3- The difference of the threat value
by the simplified technigue ond the other 1wo
methods differs in some paths (han the others.
50, k cannot be reliable in 10 compare amang
paths in searching for the opt lmal.

9. Conclusions

The importance of the developed technique
i clear, il provides @ solution for an accurate
threst computzt:on in o very shon time. Other
techniques may be accurnte ( o8 in  Simpson’s
imegration) bul mieasihic because of its high
computation cost. of less in accuracy 1o reduce
3 compuisiion cost {(as i simplified
techmiques). Also, U considers for the two
threats from SAMs and radors sites. Low
computation cost enables the vehicle to be
nutonomous Le. planning and (re-planning) of
its trajectory in real tune.

The cost function for any trujectory of the
UAV i composed of two pans length and
threat, The threat computed by the simplified
method (used i other iechniques) is
masleading in specifymg the mimmom cost
one, since i is devaluated as the path length is
increased. Consequently, the minimum (hreat
cost trajectory chosen does not actually have
the minomum threat, The  proposed
methodology introduces o umilicd, accurate
bases In comparison among paths to get the
optimal irajectory by iegrating the threat
function along the trajectory length, It has
these advantages:

(1) It provides a significant solution for the
iwo contradicting conditions of the (hreat
compulation : accuracy and swillness.

(2) It consuders for both radar siics and the
SAMs uites.
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Fig. 13 The Integrated Threat Value

(3) It gives real buses for comparison between
paths 1o choose the minimum cost ane, and o
unified base [or threat computation among
different trojeciories.

(4)The computation cost & very low enabling
the vehiclke autonomy.

(5)The computation lime & irelevant 10 paths
lengths (like other inicgration icchniques)
(6)The increase of computation time due 10 the
increase in the pumber of arguments (SAMs,
Targets, radars) is irival in the proposed
technique, while & 5 ncreases in
mullip lieation order n the others,

Algorithms, Chapter 6" Page (95-111),
Khuwer, 2002,

* Used in 111131 1M
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