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UAV DECI SI ON AND CONTROL SYSTEM FI ELD OF THE | NVENTI ON
The present invention relates to a systemfor

W@ o msesat i on and conmuni cati on of nultipl e Unpemmedo7/000038
Aerial Vehicles (UAVs) engaging nultiple attack
targets. | BACKGROUND OF THE | NVENTI ON The probl em of
desi gn, devdl O PHCEION ANPHLONTROL SYYERM syst ens

has been studied in recent years for nany

ﬂﬂ?bi ey jcular, the use of systens
Fconsi@?mﬁ'wwﬁﬁ)@cautonormus robots or unmanned

aer 'fle VBREsEhESidvenMen NRmdeen pﬁ.or%?ﬁfe%' fivad SBT&iﬁation and
neet the requirenents of conplex nissions. ntrol,
cormmumication iod muwltighlel Eminsinmed Ak rVelsiyis gmwy) exB¥Sing multiple
constitute rapidly evolving research and devel oprrent
atfeck fargetsas i ndi cated by the Department of Defense UAV
Roadnmap 2002-2027. The use of groups of cooperating

i BaT=1 ol rj,us mssions is currently
B@éﬁ?&)ﬁmﬁ@u uqﬁtlﬁl\gv%ﬁﬁ&i@nd is considered a nain
LabareiaoBRh oRenief, HeldiEHmshehad obhtrof GF ERIGRSER Fhtems has
bebnstatiddioravest yeas tfor fang appHembshsgDabaftRUMLT Gfe §3826f systems
each agent assume a certaln task at a given time. The
cogsigtig of syultiplepdutonemgns mpbass otnmaaned agriaalo@ﬁd:iei (UAV’s) has
th ti f i ssion, e.g. search and attack,
begt RIPPOeAgiy REdaroQ mncst (e seqUirem e SfofoiP s @y, Contol,
: o Lidcati ' he suspect .
cophBSkrion ST UL AL BBHASHENT (F AT L S AERERIY evolving

redeafdicind @evdlopmenf i@l haskdicAtad MHNRUDESABRSAt of Defense UAV
Assigning nultiple UAVS to performthese tasks

Readowpdl(03-2027.HBie ussaphpidups i€ cobperatiapdU A& g én toliddr to perform
requi res the devel opnent of specialized algorithns.

VartAes BUEIRY ISttt studied tarpgphoeidthe werld wad iarensidered a main
: [ istic, il ijmal  al it hs

refh Rt BY o iR L8 A et dulf Lt ARGy

cnom e B o e s U RO 0 given goal

reqligorthathesch agent hesuhd arceiaitdtaskrae augiveh ltime Ubhe pldbaBkesult of

but nore ) ) . L
the group of UAV’s acting together is the execution of a mission, e.g. search and

attack, comprising the tasks of search (look for a suspected target), identification
(determine that the suspected target is a legitimate target), track (update the target
location) and attack (launch munitions).

Assigning multiple UAV’s to perform these tasks according to their
capabilities is a challenge that requires the development of specialized algorithms.
These algorithms may be classified into two main types: optimal and heuristic.
While optimal algorithms yield better results in terms of task assignment, they are
usually more sensitive to system uncertainties, enemy behavior, and environment
changes. Heuristic algorithms, on the other hand, are usually sub-optimal but more
robust. It would be desirable to develop a heuristic task assignment (TA) algorithm,

which is robust to changes in the UAV group properties. An issue strongly related

1



10

15

20

25

30

robust. It would be desirable to develop a heuristic
task assignment (TA) algorithm which is robust to
webangessi n tthe UAV group properties. An i SSUuePGL/IIanglop003s

rel atedto cooperative UAV notion is flocking (also _
tOrC@ppﬁlfaéléretTeBAéfanmoms iftneking (algp) referredito as fognativraflyihg). Prior

afﬁﬁﬁﬁ?ﬁﬁ%ﬁﬁ%@é@ ﬂﬁ@%ﬁg vl o'réi@irégi asge ] oﬁ{‘g@{%@&ﬁ{ ?z{]gents converge
oY 4L vy pORAE "pEhinne (PG IR o RN 1o mays at a give

difectiony; otbllidiong avbidaned NereveatAESin #peat a8be BYRIEASGRith other
(steering the agents away from obstacles) and

aganig).cabistasle peaidaties (stasicing)the hents aiwaybieorhi afstacles) lan;i migration

desirabl.e tq i npl nt. behavi oral  fl ocking nodel for )
(PERVEOLONiBENF W18\ i bighby fipsirabl toiap e behagpead flocking

[ . KL tating w.de theater caverage. .

R RN i Ml RSO b B NS 13510 svscution by
fadititzin WiRtEBAtER oI dd Pl € UAV deci sion and control

system for task assignment, coordination and .

communi cation of multiple armed UAVs engagi ng multiple

SUMMARY iOF FHEINVENTIQNeat er. The system conpri ses

flocking nmeans based on a behavioral heuristic o
al gglﬁaetﬁﬁ‘?ﬁ?nﬁdpvemrr selatesre & bigyarchjcad mauktipeliUy Vodecision and

b s U, ST SEL0, g
i > <1 : r
Lyt SOy MATH, HEBE 5] MSENERL TR sy

compoises Glockifigempass based o enbélevidralheti@bttd afdrith that controls
hi erarchical multiple UAV decision and control system

thec ¥ahoeitiang haading ofdhe U Wausushe elichpdAdhedmmunicates with its
cloyp el iy Coatrol iRl Riotian gatrapalh Hecegalate gd attack
i , ) f . . .
tar gt S Bt MO0, tolde WK ol TR SIREY P hifrarchica
pratoedlrol s the velocity and heading of the UAVs and is

configured so that each UAV conmunicates with its o
_cl odbe tpresent fimeangionnthys refadesctona thi¢raiafical maultiple UAV decision

g B e R PR BB R L A2 2 B8, et
environment in order to search, detect and attack time-critical attack targets, and at
least two of the following means:

()  flocking means based on a behavioral heuristic algorithm wherein the
algorithm controls the velocity and heading of the UAV’s and is
configured so that each UAV communicates with its closest neighbors
only, and control information comprising flocking data propagates
from node to node using a tree management or hierarchical protocol;

(i)  wireless ad-hoc communications means between the UAV’s as
follows: for communicating attack target list and flocking information
both from the root downstream towards other nodes in the sub-trees

and from each node upstream towards the root; the root node gathers
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(ii) wireless ad-hoc communications means between the

UAVs as follows: for communicating attack target |ist
w@pw70868ki ng i nformati on both fromthe root dpewRHL20€2100038

towards other nodes in the sub-trees and from each

node upsttaganassigiamens vhé flookingt hiata omtlculattd by  its sub trees,

dat l.cul at ed
e SR %Fé%ﬁ%@@%{skﬁéf'a%%@%%ﬁéﬁ Hacking data for the
assi gnne th .he root
hode di st Iﬁ’ ﬁ}as S ﬁg %gtfri%]aﬁ {lﬁeoﬁgga]fﬁgghgg%i té‘(ﬁ)lﬁ'é’ﬁflgnment

and f1 ockinag fﬁﬂ:lkﬂlg)a&diat Batlt StosUlls t SiffRfreed; nlﬁoe%aikii%% where

wher e conmmuni cation between the UAVs 1s cénstan

di sr upt ecodusunicatigm deiweerhdhng dSAMs tib econstantly tliSﬁupted due to
constant fl ow,of upstream and downstream data i nproves

the over AYNagy¢ jchapges, infthe Haeldavhe jqpnstaat tffese: o mgstream and

iii) tas nt .neans ur o t hat. ea ,

Uy, s R G ARIA sPBR B 388 oy BAIL S iancd LR UAV's in the
det ect ablgeahfpck targets; identifies the attack

targets; conputes the distance to each of the attack

tar gidb)s; tavkdagignaneae medhsaddrdidured 86 thas@@haAY, Sﬁs‘i’ﬁ@ a graph-
paranmeters, such that the attack plan optim zes the

di st ancedhensetie epproark losutss tadl détectableaatkackatargsits;. 1dEh’eﬁes the
system of gﬁ i nvention al so aorrprl ses o?l ess ad- ho

comuni cAFPehErgesncompytzs dhe disiinggye ep the attack targets and

comruni cat.i tt.a t kj

i nformat i H) e hatnf ?%acq?ﬁ%%r %%%eﬁ I\?%gg{e é&iﬁ a&’&%ﬁ@s such that the
ot her nodﬁéck plaﬁﬂ@tﬁﬁﬁeﬁ e Jistifbes LBV QRCHIN VALV s to ﬁhe attack
upstream towards the root. The root node gathers tas

assi gnnemrgaﬁsd flocking data calculated by its

sub:trees, g ulates, gl opbal functions, task

assi ﬁr?é(ﬁttemaﬂ the igyentiQn alse sominisep avireless, adFhec cemmunications

oA LAY It b0k i TP o
1nf5ﬁﬁ§ﬂ1(51’1186ﬁ1 &t the %ﬁf&v&@f@ﬂﬁ‘% toRers bfﬁ@r BdE?ﬁf‘the sub-trees and

assi gnnent and fl ocking data for each e gradual 'y

froup dathe podé apstasidm aswagisnhetroandHd awki Imb@e foaheab |ta§k09@$gnment
sane tree to refl ect nore decisions and

an(i: Gﬂ%qkd‘@ag 3ty rralapatedi bedts subitressgicalsalatey @lghal functions, task
assignment and flocking data for the tree. The root then distributes the global

functions, task assignment and flocking data back to its sub-trees. This continuous
upstream and downstream flow of task assignment and flocking data for each node
gradually updates the task assignment and flocking for all nodes in the same tree to
reflect more decisions and considerations optimized for the global group.

The flocking algorithm relates to cohesion (agents or nodes converge onto a
given point), alignment (velocity matching in order to move at a give direction),
collision avoidance (preventing an agent or node from colliding with other agents or
nodes), obstacle avoidance (steering the agents or nodes away from obstacles) and
migration (path following).

| The system further comprises task assignment capabilities configured so that

each UAV, using a graph-theoretic approach, locates all detectable attack targets;
3
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The flocking algorithmrelates to cohesion (agents or

nodes converge onto a given point), alignnment
W@ 2@7/08i584/ nmat ching in order to nove at a gi vePCT/IL2007/000038
.,direction), collision avoidance (preventing an agent
ideptifirsdther aiéankctargetsiian gvalid targatsiecompetes sherdistanes o each of the

idFNID Sk I atohs B dHaRS A SHPRK rlnn chasag) on pREGral system
' t . ' ent bilitj ,

paRLEIR T 5 R DR 25 S P i BGisebuthE UA Vs to

thapﬁnﬁﬁea,atﬂa@kmlggtsall detectabl e attack targets;

identifies the attack targets as valid targets;
conpness afhéhali systent eparameteech taken hieto deouhi €dr atdl@dhting an

ar, X d d ttack plan based on several
oD feshlas bR 125 4R HRp HemeR koot o leagh ok iTgeb asovement
[ t the UAVs .to.the |j jfied,
vebBf AL ANTAY: R wholiors it by achrlioh cainand type of
amrﬂlﬁlfﬁtigﬁqgﬂ%r 68¢h @Eﬁlvuﬁﬁﬁfen&tiﬁgbr’]cé’&; ﬁa'togi'tiéﬁdofaéatcﬁc:i&a@i( Wkget after

i nci ude: novenent vector of ea ack targe |
onerov eneetengagementsf figarestMdied PBSisionloM\RBRANE VCakdri e or more

by each UAV5 quantity and type of amunition left for
engagemaniysnd prigrétizasion eftagtaclotargeison of each attack

target "after one or nore engagenents, future estinated
BRI PRI SR HRAIGSS B
DES FiTilmtt%esTﬂﬁo%y ST gimc%lﬁﬁllehﬂﬁé rcgfllgsgﬂﬁ,eﬁgnment and

fl ocki'ng scenari o, ement i ng esi on;

coldisthnemididaicen avoi dance. Fig. 2 depicts the
field-of-view (F of two UAVs with a radio

conli®t2 depieisdhe fields of-sioves (HOV) oftrworUAM ewtithomradio connection
ius, Figs. 3A- resent two stages of the tree
ancF ﬂﬂ}sﬁfﬁteﬁﬁbg éggsor[dégcﬁﬁptr@ PSstate and fi nal
or gty Z UL etal] 4A-4Bqi L lustrate fhe..
o SPIE3H.90 0u 8D /b R A0 st na
finslt sreanization €o geepw se fromthe father node to its
chil'dren or vice-versa. Fig. 6 illustrates a bipartite
gr aPigss hAwd Bgllusteita tuefisih plavsssasftwtoatremt S .
Fig. § illustrates how streams move stepwise from the father node to its
children or vice-versa.
Fig. 6 illustrates a bipartite graph showing distances of UAV’s and targets.
Figs. 7TA-7D illustrates a simplified task list model that explains the decision
making process and the decision overruling performed by higher levels of UAV’s in

the tree with broader views.

DETAILED DESCRIPTION OF THE INVENTION

In the following detailed description of various embodiments, reference is
made to the accompanying drawings that form a part thereof, and in which are
shown by way of illustration specific embodiments in which the invention may be
practiced. It is understood that other embodiments may be utilized and structural
changes may be made without departing from the scope of the present invention.
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Figs. 7A-7D illustrates a sinplified task |ist nodel

t hat expl ains the decision maki ng process and the
waele@7m8w84 overrul i ng performed by higher | evel BCDIL20/®0038

in the tree with broader views. DETAI LED DESCRI PTI ON

OF TREONe\RERGFL. AR present ifiodrition rejatdetaia kidratehical phdltiple UAV
D Y R A B G T S —
cobRB 3% S0 oMl BF B A VoS0 SRR Shlporecs i
i e Bt R SSRGS 34 Opiion of
listeequact floclging infortriation daped of atdistributeslasminoMiatioRopslogy.

one aspect, .the present invention relates to a o
hi edar cepnditiony)| tafp| Bmiled deemsiusication cbandwidthy sargin limited

SO AT T
si@g%&%ﬁg@fﬂﬂg@bﬁgEa?gcgfﬁn@ng@%@g% ?{t?%é ngoﬁ())?'o é}hfo?ttgx[g’et list routing.

Thiy nidorihinz adtievesofeabibl @ elicatdrSé s Whelekpr@enting collisions and
i nformati on based on a distributed comrunication

enpbliieg ¢gordinated anation mfsmuttiple A A¥ds.cBheneurstic-oeactive nature of

thbg&%gi dth and |imted communi catLon range, . L
& e tieontyn 19ducas CoBpUIadionah Cawledly angd) is iohsinp initial

js . [ f i iLhmutilizing a

unt@ ?@%lﬁ?%%%{)%gge\ffl géﬁ{ogre{gngzéﬁre?tg¥ alrl%gﬁenlg&srhi s algorithm
achiigvese katmidinent FaiR pRRYAT #BRNIBL 8he' [
col l'isions and engbl i ng cgordi nat ed rrgi ﬁgﬁ %ﬁ?ﬁ?@ﬁ%‘t (TA)

algonithm iFHeaskduon stdreph-tnretie apptoack, bf witieh &l wmdd hngates all the

al Ithm redyces, conputational conmplexity and is
de@&%@’iﬁ tztrgeﬁsnilél‘?fglﬁ%n@@m andtGasapytes tityr distanceciat canh target. The

L (R TN J——
dist&ncRa s e theOly A QriARKe LRRALE LIS AR B3 %o t'hle ggré]l{:tlé :fhlrggts.

node | ocates all the detectabl™e targets,
t hein ansthevagpectef thesprdsattdneention, addbrarehiogt multtige Unmanned

n,ofg{ﬁghcig 8roduces .an attack Fl an based on system

Acpigh Yepicde €UANA: despsipniand sontrel syisteraeoseprises toskinpvmenns based
t he b-tree of. a,given node.to .the attack targefs. |n,

on'y 8B5Sl Rugint o DGRt S e AT fob 50T veloity ana

hedii . : i i,cl C1 s
oBift St LAV LR ol NS it Ll VAR Res v i

clobest @@ighbors only, and control information comprising flocking data propagates

from node to node using a tree management or hierarchical protocol.
The flocking algotithm in use is an implementation of Reynolds' behavioral
algorithm. Let « U G e denote some UAV constituting a node in the graph G. U«

calculates its desired velocity as follows:

4
k J 4 &
#=1

Where w is a constant scalar weight function, k is the UAV index and i is

the algorithm law index, defined by the following flocking rules:
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on a behavioral heuristic algorithmwherein said

algorithmcontrols the velocity and headi ng of the
wWQ20g/080%84 | s configured so that each UAV comuPCT/HL2067/000038

with its cl osest neighbors only, and control

i nf ok Gphedamr cemmpntds dhki U4 Vi 40 aopvergegantestter oenter of the

nede to no usi e managenent or hjerarchical
ﬂ%‘iﬂ%t%?&’aﬁn.ﬁeg FP@% @ﬁy 3{% rthe rﬁeﬁta rPogyBunicated to it by the other
Ul _ ' n o Vi, OF rgfhm L

BTt e RS o RBRPEE) 1 897 KT by ke e
pagitigivéatoldf ¥ CThatSiesidivel8sity ﬁgﬁnh?irﬂ%ah% b&3herefore written as

foll ows: Where wis a constant 'scal ar wei ght function,

k is the UAvyiindex,and i is the algorithmlaw index,

def | ‘(Q%IFM t.észmf'ér‘l wing flocking rules:1: i =

Cohedt onlf" ormqgas the UAV to converge onto the center

of the flock, cé#puted by each UAV fromthe data

comuni cated to it by the other UAVs. W denote the

desiWaerec dheishemRs \the Buclididnovedfoln&in,lrdf R is adfeflerBic distance,

X the position vector of k U. The cohesion velocity
ustaliyrelatedely the mardmefio payloaidtdetectam fabizeWepresehting the effective

denpot e Eucl jdi gn vector norm ref Ris a
ar?%?ﬁﬁ@ﬁé‘é%@#%@? usual ly related to the maxi mum

payl oad detection range, representing the effective

area of th® AV payl oad, and Were is the cohesion

rule weighthfor Uk relative to U, given by n denotes
t he rtwgber pf nodes of sone sub-tree GL G, and not
necessaril yYWtffe total number of UAVs, to be denoted by

N. Althoughf=ri J nay be tine dependant, it is nore
likely that it would be directly dependant upon the
rel aVhsre Méds tHeubhekidaraswaikhefort U rdl&livd 10/87; dbfifed

bet ween the UAVs decreases, or remain constant. i =
Alignﬁen;ﬁaghggﬁes the UAVs velocity vector to the
nmean'vel 8¢ity vector of the group. Alignnent therefore
attenpts to steer the UAVs to fly in parallel to each

ot herdenvéesdheatmbehef dedes efisahé guisrt GeEAG |, ayid ok nklessarily
by v2 k , and let r2 jk be the alignnent weight for Uk

ther toka tmuwebdr @f YAV’ s 00 bBalebbtediar Ny to rl 5 r2 may be
constant, tinp-dependant, or a function of the

Although r; ™ may be time dependant, it is more likely that it would be
directly dependant upon the relative position, increasing as the relative distance
between the UAV’s decreases, or remain constant.

i = 2: Alignment; matches the UAV's velocity vector to the mean velocity
vector of the group. Alignment therefore attempts to steer the UAV’s to fly in
parallel to each other. We denote the desired alignment velocity for U by v,*, and

let r,y* be the alignment weight for Uy relative to U;, so that



rel ative distance between Uk and U i = 3: Collision
avoi dance; restricts the UAV fromcolliding with its
woearestssfnei ghbors. To that end, Uk cal cul at esSPCT/B.2007/000038
desired collision avoi dance velocity, v3 k , relative
to the other UAVs according to the -o;,rrula where r3 j
k is the collision avoi dance rule Vif"ggh’t' of U avoi di ng
collision with UJ , and xtandéx .kjdre the position
vectors of U and Uk , respect'Fvel y Jhe wei ght
function r Jk is likely to be depengafit upon the
relative distance betweenppgk and U st equaling 1 for
the cl osest neighbor to UAV k and O for all other
UAVs. The desired velocity (1) is translated into
accel eration using the follgw n? kiznemmti c equation:
where v e and v ej 3 are the Suber¥ » ¥nb desired
velocity of Uk , respectively, and nk nax is the
naxiSimiilati9ath 2 daPibeorddtntt & -\de% ndaft,dbor 'e:tqfua{cgﬁ)n of the
yields a vector perpendicuiar to the ?ane define y
relative distamwethetween b and tdnd V . This perpendi cul ar
vector is then vector nmultiplied again by v to define
t held 3 eeollision pevidenes; cedteietstthe\UAV, fiom vhlliding wathUisy/nearest
Ll |l accel.erate ipn order to reachthe desired velocity,
> neiAgAh{PO : Tor t&aat Ui salglgten dis destar copisionavpidanse velocity, vs*,

relffSy LT Y P A o FOdob R mmeuver o

magni tude. This acceleration is integrated into
velocity angrp@sjtion: u?s'.ng the kinematic nodel: g
p(E'T XM

K[t (i)+At] WO D x*[f(i)+ At] =x* 0]+
vk[t(r} )zﬁ’/w*ﬂ — ates=al flocking scenari o,
i mpl enent i hg coheﬁj,gm, al i gnnent and col i sion

avoi dance. i 3

Je=l

where r37* is the collision avoidance rule weight of U, avoiding collision
with U, and x ; and x, are the position vectors of U and U , respectively. The
10 weight function 37" is likely to be dependant upon the relative distance between U,
and U, , equaling 1 for the closest neighbor to UAV % and 0 for all other UAV’s.

The desired velocity (1) is translated into acceleration using the following kinematic

equation:
S S T
koo [V Xy )Xv] 2 o
a’{s ) - £ 21 E g (Hmax) -1, (8)
v
[/
15 where v¥ €js and v¥; €js are the current and desired velocity of U ,

respectively, and #®,,, is the maximal load factor of Uy . The term v *x v¥ 4 in Eq.
(8) yields a vector perpendicular to the plane defined by the velocity vectors v* and
v*; . This perpendicular vector is then vector multiplied again by vi to define the

direction, perpendicular to v*, in which the UAV will accelerate in order to reach
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Every UAV is equi pped with two types of sensors. A
first sensor is used to search and identify attack

WO 2009086584 Att ack targets may be either still oPCT/IL2007/000038
nmovenent. 10 A preferred first sensor is a G ound

thesdosiresl velogidy vindT I@faqwtie{rmde_ﬁ)les Ramiteteot m thehdesired maneuver

AHERARRT Andtet ZERTPHPGARR th DAY Gueatngh dead dactor to give the
| AStit s K. ts. (The El ect "

RAREE G S PORSRHARAI ATk T SHEGHE O posiion

usirigablk kilemaid¢ gRidetnd gui de the m ssiles. The detection
radius of the GMIl is larger than the detection radius

LANER N DR Ao ™ "
BB PR LSBT v fcmr et

ad- hoc communi cati ons nethod is disclosed for

co ni [ bet ween. mul ti pl.e UAVs organi zed in a,
hi gﬁgcﬁ mléiqg‘&%%? 215081%"1% Fé?sngftl?s Riemenfing cebesien, alignment and
b S e steps 20. of: (i) communi cating attack
%E%H(’e% lggl%éel;nd flocking information both fromthe
r 00E VeI Vg BquippRadsitR tWe tyPes 8 sédbokd eA Bt 84865 is used to
and from each node upstreamtowards the root; (I
seageh hod iidentlfy attack tarngbtsnAdtack saigesnay bewitheasidl] or in movement.

fl (%cki % data 25, cal cul ated by its sub-trees,
¢ IrflgSepsebay aGround Mevingabarest dndjnatont(GAMELD) that detects

| i t t .and (i) distributi
el B8 Skl S B s Pt and
¢ . . ' . : .
o B0 BRI IRIAIREN kSl g8, THE SRR hicat 20
sedh @ a queferrddcsdcond spnsdraparadiethocrngdthmdUpvde fthe missiles. The
communi cat i ngbt arget list and flocking infornmation.

detegiéonvradips of dbo |GV 14s hyrger thaadtheadetentinmorasiiug of tieeEO sensor.
e B B A, T g GaSEE 04 BB oo an
i1RU &R RRE s &sok B8teMitn RPsAhgco!l used to maintain the

mapping I's a worthy investnment, as the MRA is capable

of Asoetdimg teusmehaf wbpact dgrapeiseat ifiadntios, |08dreless ad-hoc
under a high node density and fast node
communications method is disclosed for communicating between multiple UAV's

colt
t

organized in a hierarchical decision tree structure, the method comprising the steps
of:

(1) communicating attack target list and flocking information both from
the root downstream towards other nodes in the sub-trees and from
each node upstream towards the root;

(i)  gathering by the root node task assignment and flocking data
calculated by its sub-trees, calculating global functions, task
assignment and flocking data for the tree; and

(i)  distributing by the root node said global functions, task assignment

and flocking data back to its sub-trees.
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novenent. The NMRA organi zes the nodes in rooted trees
in order to find short session paths between nodes on
wWao b@7080se4 The al gorithm attenpts to minim ze PEEIL2007/000038
r of trees hy fusing separate adjacent trees into
wl b

nu
a siliif Bereé ropling ehgoribm (YRabliis ome dmplamenaiion ndtan ad-
hop kaudub{e B3RS EIRR) bR Tkar R0 S HGr-60mpuninatig éareet st
[ 3 i j .bet des, ..
SRR 0 CHERL ] L ERER ST ol

sensen thdte semige tffit ocontrolM aseat tddnhittailRihe Afa Sof the
enmer ge, disappear and nove in or out of range of" other

copvawcating modes. Mded smallupyethead hef ttheeMRA protoasly used to

task of the algorithmis to identify these changes and
majptam aPPl@ggl% Arveithy viestmend, gcthedYIRels qambﬁwf handling

R ARHE S A DD LA S nc

mcVeRRn. TR MRAS oﬁg‘ﬁﬂi‘%sttﬁ@_ by i rooked $RRYif JTBY {BPhind short
" nodes will try to

connectivity, al organi ze .
sesshenpathy betweenanies ginethe tee. Thy etgoriibaeatteinpiio hdlidize the
a _uni que node-ID (simlar to a phone nunber or an

h
nunﬁféwé 88 pyafiging senaartecsknagnh sices inthaa simgle treangs long as
K I b 51 e e
) i~adi I e , Ler .
ok A RS A, S0 e

createdcictwebietwe notlbs; thedeed Wall b Endedtiity HeRLANHRE! Ongs
to a different tree. If the nodes belong to different
t r eAdl nedesyrunrtheisatme protomi dmplenoers s tHealefAlsAs riddes emerge,
. sSeparate trees into a single _tree. |In another
dis iﬂﬂan‘fl%? 1R 108 %Fééfilﬁflg? o ofsTorodes; thareds nged e aipdate the
' ' l.cal, Routiing Al gori.t
treGE A PALAR, 1A% ST RniTS i IGLEP et rapRedadd hoaptThe tree
structodead the 8ew,seqtky nodes that belong to the sanme tree
can create sessions anong thenselves; all nodes try to
or ghh¢ MR At higosidhmearganizes thaglodes ireehe diedd yin rodRdi thees. Only
he, field has _a uni que node ID and virtual coordinates

nodes thatihelong Huiherameirem cathereattasegeions amomg themselves. To ensure
ma§ﬁﬁédcéolffn%étivity, all nodes will try to organize themselves in a single tree.

Every node in the field has a unique node-ID (similar to a phone number or an IP
address) and virtual coordinates that may change depending on the changes in the
tree structure. Every tree is identified by a “tree name” which is the ID of the root
node. Nodes periodically send beacons, termed hello messages. Every node that
receives a beacon checks whether the node that sent the beacon belongs to a
different tree. If the nodes belong to different trees, they initiate a fusion process
that fuses the separate trees into a single tree.

In another embodiment of the present invention, wireless ad-hoc
communication means use the Metrical Routing Algorithm configured to:

organize all nodes in the field as rooted trees;
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every tree is identified by the tree nanme which is the
I D of the root node; nodes periodically send beacons,
wer@rpsesede t hat receives a beacon checks whet PEr/1I2a07d)00038
beacon cones froma node in a different tree; and if
sai dPMB¥aBedesc dhats belomg donthte sbeleotigengan ocreatti fsessiomd among
tree[ then a fusion process is initiated between the
hwseveSicor di ng to a fusion protocol in order to

fus llfkfd r j ' e tr.ee. e fusion

pr o?d élf:o eé\l’le@utltod& gg?izzgégh%ﬂéél?% lﬁoﬁlﬁg‘l e&?—%pert ies: 1.

The Rep) @ode ifMAY! 18 HasCAYFENRL hbdE IPegsd YdudlOcoordinates can
break; 2. Eventually (assum ng no dynam c changes

occuwhpngd Hepandisz o tie clunhgss i thei treet staurcsuries si on r ange
must fuse iptao a_ si ngle tree; 3. When two trees are

bei RyCHUEBRILS idpatifiep By e irenpamg vuchiviheld ehtherostsode;

o SR B 0 B B IR A0 chcks
t hatyua t «of ‘
(1 o) bR s FSim i it R BT

di stf sdidtbedcor tdmoe fiedn tarmddetisslbhEng ¢& 9, difRp@it\rdd thief a fusion
defined at the level of pairs of nodes. Initially,
eveDyoseseiés fitipedabelwisan dbe twodecasfacsprding .to By Busjom poetocol in

in the tr can autononously, nmgrate to a nei ghboring
treél egégﬁﬁqee@gtgpt{q?@ 1H(909e¥188 ¥9%n in the tree. The

mg [ j 1.0 tree

T ST oS8! SRR MR AR, | e

a nade nMIhedireDcbl HHUM ot EARelaRtiRe B&MiONSE8 brédk; MY

carry along its neighboring nodes (since it bel ongs

now2t o aByeggelly (assaming mot dynamsic rohangeswcauneall trees with nodes

.m.gration of the single nodes ] ooks |like a fusion of
Wlﬂ;'dlg[tqagﬁmﬁsgglsrapg@ §ush figserinfha singls §ee;3 presents two

Shoun i n et Bt 4 RBaBBEERSood ndafl' riuid bEinBage to the
nodés &f the sARICARES HnBri® of HEMIhBE&ST MRKLS);TOvenment s

occurred during this process). The two s€paratetrees

in #ig. JBepaotoool shoekd hendmize thearentsr o MudepthatadRgate from
Wi thin téﬁﬁnsm ssion range jnterconnecting the trees.
onerfge @, anQfhehioRvesy skop (irldingawsalie] fasien)si el , that is,

at gny girye rﬁrct)tiorcrgl ﬁtﬁelﬁy distributed with no central bottlenecks, namely it
is defined at the level of pairs of nodes.

Initially, every node forms a separate tree of size 1. Every node in the tree
can autonomously migrate to a neighboring tree regardless of the node position in
the tree. The migrating node gets new coordinates in its new tree according to the
node’s new position. Naturally, when a node migrates from one tree to a new tree, it
may carry along its neighboring nodes (since it belongs now to a bigger tree). In the
macro view, the migration of the single nodes looks like a fusion of smaller trees
into larger ones. Fig. 3 presents two stages of the tree fusion process: The initial
state shown in Fig. 3A and final organization to trees shown in Fig. 3B (assuming

no significant node movements occurred during this process). The two separate

10
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mul ti ple nodes of the smaller tree join the |arger

tree, as depicted by Figs. 4A and 4B showi ng two
W(samamwsmtrees in Fig. 4A joined to a single PCEE2007/000038

Figd. 4B. The inplenentation of the fl ocki ng and TA .
tregs gBrF@w@ |CQHM3@§6 dgcanss theee ase nocwer aod&ywiithin temsmission

runs .t hese gor thns autonomously, as it cannot

ralp]%%léggrgppp?/z Mt e with other trees. Existence of
t,.
SO TROTBN S b A e s
muI'txpwnodesS@DtHer afaller tfébojom Wlar@@tdﬁ'ée a%sdéfﬁ@t@d WFgga 4A and

shoul d not be interpreted as strictly belonging t
4B skewing tvo sepaaietracs hy FiRad Agoinddetol meargle aree in Fig. 4B. The

SSes a rarchlc structures a tree
fflngﬁa%n i 'ﬂs fg‘??iﬂlil&ﬁné r?%#tadg%thlm iss bagedoom e tiegrstructure.

St M P e
cohﬁﬁuﬁl@éﬁ%nWlt‘Pﬁ oter?CtPeelsJ'A‘\lélxci%@i‘?&é’1 of R %tf’lﬁ]b 'rlfc%tl%howtmltlate a

nei ghbors only and i1s unable to get a
médrgge pheceds tigit avitl witinaesly yeslt inhesiaple tiee. f | ock. The
control information including the flocking data
pr oﬂ&'@éﬁ@@s f'treen "@idlstr%",r'fm@ asiigodest’ asrused heneigeshontd not be
r ot eat ed

indBRbBA s el gt 5. e SUEhRS irascty. Kafhes dhe dnvention
engd;}g %Jség:éflh Lht?eeI% é&g Fsg%lg lﬁ;@ééfaﬂg §tr9% €'b?f‘ﬁ%r(#r?eb rfiplementation

presehtedriass forl Wustiatibn Raly. WordXamplé, £ 8@ %trabtukd cbiiRl easily be
MRA protocol: up stream noving fromthe tree | eaves

usest insteadtafeaeisea shneters intthe mmntloand downst ream novi ng
BT ot T T B
%lo%gi V\é%ﬁfa of 6“?116S ﬂ%ﬁﬂ gvd?mpﬁ;ﬁ ?élbes \u/eglltlfﬁé gﬁ?{;lg %tl“[h[s S control

inforthhidée Ehdlﬁ&ﬁ%%hesﬂloclﬁhg%ata pro?%afe@ fFdifl nodd ?%de uslig the tree

wei ght of St whi ch i S the nunber of nodes formng
magagemenieprstodol. and x - the average position vector of
sub{rbree St-i. In addjtion, let xs be the position

vecl B tse siawlirecreatobby e WIRA pdeonithonrapsersothetrhgt as the node

TN e ——-
gloEQPvét‘i’éBle@BﬁélMoaﬁseélH fré LRy H%ﬁhbft'fﬂee Hﬂa%@eﬁ%‘lﬁ aa‘gﬂt‘iﬂ the MRA

is also the fl ocklng ve 00|ty tree,
protosuiunp stream, moving from the tree leaves or sub-trees towards the root; and

downstream, moving data from the root towards the leaves.

The streams move stepwise from the father node to its children or vice-versa,
as shown in Fig. 5. Every sub-tree root (node St in Fig. 5) gets the following values
from its children (nodes St-1, St-2 ... St-n in Fig. 5): W; — the weight of St-i, which
is the number of nodes forming sub-tree St-i; and x; — the average position vector of
sub-tree Si-i. In addition, let X, be the position vector of node S,. The average

position vector that node S, will send to its father is therefore given by

11
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it downstream If the root node is lost, then a new
root will be declared. The new root will then take
wW@®@r/08(364 t asks of the |ost root. According torPEHUL20&r000038
aspect of the present invention, a hierarchical
mul ti pl e UAV deci si on and control.system conpri ses
task assignnment capabilitiesXwhlereii¥ ®ach UAV, using a
. 50 i
graph-theoretic approach, |ocateS; I f detectable
attack targets; identifi¥ss 5a target
conmputes the distance to each ]o+ E;ﬁd attack targets;
and produces an attack plan that optim zes the

di stances between said UAVs to said attack targets. In
one Thebitaraties pradess bentinatse at themoetnode, Théeodtaskculates its own

assignment (TA) .algorithmrelies on the arrangenent of
)ﬂoccﬁglg%ﬁéi’sch% Wﬁ%@sls &%& tgﬁ laoﬁ]émign‘feéﬁa@&hfﬁrrﬂl@ steeoand communicates

it GERATHRY) R TRARAbRE i 45, 184 A%V BREnAR O ared. The new
roftewilBiHeAaleIgvaaia ¥ashg ROl Ribtt © the changes in the

t heater. However, when a UAV becones a node in a tree

cr edicedrdipgttbenbBisr aspectpgrthel psesehs ih@hevh 04 hadtrohtdat multiple
as a nenber of a grou The problemto be solved is

U%Uﬂiﬁ?tlsiﬂ@ amd %mj?é?ﬁi SrYQ%m spAMmpoises taskt asstgrmsritragpabiities wherein
cagh, A, pSigut raptithebréticapprosch foCaiv i L figecilioiack targets;
s andicht RS0 Rel o ST SR Bt and

produes an, attdki plagiahbl 6ptiditesiie alis@fcdiOBetdRieWalid BV to said
ad- hoc communi cation yields a conplex and chal |l engi ng
attaek targeis.wher ei n the fol | owing factors shoul d be
consi der ed: d- hoc co nication inplies that )
oI dnARS Of bR gPIGTenUAVEDLion, Ghe drek assignment (TA)

ants:v. changjn here, i s uatanfee th
algAIRhe Retids COF "l ryebBeieal "GF oo JIRY Kook it on the
intéRBRINIUHAIGE teRPabifiticd M &t tgf tago -
regarding (a) ng\e}v talfget S, %%lj?e gﬁjgyggsﬁiq%@taﬁie coé%ltltln%ﬁi Every
UAY ik aotenotenuge psrfandingejutorembiss ‘decistuals andebeHaoser aéddrding to
is desired not to fix a

a_.given target can_pop-up. It
thet%h%ﬁs?ﬁ gt Itgﬁaf(ér-.PéQWe‘é@fs néenade¥ beeemenamode)iniariree created
by the MRA, it upgrades its behavior and acts as a member of a group.

The problem to be solved is computing a targeting plan for a set of
moving agents G ={Uj ,Us,...,Ux} (UAV’s in our case) attacking moving targets
A ={T; ,Ty...,T} (vehicles in our scenario). A distributed solution is
implemented over a special setting where -the communication among U
,Up,...,Uy is carried out by an ad-hoc network. Using ad-hoc communication
yields a complex and challenging setting wherein the following factors should be
considered:

e Ad-hoc communication implies that communication links among Uj

sUa,...,Uy are constantly changing. Thus, there is no guarantee that a

given subset of G that was previously connected will remain connected.

12
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advance, but rather adopt the reactive setting wherein

at any tinme step only a portion of the targets are
wW@®rgsEes t 0 some subset G 1GG  Central i zed aPQDIL200MA®0038

where all the data (location of U ,U2,..., UN and T1

, ¥2,At any Fisgeineve ahfoemiatidn aegardinen (r wee sagetd18Y) fchbhges in

ton‘gﬁt ?i n good, sol utions due to di sr upt ed

comih1QERHIPB PIdeWR faygetsrandnics aenol; Gethay are dloser to a given

not i an "optimal" solution in this setting is

thertg%gféanam'b‘ bus, as a few feasible solutions may

be GE i L te thig.ob i t .
denar & SEHHEL B0 I Bl RGO 0 b B0 benls %%bech U in
Diali{ s @D buPialBért Addpt WARRBELTE §é&ihg RehdrbRTat any time step only a

m nimzation of distinct perfornmancé neasures

congplogisredf the.tafglks areessiightd o §drAesibIbt G @Y t he

maxi mum di stance between U, GG and T e A, assum ng
thatCealialired ghtosithms whérecdlb thebgatahdoddtida ¢RBGHUYAV, TS and T;
assigned to a different target), GA :cL =mn nmax d

(11)Ta. .1, Tk-& gelleqted and daen prasessed; may ffaid o rabtaini godgsolutions
t he ,sum qf di.stances hetween e Gand Ti e A

ass{HF i 85&3?‘%3 CREIGIFAtQR @@J tong,conyppgigeHgnlelasise

Ity Oy Syl 8,0 S5 g s,

a fehofw_eibla)scﬂmiaﬂknm?l be @osuehstitedf TolillubRateahis osefation, let d;
In this case Egs. 11) and (12) should be nodified

denotea distance<metnid betveeend s¢rhd)Uae® eadett cval y. Different bipartite

nsi def, for exanple, the bipartite graph of Fig. 6,
gr@émﬁg tinge fep ¢ BRliZRteR cof KWistinet marfumapevsmeassee can be

. M) and targets (T15T2 , T3 ,T4). The opti nal
CO%SEJ&?}F%n in the sense of Egq. ( 11) is GAL ={uU T2 ,U2

1. (r) -éAi,Ugesh}{ﬁ?g fidh 'miﬁirﬁf&iﬁg the maximum distance between U; €G and
Ti € A, assuming that all targets are attacked by the UAVs (each UAV is

assigned to a different target),

) o q® e ]
G4, :dy =min max d, (11)
ieq, je 4 C
2. GA,, resulting from minimizing the sum of distances between U; €G and T;

€ A, assuming again that all targets are attacked by the UAVs (each UAV is

assigned to a different target),
o \ " o
Gdy:dy= Y d, (12)
ield, fe d
In certain scenarios, one may choose to attack only a subset of all targets,

A'e A . In this case Egs. (11) and (12) should be modified into

, 5% . .
GA4'|:d, '=min max d, (13)
el jed' )

and

13
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with d*i =10, d2 = 29 ; the optimal solution in the
sense of Eq. (12) is GAZ =(U ->Ti, i =l,. .-"4>, wth
wa@elRoozas84*2 = 27 ; and the optimal sol ution iPCT/H2007/000038
sense of Eq. (13) is GAl' ={U - T1 ,U2 ->T3 ,U3 - T4
}, Wby d ,=9%yd2 = . 4n the |l ast case, targeting T2 14)
can | etetf fied , t ey next stage/step where ( )
possi bly there well/be new di stance netrics to choose
from In one enbodi nent of the present invention,
opt iredpestively. of the di stances between said UAVs to f
said, attack targets is done by mnimzing the sumo )
di s%&w@rofors@faannjﬁw@et blwéﬁlfé greph o Fige dotshowing thia distance
it t r enent of .t.h Vs, | .
AR Bt gfhut FIAYRIUH B FhnPe b redy Sbi e e hnBigoptimat
L ' - h r Kng.srEVeEr \VAK
SOaut gﬁé\{n‘gﬁls& h%%?fg:r(lin?ﬁlg} lgﬁjéﬁé'r%ﬁsﬁdiy ’f%sg,‘i ?nf;l At~ Ts >Us = Ta }

wi%ﬁ' g\ 109 daeoor dhe Q)sﬁighatl @shﬁiamﬁ%ge bdhsk *b?tche?g?%)ffs-

wever, when a UA econes a node I n ad eat ed
[ d its behavi acts as a
DY 85, V0ot 28 RS R e, 28 hel S gl soution
in ' e P Bl MR DA TR 2SR ol ol b T ogyitd ¥ 59, 0, =16
t t t t . t i dentifies
- THpR) Bt Vate o0fecdifler 1 TR0l deRGinib L R e AQE b where
pokdiblyahtacwill be g6l diflahse hferiddt foatoob@fioat. | ocation; at

each tinme step t (i), a node v constructs a wei ghted
bi pht ohe eengbcddimesy of (thg [present éseentiong optienidatisrantake distances

bet ween U and Tj related to the sub-tree rooted
betgyeey. taid :@g&/éntlos Sﬁlﬁa@tt@ci‘aéﬂr%tst Wedenedyi sHnpnizingidhe sum of

dis@g??{ H-%a)q?% I's Srg)\ég‘ealtlé/ Igg;ll?lfl’ @%‘%ﬁ':: og azlsac Eie}Ndr en; (b) a
newrh8RW tdpabilitiesl r?-:}%f 66 ehe/ ﬁ‘f'ar%’(e%@n‘f of tﬁf‘tﬁ%e\r/’;s iAMfbes Ghd on the
t Trst L of v, as

there is a'change in the attack targe
intercommuticatidn tapajslities atedngc tied UAV’s using ad-hoc routing. Every

UAYV is autonomous, performing autonomous decisions and behaving according to
the changes in the theater. However, when a UAV becomes a node in a tree created
by the MRA, it upgrades its behavior and acts as a member of a group.
In one embodiment of the present invention task assignment capabilities are
configured so that:
each node Ui in a tree (or a sub-tree) locates all the
detectable attack targets, identifies them and computes
its distance to each attack target; the attack target ID is

the attack target location;

at each time step t (i), a node v constructs a weighted
bipartite graph B,[t(i)] representing the distances
between each Ui and Tj related to the sub-tree rooted at

v,

14



or an old attack target disappears or is destroyed; In

each of these events, a new Bv[t(i+1)]. is conputed by
waoreoogiosigsBul t (i +1)] or BFv[t(i+l)] or L into PCT/IL2007/000038

Bv[t(i+1)]; . the node v conmputes a m ni num wei ght ed

mat chi ng t%wa(et ¢venty thapfleal/{q therdiehtiottodianneny tipamité ack

| an that m nifm .the sum of distances of the UAVs
!On t he SLﬁYaPﬂég[éﬁf\lfmﬂBd?: @ BEVBHtEab)dds secaivethen a

node v r Y t a vt (i +Hg] 5 i.ts

f at her, ﬁ?&?hggﬁg&t gtssg]gﬁ‘fllghf Rb:)vga é’f&‘f -gr%"t‘i[tgﬁﬁ 18
attack t aeegeied ififons ¥'s fathedbang bileSi i ck
target and starts tosengage th@ftg%ggslmgm%ﬁ%{ggggtl?g%
target; attackitargat istdkoplyaas dMretattiack tdrgei i3 deedtted O

all the chil dr?n of the current node. Wen a target is
dest r oyed® odD Pld Altgek rtarget tdisanpearse or darslestioyedsnieach

Bv(t), si se are propagated,.only. up the

trees. Tﬁggﬁﬁgﬁg‘%%?‘é?qtgna Wa’t ﬁeﬁ@%ﬁ]ge’@ n%%t@m
algorith é{?ﬁ% i t @y; tyu t fer the
bi gart i terﬁlg ap Etﬁwgﬁ]g’ﬁ%ﬁ@@%ﬂt@cﬁfﬁ?%ﬁﬁﬁp > (/+1)]
. This data structure is the Target List (TL). A

si mpl i f i ¢be fiedervdempusescemititadn byeifhied nfatcliftigs nodel
ignores the parallelismin the TL flow between the

UAVs. | t MidHehbH odBeli(ithel eldaindngpan etirelnplaprtbatess and
Unvs 1 EHE PR g S B Bl OL e S5 the S o
the initiqQk th%jhgggﬁéclgtaq‘ & d U5 have detected

U6 an ave %e

target 1, ected T2 , and CZ8

detected T3 . Every: UAV t has, one or nore targets

wi | | aut ononousl ytsefect ar géﬁi fromthe possible
r‘{ce a pursuit. The

targets in its TL and wddTEQ
current state depict edwlg n“lizl ngsA is that T4 and Us
are in pursuit after 1, U6 and Ul prosecute T2 and C 8

will pursye T . The pursuit process'of the UAVs is

i ndepend&itends nasienereceings atatiack ipban Meditg+14 frore
nitial ph Hifer, it checks to see if it is assigned a new attack
target; if so, it abandons its current attack target and

starts to engage the recommended attack target; and

the attack plan Mg, [t(i+1)]. is sent to all the children of the current
node. |

When a target is destroyed or disappears, it will be removed from each B,(?),
since these are propagated only up the MRA trees.

The implementation of the target selection algorithm uses a single data
structure to transfer the bipartite graph B,(¢) and the attack graph M,[¢ (i+1)] . This
data structure is the Target List (TL). A simplified TL model is depicted by Fig. 7.
This model ignores the parallelism in the TL flow between the UAV’s. It
demonstrates the decision-making process and the decision overruling performed by

higher levels of UAV’s in the tree with broader views.
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where the targets were detected by the GVl detector
but are not yet within the range of the UAV mssiles
wo 200080584 st ance (i.e. within the FOV of the BET/IL2007/000038

payl o_ad%. Every UAV stores a TL conprising all targets
knovirigt At preseity the initinkphaseiwheredis ahd Usdiayet detecibe target T; ,

Ry BV @l B e i Ceissied 73 ity LAV daat besons or more

: [T bl St wch is. the. .
talge I ERO LRSIyl Sop LS (RO I b oS latgyd (i Tl and wil
cofiddencsha phirsust. thrCcurfet BAYe dbpietdd ﬁlgFﬂgr 73# $OtHak THEMd Us are in
its attack while U5 receives the same TL fromits

puratihalter Bpd/d amdi€;qurosacute T) arlld; auwill phesue Tt T ha_tliuﬁlﬂﬁt process
op T\ .. .US wll look for an alternative target wthout

Ofat??e oMAN 'sil§ dependeng of <i>§ewl{nga¢tu§u®m‘r hisaisgthe imitial phase,

wilsd p SREER Lok AR5 964 T Sl SUE RS o B e

rangeSoihe TURY Aeilel Mure! ifthf% @.eWihjkiH%é ReRP? g@t B0 Payload).

attack 1 , sub-tree E w not attack T\ and s

EveryiUA Vastomeska T2 conipidsidg cillsiapgsts Gho®d toathe AV ah@ indications
igs father node O and its children. A simlar process

onithg dargst state. ibvaryd) ddvhthenpends itsfT T ihe itsrfather landRihildren. U, Us

and e 08iffhe ﬂ%efv‘e‘fhﬁ%héiqe‘g?%@e%‘ﬁ%&@@d nade Wih i the
|3 40| - 1 C . t
BB ThSlocBi Al O1T R T e U

attadkang dn. UL oatihaekits Ahadewldei B Riteivkthe B8me TL from its father,
di stributed by every sub-tree towards its children

andidinids euethat daghtould @bbdaive sttadkn onHE,. éantil teok @6 aaradternative
7 continue their pursuit after T2. Fig. 7D presents

tar G EGNS SOV & el et igiuaihis BA M roage. fos wilsearch for a
' CZ6 stopped its attack on T2 while
ne@%ﬁ%&ﬁ%gﬁ?ﬂf?@@%efack The upstream and downstream

fl OFi%Zfﬂ? brésents AQituafide st Shidy mmﬁﬁlg&d 1}% T1.§Gnd decided

structure or by appearance of new target
thag dubtieenDt will lbe rdspansitde do iabtholy T hesubetred iFonsl] et weeek 7, and

UAVs and potential_ targets, the TL is used to transfer _
subsfieg F? wal radtagly i sEhe decisions ofrld pre samé te atsr Ethestnode 0 and its

RSN A R U

,SUTERSE 7.3 by BRI SIS0A6 AT picn T
dedisibas pree¢mbéddedsint it TLo0ThadeéisiopesNis Sk ikt siB-tree C will assume
the responsibility to attack 7, , while sub-tree 4 will abandon its attack. These
decisions will be distributed by every sub-tree towards its children until they reach
the leaves. In the meantime, Us and U; continue their pursuit after 7.

Fig. 7D presents a situation where the root decisions arrived to the attacking
UAV’s and Uy stopped its attack on T, while U, continues its attack. The upstream
and downstream flow of TL’s is not affected by changes in the tree structure or by
appearance of new targets.

In addition to the data describing the relations between UAVs and potential

targets, the TL is used to transfer data regarding missiles that are in the course of an
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| aunch again a missile to the same target. The
exchange of data regarding flying mssiles will
w@e@vesitsss he second UAV from | aunchi ng a new nPGHIL2007000038
. the same target until it gets a message that the o
migreaption pegaesy 1he Hiistribisionapfdhis dataciseessebtial tenhinifize the
t pregent .i.n tion, co ni.cati on between the UAVs )
prpBeiBRETERe UAYE BringPen Tt mSa i iatde Adagiss an desares itself
fi.e TR PA | .0 ns the C
ooy CUMY DA R A IR M ocrmission”
laenctoagainicatissile wptHeusuihe eatget. Tie eecHangy et data,xféggrding flying
enbodi ment of the present invention, a Rierarchic
missiles pild puexentidébe secondhbA Yaftomolausglsingra newpniisséle: to the same

[ d di hed t heat
e b o BB S e
ti Meardded S8 k [ etrs; I .Ioockl ]n lEreans r?%%ggeen the
on a behavi oy uf Prachot Wn&PE ugao
' l.oci . .
UANVIORE CHAGRIN rc?érﬁgﬁéale duehg Cda{nlénﬁ@ C&h%%%é’ﬂcﬂg R .ﬁeﬁ'@els)lsruptlons

UAVs and is configured so th each onmuni ca
ocuitt Whieh 2 n¢wdEAV juing bhe psoup)lor,a BV aaovéLbut of communication
i nf gr mation conprising flocking data propagates from

rangse 8ag & capdeunisation malfuastion angedastroyed. hi er ar chi cal
[ (i, i d- hac copmuni cati ons ans,
o358 bt R R0 SO SR LT AR
de&i@f(ﬂlei&d doltro®Q stgﬁlogdiiagﬂsésnf ormation both from the

root downstream t owar ot her nodes in the sub-trees

and (i r otweaghnived earaist MEAV'$ QgFa8chddnentP Gt ithddig r oot
node gathers task assjgnnent and flocking data
cal cul a¢rsdramyméntsins atsler rieespardy | deidcit sl gitatdaltime-

functions, task assignnment and fl ocking data for the
tree; tWét“iaiSfm%a’ég%?'stri butes sai d gl obal

(i) flocking means based on a behavioral heuristic algorithm

wherein said algorithm controls the velocity and heading
of the UAV’s and is configured so that each UAV
communicates with its closest neighbors only, and control
information comprising flocking data propagates from
node to node using a tree management or hierarchical
protocol,;

(iii) wireless ad-hoc communications means between the
UAV’s as follows: for communicating attack target list
and flocking information both from the root downstream
towards other nodes in the sub-trees and from each node
upstream towards the root; the root node gathers task
assignment and flocking data calculated by its sub-trees,
calculates global functions, task assignment and flocking
data for the tree; the root node distributes said global

functions, task assignment and flocking data back to its
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functions, task assignment and flocking data back to
itssub-trees; in conditions where conmunicati on

wheioregrsss he UAVs is constantly disrupted due POI/IL2007/000038

dynam c changes in the field, the constant flow of
upst r eaibriteedoih sonditinngawheragomnesnitatéom \betwbén

ffici f,t,he UAVs in the tree; and (iv), task
nssi ;kﬁ@% @é‘paBiGIlq ¢ Fonstanghyt iCb%rPEEPdsd{]qehatP dxpaminys

using a -t hear gtic r h, o 0ca L]

det ect aﬁﬁ{éﬁ%{gt ligcﬁ’%t gélélé_tt@éf) %ng[%ﬁ flogg Og g‘?’&%@a@fl

tar get s dopagRedmsddth anBrsv @R boerafcliRlentd or fid ack
targets; and produces an attack plan based dn system
par anet &IAY sinthe tieas ashi d att ack pl an optini zes the
di st ances between said UAVs to said attack targets. In

anot(Her taskssigrment %patbriﬂéti?ﬁr@mé“murqed]scgmat each | AV, t
[ L: [ pl V deci si ro stem
compr1 < 0ene s Bebliicorefly abfosdl TpieeAl s Erellen: o
a theat gfackars Q0 TRh1ifiGs QA% ialcR ARREE RopfRHEE thand
I ') ocKl ng

attack tinmecritical attack targets;

means bdistahce rtoaedehhal baitadttdek Uakgdts;Cartl @esdideE an
wherein said algorithmcontrols the velocity and
headi ngaiéack: planipassdapel Systeow phrayoeters, such Hhat saich UAV

comuni cates Wth its closest nei ghbors onl and

cont r ol a'?"?f?%?%ﬁt (?%Hn%ﬁﬁﬁ? Zﬁqu@lqep %ﬁ‘i"ﬁ%" é%‘lngAV S

pr opagaf -éa@{gm%etgo node using a tree managenent
Ofsc%ﬁ pr ot oc

or hiera I ca col; and (iii) wreless ad-hoc

conininhcthti embodanif dTehevBRRehNiIavVENIGSH, ahibRAlbINEl mbRiple UAV

communi cating attack target list and fl ocking

degipifopramgt dostrob ey iemrapmprisesr oot downst r eam

(i) two or more armed UAV’s dispatched onto a theater
environment in order to search, detect and attack time-
critical attack targets;

(i) flocking means based on a behavioral heuristic algorithm
wherein said algorithm controls the velocity and heading
of the UAV’s and is configured so thgtt each UAV
communicates with its closest neighbors only, and control
information comprising flocking data propagates from
node to node using a tree management or hierarchical
protocol; and

(iii) wireless ad-hoc communications means between the
UAV’s as follows: for communicating attack target list
and flocking information both from the root downstream
towards other nodes in the sub-trees and from each node
upstream towards the root; the root node gathers task
assignment and flocking data calculated by ijts sub-trees,

calculates global functions, task assignment and flocking

18



towards other nodes in the sub-trees and from each
node upstreamtowards the root; the root node gathers

wo a®k/08584 gnnent and fl ocki ng data cal cul at ed PT/i12807/000038
sub-trees, calcul at esrggobal functions, task

assi gnndata ferdthe trei atogt frmdet distrinees sailseglobai
de di stri but i d. gl obal fupnctions, tas .
ggsfgnlrrz'ﬁ‘%étm%aﬁ ?qs%?zl}g,ﬁ ngﬁ'é’?é‘“@a Rcliiggidaga hagk tpdts: in
diti r ' ' tween the UAVS | s
const antTo-HHBE f COTFMNSRhaR B EHchin, Bl
field, tihe Uanesan ddnsuindlly @R 1gfeama%dttﬁgwgﬁ&h&am

data inproves the overall éfficiency of AVS 1 n

5 t he tr eehangesyiat thanbelde thee vonstamte fibwobf gﬂpetreamsam ;
inventiqgn, a hierarchical nultiple UAV decision an
contr ol 8@?@5'@%@ ¢ i18pEoves; shey quserall W@MZ’@E’C}L@AVS
di spat c ontq,a.theater environnent in order to
search,%éclpqgﬁgegttack tinmecritical attack targets;

(11 In ePakbih@r 'é’ﬁﬁib%lg?gﬁtg% g{réi ﬁﬁg:@@tﬁaﬁﬁkfeﬁtﬁ’én,?fﬂfe'rﬁrchfca% )r/nultiple

al gorithm wherein s m contro e vel oci

UleVidleoisiath agd obntirblesybidis cam@risss: confi gured so that each
UAV communi cates with its closest neighbors only, and
10 contid ol tWf @St mare oarmesinbiA ¥ hglispadeicdn gntiataa theater

opagat es_from node {o node ysi atree nagenment
or i or SAFTIANt o oistoh 0 SeaEE Ty  5T9ck: Ak 2Hag wen

capabi | jti ' d so that each UAV, using a
graph-t %ﬂé%taﬁgaggagg‘%g’ch, | ocates all detectable

att gidk flacldag snedndenbbd bAs Bahalidal kit 9RLSIthm
conmput es the distance to each of said attacK targets;
and pr odbersin aaidaalpedthnpicantrbbssthed waoaiys brdnheading
15 par arretoefr S1’:]?16 Sﬂg{/’tshgrtld Sigi gonﬁgured so that each UAV
communicates with its closest neighbors only, and control
information comprising flocking data propagates from
node to node using a tree management or hierarchical
protocol; and
20 (iii) task assignment capabilities configured so that each UAV,
using a graph-theoretic approach, locates all detectable
attack targets; identifies said attack targets; computes the
distance to each of said attack targets; and produces an
attack plan based on system parameters, such that said
25 attack plan optimizes the distances between said UAV’s
to said attack targets.
In yet another embodiment of the present invention, a hierarchical multiple
UAV decision and control system comprises:
(i) two or more armed UAV’s dispatched onto a theater
30 environment in order to search, detect and attack time-

critical attack targets;
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attack plan optim zes the distances between said UAVs
to said attack targets. In yet another embodi nent of
wo b@7p08i8ent i nvention, a hierarchical multiplBCTAN007/000038

deci sion .and control systemconprises: (i) two or nore

ar ma(a5 umgeq% F-Boe qccnmynicatingst areansv betvraeantthé n

order t &@arch etect. and attack.tinmecritical attack
?{i ) ‘

target s H4Y)° @ QST 40X fommy g aftaeln Jasgsh dist

bet ween : : Lcating attack
t ar get Ialhgtql %%\c}iﬁ% ?’gfé’&‘?%%%’ g{r ?rrlg)tn? g‘ﬂ@‘#"h‘?‘%‘?‘&%m
root dovmsardsasthéonadeisincthbsubresRsaid frofi esdPnbd&es
and from each node upstreamtowards the root; the root

5 node gauhsfream atokvandsithement; thedrddtonbdergattera task
calculated by its -trees, calcuyl ates gl obal
functi oﬁ%s‘,lgl?l%ﬂt 3%@ &Eﬁiﬁ’r& éag:ﬁcpaﬂq ey #atsabsterest he
; ' ' id ql obal ti ,
task asorghBt BRRA MEkbhRhER e fefmdnf 3Ry dlothing °°
sub-tregdata for 4RNEELE RS NWBETRJE NS HEA 521 ngswen
the UAVs is constantly disrupted due to dynanrc
changesfiinctions, fdskl absignieent andt Aotkihp autobavRsbrigam
t and downstream data inproves the overall efficiency of
10 the uavEub-fegriein copditong Whete) comsrunieatimibetween
o aph-  TEoraE S ppresmsianty o daruS R dieitec duptiare
at t ack N f iqf i ' ;
a1t ack SRR 3 UL U8 comiabelbACh LpLOBIA ang.
and pr odowastredm addtadinppdwn theseeerall &Yisieddy of the

paraneters, such that said attack plan optiim zes the
di st ancH&\ Yetindgbetreaj ahdJAVs to said attack targets.
15 (iii) task assignment capabilities configured so that each UAV,
using a graph-theoretic approach, locates all detectable
attack targets; identifies said attack targets; computes the
distance to each of said attack targets; and produces an
attack plan based on system parameters, such that said
20 attack plan optimizes the distances between said UAV’s
to said attack targets.
Although the invention has been described in detail, nevertheless changes or
modifications which do not depart from the teachings of the present invention will

be evident to those skilled in the art. Such changes and modifications are deemed to

25  come within the purview of the present invention and the appended claims.
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Al t hough the invention has been described in detail,
nevert hel ess changes or nodifications which do not

wa@le@ansosss om t he teachi ngs of the present i nveP€T/o2007/000038

Wi |l be evident to those skilled in the art. Such
M®s and nodifications are deerred to come within

the rV|e of t r i hyentipon and the appended
Lelai ‘;&;g fggl mu ﬁpfﬁ ﬁlsr“ae\?éﬁwékﬂn CQIHF &MAvnaé@n@rﬂémg two or

RN, SR AL S SRR R i, aco
angesfack tinttetedtalanthcR it

1, hhd'Bt [ehdtithverdf dbtBRk
targets, and at | east t?ewo of the follow ng rreavr%ngl(ne?ns

fl ocki ng nmeans based on a behavioral heuristic

al gofi)t hl’ﬁ(WkHl'&l m®asdbaseg:br pnhm coehavidral t heunistioci ty
and headi Il UAVSs and.i s onfl ured. so that each
UAV co ef¢in; gazd <§‘Il%5§r lfn A cﬂﬂ§ WHeSity and

 opagat & 'eﬁﬁﬁf P AR SPA YL AL Rl %&@aaa%m
or hier amvcaimﬁmk%&l wuﬁllts)cmeeteh@lgﬁb&% cffflg and |
conmuni cati ons means between the UAVs~as fo

conmuni cabnirgl mifoandtidrac@eaprikingtflookihg dal!alprogagates
information both fromthe root downstream towards

ot her nod¥n | Rodeete kode dsinging Hree mneneEemede or
upstreamtowards.the root; the root node gathers task
assi gnme MRl BERCRRt dat a cal cul ated by its
sub-trees, calculates global functions, task

assi (ﬁﬁ‘”eWue'i@s@ EHOE @8{1&2&1‘?0@ t®nst 'ﬁ?eahﬁ eﬁetv&{(é%ﬁ fipet

node di stri butes sai d uncti ons,

assi gnmeiAWidad K‘@idkamgfcﬁlaiommamléaﬁl@g lattacle Whrgkt @6s; i N
condi ti ons where comruni cation between the UAVS is

const ant pyd dlosking isdoramasiancbath feom the rent glosviistreame

field. 0 SORREnt Leow, ol RSkl Sam ARG SNk o
upstream towards the root; the root node gathers task
assignment and flocking data calculated by its sub-trees,
calculates global functions, task assignment and
flocking data for the tree; the root node distributes said
global functions, task assignment and flocking data back
to its sub-trees; in conditions where communication
between the UAV’s is constantly disrupted due to
dynamic changes in the field, the constant flow of

upstream and downstream data improves the overall

efficiency of the UAV’s in the tree; and

(iif)  task assignment means configured so that each UAV,
using a graph-theoretic approach, locates all detectable
attack targets; identifies said attack targets; computes

the distance to each of said attack targets; and produces
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efficiency of the UAVs in the tree; and (iii) task
assi gnnent neans configured so that each UAV, using a

w@e@plstskeor eti ¢ approach, |ocates all detect abtBIL2007/000038

attack targets; identifies said attack targets;
conput es anhattagksplancbased emdlysten parametetsaskchahget s;

and producesa ttack pl.an based on system paraneters,
such" t hasaidsatiack pla oBfigHzes, eriieancen Dediveem o

bet ween @A@,,%V%iagt%@%%agﬁgack targets. 2. The

hi erarchical’ systema to claim1, conprising:
(i) two or nore arned UAVs di spatched onto a theater

. enviThertifemkchital & 8im AtoreMaab cl4ff BCdondmekiagt ack

timecritical attack targets; (ii) flocki'ng neans based
on a behavioral heuristic algorithmwherein said

al gofi)t hifveoert muire arheedvBIAV st dispaithhé aita g dlhedtée
UAVs and is. configured so that each UAV_conmunj cates
wi th itsCRYBSRBENTE giise SSRIC, Oieet apshafigek time-

i nformati QRRL.I, S fl ocki ng data propagates from
node to ﬁgggglug dr‘iléﬁé&%sée managenent or hierarchi cal
protocol; (iii) wreless ad-hoc comruni cati ons neans
bet i®n tloekidsVsmasnd ObAgds: o Oh GURAVYralat hégistct ack
target list and flocking information both fromthe
root dowakgoridhm whowsinisaist Akgoritudesorntrols flee velodityees

node. gat Al GeadiSk %gﬁ%sﬁﬁ‘f}z’?tatn%ﬁ? %31?@%%%@&?3%%%&'1% oo
| cul LIS supe . t

funct1 onS ™ ¥ %o dultaleh S 1 SRR B A0 gt e

tree; thgoft@sltinRAHRI onhiiif fﬁ)@kglcgﬁﬂaqgﬂ‘oﬁdéa i ons,

task assignnment and fl ocki'ng ta b
from node to node using a tree management or

hierarchical protocol;

(iii) ~ wireless ad-hoc communications means between the
UAYV’s as follows: for communicating attack target list
and flocking information both from the root downstream
towards other nodes in the sub-trees and from each node
upstream towards the root; the root node gathers task
assignment and flocking data calculated by its sub-trees,
calculates global functions, task assignment and
flocking data for the tree; the root node distributes said
global functions, task assignment and flocking data back
to its sub-trees; in conditions where communication
between the UAV’s is constantly disrupted due to
dynamic changes in the field, the constant flow of
upstream and downstream data improves the overall

efficiency of the UAV’s in the tree; and
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: mher[%mié@kaliaélgggﬂehhﬁec%%g% $1dife1 ,\ﬁgg&ﬁ%%-and

to its sub-trees; in conditions where conmmuni cati on
between the UAVs is constantly disrupted due to

walyvanssschanges in the field, the constant flper/af2007/000038

upstream and downstream data i nproves the overall

ef f (b)) endgslopssigrmemvacans tdoafigneeet sarthgt vycht BV,
assi gnnment , nreans configured so that each UAV, using a
gr aph- t héSHk P&%@ﬁr}&‘&gﬁ}c rpRroRek, locptegealbdetgptable

attack t | e id_attack targets:

comput es RS Jrege i Abpt g, SRCHRAL gt B ARG .
and pr odyke distahcdtthahkh RIfaRi PABRL ﬁfgeiy;%ﬂf@ﬁoduces
paraneters, such that said attack plan opti'm zes the
di st ancesnbaitaskeplanabasetlAMs systeanipdranétansk sual ghats. 3.
The hierarchi cal system accordi ng. to claiml, )
conpri si Agid ettaclk piano pptimizesatheedistaees dietwaer iseid ont o

a theate vironnent i.n. order to search, detect and
at t ack tirquyr?{‘ﬁ?énga@?‘%ka@ﬁg%%rgets; (ii) flocking

means based on a behavioral heuristic algorithm

headi ng of the UAVs and Is confl gure " each UAV
conmuni cates with its closest neighbors only, and

cont (ipl itwbosmatdre rarmedpUissV sgdispaicked prmata theater
propagates from node to node using a tree managenent
or hi er afBYitenmen i orsr to searchi detect and atteek gimpent

capabi litj. confjgured so that each UAV, using a

graph-t hégﬁg?liag%ﬁlﬁg?rgg h, locates all detectable

attack targets; identifies said attack targets;

conpiy es flobRin@! Shafke belacth 0f RhdvRkiACKedrRtget S:

and produces an attack plan based on system

par anet eakgorithm wherein said algorithm controls the velocity
and heading of the UAV’s and is configured so that each
UAV communicates with its closest neighbors only, and
control information comprising flocking data propagates
from node to node using a tree management or

hierarchical protocol; and

(iiij task assignment capabilities configured so that each
UAV, using a graph-theoretic approach, locates all
detectable attack targets; identifies said attack targets;
computes the distance to each of said attack targets; and
produces an attack plan based on system parameters,
such that said attack plan optimizes the distances

between said UAV’s to said attack targets.

The hierarchical system according to claim 1, comprising:
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such that said attack plan optimzes the di stances
between said UAVs to said attack targets. 4. The

whe@raseski cal system according to claiml, PCT/IL2007/000038

conprising: (i) two or nore armed UAVs di spatched onto
a t h&dt etWenor mepigetingd, Uk ey dispatohadcintodatthedtennd

ttack ti it L at k t Ss; i i I
ad- hoo cOMVERTESET oh SrodrseBBTadereet Hedipinek dome-
fol |l ows: cfiﬁ?:ap&fﬁ&%fg?té-”g attack target |ist and

fl ocking 1 nformation“oth fromthe root downstream
towards other nodes in the sub-trees and from each

nodeiilips twieslesst adetiats chhenumeitiordshendz29t bogARnIalder s
t ask assiﬁzjnn?nt and flocking data calculated by its
sub- t r ee8JAVA avifoll @ss:giossammumicaiing aitatlasirget list

assi gnment d, fl ocki ng data r the tree; the root
o d <and Ak Remgtisndoth dram ithmEQotidesyastream

assi gnne | 19 : ack 10 1Ls substrees; in
condi t | ogiw%hagroféﬁ%gﬁgugg ilrgg{eﬁ%ﬁ)aﬁg?mh?ﬂ’eeﬁm s
const ant st UBhARIHR HrIURARG AERBGhd 1she
field, the constant flow of upstream and~downstream
dat a i npassigremeieaml/Boeltihg dbfa cdlerateddy itheubdss,i n

the tree; and (iii) task assignnment capabilities
confi gur %%lcg@tqshagl)oba]chﬁWPnﬁbsi tigka agsignmenitecndt i c

oty ¢ CRER il Rir el iicRt (P8 Sob e ditihEtRidance
to each ghbapfithclibh@Ghsit s ent3hd @&?ﬁﬁ‘ag Q5tadfhcBt t ack

pl an based on system para ers, suc sai d attack
pl an opt fonizesubdteesti $i aaditidiet WERRe S&iBmUAGtba sai d

attack targets. The hierarchical systemaccording to

cl ai m 1, betsiegni thendJAV’s is constantly disrupted due to
dynamic changes in the field, the constant flow of
upstream and downstream data improves the overall

efficiency of the UAV’s in the tree; and

(iii) task assignment capabilities configured so that each
UAYV, using a graph-theoretic approach, locates all
detectable attack targets; identifies said attack targets;
computes the distance to each of said attack targets; and
produces an attack plan based on system parameters,
such that said attack plan optimizes the distances

between said UAV’s to said attack targets.
The hierarchical system according to claim 1, comprising:

() two or more armed UAV’s dispatched onto a theater
environment in order to search, detect and attack time-

critical attack targets;
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6.

(i) two or nore arned UAVs di spatched onto a theater
environnent in order to search, detect and attack

on a _gehavi oral heuristic algorithmwherein said

al gotibt hiilQeking omeeanse hasedciony anbelwddialg hefiristie
UAVs and i s o nfigured sq.that .ﬁach UAV communi cat es
with its APYLBR WsER.ead adgfrjihy, qauirgls thel velocity

i nformat i | Si LNg: agates from
node to r@ge%%g?{ rggégﬂtg r@é%é%%gdn%ﬁﬁﬁégﬁfgﬁﬁ@ﬁ%al

pr ot ocol ;UAWcdmiuniditéLvahStsaclodtRe nSRRBHA &ﬂ?rl 91?@
cating

neans between the UAVs as follows: for commun

attack taogtol frifermation £ompkising ﬁlaftﬂ@mgrdat'aqnoE@gai’teé rom
the root downstream towards other nodes in the

sub- t r eedtURd P Nt@ aBAdG ERENGIpa t 88 MManegetent her

root; the. t .nqde gat herg task assi gnnent and
f1 ocki ng%éé§8§°}%%qqgﬁpg’F8EaB§ its sub-trees, calcul ates
gl obal functions, task assignnent and fl ocking data

For iifye twiedess RE-KROCoARAENiBASIHS MRS géweeg' '
functions, task assignnent and fl ocking data back to
i ts sub- {fA¥Ss as foltowsti foransnmbricetiog rmaok Gariied Nist
between the UAVs is constantly disrupted due to
dynami ¢ éﬂgrﬁbﬁl%ln@fﬁ@i&tm kpthfram dassecttown streany

upstrea ownstream.dat a_i.nproves, the over al

e? fici eg@g%“gt °l Sil%%&%%lbtq&%? argl I’fﬁ’ﬁbeaﬁl node

hi er ar chj ' ' , ip said
L hok neor ke SOAAAC AR A0 e rEeh OIS ool Bk o
(i) eachassigiemeiit amd flotkiag datf cacgaRd bR shotRlgs al |

detectabl e attack targets, identifies them and

conput escalculates global functions, task assignment and
flocking data for the tree; the root node distributes said
global functions, task assignment and flocking data back -
to its sub-trees; in conditions where communication
between the UAV’s is constantly disrupted due to
dynamic changes in the field, the constant flow of
upstream and downstream data improves the overall

efficiency of the UAV’s in the tree.

The hierarchical system according to claim 1, wherein said task assignment

capabilities are configured so that:

(i) each node Ui in a tree (or a sub-tree) locates all
detectable attack targets, identifies them and computes
its distance to each attack target; the attack target ID is

the attack target location;

(ii) at each time step t (i), a node v constructs a weighted
bipartite graph B,[t(i)] representing the distances
25

attack targets; (ii) flocking nearsT/o28eu00038



its distance to each attack target; the attack target
IDis the attack target location; (ii) at each tine

W@ L@®p/080584 ), a node v constructs a wei ghted bi PEr/1L20€7/000038
graph Bv[t(i)] representing the distancesbetween each
U and Tjbetween each Uiand Tguslatedto theoubelres ragted iat i )
three events that lead to the creation of a new
bi partité&>graph Bv[t(i)] include: (a) a new
Bu[t(i+1)]. is received fromone of v's children; (b)

5 . : Dwed , Cond
(o) er i ySald el 16 RCorpARR P12 10 il
v, as a nesptaBL Al ek (ay adedw® SHiHaN] 40 rededyal t ack
target disappears or is destroyed; I'n each of thgse
EthnE _s:I_ frmnv\ola/gtff :"ﬂ;iljl)lc]irbﬁ; ((E)Tw:newBbﬁp?ﬁg_@[Bﬂ]g is ()
u [ .or v [ or into Bv i+ D1; (iv
. the noa@e\}‘f%ﬂoﬁﬁm ¥s fat ;rﬁ%cﬁmﬁ?rsﬁs achange i the
M/[t(i+1 t€ . +1 t.ai ni t,ack pl t hat
4 B LR R el e
t f t ' t t ; i d
r (reggi Ses\bgn&la?ﬁlg Ea%f gﬁ%\é}lt:vd[:i%%ﬁiﬁss] 61% Eéége%ﬁ?gjﬂ?gt er ,e Y

i t checksatlp of ékesef events, sa aswi Bije@d+ )] riewontpeedt by
target; if so, it abandons its current attack target

and st ar erg@edhd iyl M e Badilighd or &t inde B.ftéirrdal; and
(vi) the attack plan Mrv[t(i+l)]. is sent to all the

chi |.dr en rent. node. 7. The hierarchical

cy s LR SRS P mpf W B AL B0,

par amet eng [{(RA)PEER, [TRY.E E{é@{ tack

t ar get, m)\;(grrer)&l vecl?gr f é%\l}:,l AV?@%Cy egﬁé tvveapons
carri ed minimsicks th\§ungvéidistdncea ot theliaA Ok iamhaIfE-i on
left for each UAV, future estinmated position of each

att ack t tegef vae theipaback tangatss engagenents, future
estimated position of each UAV after one or nore

d* = z d.,

| i
i JeB, [f{i+]]]

(v)  when anode v receives an attack plan Mg,[t(i+1)] from
its father, it checks to see if it is assigned a new attack
target; if so, it abandons its current attack target and

starts to engage the assigned attack target; and

(vi) the attack plan Mg, [t(i+1)] is sent to all the children of

the current node.

7. The hierarchical system according to claim 1, wherein said system
parameters include: movement vector of each attack target, movement vector of
each UAV, types of weapons carried by each UAV, quantity and type of

ammunition left for each UAV, future estimated position of each attack target after
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engagenents, and prioritization of attack targets. 8.
The hi erarchical systemaccording to claim1, wherein
Wa@eaoaosossar gets are identified using a first sePeETR20072000038
The hi erarchi cal stem according to claim8, wherein
Ong Ar gnescy Y12agements, ¥L§u@ @tmﬁidd position O'[faﬁaghtUAWdaﬂert(me or more
tem according to claim

The h
engggﬁﬂ@téﬂowdap@%r&%%é Ckrt (g%s identified attack

targets and gui des missiles | aunched agai nst said

g. attggfe hﬁ’&&%ﬁﬁ:al Jsgstegp %c%ﬁrggrg)%%ic?ﬁh Slysxbﬁépeﬁlc GRa& Wreets are

to claim1l0, I n sal sor

1dmitlﬂddrmmg)a|fﬁajseﬁ§@$or. 12. The hi erarchl cal system
according to claim10, wherein attack targets,

detected using a first sensor, are attacked at nost
9. oncd b higraschirel $yistand-agtordingvtoclaimes swherein seidsfirst sensor is a
em according to claiml1,

Grﬁﬂ%‘iig&?l"@gellraé%?t%glﬁét%ﬁé@per at es aut onomously and

cal cuI ates its own attack target list and route

1022: ab | Sﬁ%}éhu‘f‘ﬁl %tl%fé}ia?zicléﬁ}l‘f]ngqg%lﬁﬁi }],r\@tiﬁrg?{%gv ond,sensor tracks

idehtiieldi attaak ¢dtigeR| andlysilider missilesia@ched Q,Jgaﬁhé’ﬂ said Wafgets
flocking capabilities include: cohesion; alignnment;

col Li sion avoi dance; obstacl e avoi dance; and
114i gdhe |hé‘?¥ar01150a1 Thisten agcardineda Iclaipst @rwherebr shid gecand sensor is

anﬁLe h_ vé\jTer ein said wirel ess ad-hoc conmuni cati on
X Q'?Etbc AESPEt ri cal Routing Al gorithm configured
to: (i) organize all nodes in the field as rooted

1217 eghe hickarcRRAY sZ%ﬁf’ a%@@x‘dﬁlggrs 18" g2l A tlbe ‘gtgck targets,

can create sessiohs anong t el ves; (il
detectedtusimg gafivisz sehsohears elttaeked at adst ogbe Wlﬂﬁﬁ’ thé 'ﬂé‘ld-of-wew of
every node in the field has a unique node |ID and
the\secedhpensebr di nat es can change dependi ng on the
changes in the tree structure;

13. The hierarchical system according to claim 1, wherein at least one UAV
operates autonomously and calculates its own attack target list and route
autonomously when said UAV does not have any established communication links

with other UAV’s.

14. The hierarchical system according to claim 1, wherein flocking capabilities
include: cohesion; alignment; collision avoidance; obstacle avoidance; and

migration.

15.  The hierarchical system according to claim 1, wherein said wireless ad-hoc

communication means use the Metrical Routing Algorithm configured to:
(i)  organize all nodes in the field as rooted trees;

(i) only nodes that belong to the same tree can create

sessions among themselves;
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(v) every tree is identified by the tree name which is
the I D of the root node; (vi) nodes periodically send

whemcosisg4 every node that receives a beacon cheCRB.2007/000038

16.

whet her sai d beacon cones froma node in a different

t r et andllnodes ty toserganized gamsedvessinfa singke tnage

bel onging to a different tree then a fusion process is
i ni

or ool SVRBLPAGY i (8 betR rih & nidis Peds T8 Wi o
15 “uhor STR GRS FAAFIGE. ATXRUFL BT I Pfieh e ™

fol | ows: tide)stiuleeurpy ot ocol shoul d not cause active
sessions to break; (ii) all trees with nodes within
transm ssion range, of the beacons nust fuse into a

si nglve t:eéf@ryetr@mmlenvﬁecd ibyithe fiteernamw whicteis thedDbei ng
fused, no t uP shoul d be nade to the nodes of the
tree witk tﬂi"F‘e qogé@a Campunt of nodes; (iv) the highest
anmount of nodes should be transferred from one tree to

t he he @&?0 0, h 0 d(v)
the(‘é}? ot E)lggﬁs (ﬁﬁﬁwd % trdl g"u%@ ggélg/%l

| evel of r@@ives @fbdaedﬁsoheéﬁs wieghdyi @eﬁé%‘éﬁb@ﬁ"co?ﬂét em
according to claim1l wherein comuni cation between the

UAVS is aawdeyn didffarenttieduand o dynani ¢ changes in
the field. 18. The hier ar chi cal syst em according to

Zkllnzss\?lg %,léfn% g{)%ﬁn h?e‘P %R]egg\élggaogmval i d

d f.th
3.‘:2? Qn'clef‘é%?@!e@h@?%?“dwﬁ@h%58%4.5&3 Rl Beplhs
done by thenividd ZieRd abbtdfiéMo a fusion protocol in order to

fuse the two trees into a single tree.

The hierarchical system according to claim 15, wherein said fusion protocol

is configured as follows:

(i) the protocol should not cause active sessions to break;

(i)  all trees with nodes within transmission range of the

beacons must fuse into a single tree eventually;

(iii)  when two trees are being fused, most updates should be
made to the nodes of the tree with the least amount of

nodes;

(iv)  the highest amount of nodes should be transferred from
one tree to the other in each step of the fusion protocol;

and
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of distances of said UAVs to said attack targets. 20.
A hierarchical nultiple Unmanned Aerial Vehicle (UAV)
waele@7m884 and control system conprising fl ockiPQI/I2a0r000038

base behavi oral heuristic algorithmwherein said
al go&)t hithe pretospkis; fdly disibuted awg defiadd rg thé lavied

UAVs and | n red so that each UAV conmmuni cat es
withits f@géﬁfn%’aeﬁhbors only, and control

i nformati on conprising flocki ng dat a propagat es from

17n0derHe0 h‘i‘éi‘af‘ch‘f@dl NGyded’ %Ec&ﬁ I th g{anﬁr GLgh! 'gﬁﬁ“gwémcatlon

pr ot ocol A hierarchi cal ecl

betwedr thie ISAM’@&E conmpritBi digriptskd@s® @yrr@mc dh%ﬁg@sl inl the ¥Re1d.
wherei n each UAV, using a graph-theoretic approach,
| ocates all detectable attack targets; identifies said

184t t ddie higragehisal syistasueeeording @i deiamdevhercimehamf gvandime each

ack t and produces an attack plan based on
U‘gysqaérﬁ@’rogwéﬁéﬁ%‘gn@ﬁ%pdlﬁﬂat said attack plan
opti m zes the di stances between said UAVs to said

19at t %‘é El%f&@l‘u%al g_lf?sterﬁ éﬁ‘icro &lﬁ gn %EI? éﬁg@%ﬁ{;&ﬁﬁh‘f%‘cﬁon of the

for conmuni cat |ng

dlsmaugﬂsl Ibz:adeemsaid hyaVag @@Bﬁd'attd@l@ lt@r?@@ ik [dofie Yy mMdiH{ifing the sum
the met hod conprising the steps o i) comrunicatin

of distancrs papeidtUANES tasaidfattack targetsnf or rmtl on both from
t he root dovvnstream t owar dsot her nodes | n the

ST e A
o TR, S AN g s

wh‘emﬁ kiaid@) adgdrithb®rcohbield HeeverRfty (Ardd heddsb bPuhd rtgAiws and is
the root node said global functions, task assignnent

corfigired sokthay edeh aUAg/c komanirieateuwitlr éesclosest neighbors only, and

control information comprising flocking data propagates from node to node using a

tree management or hierarchical protocol.

21. A hierarchical multiple UAV decision and control system comprising task
assignment capabilities wherein each UAV, using a graph-theoretic approach,
locates all detectable attack targets; identifies said attack targets; computes the
distance to each of said attack targets; and produces an attack plan based on system
parameters, such that said attack plan optimizes the distances between said UAV’s

to said attack targets.

22. A wireless ad-hoc communications method for communicating between
multiple UAV's organized in a hierarchical decision tree structure, the method

comprising the steps of:

(1) communicating attack target list and flocking

information both from the root downstream towards
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other nodes in the sub-trees and from each node

upstream towards the root;

(i)  gathering by the root node task assignment and flocking
data calculated by its sub-trees, calculating global
5 functions, task assignment and flocking data for the tree;

and

(iii)  distributing by the root node said global functions, task

assignment and flocking data back to its sub-trees.

10

30



