10

15

20

25

WD 2007/ 080584PCT/ 1 L2007/ 000038 UAV DECI SI ON AND

CONTROL SYSTEM FI ELD OF THE | NVENTI ON The

present invention relates to a systemfor

coordi nation and communi cation of nultiple Unpapne
WRAPHI0N}Ahi cl es (UAV' s) engaging mul tiple Saxi(?'@&oo%oaoss

targets. BACKGROUND OF THE | NVENTI ON The

problem of dgaNSDECRIBIPAN CONIIINSTATEM

nmul ti - agent systens has been studied In recent years

for many applications. In particular, the use of

HELD0F THBINVENIHNul ti pl e aut ononous robots or
ed aerial .vehicles (UAV. s) has 10 been proposed

iugm;&_g%r PEEFCRe e {NEREOR o § 'feénéﬁt & o?YSFf‘é'ﬁplf_@& coordination and
QR ey STl SRR S ELVERDICTSIY ) ALRERE buliple

aﬁ@@@iﬁfg&s,a}nd devel opnent fields, as indicated by the
Departnment of Defense UAV Roadmap 2002-2027. The use
cooperating UAV. s in order to perform

of rougs of
W%&Rs BN Qf L HE REON st udi ed t hroughout t he

the 0 PRYIER AU, Sydollfid sbd RBERE MR RALesystoms has
bed$thidied in recent/yedid for fRAP aptidaUeny TR partiuldd MeSusk OF systems

autononously attaining a given goal requires that

cengdttinggfrmulsiptauattonomens rdbetst erslamanngd gesialvehicles (UA¥’s) bas

| obal result of the %{n%geg of . UAV' @tinlto et her C 1
bk PrpoSiL B order i methitelreghtiremen® QogppHle issions. Control,
c&hhagloati6R TR 'd%bi)@ﬂ)nit %@ﬁbﬁ%@tmﬁg f@l‘e@AV(’*s CoRRHuth %I%iﬁlgt evolving -

suspected target tification 20 (determ ne
résharch usg eleveloptreng dicldss amindégited bptle Depgénint off Befense UAV

Rbinen ons 20 AL P magoherotppECtsmeras g AST ok frdenda perform
VARl RGER0 ) A8, LR Bk SROABLA R0 Aq50BbG0AEH o main

requires opnen Specl a

- ra3bgoh bl (hEhBsieedSgrsiAinFercoResecl Labsiatdrg (AFRLY.

two main types: optimal and heuristic. 25 Wile )
opt i Heing &l gepetaking gyow of BAM eforpgtanompusly attainigg efgiven goal

et D < Pl vute BBl s BanfRe, by BichBlpsutt of

tHeNSBEE S UkVry ﬁéﬂh&‘% g3tk (e exRBufidif 0P hfissidANE.e. 8¢a8ch and
usually. sub-optiml but nore :

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 d.evelopmént of specialized algorithms.
These algorithms may be classified into two main types: 6ptima1 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
éhanges. 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
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robust. It would be desirable to develop a heuristic

task assignnent (TA) algorithm which is robust to

changes in the UAV group properties. An issue

strongly related to cooperative UAV notion is

flocking (also referred to as formation flying).

Prior art sinulated biological flocking behavi or IS

based on cohesi on (agents converge onto a giv
toseppregtive i AY riResin 1 \ﬁglcb%lgt (glsoritiemidnty 45#061@1@@0 fﬂb&ﬂ%\?eor art
sitthlafRd HidiBei géﬂf?&‘k?r[ﬁnﬁeha{f‘g{ hd ﬁés@@ AVQLEGHE %aéeﬁfseé(ﬁ% Qg)nto a

an agent From co ding with other agents), obstac
gieangiotla) aBgr(nsdng ésralcrcgtytrﬂnecha@ntosdea\tmmm‘nf atm glbs dmﬁtles)), colllSlon

and m gration at h | 1 ow. ot hi
GRS e 1D Peshe o LA with 1R afsoth, Shily evoidance
(ste@ingUAY aBerth) aRhfl €font @b%éwsﬂa@hﬁgéﬂx&ﬂ@aﬂﬂﬂ)llbtﬂl{g(}vﬁ would be
m ssi on execution by facjlitating w d t heat er

highdy desiighle teimmismreniaebehagiopalieriiprpodel for Uzhgdn peder o avoid
S S e b

assi gnment, coordi nati on and conmuni cati on of
STMMARN OB THEEINKUNI IORgagi ng nul tiple targets in an
ar bi r e ri,Sg n .
reard SR He pichle THTHAT GO o2 HicruRFiH Pujiple UAV
decigioh rant Sc;ohhel sgetecnrc iférytasin dssignactng goofdirtatien WAY consmunication of
t.hat eac communi cates with its cl sest nej
myfply arpg er FEBERETUHPIE JASF S D FPBERY HEFaeR: ¢ BRE System

coalﬁsﬂse%t fiklngt AEAR bakséS bn Rr l%ﬁ@ﬁ@fa@fheﬁﬁsﬁm Al&iBhrh GhO&Rtrols the
using a tree nmanagement or hierarchical protocol.

Vel@@r;:o eod hgading ah thesPédt's 6¢ thaiecagh é%‘e\htcomﬁu'er?ﬁteé avith its closest
8&? dn? pég;%%o‘i* eig %Ingﬁc%r ahih 15‘%@p QJa?a la{e&/attack target list
eCi Si 0 r1sl n two or

pr@ragmels Wnede:hoapﬂt- uhﬁgamat maaagehemtoerlneemhmimmrﬁntoh n

or der search, detect and attack tjnme-criti;
O & Boorlina g boatth of e SRt P P Farovilii

lﬂﬁﬁiBSUAV' JedidiGf Khd GoARANS, sRAS @6mpikify Beba @bal armed UAV’s
heuri stic al gorithmwherein the algorithmcontrols

dispshedeprie iattheakgr i@ i prieh i 19aWhs dede apng attack time-critical
r guni cates with its
(Itmllgg%t'i %glag %E@Bgﬁﬁ&%lﬂﬁ% %ont rol information
compii si Ageking aidang ba@tlaomadphgﬂ@mh héurtstic redgheithro woztein the

using a tree nana or _hi.erar C pr

G S+ BSOS it Ao dioing SOE U JAVismand i
UAV' s ascéiighidsso fHal eS&NAV eahinbgic@td abth tac@edst neighbors
list and flocking information both fromthe root

downst r ey BiaPeNrobiHEmM R comPHsipg dlogking dafacRropsggtes from
from eac odeotg?lozi@%ﬁgezﬂ?éérﬁ %eﬁt%ﬁ?fepﬁéhlcﬂ Bﬁ)t&%@t

node gat hers assl gnme t an | ocki ng

cal €l at edteloys ad-bos uminusiegtions ahaos tiescy ItlnfbhllAV’s as follows:

functlon task as nt an ro data for t _
roe: o nEr BT HERE Ao BELL 8 e il A from
t ask as Stlﬂﬁﬂ”@tﬂovﬁﬁdeiﬂl esidrigotiat fodeadktheubltkes and from each
sub-trees; in conditions where comu |ca%|on bet ween

t he UAV Bodedipaiarasn tomards L wopk Sheagopsde gathgisnani ¢

changes in the field, the constant flow of upstream

and downstream dat a inproves the overall efficiency

of the UAV's in the tree; ald (iii) task assi gnnent

means configured so that each UAV, using a graph-
theoretic approach, locates all detectable attack
targets; identifies the attack targets; conputes the

di stance to each of the attack targets; and produces

an attack plan based on system paraneters, such that

the attack plan optimzes the di stances between said
UAV's to the attack targets.

hierarchical



The system al so conprises wirel ess ad-hoc

communi cati ons neans between the UAV' s for

communi cating attack target list and fl ocking

i nformati on both fromthe root downstream towards

ot her 'nodes in the sub-trees and from each node
upstream t owar ds the r oot . The root node gat hers task

2 3? ? p gggSk %gﬁq%t{ﬁ'l CrI] 8108@ %Lr lug\tiéid b}? itg ik%%g—trees calculates

assi gnmegtob@Afinéiis ktbﬂgas@@meﬁmdtﬂ&klhgeeta foheher @Rt the root
then distributes the global functions, tas

assi gnneAedeadigribpiss tha, globalt neiong, agk Fst%ﬂ@@ﬁt ﬁl?deﬂgckmg data
Thi s conbLRURs UpFhLEATh ABAHONIShEEAnlh ot t@%en the
assi gnnment and 1rocl ng data for each e gra ual

updat es /s askormltlgrmEumechdde td dmalrmg chorgesalin the ﬁeld the

nodes in th ee tore ci.si ons

Cone: der SUTGRE TRt PhEButrrhfhd REvRRRS: 485 (ipRves il overa
The fIocgﬁmgma§gpmb[hnw@@i@ke@eumdcohe3|on (agents or
nodes converge onto a given _point), ‘alignnment

(velididi t Pskeptsimenti Heads qonlipgedsy dhal eachgigy, using a graph-
di recti Op)eoreﬁgu[p?ﬁi on ﬁ',mxeyalnceetéo@arbe/%ﬂadweh@eas agefMfies the
or node fromco ging w th ot her agents or nodes),

obst acl eattacki tdgatse compees th@gdlsthecea@efrwh ofrthpatiesk avgsts; and
from obstacl es) and .m n (

The syst B’r'%%P‘E?Ftaﬂeauﬁa%R%P ?’%Seeg e §%e§s%a‘afﬂe Bt Skt that the attack.

c apabl | i plafSp@nks theldethnses Edﬂ\&&enesaﬁll‘ljm\é to Yisd AQclatargets.
gh theoretic approach, |ocates all detectable
ot L db% Sysigh @lse: comprisery s latsosishnscepmMuiRRTiP B BI§aTs between the

UAGSTHE édn%ﬁuﬁx@zﬁm L B0K taf 2% G Shdafockib nﬁ‘ohﬁitﬂ)%ttﬁ)th from the root
conputes the diStance to each of thé identif :
downsteek tpazagietoﬁ;er andespindlkisubstres aad faokegsh amd@ amamrtowards
_thesers ﬁ% ééé/t o Qt%r r}%sé(g{s‘%ig{sm\%é% & ?%foc%ﬂ%d%ga C%Fclﬁha%m its sub-
trees;i efltihies Qlo&iltfaﬁﬁlofnﬂft&tﬁmgﬁﬁéﬂfan@ﬁmtm@ 8415 f@nhe tree. The root
par.anet er en into account for calculati
the(‘}pﬁlmwlit%%a“ﬁ éﬂ@& figctipns fek @a%gﬂ%éﬁ%ﬁ ol g Bapk to its sub-
tre%qtﬁlsa&nﬁﬁﬁmfs‘ﬂpgﬁéam @Hd’%ﬁﬁﬁtre‘éﬁcﬁ(% ontasEQl@Qng&éﬁt and flocking
types of weapons carried by each UAV, quantit nd
data\fprecach nedvraradual lympilases the task assigmmanhandtflacking for aIl nodes in the
sanie {re%trgﬁlec? %%l eit Jie%% 0 | s afid Eghs?\teﬁ%%gs 5p%ﬁ1%§e%d 1%I‘ {h% fglo%gp%rg[lp.
nor €” engagene Pire mat ed I on of® eac
UAVTaé ﬂefklﬁg‘lﬂgmﬁthﬂnfeﬁték@o eslgaige I(I@ems or andks converge onto a given
oo St RaeB v IS B B T ot
av&ﬁﬁﬁ@r(bﬁweﬁtmgl SRt NG £0A8 &%d R ol IRl VRN the ents or nodes),
i st on avoi dance. Fi g. depicts t
obﬂacéﬂ: dvaflange dobe¢rB@Viheofgenizorr Umdes awpy lom phiaces) ‘and migration
j.Qn 15 and illustrates the sensor detection
Qﬁﬁggﬂﬁﬁ&ﬁﬁ- Fi gs. 3A-3B present two stages of the
t r e&hé pysienm fipthecessprisehesk mstgnadenisdapbtelibesctohfigakd so that each

U%q{l, asgigza?ﬁtrggg@égrs%g fetﬁoa(cﬁelgge}teéﬁ_ cﬂ%&cjfalbkeuqsg{aéka % 7 t he

illustrates how streans nove stepw se fromthe father
node to its 20 children or vice-versa. Fig. 6
illustrates a bipartite graph show ng di stances of
UAV' s and targets. 3



10

15

20

25

30

Figs. 7A-7D illustrates a sinplified task |ist nodel

t hat expl ains the decision maki ng process and the

deci sion overruling performed by higher |evels of

UAV's in the tree with broader views. 25 DETAILED
WRFSoig3d4ON OF THE | NVENTI ON I n the folRCGIHLHY7/000038
detail ed description of various enbodi nents,

iderftifiesribe attaclntatgets @s tvalid deigetsp aayiphigs dhewistapsetthaach of the
for rt thereof. and. in which are shown,by way of

ingaiied B taigeg id: PRt Aara Lo ian aved it SEerd' systom
'a%ﬁ | Rt A& Bptidatzel SéORdwebiRthe UAV’s t
ljo e%{éﬂg%@g%}ﬂé[ﬁ%ﬁ% nay %gl?u{)i I iZzez'h(gE%%?t ructural ??O st
tbhegeScdayadieargetie Wi t hout departing fromthe scope

of the present invention. W) 20071080584PC .

T/ 1 LBow®/ 0b0bassystem parsmeifes dsac into ¢ #sopple e caleulating an
ob?%v 7 nqtdl()%rt]aé:kglﬂ%% ﬁ.ﬁc}lﬁ&:%&&ﬁ&{t C\H:'cﬁn?l 0 lcfl | Rl %Xet, movement

em concelved using an

vabigP b bhen Usw,tt?gés GEWEAFYHE WharricdOf SidhaUAN) qatkity and type of
communi cation of nultiple UAV's engaging nmultiple _

atamgstien left for eachiA ¥y fituiecstiowted prsitieg ofgeagh agackheget after
routing al gorithmf.or s

h i zati f t. 5
opf §F POk ANEIESEEN Ry Tt HER S pg oot o (BhE8ep gpg gr more
" And EiEERT I o f |
QIR b BribARP RIS attack taradte RONTE LT ORS ©

communi cati on range, coordination of UAV notion is
BRINEDESORIPTHON QR (THE DRAWIN@Sbehavi or al

5 O R L e i s

age while preventing collisions and 10
céfrflig ?a%é)f&c%gé'di nated notion of nultiple UAV' s. The

heur frgs, RatepRAc el d-atuiey OV ef oIy vatlyoradidhoonnection -

- reduces conputational conplexity and is robust ‘to

anchiltustrates teesensordatestiontagitif.get | ocation and t heater
har act ex i Skj cs. ' i he. s o
or o Eies SAcH Bresr tprp.tdesS P SRR wrles: 2fc il st and

fingl #¢h @ 1eaph-t heoretic approach, in which a
nodée@?igg%t es all the 15 detectable targets,

i denFigsi 44-4B\dlustate tho fpsiomeprocess ofitep4iee® t o each :
target. T node then, produces an attagk pl.an e .
on SBigi SlEies AL SRAES dR0Y o SRE e EoR UEAORE e to it
chiflfelAVvRelyirddne sub-tree of a given node to the

attack targets. In anot her aspect of the present

iVn\é geEilgL 6 rilbl;ﬁrdﬂd:? bipattite gtaphuhbwhigliimm refdJ AW ald targets.
ehicl e ' ecision a ontr S m conpri ses, ..
{7 o ckighgT g Hlisaeisa axpmplisd BBkt GIOGEL 0Bk B e decision
LB wh ) . . | .
DB, MIAEEL a0l PG SR 9 ghdierls of UAVsn

theQrde@th BAsade N éw@gonmuni cates with its cl osest
nei ghbors only, and control information conprising

. flocking data propagates_from.n o..node using a
DIEACATI A JOEHGRIPITON CHTE BV ENHIANo! The
fl ocki q I iS.an. i X i f .
o5 8 YRS g RSt A AR gl e s
JD§Q@QOQﬁyfﬁgﬂﬁba%ﬁhgQﬂw@mgﬁdﬁmiﬂnﬁh&]gtaﬂhx&ﬁ;hkdinxﬂﬁchzﬂe
calculates its desired velocity as follows: 4 .
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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1: i = Cohesion; commands the UAV to converge onto

the center of the flock, conmputed by each UAV from

the data communicated to it by the other UAV s.
WEHBT 0¥ e desired cohesion vel 00| ty for k LTWL@OW“OOO?’S

cohedf 8?‘3&‘8? {1’&7 1%8%%%' it eCt e etPé‘r ﬁiﬂ@%lﬁ%& wRltipde UAV
_d_e’f:itsfon and GWI&BF s&étéi’ﬁn&flﬁélvkﬁ %Sgié:bhddl 1t1’1ﬁf;? ta{ggr#hl ent,

ref Ris a reference distance, usuall
cnwdlmjmnmyll coathosteibdn @ﬁmuhlmeAr\é’p reagagihg noiltiple targets in an

e g R P RO 8 SOy O AlekrigR fn SyBComztion of targe
R Bl iR v d diFy BUIRSRC Lo RaRln RilEoey.
of UAV sonditiohe Ctﬁhohﬁﬂe@y d&mmunicatiorN haaaetith L andC Limited

may be time dependant, it is nore likely that it
CORBUILRI¢Rbi 0D TS, er@o@n@t@fyeofdéAN mptan ihachietedihyinplementing a

sfiigle hafiion] BheateaTegRundhlaRe s EF inotod for saget 5% Routing
Phid aagaﬁﬂﬁn aERl*ee@se&a%m’e %ﬂ(éyte% J60Last %Mlll‘é%@énﬁt% E8iBsions and

“mean vel ocity vector of e group
endbdingf arcediatted ngubton @fsn'eldaplet HA\UA\/The tlmuhbtywremcﬂve nature of

the ﬂocking algorithm reduces computational complexity and is robust to initial

uncertainties in target location and theater characteristics.

In one embodiment of the present invention, the task assignmeﬁt (TA)
algorithm is based on a graph-theoretic approach, in which a node locates all the
detectable targets, identifies them and computes its distance to each target. The
node then produces an attack plan based on system parameters that optimizes the
distances of the UAV’s in the sub-trec of a given node to the attack targets.

In another aspect of the present invention, a hierarchical multiple Unmanned
Aerial Vehicle (UAV) decision and control system comprises 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 iree management or hierarchical protocol.

The ﬂocking algotithm in use is an implementation of Reynolds' behavioral
algorithm. Let : U G denote some UAV constituting a node in the graph G. U

calculates its desired velocity as follows:

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

the algorithm law index, defined by the folowing flocking rules:
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paral l el to each other. We denote the desired

al ignnent velocity for Uk by v2k , and 20 let r2ik be
the alignment weight for Uk rel ative to 111, so that

WD 2007/ 080584PC T/1L2007/ 000038 (4

WO WPTAHF8 to rl, r2 may be const ant tine- dem%mmoooss

or a funct n of the rel.at tance bet ween Uk and
oRsigh bRrlEE e SN RCE bt PRE: oy grtet of the
t ha fcbﬁ\g)h 4 jffé'aﬁlg [‘N&Vh filof tﬁ@%ﬁﬁ%mﬁmﬁﬁicﬁwaofos it B the other

calculates its desired collision
VAV <l e elenetedbé tysiregadohesioh atelocitytfor k@ bytihkery UM By k x the

according t e _formul a where r3 is the
pegitiopdiegter a%lsiﬂ ahBecopsonslemity W}A BB i%é ithgyefore written as
collisi on W|th LIJ, and xi and x k are the position

vect ors ‘U xwan(jt A., respectively. The 10 wei ght
funct!*'lo’ﬁ er ely to be dependant upon the
relative'di'starf&g between U k and U, equaling 1 for

the cl osest neighbor to UAV k and O for all other

UAV

accel bt o enoles i Byt bl el Bk 3 Fockifhibe distance,

ufufeliykrelaved g:ﬂﬂlelﬂikmnfmlk Bhyload ptechibniaige, tépréiehﬁn@ﬂﬂa effective
ArLd ei3 are the current and desired velocity of
area of the UAV payload, and

Where r#* is the cohesion rule weight for Us relati_\fe to U;, given by

*’& =g{t,x J")

n denotes the number of nodes of some sub-tree G' € G, and not necessarily

the total number of UAV’s, to be denoted by N.

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
betweén the UAV’s decreases, or remain constant.

1= 2: Alignment; matches the UAV's velocity vector to the mean velocity
vector of the group. Alignment therefore attempts to sicer the UAV’s to fly in
parallel to each other. We denote the desired alignment velocity for Uy by v, and
let r5* be the alignment weight for Uy, relative to U, so that
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15

respectively, and flk mac is the maxi mal |oad factor

of Uk . The termv k x "Ad in Eq. (8) yields a vector
per pendi cul ar to the plane defrmed by the velocity
vectors vk and ' Ad. This perpendicul ar vector is._then
WP B8O ti pl i ed again by vk to define the PCTAL2007/000038
direction, perpendicular to 'A in,which the UAV wi ||

accelerate in order to reach WO pEad
2007/ 080584PCT/ | L2007/ OOOO§8 t&he fe red velocity vkd
The quotient defines a WpftVye€tor—m the desired

maneuver direction, and then nulti X'i.&d by the UAV'
maxi mal | oad factor to give the ma Hiver magni t ude.
This acceleration is intéﬂ&ated into'velocity and
position using the kinematic nodel:  Vk[t( At] =
[t(i)]-1- ak ft( [f( ) & =k-I- Vk Fig. 1 .
illustrates a fl ocking sceﬂhFﬁg3,kﬁn¥§nenting
cohesion, alignment and collision avoi dance.

i v ovingfbl o F08E of sl SbRSRaBiRR)BCk ypflion of the
rdl&t@adistandy b@giceh ¥, @808, My be either still or in
novenent. 10 A pre#‘erreé first sensor is a G ound

Movi ivg 3T&ladlition avdidanae; rds@idrs Yhe UalV dmie collidinghivith dts nearest
rmvemsn,ﬁ,.% The second.sensor is .used ‘
.f

.0t ]
neighbprss 1@ dhajiange &k calqydates s ée%lfﬁdgfaﬂlﬁg%'raggﬁﬁ%%e velocity, v3* ,
' . The El ect
relBHAE e BHRH DAV s RoGafle B IRERRL S, 1€ Cheor to

track the target and guide the mssiles. The
detecti on raghi ss of L GMIl is larger than the

det ect&i op I jﬁus{%t %ﬁg%sengor. 15 Fig. 2 depicts
the fiet fiw'df-vew Fov—of,t WAV s with a radio
connecti on and il(;g,e”lrat es the sensor detection

radi us. Accof ?ng to anot her aspect of the
present invention, a wreless ad-hoc communi cations -

et hglere S, & BCheSRUidic acamnat &M wricesMEENvoiding collision
mul tiple UAV's organi zed in a hierarchical decision

withdé; sendiatand, X i re thepostor yagprssehl jtand Kt epesprotively. The
of - L) .cO ni cat i attack target,list,.and flockin

wERL FIREPE A o M GRS erepdnt Mot Faaie Snange beften U

arfl 087, GREIES: 1 Tof BR QURst hE8RLANE TAYTLGREMD RRUS other UAVs.
upstreamtowards the root; (1i) gathering by the

Theodsined deldcity K 1 pisdiageiatedt intrabctletatlanngyimatha following kinematic
25cal cul ated by its sub-trees, cal cul ati ng gl obal

equgHeRi ons, task assignment and flocking data for the
tree; and (iii) distributing by the root node said

gl obal .f unctliefisc v ®gk*assi : d flocking data )
back ﬂg{ﬂw{( viy gg-,ﬁfzmﬁ )$~1,- (8)

ERNoE
v il

where v* e and V%, ejs are the current and desired velocity of U« ,
respectively, and n ., is the maximal load factor of U} . 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 v« to define the

direction, perpendicular to v*, in which the UAV will accelerate in order to reach

7
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WD 2007/ 080584PCT/ 1 L2007/ 000038 The netri cal
routing algorithm (MRA) is one inplenentation of an
ad- hoc communi cation protocol between the UAV's for

communi cating target list and flocking infor
PHEVMSr ot ocol is a hybrid ad-hoc pr ot ocol® %"?‘W [000038

el SRl 1 L RO R o ik S8t iR Bl mancuver
dR¥GIdRE BghdO thdrh endfBplied Wyoa) AT ARl 13 Tadtb€ to gwe the
mapping is a worthy invéstnent, as the MBA i s capable

Irmhemdinlaggtmim cBlgsfambelyraaou@ﬂmmBgnqted riafd iveldeiidand position

u.nd gE nod denS|ty and fast node novenent. The
%ﬁ g1 Lnodes in rooted trees in order to

f| nd short sessi on paths fn%‘[Ween nodes on the tree.

The ak @t(z)mﬁﬁ}ﬂt: t&)]-eaf{{inkde the 10 nunber of

_ trees usi n arate agjacent trees into a single(%)
tree. Y%f(lﬁ))ﬁg‘lz‘% a%)[f(@)}}bﬁgjft(b dftree is not in the

transm ssion range of any node in the other trees,

the trees will function autononously. As soon as a

r adi Bige driflugtraten aiflpckingcararise implameniine rodesion, glignment and
IF.'le.es wild be fused into a single tree. Al nodes run

COHROBANRIBPEocol i npl ementing the MRA. As nodes

ener Bory APAY SaRROHedaRHh BRY Syped dTTseRibrs.0A ﬂ@ﬂ&%s&f is used to
ot her- nodes there’is need to update the trees.

sqamhmcyldea’sfy aitacknacatsgéﬁaclhwg@s i tbegithief ylill e stemovement

ACRRREER B G20 Uil Mot e (B0 o s
% @[efﬂlgvéillgérﬁ] THQ%@&nHrs%ﬁ%r iOnkdd PSS Ed%ﬁ 10§ ARG L:Pcets and

sane tree can create sessions anong ensel ves.

tol guide hissile2OlanAstiodnagatos rivese] attacy ta@ets ﬁ@ﬂd@lewﬂrd} |Optical (EO)
to organi ze thenmselves in a single tree. Every node

squfor isca prederec second sengfeo eask- the tgrgphandyguidg the phstilss. The 7
d#g{;rpogggﬁ,&lgaog'e n%ﬁiflhdlrgﬁg zgrtgg &aﬁgfﬁé gg'lef:ﬁ&? Egdl{?fbf thet E@t Sensor.

%QW@ theERgk oL vie® (FOVYentvd I[EQV%Ywﬁh of fallfo O@filction and
ich’is the ID of the root node. Nodes periodically

ilustratep thecsensor deteation radilis.o nessages. Every node t hat
25 receli bea on che eth r-.the node t
22 iLSEYER B RREEAN (ShSF KT MALSHy BSNE 4 Mifiless ad-hoc

_ cd?ﬂﬁﬁﬁlcgﬁbﬁ‘ﬁleﬁibcﬁ ksf 81@616§Ed fd’r%%ﬁmmﬁﬂi@éhﬂ%]bémbﬁ rultiple UAV's

fusion process that fuses the separate trees into a
orgamiged it p dderarchicdl decisionitee strictntentbatmethod hemprisingribe steps
[ nvention, wreless ad-hoc comrunicati on neans use
'he Metrical Routing Al gorithmconfigured to:

B

bel ong t ¢hé heotsddendtieam wavardy ottice modss imtise aubBirges and from

t hensel ves; all nodes try to organlzed t henmsel ves in
a single egqa]@@ede upstream towards the roof;

(ii) 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

(iii)  distributing by the root node said global functions, task assignment
and flocking data back to its sub-trees.
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every node in the field has a unique node ID and

virtual coordi nates can 5change dependi ng on the
changes in the tree structure; every tree is

identified by the tree nanme which is the ID of th
WOHP74884; nodes periodically send beacons %QQH%WWMWNBS

peacant BissiArolfne Y AFRERTMRETF f PRt in ot an ac-

hot coRinthirR@RGA HrefFBE béfveh 3hd eV Refop fé@hﬂ:&lﬂz@atﬁlg tar Oget list
different tree then a fusion 10process is initiate :

ahé flleskingtihfprimation.r Bes MitA qrdiony i @ ybiridsadhop pmtomilm the
[ to f th t t \ | t
38 B 7 i DR S o o
cQﬁﬁRﬁﬁé&'ﬁﬁé nodes. The sﬂnaETB%rﬁéé?lt %?Oﬂhe %ﬁﬂ)\ BRJI%CO‘? WSA 1o
s vent

active sesSsions to brea

mfadstainthe mappingyis anvertighmvgement as:tlje MIRA isr @pablel dflhandlmg
nodes 15 wthin transm ssion _range nust fuse into_ a

sugegeptally pelemanding traffignload ipder # bigh aede 6@1&&@ angs gt node

i3l e SHeBig AR o BB dRE 4Bendetto find shor
séksmﬁlﬁﬂﬁmééﬂ NG WnCkh 8Bk N HePal EHGthRL BIRShp ©fio BRIz the

that ‘'mgrate fromone tree to another in every step
nyupbed off treespr fising sépasito m)ijac@nistreﬁﬁ gntor osogld tree Amlltmg as

di stributed, with ng g{}t hot.t | enecks narreéfr ﬁ1 th
A PPOR IR QR fIGR 15 QoM %‘i‘%“%‘s%?n S0t 41y podg jry the other
8NN BREE Wil fificifors ARANBBYE e%sogooﬁ' #Ca Jradlg"&frﬁ’lectlon is

node 1 n the tree can autonono y mgrate to

cneeﬂeglbbtweengwbrmdes ahatrdeewdl bd fu‘sbdamﬁodan@estree on in
the tree. The mgrating noij ets new coordi nates .in

its wosl%@na@eoﬁaquwo smepips the MEA.pos nedememerge,
dir's:%%ﬁ%%xralcéllé&/ rrllot%%ﬂ &t (ﬂﬁdo% ﬂ&hgéf af 8ﬁ19I" 58&%3? Pferk i€ Beld tdaupdate the

trees. A primary task of the algorithm is to identify these changes and adapt the tree
structure to the new state.

The MRA algorithm organizes the nodes in the field in rooted trees. Only
nodes that belimg to the same tree can create sessions among themselves. To ensure
maximal connectivity, 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 mv-irrmal 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 Metric;al Routing Algorithm configured to:

organize all nodes in the field as rooted trees;
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may carry along its neighboring nodes (since it
bel ongs now to a bigger tree). In the macro view, the
m gration of the single nodes |ooks |ike a fusion of

snal ler trees into |arger ones. Fig. 3 pres _
WOAKU808¢ the free fusion process: The ini tfpgi"rﬁ%%oﬁﬁuoooss

Showinaphe e PRGet Y SR Stk P Getenigions amone
novemémsglvgg}curred during this process). The two

separate VO 2007/ 080584PCT/ | L2007/ 000038 trees in
Fi g. alBhedesdriniotorpusieedthemsslyes e singledrasy two nodes

VT“htehé{]?g%% Bribats il Tang bute B0 g0 4T aiThal faprdigates can
f Eﬁ’an% \ﬁ@}ﬁbnﬁfxgoﬁfh%%hﬁﬂéés 1H|t§e pedguchiret he smal | er
r ee |oO i as de

er free pi cted by Figs. 4A

and édety sleovd 1ﬂ&1ﬁﬁ\ﬂi befirrtedematmeswhichis GiedD dffthi obotamde;
toa single tree in Fig. 4B. Thelgglemsntatlon of
t he Rodss merﬂgdv&auy PRy g@iqnﬁh%er}’ Sode 4 T8FETV oA bpagon checks

str ucg‘%‘li}I u%? E%OL annﬁb?n Elﬁ%ﬁg H‘PAI I&ﬁféré&'{?ee and

aut OW S It necessar comuhi cat e

Wi t hlf%iaelseabéxe esmeF ol 8hode Gblopp t6 AndibiRiiatieathen a fusion
will initiate a merge process that will ultinmately

r esuprocess i 1m¢1a@ﬂénettwe@n theotpre trees pgsordipgdo a fusion protocol in
"sub-tree' " and."nodes" used hereln shoul d

not ‘Bréleﬁ"m@ﬁ)ﬁ]@ag& trges dgtoa %&:OHQI ng to a tree

Struphdiif; Hﬁbﬂ:@ﬁéhouﬁ?ﬁaﬁﬁfy ﬂﬂ%%llé‘%ﬁ@ﬁr@ﬁerﬁ@&onpasses

any hierarc structures, a tree structure being
one 1.npl éﬁmniratucohslmuﬂzdsnmmdsmaxrtwefsessmﬂsltué;lrtr&h;| on
a matrix structure coul

ly. F ily b
used- ngiﬁ%myéaﬁu@ngmdemw SHnERE Tl gy with nodes
hb
wHRE E GO RIUPLARL S thidh JibdiefheBoCeL e gAPOrS

head_:, ng aAWHely GO Gicky afdf béihg fesud] isf lpdites SHoald o to the
i nformation including the tlocking data_ propagates

n¢de@mfmﬁn@1brm@§ém@rm§ofﬂ@nw@@rﬁﬁ AeERS¥ent prot ocol .

fendbr s (i LA bR s AF plalba b AR o Rhjete from

orld 1988 ot dhoBie irt é@&?ste?a(&gdrlklﬂlggl patHlebalsiondy | abl es and

di stribute the gl oba es back to its
sub-4.r ees'[hemtoctolsmlfnﬂy idisériblated vath enemntesk bettlonpackshsamely it

stre m)wngfromthetree | eaves
lsﬁ‘aﬁ?g &82‘%"‘# Bgﬁ Foot and downstream noving
dat antd . Lh&yIRRk fo@ﬁ@ % ame 188%€Size TN ERhY 90S in the tree

nove stepw se"from't er node to its children or
cati agton@neusly migrate to a neighboring tree regardless of the node position in

mi-‘b:r

the tree. The migrating node gets new coordinates in its new tree according to the
pode’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 irees shown in Fig. 3B (assuming

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

10
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25 as shown in Fig. 5. Every sub-tree root (node St
in Fig. 5) gets the following values fromits

children (nodes St-1, St-2 ... St-nin Fig. 5): W - ,
the weight of St-i, which is the nunber of ng
_ Wﬁ?’?ﬁ@%éub-tree St-i; and x, - the average Pfgrgli‘{‘?%/ﬁow’s

‘ . OFee OF -tr.e oy it - . .
(86 3R 8 0 isSsbnal AL 00k Bhas Rl Bnmision
rmtiﬁferédmbqﬁ@me%eew Il send to its father is

t herefore given by WO 2007/ 080584PCT/1L2007/ 000038

The Therfusion @rpeass @f Swoelredsnistpagallel, thak is; eibenpicgiven time step
T oot, cal.cul at i.ts .own,fl.ocking vel ocit i.ch
el e 8 i dketis EBET ty IReget Bt ' Gidle gV HiES. 44 and
4BOIIIhg %V%Ssegara%) {IneRiB. 4 jdiRed FPR ke @reefin!mg.t 4B. The
then a new root wll be declared. The new root w |
implemengdtimnovfeihet fhackings ksd dfA algeritions iy baded on the tree structure.

Accordi ng to anothey aspect of the present_ invention, )
Exeryi ditef cims afthess algoreumm,aueppmpuilyas dbnejumol necessarily

o - t - - - - i_ .
cBYBAFE R B’ 434, PSHRTEN: 160 Thlbtl GRgH GIE o o
nithrbe pRcestthl willbdltietely fsaltlis a sirtigtred.i s said attack

target; conputes the distance to each of said attack
t ar g&he fermad'tree’, Jrdutree’s "enotaanchinedgs has usedtierein should not be

a8 ity SAOABEE o ISHE G it RuRe e svention
chéRSsRkes AMYCRibIaPChicdl REnbRSEs, APl IRARRre ﬁ:@ﬁ? (ﬁiegi%ﬂlgﬂﬁ@htaﬁon :

reli'es on the arrangement of the-UAV's in frees an
presenthé hieret for dibwstation anlyo i oc &padople, timegriasbmgutdeould easily be

UAV' s u ing ad-hoc rautjng. Every 15 HAY is
u 18??6?1%8@, “ﬁ%?‘}’%ﬁ‘%eﬁﬁ%’?‘wﬁﬁﬂ%s deci si ons and
behaﬂa&pu%ﬁg g&%ﬁgeg%& ) eloges gle%hb&% &gga&&fs- ynable t0 get

However, cones I a tr Create

- abylobhie vidRA, off theupgadidgsand svebsiiigviobrthanehtaet Boels The control

.nmenber of a group.. . The problemto be solved is
inferpitanqgclading e diogking|datr propagateetromrnads o ngda yaingdhe tree

mﬁﬁ%ﬂ%&%\g@&&” our case) attacking noving targets 20

., Tni} (vehicles in our scenario). A

di stThdHEESrshréldriied By tHEIMRYE QIR0 @éndRrSPRGba! as the node
setting where the conmuni cati on anong Ul

B
thetiean gathoudatbyirom iadubdicenccalotlkte glebal yasiablepend distribute the

el Venignarek b et Brro e aot e Rla SiHmsnaist in the MRA
poBERI AR Sfkant Ind¥ink Font ﬁf@%ﬁé FAVEOHr sk ERS0laRs the root; and

comunication |1 nkS anong ., UN are constantly
domastgiany mokhing dain fimne thesronbtoyrmd athedeaviehat a gi ven

o0 v 0B e BSSAT Aot S v,
as shown in Fig. 5. Every sub-tree root (node St in Fig. 5) gets the following values
from its children (nodes S¢-1, St-2 ... St-n in Fig. 5): W; —the Weight of §t-, Which
is the number of nodes forming sub-tree S7-i; and x; — the average position vector of
sub-tree St-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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At any stage new information regarding (a) new
targets, (b) changes in the location of known targets
and (c) new U 's that are closer to a given target
can pop-up It is desired not to fix a targetin
Wﬂ?ﬁﬁg‘{spﬁé assign targets to each 1J1) in 5%{8"\%%?1%0 /000038
but rather adopt the reactive setting wherein at any
time step only a portion owgﬁ ets are assigned
to some subset G'c G eﬁf al gorithns
where all the data (Ioc ,UN and T1
., T,") is collected and en bro Wed rmyfall to
obt ai n good sol utions due to di pt'ed communi cati on
and | ong conmuni-cation del ays. 16The noti on of an

opt THB berati9h l]b"rb%'gs 'té%inﬁﬁﬁt@s Ahé & dode ! TR ﬁ{)o? chlculates its own

nbi guous, as a easl bl e sol uti ons may

~ﬂoolmlg wplceitgowhibh is lalsoghe Hbekihgivelootts éonvtht ines, addeéommunicates

denote a distance netric, between sone U. eG and T1

- itedomynstrepims & thetront pads I ksl ihgsna npwsiapt il berdaglared. The new

r@t%ﬂ‘éﬁéﬂ Qfgérﬁaﬁ&egf%&% nce neasures can be

consli ere Ing rrommnim zi ng t he

maxi Ab@brdingt teneetheetaspan oPthd$resdil inveditibn, a AfFibdhiddl multiple
that all targets are attacked by the UAVs (each DAY

753 aibsﬂsrgme@nd goni:rcd| fysione pemprisegetadk amignment| capabilities wherein
o8 5 S B, RO B B BBbf Bk gt
308 081 B bk S st
pf@dAcad2an Aftack plan that optimizes the distances between said UAV’s to said
attack targets.

In one embodiment of the present invention, the task assignment (TA)
algorithm relies on th,e‘ arrangement of the UAV’s in frees and on the
intercommunication capabilities among the UAV’s using éd—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 free created
by the MRA, it upgrades its behavior and acts asa member of a group.

The problemvto be solved is computing a targeting plan for a set of
moving agents G ={U; ,Us,...,Ux} (UAV’s in our case) attacking moving targets
A ={T; ,Tz,...,Tm} (vehicles in our scenario). A distributed solution is

implemented over a special setting where - the communication among Uy

,Uy,...,Un 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 Uy

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

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

12



In certain scenarios, one nmay choose to attack only a
subset of all targets, Me A. In this case Egs. (11)

and (12) should be nodified into GA: ci; ' sr-- mn
max GJEAt and WO 2007/080584 GA ieGIE
WECPPT89FA 7/ 000038 d(14) respectively. RETHR2&/p000ss

Fe N PR oY e BRtHR ST DR (AR (uiEetsp (5L ghages in
sol LA S takEets pld (g 1% Bt iBhtofer 9. given
, U2 targd catlBopup3 , U4 -> T4 } with cl*i =10, d2 = 29
; the optimal solution in the sense of Eq. (12) is
e It is desired not to fix a targeting plan (i.e., assign targets to each Uj) in
5 advance, but rather adopt the reactive setting wherein at any time step only a
portion of the targets are assigned {o some subset G 'eG.
o Centralized algorithms where all the data (location of Uy ,Us,...,Uy and Ty
,Tz,.‘..,Tm‘) is colleéted and then processed may‘fail to obtain good solutions
due to disrupted communication and long communication delays.
10 The notion of an “optimal” solution in this setting is therefore ambiguous, as
a few feasible solutions may be contemplated. To illustrate this observation, let d;
denote a distance metric between some U; €G and T; € A . Different bipartite
graphs resultiilg from minimizatioﬁ of distinct performance measures can be
considered: '
15 1. - GA, resuliing from mmjxmzmg the maximum distance between U; €G and
. T} € A, assuming that all targets are attabked by the UAVs (each UAV is
assigned to a different target),

& * -
G4, 1 d; =min max 4, (11)
G, j=d

_ 2. GA,, resulting from minimizing the sum of distances between U; €G and T;
20 € A, assuming again that all targets are attacked by the UAVs (each UAV is

assigned to a different target),

# .
Gdy:dy= 3, dy (12)
isld, fe z!
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

7 LI ol P g
N GA', : d] mf‘%tefg | (13)

and
13
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GA2 ={1Ji -->11i =1,...,4} , with dl1 =12, d*2 = 27 ;
and the optimal solution in the sense of Eq. (13) is
G4 ={111 -*T1 ,U2 ->T3 ,U3 -> T4 }, with d * =9, d2
=16 . In the last case, targeting T2 can be

WOHBTHIIBAd at the next stage/step where 10 godEEpoy000038
there will be new di stance netrics to choose from

In ong. ghbogl trent IE tHe present invention, )
opti m zat4 on®of t héwdjs¥dnces between said UAV's to (14)
said attack targ8Fs®is done by minimizing the sum of

di st s said UAV' s to said attack targets. The
TA c%%é%ﬁ‘wl%&'es rely on the arrangenment of the UAV' s

i n teessidandoos Iihel PipRFROTAPN SBRIL®, showi ist
capabiliti esoarmérllﬁg}ﬁ‘?’heeu% S using ad- hggc rsogﬁnﬁggme distance
mEtrigsybetigen Hualliovie Bub, ,Pe o em tagets (DrdmiisT,). The optimal
egi si,ons and behavi ng .according to e anges in
S(ﬁ%oq He fcetensqgnedek ! vk dia=Udv btz 351@?@15 ABdeTanUa = T4 )
Lk ep C ed by, .the,.1V . t.upgrades Jd-ts havi or
it ST ko Sugph i B R Rk Rent o
the present invention task assignment capabilities

are Sdacdb iyl telso.4hawithehefl 2ndte= OF ; iand she opi@mg@bsolution
GRS O TP GEA 1 FGHs s dorptioet I 30 Bi@rbs =fods =16
S b i 1B ACO B Vgt e
poiity thezoRisll by @b w dstid iteRits o BRédsk fidntlr aph
13,[t(i)] representing the distances between each Ui
and 11 onceembedinment ©f ég% Pbesenke dvendors ddpiimixation of the distances
between said UAV’s to said attack targets is done by minimizing the suﬁl of
distances of éa.id UAV’s to said attack targets. ~
The TA capabilities rely on the arrangement of the UAV’s in trees and on the
intercommunication capabilities among the UAV’s using ad-hoc routing, Every
UAV 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



WO 2007/ 080584PCT/ 1 L2007/ 000038 t hree events that
lead to the creation of a new bipartite graph
B'[t(i)] include: (a) a new Bu[t(i+1)], is received

fromone of v's children; (b) a new, 13F {t(i+D] is
WQETARH4 rom v' s fat her and (c) there is a"g‘{%%%"é”““““s

' the 5 tack t t { t.t ack

It gr ge:e i sﬂgg‘?%‘é@é%ﬁ%f l%eﬁl fzﬁ t&eaff‘?aé]é’i? qatzar B%‘F%P%aﬁalbeggar s
d IR hRse ,

%;/[ It ?| +i§ a(‘i‘g‘,llllEBJIV’C[J[(gi)]]ut ed bga)rrgr gi nge'}lfgm)ﬁ 15 qi;i or

BF, [t (i +1f11)1mronb mﬁtvis hidren;+(H)] » new, BF‘,[t(ﬁ-l)] is the

node v co uIe ni ym wei d natc ing 10M 0+111
of Bv[t (i f,}]ve Oﬁﬁlr%%Q g@b °pt &t ¢ e g Hi%i zes

the sum Oéttafék%%%% s%LOB);Wa% ;ﬁ%[\é %l:idc t%t%%t ﬁﬁ%te&éfe of

v to their att N a node

VvV receiveesr an dﬂtmakkah@et M’rsabpéars“ &l isfdegtoyéd In
father, it checks to see if I s assigned a new

attact 15eaghgedt these exis,g n@%%ﬂﬂ)]ht%c@npmtedtbg .
t tack 1 apitnd Bl Bl R Rl T AL B AT T
sent to all the children of the current node.

Wien a t athg@bdé ¥ cdeplutedyedlitmuei Faipheal fatching™ | | be
renoved from each 1 0, 20 since these are .

~ propagat eMyktit{)]ws By Hé+Hmbiaisisg an attack Pfﬂhéhat
| tat f.the t
2! v o et A P ARG BE R F B PR3 LS

graph 13, &ée@ﬁﬂt&tﬁ&rﬁ&ﬁé@iﬁr@!@ph MIt (1+1)] . This
data structure is the Target List (TL). A sinplified

TL nodel is depicted by Fxg. 7. yThis nodel ignores
the parallelismiftie TLALow*bgtween the UAV's. |t
i, je B [t(i+1)]

|
when a node 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 recommended attack target; and

the attack plan Mg [t(i+1)] is sent to all the children of the current
node. ‘
 Whena target is destroyed or disappears, it will be removed from each B,(9),
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, (7+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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25 denonstrates the deci sion-nmaking process and the
deci sion overruling perfornmed by higher |evels of
UAV's in the tree with broader views. WO
2007/ 080584PCT/ | L2007/ 000038 Fig. 7A pr
WWOTARI*al phase where W4 and Us have det ech

t 71 nd

ot ahig A pEe e ifl el WhEREE, A8 U e Rhootpd tereet 71
Dianll TUhARIBREY T Shial U, Aelcdtedet; .MHvREy U)?V%’a?cﬁ’dab loBe or more
targets in its TL and Wi [l comence a pursuit. The

tagets _@vﬁl asteromalsiy stled aitargei fonrthe |p@ssxhlattang¢tsandtsLEL and will

Biagor S iraih Tos St plaroddiicter o B S 5 thet Gagnd Us ave in
d f

s Sl RS SR, B8 LY Bl 1 i rocs

o6l [ﬂ@Véc | Eo) md&pbndﬁne of atthareUAN tabiivitieheThianig ethefmitiae phase,
AV mssHes | aunch di stance (i within the FOV of

Hh Bgato aTe detpeioyt IAthesEbF L deloctor bunae Botript ayithin the

”f“%[ o i P i ich TR iRl LR G 365 PR, b HO payioaa).
Eﬁréﬁyh@!'-\\ﬂ Bbr&shd TUr edmpliking B taRdisnovaP S the UANEnd indications

| eaves I n the tree, send their toward node 1, which
of ¢he egefitater E@etﬁ'alﬂhéfr themisendseity $Ldn itsafether b;zd whildren. Uy, Us

ot iy Senstifyng: 1si¥escih o e Rad Mp Y oSl e I onich is the
S8 ihihef. AtiE Hecigind tBkéHjE qsrt atrfRab tbt[g'\%'llcﬂ igopd  the UAV

its attack on Ti. W5 w | for an ternati ve
aﬁmkgg Twi W homittinans ﬂmﬁackl Whﬂdﬂ &/s Teeditat the samiet T froixt s father,
Wi | | agearch for a newtarﬂet t hat

aqeﬁ gﬁfis Qﬁg,ﬂ@é 1tr shoulgtagort7tszatipckeihd s &s ill Jgpk dpr am alternative

S ke R GoffRP L AL Bt o P BRLHOAST Fe will sarch fora

néy BarbéteBatmidtt endipde. at tack T sub-tree F will attack
T2 . The decisions of Ul are sent to its father node

0 ari'aigp ﬂB DIgsQis mcai@nﬁomiiswﬂﬁql:am pad @@@lyzm-‘aﬂ@sTIpa aed decided

f
Dt e ) PR Sndlsitil e bbEg: 77 sk B i B ol 7 ana
subbiréd FeRin ﬂ_ttﬂﬁ;kdﬁzc' FheBecigibAs @mdﬁé Qehttol ftsSfafter nbA€ 0 and its

deci si on of i's that sub-tree C will assune the
c}nklsqzmnﬁssimu[artpyoms tkes placT ih (hevithdrepasts iof thectseeA wi | |

aba ttack.. These decisions.w]l. be ) .

i otniig 46 e ok, séeﬁultaﬁ?atg degigiog o ifs ghyildren. The
dé&%&%ﬁ#@ SHHCEAGH P Rs ITEThERUESop o Ul AIRAbIER, C VBl gssume
thprregsunisihikitystd athelod, Whekite thletreod widlcatsindos mr attackd These

to.the attackln UAV' s and U6 stopped its, attack on
depisiqns Wil by dissabutad by qvery a%brﬁwowqﬁés its §hildesa upil they reach

I f gnges in
oof RV TEREL P oy U2 SO HEFBRRARAAELPE20
30! rrigdvipt '&Jr@ﬂ%ntsoa bit@atidatwhete 38 +ddt dgcibidas baivaikditonbe attacking
bet ween UAVs and potential targets, the TL is used to

UAN3n ené Usdteppeddifeaitick i swhile Iy dentingsdts aftackeThe upsiream
%OAJ Vs tr%];m ﬁowWE 1219’%% 91(839 ai%é"cl:t)ectil-{)l Lﬁggg%/s %cl) %93{31'66 structure or by

appearance of new targets.
In addition to the data describing the relations between UAVs and potential

(gl' 2007/000038

targets, the TL is used to transfer data regarding missiles that are in the course of an

16



10

15

20

25

30

i nterception process. The distribution of this data

is essential to mnimze the probability that a UAV

| aunches its last mssile towards a target and

declares itself as an enpty UAV. A second UAV wi || 00038
WOBHISPSE this situation as a "pernission” to Y 4aHeH

: I 1SSl ) e -he The nge of. .
SRPIy TP T SSRBAPE droBe e B SSANAN AF sBbimize e
Ny Y 4 U [AKBREY 101a8t RSMIOKGSANIS altBrdeld Bnd ABBlares itself

target until it gets a nessage that the nissile

a$ anleapty &4V Atdesond el will interprehthéhsitustioodisrrefnermission” to
t he, present .inyenti.on, co i cation betwe the . .
lqyRGh SR L SHSHIE (heciagr fredt dfie ROk Th date fapgdine flying
ndiSsifed %ﬁlbﬁﬂe%nt%ék@@éﬂcpﬂ%\@%ﬁﬁ 1R Q%Wﬁﬁ/ssaig'tﬂsthe same
the group, or a UAV nobves out of co ni cati on

targetgmitil itgpetsa messagpitica tthomisyit faitedtto duit the target.

dest r oyed. I'n ope enbodi nent of the present

i nveht PB& embodinasntr ehtheapresentt inpertiagapouBRiCHom Retween the

reletlgo] \ | SQS. [ )t r . :
RO R SRl 8% o dydobic, Bl B e HeRE Cpjsruptions
obdr SEIRCH ne@eURCS jainsl tad bawls, bt BRIAVCHRbYeS alit 8f ba@skaunication
targets; (ii) -flocking nmeans based on a behavi oral

ranges hasta eonzmypichti spetion eraib destrqysei t hm control s

“th | oci t d- i f the UAV dis. .
con It abedithent BolR Tukieod et e d8atdhiea auvitile UAV
: dédiﬁ§§§ﬁd'egﬁmgg§@npmlﬂ$ﬁs%@p control 20 information

conprising floCking data propagates from node to node
usi n@ atwoeer moragenmesdt AV dispatchéd aintgro b,
(iii) wre]ess ad-hoc, communi cati ons ans bef ween

the UAVeBVEQNmEHY Byerder dp scalithu APicat pRg a8PEl G-ar get
list 25 cﬁﬁg?lfeitﬁﬁfégﬁg?thm ormati on both fromthe root

downst ream t owar er nodes in the.sub-trees and
f r onfii¢ a¢lockingememsst basadnoh avbetdsicrdlchaupistic aldieitkiaot
node gathers task assignment and fl ocki ng data

cal cul at@wraiy spidsalgprithip sestrols dhe yelaeiy agd disafing

functionsg, ,ta Si n ocki 30da or

t he t_re@,% tth%eﬁ}?&ovg,tss %g@gﬁd?%%ﬁgqg% esé ggalqd‘c"e{:}:{ii‘ogglX
fUﬂCtl ORsmpidSat@SwitH H¥RINbse ki HBEE&%}E!Q gad aoﬁt@t% to
its WD 2007/ 080584PCT/ | L2007/ 000038 sub-t rees; in

condi t i ifermafeore coorpmsitige dlockingb dataepropapaeAvon | s
const ant | i srupted due,to dynam c changes i,n the
Coer o nide b Al Bl g sf MR bRl DGR Red ne
data i rrgfcgg@(;;;the overall efficiency of the SUAV's in
ee; .

the tr 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 its sub-trees,
calculates global functions, task assignment and flocking
data for the tree; the root node disiributes said global
functions, task assignment and flocking data back to its

17



(9]

(iv) task assignnent capabilities configured so that
each UAV, using a graph-theoretic approach, |ocates
all detectable attack targets; identifies said attack

targets; conputes the distance to each of saj Kk

- WO EI8B4and produces an 10 attack plan ba}e(g“ﬁ‘%&’%omf’s
system papanet er.s, aid at I
optim ze%fbt eesdilét%{)%gg@m%&%%%néw _ I{stt%gN%e&]i d
attack t@egelsV’s is cordsthn@OURpEADA rfanuﬁﬁimidﬂe
present invention, a hierarchical multiple UAV

deci si onchanges imtheofiekly she nonstamprilse ©f upstregmtaml or

d UAV i t ched t 1 heat
Ot onnEynsiiead), (alh Dpraves, O oelbLeTiasey 0f hac

ti rre-crimwaggpﬁfe%. grgets; (ii) flocking nmeans

based on a behavi oral heuristic al gorithm wherein _
sai d(iz) gask a2dsipnoomi capabilities coafigaiet yo dmd chadatiadg 20
of the UAV' s and js configured so that each UAV

conmuni iR angraghitheorslic; sarioagty| gpger allodetpctableq
control I O LSj ' :

o opagar Sac OB, kil Mok BRLDL AR e o

or hi er afigthhcealo BA OF 9hid AfAdk 2Bfkisi hndVipk@diReSs aad- hoc
conmuni cati ons neans between the UAV's as follows:
f or conraltark ad4m §asad ae lsysigmyparamietars, afvghf thet lkaidg

information both fromt r,00t doynst ream rds
ot her " ndtfad it ReiBiFst e B8l RSB AN P
- upstreany, kg\¥aHdsk id¥get§ 00t ; the root node gathers task
30assi gnnent and flocking data calculated by its
sub- I améher catbodimemtofgho pukerft umedniionsy hieesghical multiple UAV

assi gnnment and fl ocking, WO )
d%ﬁ‘?’%@gg%%ﬁﬁﬁf@%mmﬁ%ss data for the tree: the

oot (hodfro be ot died HAVY ARBuch M Thl o mepil
i n condichvi@msmedieire offeiMu ica@h] dbtebichmkaftadlheinddAV' s

is constantly disrupted due to dynamc 5 changes in
the fi elcaiticelipdtaglofargeldt f1 ow of upstream and

o T AEPERE o BB ey S

embodi NBterdlh shitPalpbAG@NCohtANS The Q8locity Bh@haadiRcal

mul ti pl e UAV deci sion and control syst'em conpri Ses:
of the UAV’s and is configured so that each UAV
communicates with its closest neighbors‘oniy, and control
information comprising flocking data propagates from
node to node using a tree management or hierarchical
protocol; and

(iii) wireless ad-hoc commuﬁications means between the

UAV’s as follows: for communicating attack target list
and flocking information both from the root downsircam
towards other nodes in the sub-trees and from each node
upstream towards the roof; the root node gathers task

assignment and flocking data calculated by its sub-irees,
calculates global functions, task assignment and flocking

18



10(i) two or nore arnmed UAV' s dispatched onto a
theater environnent in order to search, detect and
attack tinme-critical attack targets; (ii) flocking
means based on a behavioral heuristic algorit

m
Wh¥PE8958ai d al gorithm control s the vel oci typ(ngoowooooss
headi ng i f.iagured. s t
neadi v st 8 Bk AOF phd RBAAY S Rioblr
only, anfine@éts) @Ask xkiphfRht aAd FYRHSIRY YakRakiikg
data propagates from node to node using a free .
manage nefub-egeshie reanditions | wirre t cuwhynizator? bgtwéen t ask
assign t iLities canf iggur ed sg tggt each. UAV,
usi ng a ‘gFapht fedt tEGLHr ‘c"i'f_{te‘_io it ! 4ypamic
5  detect ahlgnald ACH! REECHR cbr%%ﬁ&'ﬂdv@%fﬁgi f}eaﬁhf@ﬂk
targets; conputes the distance to each fs sal d attack
t ar get s;doantitrpamddeuie Smprovastthe kovekAh effagatyosl thest em
paraneters, such that said 25attack plan optim zes
t he di st esIjlefeen said UAV s to said attack
t ar get r ' of . .
pr eglgl n eti W gﬁ ie%ba@&ﬁ%g&aﬁgmrggg?‘?%{u@ﬁé&ea chical multiple

UReE idstigidnand coffbl Histehy HBPHSRAPr | Ses: (i) two or
more armed UAV' s dispatched onto a theater
10 30eni} r dwrenr mercoamiead {HA¥eadispatctied emto s thestarack

- time- critical attack,targets; .

7 00710668 BRRARY OB d0ORBLLs OFiast Fad adieck, s
conmuni mﬂcﬂfﬁta@@ﬁge@etv\een the UAV's as fol |l ows:
for communicating attack target |ist and flocking
i nf diifratfloshingohbarfsrmsed be a bataviboainshristomatgoilired s
ot her nodes in the syh-trees and from each node 5
upst r eartfiEEiaSaY tigarithey conirels %é'tsloregﬂéngal@ﬁipg

assi gn t gan l-QCcK] d a i

15 sub-tr gg)g , thgalﬁléng't E{%&] gls OE%@%%}% ;’%oo:t]l‘gafi’ %/%l ktUSAV
assi gnneoimandedteoeithig oidest tedghbore ohlyeand tdiftraloot
node distributes said global functions, task
assi gnnéoraadon |comprisied dlogkivac Rataopiopggates from

node to node using a tree management or hierarchical

t ask

j)rotocol; and
20 (iii) task assignment capabilities configured so that each UAV,
using a graph-theoretic approach, locates all detcctable
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 conirol 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;
19



10 sub-trees; in conditions where comuni cation
between the UAV's is constantly disrupted due to
dynam c changes in the field, the constant flow of

v@fst.r eam and downstream data i nproves the overall 38
1908085y of the UAV's In the tree; and 15(FGTH-24074R003

e ng T BERE LD R SRR Sl B e ™

usin oretic appro a

det ect ablUa\Vetk taacfollotisg €biS cornBifidafih @ Stk dardet HEK
targets; conputes the distance to each of said attack
t ar get s; anghflogking inlesmaiiorabethclikorpl the rbeisdaivmstresst em

par anet er s uch that saigd 20attack pl.an optim zes
Phe at ot meed §betniesh e SATHEE fad st Sl gac

5 targets. ypspream™dviRH9hd B6ott INE %b@ﬁoﬁ@@ﬁﬁﬁ@ task

~ descri becPl n I(]1’|let all, neverthel ess changés or

modi f i cadskignmenhiand fbokingt date palctlatadoby i eubasehi ngs
of the present invention will be evident to_ those
skilled Qﬂimﬁﬂés giqbal g&'&?ﬁ“’éﬁa&ﬁ%‘e@&ﬁ@@%éﬂﬂifwﬂ%s
are dee 2 Lt hi oA f
or csent Py ao i, B Pk aBbEnbE RUNEL sk Gl
2007/ 08 (fBARSE, 14sROAFIARRAB Bn MRl deha talk a6 Ghi cal

: mul ti pl e UAV decision _and control system conprising
10 two or revbdressnén aonditiongiwhese costmomicatien thiebagenr
envi ronnent .i.n,prder to, sgarch ef ect and .attack
time-cri P HAY S Atk fi sglsgwgeit&}eeigt YHEs ¢ he
f ol | owi ngapBans: tR(fidldl HRCKMBIEERNS Pagstel MAd
behavi oral heuristic al gorithmwherein said algorithm
cont r ol slawstreadiodits yianech eheliovgradll efffodedop\ofsthend i s
confi gur@gvso,, t hat each UAV comuni cates with its
cl osest ‘fei 5R137A and control information
CONPf4:Si | ' . to
15 2RO LARRHLARLAa AR eneal e ok iTes,
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. o

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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in the treg...a
- configur eg&%"

hi erarchi cal protocol; 0-0 wirel ess ad-hoc

comruni cati ons neans between the UAV's as foll ows:

for conmunicating attack target |ist and fl ocking

i nformati on both fromthe root downstream 15 towards

vob Barogwedes in the sub-trees and from each rREFEL2007/060038
upstreamtowards the root; the root node gathers task
Eéilwﬁnent and flocking data calculated by its

R bR i TE el R ——
118G rHed FFA DU (ﬁﬁ)%tglkéa &fo Qlpehsdr chvisirhetsn drd&Ko search, detect

assi gnnment and Ing data back to its sub-trees;
dnd attacidiitieaniicahattakdangeisnamciet ileast trat ofiba fohewiggvheans:
is constantly disrupted due to dynam c changes in the

field, . the canstant flow of upstr and, downstr eam
data’ Kl}rprgﬁ’@@nghén?ﬁ?ér aFquS‘Ef f?csgﬂa]cv)}org} ?‘ﬁ@ﬂ&\/‘ s

| ftctih, S8 1eRRRIAD BORALIS MANEIOCIH i ¢
appr oach, ahdeaidasg of the diA ¥ttaalliecatfigurdd sathgteach

identifies said attack targets; conputes the distance
Lo’ each of/ASapamanuneRcs wilhgs SloseH ACIEh DALy A
2007/ 080584PCT/ 142007 )38.: : l.an. d on
<yt em pa R pioTatoR SO AL ARGFE Kal ifpcRe

opti m zesgbhhe widet apcasddaisien Seied tiMpgsment sai d
attack targets. 2. The hierarchical system according

'to cl ai-m higrarcnipali protagol;5(i) two or nore armed UAV' s
di spatched onto a theater environnment in order to

search, detect angd attack ti.me-critical k

©ar odl. “FHElst [ ER Sl RS gheiR, bR e
heuri sti crahgerdst ef Rl P Qfttack mugentistol s
t he vel oc%;)ggfig ﬁg%%ﬁeggidgg of %aﬁﬁe[lgUAv s and is .
conf i gur eshdsflodkting irfarhatimbathy fnennibe apelsdawnsirepns

Conpr 1 si ngTRRGLRBRGekisd  BotRgia gl Atk RIS node

uSing 3 1 a6 ARNAAEHAS hOtodt HlAFdRRineal QNP ¢ak

15(iii) w ess oC conmuni cati ons means bet ween
the UAV sasipnhmint and flobking dataeatiudzed by iatsubdices,ar get
list and fl ocking information both fromthe root

downst r eaealewaigs dLlohah e AURigas | tAsls nassigpnete g0d, g

ngg‘ ng Eg&@&&%ggt%t fof #0 £ Qe ESobitodeARbtribbid shidot

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

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

the distance to each of said attack targets; and produces

' 21
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“di st ances

20 assignment and fl ocking data calculated by its
sub-trees, calculates global functions, task

assi gnment and flocking data for the tree; the root
node distributes said global functions, task

wo siogismst and flocking data back to its sulRGI/ibad7/000038
in conditions where conmuni cation 25 between the
UAV s is eoritecinplap based upt systemepargnelpivamieh dhdnges

downst carmiataet aiorednime 8 dFupl BRI
UAV' s 1} : ; +NO

t2087/ 080251&#??@%%@?%%%88 (iv) task assignment
means configured so that each UAV, using a

r apFhetisearhical sysemmacbrdingtatiedn d) sompivng:abl e
attack targets; identifies said attack targets;

" St of o el A S i b HE oot ©
par artet ef gvigflbnt Hibrahd saitACkerith adbbERS  he

etween said UAV's to said attack targets.

3. The hi ecmtichaitadk taygstsem according to claim1,
conpri si ng: (i) two or nore arned UAV s di spat ched

onto g theater 10envirpnnment in o r.to searc

det edi) an Q%{?’E%CRQGFP%-QE‘%E 9 aft égfaé%%al a %u&sgb (ii)
fl ocki ng ' .. : 1B3MAO - L Sbides

al gori t hm wher el ﬂ‘&ggﬁ“g@%@g%?@?#ﬁé‘gﬁ?{’lgﬁgé tSE/tﬁleoglty

vel oci ty anthdadingiofghotUANTs adV eordipirédssoctbatf daghr ed

so that each 15 UAV conmunj cajes Wlt:,g its ¢l osest
nei ghbor sU8N sommsngicatss Pyl 1t5 plosesiaeigshors A8l ng

tr oo mancgiioh PERRRRL AR ARADE (RTRopRats )

t ask assi gpenibde aRRkiddet gt anfiegumethagamedtatoreach

=i

20 VAV, 'using a graph-theoretic approach, |ocates all

det ect abl kiewtehieat pratoel s; identifies said attack
targets; conputes the distance to each of said attack

targets; and prodyces tack pl a stem
par a er%",rg@ cl‘?gftiwgt c@gfr@%@%ﬁ% Ig a? g%tqﬁefgr’?ztgé t he
di st ancesyasbehyesifowdiffr hMnsuricatiagi aaclt taght list

targets. 4. The hierarchical systemaccording to claim
1, conpr i aidnfipcking information both from the root downsiream

towards other nodes in the sub-irees and from each node
upstream towards the root; the root node gathers task
assignment and flocking data calculatéd by its sub-irees,
calculates global functions, task assignmcnt' 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 iree; and
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. orde
. attack taqlgefithim wWieke2® Q4{d0S058RCTOHMEGI0 Al Q@B@ﬁﬁ (i) v

WO 2007/ 080584PCT/ 1 L20071000038 (i) two or nore arned
UAV' s di spatched onto a theater environnent in order

to search, detect and attack time-critical attack
targets; (ii) wreless ad-hoc conmuni cati ons neans
wotseesussdhe 5 UAV' s as follows: for conmuniREEILG7/000038
attack target list and flocking information both from
the (0t teskrassigoment owany sonfigised sodbat eacht HAV,

sub-trees and fro ch node upstream t [ he
oot : ¢ hoUrBBe AORR G it JedR AL RRCI
flocking dadg ffﬁg&y,l RIBGELY sdif Sat@HP 1hieBRS complltes

cal cul at es gl obal f'unctions, task assignnent and

f1 ocki ng tmtdisthnee toneach € eaidtdtiack togetsioatel modeessbut es

said global functions, task assignnent and fl gcking
dat a backaR GHpEk DR Dised . SYSKETE GHERTFSHs SHHL HEAL

comruni cat,j. . i S, .
i or upt ec il Sk HIAT bk hE difafRRBRRLa s |
t he const@mvrglt@migfaﬁam@@af@wn and downstream dat a

i nproves the overall efficiency of the UAV's in the

tree; and (iji) task assignnment capabilities

3eonf lha higrasbicahsisteayageo tq,elaing 1 oCORRAS heor et i ¢

approach, locates all 20 detectable attack targets;

identifie ' t t Si; t t st ance
to eetih oS3 dndle il BSFs istRIR G ¢ Erclich
attack pl giviRasfet 6 ofies te Bedpali,adedotagd asiaclhtiteat |
said attack plan optim zes the distances between said
UAV' s to eiticsl aftadkdrrgetsi get s. 255. The hi erarchi cal
system according to claim1, conprising: two or nore

R

and attac ime-critica

fl ocki ng nmeans -based on a behavi oral heuristic

al gor i t hrangheeding ofdheiUA G s end pmsabigiires so thafeach

vel ocit headi n f t.he. UAV' s and.is _copfigured
so thatyegg& W@B}%ﬁ%ﬁi ﬁ*]&%cﬁwgsﬁnflggﬁ%fﬁg stag&l

nei ghbor s by inf8ffatn oifirstlg AodehgBAth PRoiges i si ng
fl ocki ng -data propagates fromnode to node using a -

t ree manadgemenbder tchimadar ekingala preot ovohgemend oY
W rel ess ad- ho¢c comuni.catjons neans between the
UAV' s as hlﬁqch‘&%aipff%“go ni cating attack target
list

(iii)  task assignment capabilities configured so that each

UAV, using a graph-theoretic approach, locates all
detectable attack targets; identifies said aftack 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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10 and flocking information both fromthe root
downst ream t owar ds ot her nodes in the sub-trees and
from each node upstreamtowards the root; the root
node gat hers task assignnment and fl ocki ng data

weheubhssed by its sub-trees, calcul ates gl obIT/IEL2007/000038

functions, task assignnpnt and_ 15 flocking data for
the tfge; tWaOIr BSTe ﬁ’éﬁ%{e WAY's; dispaichesh patoge dheater

functions, t.ask-assi f in ta back' to
its sub-t F’é‘é%m%‘%ﬁé% %)gﬁ{%ﬁé il s{ll‘\%}%’e{ié;‘g% oﬂﬁlﬁa&gﬁ}%ﬁﬁ

bet ween t BatiddhVitack frgnst antly disrupted due to
dynami ¢ changes in the field, the constant flow of

20upstream and downstream data i nproves the overall
ef f i iipncyitstess had-lupo/ comimpni¢psions emeanse bftvesen the

hi er ar chi gals,syst accprding to claimil, wherein
Sai 0 t askUAGRGRBHoMEah s it Atk ttaet B s
that: and flocking infoRAGnTHAE fbin B réot dRhsh@lim?
sub-tree) locates all 25detectable attack targets,

i denti fi emwtandsotherneizsputhesubiised iant drone cdch redeh

attack target; the attack target IDis the attack
target | Justieam: tqyargs the wobnthe; spet sodp gathers task node

v _coNSt I Ugkfyn e hAl hEAGRE B3 dal BIALABP it ub-bieks)]

representing the ance

20071080 5@4dTdkh L 206bal 08eRB8nhetaenagigimdd: and Tj
related to the sub-tree rooted at v, (|_||-z three
event s t Haecking datador the teaep dhe septafods wepsaaidi t e

oot ver S1PbhBAGA ot AbisPpliEL Ast fpkihk i bk
BF. [1(1 +4)] it Subob 2 IOty Swhaleh Ot

there is a change In the attack target list L of v,
as a new tetwesrk thar GAV’s sisdetrestandly alisrapied| dueatid ack

target di i s dest ;| h _of thes

cvents,  SORBRIG.epEs g 15t i canEpis 608 Gng

Bdt (i +1) }up%'eiﬁﬁvaﬁé | g ¥kt @m Lda'tftiﬂlp%’x['és( theloverhii
efficiency of the UAV’s in the tree; and .

(iiiy 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
‘producés an attack plan based on system parameters,
such that said attack plan optimizes the distances
between said UAV’s to said attack targéts.

The hierarchical system according to claim 1, comprising;:

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

critical atfack targets;
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(iv) the node v conputes a m ni num wei ght ed mat chi ng
K{t(i+1)} of S, [t(i+1)1 obtaining an attack plan that

m nim zes the sum of distances of the UAV's in the
sub-tree of v to their attack targets; d* =dy ijeB,,

wd 20b508058a0hen a node v receives an attack plP&A7/IL2007/000038
WEv[t(i+1)] fromits father, it checks to see jf it

i s asb gndeckingeipeang adrsedar bt 2 ibehasdora] ¢« hawistigons

its current a

| assi gned St HC tn?tq@eggﬁl?seaiﬂ\ g%%mﬁ{rﬁ‘ rc%ﬁtr%% i "?‘Q g’% g)%éé'? :c k

pl an Mov[ bhd ﬁéa)giin%@ftﬁermvg andlis bhiefigaméd s @Bt &fch20t he
. e

current node. _hierarchical systemaccording to
claim 1, WHeV eomnsmichissysitlits glosestopighboisrmly, dad

novenent vector, of each attack t.ar,get,. novenent
vect or of Cf@'ﬁ’écﬁ Hégmafﬂ%%@nmﬂ%g‘ﬁ?}ﬁgg dafanreRAgsiFseach
UAV,  quang by wp&% . I{ngatﬁéenggﬁfa eh@ht &2Ch

UAV, future estlmated posi of ea atftack target

after m@@misaqg%eamh&zoow 000038 one or nore

‘engagenents, future estimted position of each UAV
after_one or nore engagenents,. and prioyitization of

at t abiid) t avigeless ag-hife CRITEMUNEANOBRI TSt BFEER o8I ng
toclaim ﬂJ‘A\WQ%E SbilloRL! BF i&oﬁﬁﬁlﬂﬁéaﬁngraﬁack target list

-and flocking information both from the root downstream

L

towards other nodes in the sub-trees and from each node
upstream towards the root; the root node gathers task
assignment and ﬂdcking data caldulated by its sub-trees,
calculates - global functions, task assignment and
~ flocking data for the tree; the root node distributes said
global ﬁmctioﬁs, task assignment and ﬂécking data back -
to its sub-trees; in conditions where communication
between the UAV’s is constanily disrupted due to
dynamic cha.ﬁges in the field, the constant flow of
upstream and downstream data improv_es the overall

efficiency of the UAV’s in the tree.

-6, The hierarchical system according to claim 1, wherein éaid task assignment

capabilities are configured so that:

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

(if) at each time step t (i), a node v constructs a weighted
bipartite graph B,[t(i)] representing the distances
25
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identified using a first sensor. 5 9. The hierarchi cal
system according to claim8, wherein said first

sensor is a Gound Myving Target |ndicator radar. 10.
The hierarchical systemaccording to claim11, wherein
wogeoesdssensor tracks identified attack tarkféyB207e0o3s
gui des m ssiles |launched agai nst said. attack targets.

11. The hibetwser sael Ui apd il lated dp SsnirbrisesTonted aip,

wherein said second sensor is 10 an el ectro-opti cal
sensor. 2. The hierarchical systemaccording to
claim 10, wherein attack targets, detected using a

firsEigengges eddfls Sidi dedderd b cpdsibn @f aenew tipantitehe
field-of-view of the second sensor. 13. The

hi er ar chi geaphFdt@hindeds: drhg new BulHit)1 is wereredn at
| t UAV 15 t t . | at
| to " oun afRRR0E hde Pliet ) BUEE SHaRTlc,  °°

when saj drégéwe?i%‘oin RAL fahaY-eand¥) Shsteridlal ¢agge in the

communi cation [inks with-other UAV s. 14. The
hi er ar chi adcksypeetistdc oDy disragevoattsickitargdt, is wietectsidn

fl ocki-ng capabilitieﬁ i ncl uge: cohesi.on: aligpnent;
col I i si onOh#BiQldretiack Jauses AISbRgas 4% s dlesayeth dn
Carati 1 be hi oml i . ¢
Ot Mgk IR AL BRI BUGRERLANGS o
means us enigfgngvgglgt(iea)] dRByt (el Yoo inib By &s119); gur ed

t o. : -~ (i) -organize all nodes in the field as
o 1 6 s afbe Tofey compieschiISLutieB i THGHGE
themsel veg; r V(312007 89 SRARGHNPAUHA 0O BRARShat
minimizes the sum of diétances of the UAV’s in the sub-
trée of v to their attack targets; .
&= Y 4

¥
i Je B [Hi+1)]

(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 aftack target, movement vector of
each UAV, types of weapons carried by each UAYV, 'quantity and type of
ammunition lefi for each UAV, future estimated position of each attack target after
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(iii) all nodes try to organized thenselves in a

single tree; (iv) every node in the field has a

uni que node I D and virtual coordi nates can change
dependi ng on the changes in the tree structure; 5(v
woenyosesee is identified by the tree narre WHEGIATL297/000038

%gig%ﬁgr%feéégﬁﬁﬁé Siesthizibd peaten Ll AReatls 556 or more

Oﬁeagta ode in a different
%@ggé}ﬁém%aéfg VI ?l‘)ﬁ%]ldh sai % eac %Qcorres froma node

bel onging to a different free then a fusion process

§.s i Mhei hepdchiedwgstent hecdrdingt teeelimchowbéreln titack targets are
fusion protocol in order to fuse the two trees |nto a
identified usingea first seper. The hi erarchical system

according to claim 15, wherein said fusion protocol

50, TRSSNRAGH Bach Ok PP ep D L s

Molrhd Msiaag Tatdet hdidashgadasi on range of the beacons
nmust fuselntoasmgletree eventual | y; (ii1) when

two frees are bei ngefused nost updat%E shoul d be
190 madie téeraghicab qording i@ glajp 1 wheeeln & seqong senser tracks

R e R S R

of . the fusion protocol; and (v) the protocol is
11 ul | Yhe hidradchichbsystondacteiding do alaith 16, wkeelin ofid padond sensor is
of nodes.
an electro-optical sensor.
12.  The hierarchical system according to claim 10, wherein attack targets,

detected using a first sensor, are attacked at most once within the field-of-view of
the second sensor.
13.  The hierarchical system according to claim 1, wherein at least one UAV

operates autonomously and calculates its own attack target list and route

autonomousiy 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 frees;

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

sessions among themselves;
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17. The hierarchical systemaccording to claim1l

wher ei n comruni cati on between the UAV s is

constantly disrupted due to dynamic changes in the
field. 5 18. The hierarchical systemaccording to
woabimogossdhier ei n at any given time each UAV hRfsI7H.2007/000038
val i gm ask_assi gnnent pl an e hi erarchi cal

9. T
syst di)ac @Jrmerag Y do organmzed | W@R@Fﬁl%ﬂlg B i on of

the di stances between said UAV' s to said attack

targ [ i Ok 2] | 54 s of

sai Wy YT Bdin A0S difio R ID HhRee
coordinates can change depending on the chariges in the

tree structure;

(v)  every tree is identified by the tree name which is the ID

of the root node;

(vi) nodes periodically send beacons, every node that

receives a beacon checks whether said beacon comes

- from a node in a different iree; and

(vil) if said beacon comes from a node belonging to a
. different tree then a fusion process is initiated between
the two trees according fo a fusion protocol in order to

fuse the two trees into a single tree. -

16.  The hierarchical system acéording to claim 15, wherein said fusion protocol

is configured as follows:

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

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

beacons must fuse info a single tree eventually;

(iii) ~ when two trees are being fused, most updates should be

made to the nodes of the tree with the _Ieast 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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(v) the protocol is fully distributed and defined at the level

of pairs of nodes.

17.  The hierarchical system according to claim 1 wherein communication

between the UAV’s is constanﬂy disrupted due to dynamic changes in the ficld.

18.  The hierarchical system according to claim 1 wherein at any given time each

UAV has a valid task assignment plan.

19.  The hierarchical system according to claim 1, wherein optimization of the

distances between said UAV’s to said attack targets is done by minimizing the sum

of distances of said UAV’s 1o said attack targets.
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