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WO 2006/080003 PCT/IL2006/000074 METHOD AND APPARATUS

FOR DISTRIBUTING ASSIGNMENTS FIELD AND BACKGROUND OF

THE INVENTION 5 The present invention relates to distributed resource
walsoatisivoand, more particularly, to a method and apparat8€T@E.2006/000074

distributing sets of assignments to at least one agents. Distributed

resource a generally
applicable W&%@g‘% %?M%ﬁ%ﬁﬁi&%%%smbute a 10
certain amount of assignmeASSHmM3vigaIiven set of agents during a
given time. This framework is presently exploited in many real-life areas,
mcludmg satelllte mlssmn management, schedullng logistics, timetabling,
3 (ABRANRON A Harth \gB¥EKAYion satellite management, for

exafml epi@@éh‘[ Ciﬁ%%!@&-? fé@d{@st%bﬁlmﬂgﬁe@ haleratingodiisrenteathore
observation satellite at_different ti tges to}ﬁfrform different 15 tasks 'such

parigulazisn e TR N8 oA ARDR AR D AL TR RS SRS P ¥ SFSiammEria dn Hdrey

one(@@ms/ear month) and/or for a short term period (e.g., week, day, activity
windoul,. nan.event, fhe dedsions are. ypically based on both past
knowtd ge Snd TURrE" dstirationt ahd are suBJec? §to’s P tta ?%Befwo

geneoaibtrajpiscdbler amspuitiation] itystafte ntimésdequiretbtoiusk a giserbset of

ceﬁé%? IGIERIR f AdRIVELMeIchandiss 4o alaas DumRe!of ASSIAHNRS Try;g

while satisfying a’variety of local’and global Constraints, such as time,

framgpadieys PracRrHRiel RSUe SanY Tol-Tite aanchslydiamsatise mission
maf@SAMERE BURCALIAR bRIGRES Ieaeasief SBAlGeh RIGRIRMRKNOWRRS

constraint %Ptlmlzatlon problems, which is formally defined over a set of

obsgLYREOR SAI'S BRrBETBIEy RhE AR SRR Aasisions PavaPike aase: for

andeaﬁih@ ArpredelirtbiamaibnThemathe ma{fdm{tptﬁﬁia@m ﬁﬁﬁtﬁb‘t&@ﬁdﬁ%rent

s Sgament of a vale to. e"h%Qs é%?!%%“@él& fg‘ g% %Sttal SubSely
o the consStamtee ThiER typlca y per foinied cgo VS

(e functomands eartbinty:fershopl ueatityp of adiiges, toetiie &@fr,labisstsummchmtb

In 91’155"%%& %é“éé%@f&‘?st%]% qhiaclivedagtion b%ﬁa"% IRGRRGHES A %xémre

known tor obtalnlng a solution to a constraint optimization problem.

estivappes BRI 4 FritRRiEy wirRtIRH#Ration complete or local
seafghmeiiadsiornd aveRsignay camRUIalARe a given set of vehicles to

deliver merchandise to a large number of destinations while satisfying a variety of

local and global constraints, such as time, capacity, predetermined routes and the like.

Generally, distributed resource allocation belongs to a set of mathematical
problems known as constraint optimization problems, which is formally defined over a
set of variables and a set of constraints where a variable may draw its value from a
predefined domain. The mathematical problem involves the assignment of a value to
each varieble while satisfying at least a subset of the consiraints. This is typically
performed by defining an objective function and searching for a plurality of values to
the variables such as io minimize or maximize the objective function. Several
technigues are known for obtaining a solution fo a constraint optimization problem.
Representative examples include, without limitation complete or local search methods,
and evolutionary computation. ‘

However, there are still many distributed resource allocation problems which

cannot be satisfactorily resolved by conventional computation techniques.
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However, there are still many distributed resource allocation problems
which cannot be satisfactorily resolved by conventional computation
techniques. WO 2006/080003 PCT/IL2006/000074 2 Particularly, in
Worasie#idtielonging to the NP-hard complexity class, the ex@CUiibH0Gii4e074
of the computation grows rapidly with the size of the problem (faster than

. polynomial growth). All the mor 25 tq ohtain a solution for real life
PSRy o BRTRIRE A RN s T A G B i coution
tingih aly fes oo A g vesreguiigdviiitpdre seathdniatipatvhodeiss®orhan a
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ProERIP IS elf R mgsareaisaialy procsturastien el sefedch are not

Iec%l;pég@;c%wg naeepanized. thals even for a few passes of a single satellite,
the number of possible scan compbinations is 10 enormous. This number

becaifeSTHBAIBItRe iR ATHER ARG Blemiiplcarl ebiresrtien, satellite

mdregansst chehssatttiieproeaesindtiigsaadifigseniirajestery anddaan paMtIS

SBMR0HE) 19 Mg han.ous direction. For aglie satgiltes-he compiex.of
pf € proplem Is ur?]ﬁye? en?]ance ue %Oztthe probu smn'sys%efnco egg 8

svemtolitedawhiehsanof e sitizée sateliite mm@rnﬁmdm@msmmmﬁ. is
endrdfditianally, iheanerations perfarmed by, a.s dgé@ ﬁ@ﬂgﬁ f%{{aﬂ@s are

interdependent series, whereby an operation made L atellite ata
OBt dtectitimerrbnsaiplitfrnoperianms didivomh duitsiraatisl conigoint its
seiRiprsleneadRpagmanbairbysical andiilogisahi-00iaal BIsFISRENdERRY

rises when the user relates twg or more imaging requests to one

| g : .
PrOBhGY, HETHRARARCE o F i Ry RS PSRN  SVERIR b 4a°B0sBis e ¥dHsh
mdalay, i sxrdiisedsbianstetetaadquistibntdnnmiiad the same area has to be

covered.from. different perspectives..Physical interdependency results
fromK?jn%{rﬁ(()eiha\l/(3[?ir?gcgEl %pg%g)f?gr% Sof}%ﬁléfosné%/we%hit%}re& ui?lélp or S&é‘?ﬁ#ﬁg, %rr?érgf'gy‘
inteptesaadans, seacorddreosrflowamadidiommarichtichanddhtibmtiorparticular

mABHASAT Q@éa%?awgﬁe?@&oﬁﬂﬁﬁ%&%gﬁ%@i 3 m@%%%ﬂ&%ﬂwﬁﬁggﬁﬂé

because’the list of targets that can be 25 imaged at an en momen

PhyEiFl e on iBrikAbuSyEiR A dear teRsadsRaTRsIS e ftYReniihia iy relates two or
mdéie Q@ﬁg&ﬂﬁi@u\%ﬂ% b@%ﬁb@l@ﬂ@lﬁ%&f %@Wg@é@ﬁé@% R B8eral areas
onggggﬂ%) i$§z?§%lg %e%!z%stca o?r&l,tfle%% 3551?151%%1{9 gllllxl;\rf}%c%l ltl%@%aﬂ%glgg; has to be
covered from diffex";mt perspectives.  Physical interdependency results from
maneuvering operations of the satellite required for pointing, energy constraints,
recorder overflow and communication and calibration periods. These dependencies
turther constrain the management problem, because the list of targets that can be
imaged at any given moment depends on previously imaged targets and/or future
imaging opportunities. When both the plurality of sensor directions and the
interdependencies are taken into account, fulfilling all the request parameters (e.g,,,
deadline for taking the image) and working around external constraints become highly
challenging.

Several attempts have been made to obtain a near-optimal solution to the
problem of earth observation satellite management. These attempts generally include
the use of incomplete optimization algorithms utilizing heuristics and simplifying

assumptions on the original problem.
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optimization algorithms utilizing heuristics and simplifying assumptions on

the qrigingl problem, WO 2006/0800) PCT/1L2006/000074 3 U.S. Patent
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valuation for gach constrain mirroring the importance one gives to" its
Spegifispaistitie. mpptoRinmsonafohssinthe srobé manebleolitainedniinghe

ime@Go %@M@ﬁﬁéd}?@'Eh%@l%&?&%ﬁ%%ﬁﬁ%%ﬁ%&&@u@%ﬂ%@%@&%@t
de%l‘ﬁ{flmon de Givry, Gerard Verfaillie and Thomas Schiex, "Bounding the
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its emmwmla?@ﬁ%@ﬁmo&mmamaﬁy%@mim Cé?@t?ne-gih{fﬁng I}LaOG
ntexnational Conference, Linz, Austria, 1997, 405-419] employ an order
Sok%rphﬁg%u%?lfﬁlﬁl ification: fui c;atl"%;jrsfgsf?‘)3 é}s?: ép sl?}?f fify the VCSP problem and

to béitiriower Mouifisto the optimal Géatdticredhiie prableMoibesgiier,

sohiecoRg ekt Lomatie sty SR OE, e
Principles and Practice of Constraint Programming - CP97, Third International
Conference, Linz, Austria, 1997, 405-419] employ an order morphism simplification
function so as to simplify the VCSP problem and to build lower bounds to the optimal
valuation of the problem.

Other prior art of relevance include Lemayire M, Verfaillie G, Jouhaud F.,
Lachiver J-M and Bataille N, "Selecting and scheduling observations of agile
satellites, Aerospace Science and Technology 2002, 6:367-381; and Wolfe W J and
Sorensen S, "Three Scheduling Algorithms Applied to the Earth Observing Systems
Domain", INFORMS Journal on Management Science, 2000. 46(1).

The solutions provided by prior art techniques are far from being satisfactory.
For example, prior art technigues, although defining a set of constrains in their
mathematical formulation, practically compromise on the number of constraints for
each satellite, thereby fail to provide an adequate solution to the problem.

There is thus a widely recognized need for, and it would be highly
advantageous o have a method and apparatus for distributing sets of assignments to a

plurality of agents, devoid the above limitations.
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from being satisfactory. For example, prior art techniques, although

defining a set of constrains in their *mathematical formulation, practically

compromise on the number of constraints for each satellite, thereby fail to
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aspect of the present invention there is provided a method of assignin
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onstructing a_graph having a plurality of vertices and a plurality of edges.
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satellite at a first location. _ . _
pluraiity of states correspond to different orientations of the satellite at a first location.

an

According to still further features in the deseribed preferred embodiments at
least one assignment comprises a capture of an image of a predetermined area,

According to still further features in the deseribed preferred embodiments the
image is characterized by at least one parameter selected from the group consisting of
a location, a size, an envelope shape, a resolution and a priority. According to still
further features in the described preferred embodiments the image is characterized by
an acquisition type (e.g., mono acquisition, stereo acquisition).

According to another aspect of the present invention there is provided a
method of assigning sets of assipnments to at least one satellite. The method
comprising, for each satellite: determining a trajectory of the satellite; constructing a
graph having a plurality of vertices and a plurality of edges, wherein each vertex
tepresents an assignment performable by the satellite while being located at a location

along the trajectory, and each edge commects two vertices, hence represents a



According to still further features in the described preferred embodiments
at least one assignment comprises a capture of an image of a
predetermined area. According to still further features in the described
Werafer@o&imbodiments the image is characterized by at leabt &He2006/600074
parameter selected from the group consisting of a location, a size, an

envelope shape, a.resplution and & priority. According to still further
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vertic&s and a plurality of edges, wherein each vertex represents an
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path over the graph, the path having a plurali connected vertices and
Satﬁlé‘Fﬁg characterized by a substantial optimal objective function defined

usingdesprgtivesmeighispithe il otcApNeiet VerliGeso iSEaRY the
meg}sos' ning to the satellite a set of assignments represented by the plurality
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of firedermeshambeosticiests chibepimdantionadeseiibe dibeletisthe methaekiite
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fime widow at which the assignment is performable by the satellite.
Accdyelipngteg seilistilttfsthfeatenussnithibadésceribed pretered cainibbaimisrits
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thab eacityeEe o ehtbh LEPhEamEmte élﬁﬁ?&%é%g@&‘éw wctiprelimgtaststd

oriburtneh tgatiresdmthie described preferred embodiments the

According to still further features in the described preferred embodiments the
method further comprising subdividing at least one assignment of the plurality of
assignment info a plurality of sub-assignments.

According to still further features in the described preferred embodiments the
construction of the graph comprises generating a vertex for each sub-assignment of the
plurality of sub-assignments.

According to still further features in the described preferred embodiments the
method further comprising defining at least one collection of assignments having at
least two assignments, the at least two assignments being petformable by the agent
while being at a single state of the plurality of states.

According to still further features in the described preferred embodiments the
construction of the graph comprises generating a vertex for each collection of the at

least one collection of assignments,



method further comprises defining additional vertices of the graph in a
manner such that each vertex of the graph represent a different
combination of time instant and orientation of the satellite. According to
WEinfgrBedeatures in the described preferred embodimentP eS0T+
further comprising subdividing at least one assignment of the plurality of

assignment into a aljty- of sub-agsi nments. According to still further
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alégﬁtgltﬂl’east two assignments being performable by the agent while being
at a single state of the plurality of states. Accaording to_still further_featurese

in thé\Gedinsely Stilkdrrieehmbiaite frecdbreRtRiEBRornbecingsys th

acE@mMpsisaseenealinga Mepetfatadachneatipstionakinevdth leastigaeof the
collection of assignments. WO 2006/080003 PCT/IL2006/000074 6
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the accumulated resourcestest Is performed subsequently to the use©
rathalgmghst-path algorithm. According to still further features in the

describedtprefesradiembedinmantssthe racesmslates-snspireabhiaahifis the

performed contemporaneously with the use of the longest-path algorith

eI 1o AR PG A R THEPACRLPIEH BreTerin BIRpBAIRE(c:
grthe dveihonfufitensamprispaiteduding susizne offtHergiplbrigttnthe use

o helonge PRI Aecoes BT USRS,
méthat feabbonenreckestidivmetiogchaiovseicbtethifmggmlshenequality reduction and
the inferior edge elimination in an iterafive fashion.

According to still further features in the described preferred embodiments the
longest-path algorithm comprises: storing a set of query-paths; and, for each query-
path, calculating an objective function and using the objective function for accepting
or rejecting an additional vertex and an additional edge to the query-path, thereby
dynamically updating the set of query-paths.

According to still further features in the described preferred embodiments the
method further comprises iteratively repeating the dynamical update of the set of
query-paths.

According to still further features in the described preferred embodiments the
obtaining the path comprises selecting a query-path having a substantial optimal
objective function.

According to still further features in the described preferred embodiments the
method further comprises igsuing a report having a list of query-paths and
corresponding objective functions.

According to still further features in the described preferred embodiments the

storing of set of query-paths comprises constructing a square matrix having a first



group consisting of triangular inequality reduction and inferior edge
elimination. According to still further features in the described preferred
embodiments the method further gpmprises alternating between the

~triangular inequality reduction and the inferior edge elimination in an
indqte i fSSRIGH. MEESrdfgolaM| farh EfBIUPE STANHE A eBEiBE delements
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set of query-paths; and, for each query- path, calculating an objective
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dynamically updating the set of query-paths. According to still further
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described below, the method further comprises, applying at least one global
optimization process to the plurality of sets so as to obtain at least one non-local
optimum of the plurality of sets.

According to still further features in the described preferred embodiments the
method further comprises repeating steps (a) and (b) using a different rejection
criterion.

According to still further features in the described preferred embodiments the
method further comprises repeating the steps (a) and (b) a plurality of times, each
time using a different rejection criteriorn.

According to still further features in the described preferred embodiments the
determining the relative weight comprises calculating a loss in a total objective
function, the loss corresponding to exclusion of the set containing the assignment
from the other sets containing the assignment.

According to still further features in the described preferred embodiments the

calcuiating the loss comprises, summing objective functions over the other sets



with an agent and defined by at least one assignment performable by the
agent. The method comprises, for each assignment being identified as an
element of more than one set: (a) 8ising a respective portion of the

lurality, of objective,f i . determini i ' f .
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times, each time using a different rejection criterion. According to still
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alculating the loss comprises, summing ohjective functions over the other
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ther providing a second sum,.and subtracting the second sum from
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patthecassigeing afithelset of assigpemeéntsisdey codstractinglaracterized by a
substantial optimal objective function defined using respective weights of the
plurality of connected vertices.

According to still another aspect of the present invention there is provided an
apparatus for assigning sets of assignments to at least one satellite. The apparatus
comprising: a trajectory determinator. for determining, for each satellite, a trajectory
of the satellite; a graph constructor, for constructing a graph having a plurality of
vertices and a plurality of edges, wherein each vertex represents an assignment
performable by the satellite while being located at a location along the trajectory,
and each edge connects two vertices, hence represents a propagation of the satellite
between two locations along the trajectory. The apparatus further comprises a weight
assigner, for assigning a predetermined weight for each vertex of the plurality of
vertices; and a path optimizer, supplemented by a longest-path algorithm and
configured to obtamn a path over the graph, the path having a plurality of connected
vertices and being characterized by a substantial optimal objective function defined

using respective weights of the plurality of connected vertices.



graph and using a longest-path algorithm for obtaining a path over the
graph. According to yet another aspect of the present invention there is
provided an apparatus for assigning sets of assignments to at least one
ageABaTAEBalvabistBer dsabiandra piekaned orsbadiancrie abhgatgention

descSHAPTISIGA HAPNGARSHUCIALARE, CORSIHEIRT AfOHRRCNRARBE a YRR,
having a plurality of vertices and a plurality of edges, wherein each vertex

comgripisasineattfofie Higestrep rédertinsirasag rineheusetittfabns optheach
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vertices hence represents a transition between two states of said _pIuraIityA
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app@aRigTinthe prageiermingdoysaight for aachoverex:andinpalhmptimizathby
supplemented by a longest-path algorithm and configyred to obtain
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JocavieHicesiancheing Abagattefizedibya substantial optimal objective
function defined usjng respective weights.of the plurality of cannected
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satellite. The apparatus. comprising: a trajectory determinator, for
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lurality of edges, wherein.each vertex represents an assignment;, . -
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appRalIsORIMEZCL SRREmented by g lonasstnath Agesitamand configuted:

to obtain a path over the graph; the path having a plurality of connected
resopg¢ticessiand being characterized by a substantial optimal objective

function defined &singfesPrstyerightaQtihrplyally.af connecteds te

vertices. 9 According to further features in greferred embodiments of the
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appargt*{lr;efuglrleeragomprises an output unit for outputting a lst of query-paths and

corresponding objective functions.

According to embodiments of the present invention there is provided an
apparatus for optimizing a plurality of sets of assignments respectively characterized
by a plurality of objective {unctions, each set of the plurality of sets being associated
with an agent and defined by at least one assignment performable by the agent, the
apparatus comprising: a shared assignments identifier, for identifving shared
assignments, the shared assignments being identified as elements of more than one
set; a relative weight determinator for using a respective portion of the plurality of
objective functions to determine a relative weight of ecach set containing a shared

assignment as compared to an overall weight of other sets containing the shared



assignment, a time window at which the assignment is performable by the
satellite. According to still further features in the described preferred
embodiments the apparatus further comprises a discretizer, for
wdisevetizings each time window thereby obtaining a plurality BETiE2606/000074
instants, respectively corresponding to a plurality of locations of the

satellite along the trajectory. Accordin to still further features in the
assimnEiengretendd ewissdienta e lulpaian /s iFRsEE Snpite schif the

relSiROivichngswnitifarasubaiwidingeatigasi-angiassignment of the plurality of
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capable of performing an accumulated resources test. According to still
relpgipatoisht (REETNREHE SBRISY Rt chiptnfeinlRbicsisiafutedon,
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According tq still further features in the described preferred embodiments .

sely Ronianalg e ASFIREE8imprises an output unit for outputting a list of
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According to still further features in the described preferred embodiments the
predetermined rejection criterion is selected so as to minimize the loss.

According to still further features in the described preferred embodiments the
at least one global optimization process comprises a stochastic process.

Agccording to stil} further features in the described preferred embodiments the
stochastic process is selected from the group consisting of simulated annealing, tabu
search, genetic algorithm, stochastic newal network process and any combination
thereof.

According to still further features in the described preferred embodiments the
at least one global optimization process comprises a deterministic process.

According to still further features in the described preferred embodiments the
deterministic process is selected from the group consisting of a deterministic neural

network process and a gradient search process.



assignment; and a conditional excluder for excluding the assignment from
the set if the relative weight satisfies a predetermined rejection criterion.
According to further features in preferred embodiments of the invention
wdenorbg@iselow, the apparatus further comprises, a global Bptimizakonos74
unit for applying at least one global optimization process to the plurality of
sets so as to obtain at least one nbn-local optimum of the plurality of sets.
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and a subtraction unit for subtracting the second sum from the first sum,
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selected from the group consjsting of simulated annealing, tabu search,
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being characterized by a substantial optimal objective function defined uvsing
respective weights of the plurality of connected vertices.

According to further featwes in preferred embodiments of the invention
described below, the assignment managing apparatus further comprises a time window
definer, communicating with the trajectory determinator and configured to define, for
each assignment, a time window af which the assignment is performable by the
satellite.

According to still finther features in the described preferred embodiments the
assignment managing apparatus further comprises a discretizer, for discretizing each
time window thereby obtaining a plurality of time instants, respectively corresponding
to a piurality of locations of the satellite along the trajectory.

According to still further features in the described preferred embodiments the

praph constructor is configured to define additional vertices of the graph in a2 manner



network process and a gradient search process. WO 2006/080003
PCT/IL2006/000074 11 According to still further features in the described
preferred embodiments the apparé?us further comprises, an assigning
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associate the set with the agent. According to still further features in the
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to further features in preferred embodiments of the invention described
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query-path unit comprises a matrix constructor, for constructing a square matrix
having a first index and a second index. such that each group of non-zero matrix
elements characterized by a common vaiue of the first index corresponds to a query-
path of vertices, the query-path ending or beginning at a vertex being labeled by the
common vaiue of the first index.

According to still further features in the described preferred embodiments
each non-zero mairix element of the square matrix represents a weight assigned to a
vertex labeled by a value of the second index.

Embodiments of the present invention can successfully address the
shortcomings of the presently known configurations by providing a method and

apparatus for distributing sets of assignments to a plurality of agents, which may

enjoy properties far exceeding prior art.



time window thereby obtaining a plurality of time instants, respectively
corresponding to a plurality of locations of the satellite along the
trajectory. According to still further features in the described preferred
WERMSABAELs the graph constructor is configured to define BdBfaAl000074
vertices of the graph in a manner 123 such that each vertex of the graph
represent a different binagjon of time instant and orientation of the
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bejmgeperformed by a data processor, such as a computing platform for executing a

plurality of instructions.

BRIEF DESCRIPTION OF THE DRAWINGS

The mvention is herein described, by way of example ouly, with reference to

the accompanying drawings. With specific reference now to the drawings in detail, it
is stressed that the particulars shown are by way of example and for purposes of
Hlustrative discussion of the preferred embodiments of the present invention only, and
are presented in the cavse of providing what is believed to be the most useful and
readily understood description of the principles and conceptual aspects of the
invention. In this regard, no attempt is made o show siructural details of the invention
in more detail than is necessary for a fundamental understanding of the invention, the
description taken with the drawings making apparent to those skilled in the art how the
several forms of the invention may be embodied in practice.

In the drawings:



According to still further features in the described preferred embodiments
each non-zero matrix element of the square matrix represents a weight
assigned to a vertex labeled by a value of the second index.
WERM§6dRMSAts of the present invention can successfully addP&SEiL3e6/000074
shortcomings of the presently known configurations by providing a method

and _apparatus_for distributing se s'6f assignments to a plurality of agents,
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infggeHbed herein can be used in the practice or testing of the present
invention, suitable methods and materials are described below. In case of
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InYgRBO%Eference to the accompanying drawings. With specific reference

now tecthe drawings it detRitelion of an apparatus 110 for optimizing a plurality
of sets of assignments, according to various exemplary embodiments of the invention;

FIG. 8 is a schematic illustration of a satellite managing system, according to a
preferred embodiment of the present invention;

FIG. 9 1s a schematic illustration of an area-of interest of & simulated problem,
to which the method of the present embodiments was applied;

FIG. 10 shows four graphs obtained for four different trajectories of Figure 9,
according to a preferred embodiment of the present invention;

FIG. 11 shows the four graphs of Figure 10 after an iterative reduction of each
graph, using triangular inequality reduction and inferior edge elimination according to
a preferred embodiment of the present invention;

FIG. 12 is a dynamic programming tree showing query-paths of the four
graphs of Figures 10-11, during execution of preferred embodiments of the present

invention;



is stressed that the particulars shown are by way of example and for
purposes of illustrative discussion of the preferred embodiments of the
present invention only, and are presented in the cause of providing what
Wi elivverdo be the most useful and readily understood de¥ctiptistoeafohe:
principles and conceptual aspects of the invention. In this regard, no

attempt is made to show structuraf#etails of the invention in mqre detail
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trajaeﬁi%%% the té?/eréll forms (_)% e invention may be embodied in practice.
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Emhadimenimidhe PpegentinuebiitimohtGf hipeeflohihartiglagram of a
longest-path algorithm, according to a preferred embodiment of the
present invention; FIG. 5 is a flowchart diagram of a method of optimizing
DESHREHYONSPISTORE RREGTHRBAE EBOMEY i arious exemplary
embagiments of e RYPLAN; Gl InAaehamalis lusimbianehating seis
appa B ETOr assigning sets of assignments to at least one ﬁlﬁené 1t
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om@@mpgﬁps. Specifically, t]:?e present lilnvent?cmpcanybe use%d 0 m%%?ugﬂ‘ gﬁ orbiting

satellite to capture images while being located at different locations of its trajectory.

The principles and operation of & method apparatus and system according to
the present invention may be better understood with reference to the drawings and
accompanying descriptions.

Before explaining af least one embodiment of the invention in detail, it is to be
understood that the invention is not limited in its application to the details of
construction and the arrangement of the components set forth in the following
description or illustrated in the drawings. The invention is capable of other
embodiments or of being practiced or carried out in various ways. Also, it is io be
understood that the phraseology and terminology empioyed nerein is for the purpose
of description and should not be regarded as limiting.

According to one aspect of the present invention there is provided a method of
assigning sets of assignments to at least one agent capable of assuming a plurality of
states. The method can be tangibly embodied by a machine-readable memory having
a program of instructions executable by the machine for executing the method. The

agent is preferably a moving agent, such as, but not limited to, an orbiting satellite, an



FIG. 8 is a schematic illustration of a satellite managing system, according
to a preferred embodiment of the present invention; FIG. 9 is a schematic
illustration of an area-of interest of a simulated problem, to which the
wiheth@eafothe present embodiments was applied; FIG. 10 SPOWH.#00#000674
graphs obtained for four different trajectories of Figure 9, according to a
preferred embodiment of the preséfit invention; FIG. 11 shows the four
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assignrments to at [éast one a%ent,.. which can be, for example, a satell

unigedineafiy obirstsrasedingm datbAR RBRONE S8 IR dHesdu iR B SHPh EATS
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tq instruct an orbiting satellite to capture images while being located at

1

of {hte ASHER o o FT5 ng‘éc%@manon if desired. For example, when the
assignments comprise the capturing of images, each assignment can be characterized

by the location of the imaged scene, the size of the image or the scene, the envelope
shape, resolution and/or quality of the image, the priority and the like. Additionally,
the assignment can be characterized by the required type of acquisition (e.g, mono,
stereo). Another parameter or set of parameters which is preferably used for
characterizing the assignment represents the importance and/or urgency of the
assignment. This parameter is referred to hereinafter as the weight of the assignment.
According to a preferred embodiment of the present invention, the states are
defined in accordance with the nature of the assignments which are to be assigned to
the agent. In particular, states which are not relevant to the nature of the assignments
are preferably not used. Such not used states may include, without Himitation: (i) states
which inhibit the agent from performing assignments, e.g., a location at which the
agent can not perform any assignment; and (ii} states which have no or week
correlation with the assignment's nature, e.g., an operation mode which does not

interfere with the assignment.



The principles and operation of a method apparatus and system according
to the present invention may be better understood with reference to the
drawings and accompanying descriptions. Before explaining at least one
werniiodivient of the invention in detail, it is to be understoodPtHtLEE6/006074
invention is not limited in its application to the details of construction and
the arrangement of the components' set forth in the following description
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preferably a moving agent, such as, but not limited to, an _orbitingi]gatellite,
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different time instants. For example, a first state can regr,esent the
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Hence, the method begins at step 10 and, optionally and preferably, continues
to process step 12 in which the aforementioned discretization is performed. The
discretization can be performed to each and any continuous quantity associated with
the agent or the assignments, including, without Hmitation time, translation, rotation
and the like. Preferably, uniform time-discretization is employed, whereby the time
axis is divided into equally-spaced time instants. Alternatively, the time discretization
can be performed in accordance with & predetermined distribution function. Alse
contemplated are: location discretization, orientation discretization and the like.
Generally, the discretization scheme and the discretized quantities are selected so as to
minimize execution iime, computation lcad and/or memory usage, during the
execution of the method.

According to a preferred embodiment of the present invention the method
continue to process step 14 in which, for each of the assignments, the method

determines the states in which the assignment can be performed by the agent. For



unloading of objects, reading data from memory and the like. In any event
each assignment is preferably characterized by one or more parameters
reflecting the type of the assignment and any other information if desired.

WBateaoke, when the assignments comprise the capturing<GF/Iiageeoo74
each assignment can be characterized by the location of the imaged
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.embodiment of the present invention, the states are defined in
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that although the number of states of a single agent can be infinite, they
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subdivided (hereinafter "the parent assignment”). This embodiment is illustrated in
Figure 2a showing a parent assignment 70 which is subdivided into n sub-assignments
70-1, 76-2, ..., 76-r. In applications in which parent assignment 7¢ represents an
image of a specific target, sub-assignments 76-1, 76-2, ..., 76-n can represent sub-
regions of the target's area.

Assignments which can be performed while the agent is in more than one state
are preferably collected into collections of assignments in & manner such that each
collection. corresponds to a suitable state for performing all the assipnments in the
collection. This embodiment is exemplified in Figures 2b-c showing a collection 8¢
of four assignments designated by numerals 81; 82, 83 and 84. The members of the
coliection can be, for example, neighboring or overlapping targets to be imaged. It is

to be understood that there can be more than one collection and sach collecton can

have any number of assignments. A collection of assignments is preferably treated by



Referring now to the drawings, Figure 1 is a flowchart of the method
according to various exemplary embodiments of the present invention. It
is to be understood that, unless otherwise defined, the method steps
woesesibadoiereinbelow can be executed either contemporaR€saEpwH00074
sequentially in many combinations or orders of execution. Specifically,
the ordering of the flowchart of Figufe 1 is not to be copsidered as
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exaér:#‘le, in one embodiment the metho
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the agent's trajectory can be represented in two or more vertices, where each such
vertex corresponds 1o a different orientation of the agent. Additionally, in cases in
which sub-assignments were deﬁﬁed, a different vertex is preferably generated' for
each such sub-assignment, and in cases in which the set of assignment was redefined
io include collections of assignments, a different vertex is preferably generated for
each such collection. Preferably but not obligatorily, parent assignments are not
represented by vertices, because such assignments, as stated, car not be performed
while the agent is in a single state.

According to a preferred embodiment of the present invention the graph further
comprises a plurality of edges, preferably directed edges, where each edge connects
two vertices, hence represents a iransition between two states of the agent. For
example, an edge connecting two vertices corresponding to two different locations
represents propagation of the agent between the two locations. According to various

exempiary embodiments of the present invention, the edges connect all the vertices



relationship between the set of all the assignments and the set of all the

states. Some assignments can not be performed while the agent is at a

single state, and some states are suitable for performing more than one
WasEIgIs®Ns. A representative example is the size of a targetio/Bauenagead

which is larger that the area viewable by the satellite during a single

swap, a representative example forZhe latter is a state of the satellite
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more than one collection and each collection can haye any néjgmer of
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I%Xﬁm%?c}f‘ ldpﬁgﬁgtemined weight is assigned fo each vertex of the gralf)h. The
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weight of the veriex preferably quantifiss criteria attributed to the respective
assipnment. For example, the weight of the vertex can be a quantified representation
of the importance and/or the urgency of the assignment. Additionally, the weight of
the vertex can quantify one or more constraints, such as, but not lmited to, the
difficulty to perform the respeciive assignment {(e.g., due to meteorological
conditions), the remaining opportunities to perform the assignment or the expected
successes of the assignment (e.g., expected quality of an image to be captured by the
agent). According to a preferred embodiment of the present invention each vertex
representing a sub-assignment is assigned with the relative weight of the respective
sub-assignment. The relative weight can be, for example, the weight of the parent
assignment divided by the number of sub-assignment to which it was sub-divided

normalized by the sub-assignment portion in the assignment (e.g. area). Each vertex



that the set of assignment includes seven assignments (designated in
Figure 2c by numerals 81 to 87), four of the assignments (81 to 84) are
collected into collection 80, and two of the assignments (84 and 85) are
WELHBEEH %o collection 88. According to the presently pref&fr&EL2006/000074
embodiment of the invention the set of assignments is now redefined to

have nine assignments (80-88) the Griginal seven assignments and tw
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through one or more additional vertex. Referring to Figure 3a, vertices & and [ are
directly connected by edge e, and indirectly connected by edges e; and e; through
vertex j. According to the triangular inequality reduction procedure, edge e is
eliminated such that a single path, &k ~» es = j — e — [ connects vertices k and /. |
In the inferior edge elimination procedure edges that are inferior to other edges
are eliminated. Inferiority is preferably quantified in terms of the accumulated weight
along the path formed by the edges. Figures 3b-c illustrate two configurations on the
graph in which a pair of assignments denoted % and /, are represented by two pairs of
vertices. Specifically, Figure 3b shows edge e; connecting vertices ki and /5, and
Figure 3c shows edge e, commecting vertices kp and b, where vertices &y and &
correspond fo assignment & and vertices /; and / correspond to assignment I Also

shown in Figurss 3b-c are groups of incoming and outgoing edges to each of the



20 between which a transition is possible or allowed. Conversely, in
situation is which a transition between states is not possible or not
allowed, the corresponding vertices remain unconnected. Thus, when it is

WeeretRpEBto allow the agent to perform an assignment m&feltHaAop 74
all vertices corresponding to a particular assignment (and different states)
remain disconnected. According to#® preferred embodiment of the
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sub-assignment Is assigned wi e’relative weight of the respective
sum of square of the weights, a sum of the reciprocal values of the weights, a
reciprocal value of the sum of the weights, a negation of the sum of the weights and
the like. '

As used herein, "substantial optimal objective function" refers to a close-to-
highest or close-to-lowest value of the objective function, depending on the definition
of the weights or the objective function. Specifically, the definition of the weights or
the objective function are such that it is desired ¢ maximize the objective function, the
term "substantial optimal objective function" refers to a value of the objective function
which is slightly smaller or equals its maximal value; conversely, when the definition
of the weights or the objective function are such that it is desired to minimize the
objective function, the term "substantial optimal objective function” refers to a value
of the objective function which is slightly larger or equals its minimal value.

As used herein "substaniial optimal path" referees to a path of connected

vertices characterized be a substantial optimal objective function.



sub-assignment. The relative weight can be, for example, the weight of
the parent assignment divided by the number of sub-assignment to which
it was sub-divided normalized by the sub-assignment portion in the
WaSHItI#EAS (e.g. area). Each vertex WO 2006/080003 PCT/IL.2006/000074
PCT/IL2006/000074 21 representing a collection of assignments is
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limitation triangular inequality feduction arid inferior edge elimination.
olflasolierie isfeRtiqRade to Figures 3a-c, which schematically illustrate the
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and Z. In the inferior edge elimination procedure edges that are inferior to
th@ﬂ;g@&%@gﬂts of the agent are rejected.

Step 23 can be performed once step 22 is completed or contemporaneousty

therewith. Hence, in one embodiment, step 23 1s performed on all the paths in the
aforementioned list of paths, such that paths which are optimal! with respect to the
objective function, but fail to obey the accumulated resources test is rtemoved from the
list or being scored with a lower score.

In another embodiment, step 23 is performed during the iterations of the
longest-path algorithm, such that the accumulated resources test is performed
dynamically while traversing the graph in the search for the longest-path. As will be
appreciated by one ordinarily skilled in the art, the application of the accumulated
resources test during the longest-path algorithm can break the Markovian nature of the
longest-path algorithm.

According to a preferred embodiment of the present invention the report

generated in step 24 is constructed so as to allow distribution of the assignment for



are eliminated. Inferiority is preferably quantified in terms of the
accumulated weight along the path formed by the edges. Figures 3b-c
illustrate two configurations on the graph in which a pair of assignments
waepstesProand 1, are represented by two pairs of vertices. BpE@IFEAHII0074
Figure 3b shows edge el connecting vertices ki and I1, and Figure 3c

shows edge e2 connecting vertices’2 and 12, where vertices k1 and k2
difforvesporsidzaiuinenarithonnniriicas MEAd TPEGFespeRignd daily
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outgoing edges to each of the WO 2006/0800%3 CT{#ZOQG/OOO%M 2%6
achiFificOEIORS; [FERiEsERing sPe iR mRh Red BB RAR, BREBU GRS in,
petkAred!, GatinddGibeuy, Gllrepoanstebly Aovidébe sippredialiedibeand,
of ordinary skill in the art, Gr2-gut is.a subset of Gii.out. -0,
b GRS T g 0 o o LS IS o
haoereaspoaridstioe, ket tiermdhmndrsstitn. Avebtbiridghouste ahcfsribrigmport

elimination.pro, j S fi der 20} hsehehd
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it &ﬁ@ﬁ%@f@@%ﬁe@m resustion sleRisierativebeseneatach ergferred
until the size of the graph (the né;%nber of the e(%{%gzsﬁ) IS gangifi antly. o 1}
O BB P BT CBRECHOR R 59 SRR Db et he

obtangUlarinaaai niegy clinf andpibatintexibraadghee lgminaficmtions, clients
Preferably, the reduction procedures are repeated until there are no more

mé%%’&é ich can be eliminated. Referring again to Figure 1, according to
a prefiicedegimbedimanttef #ée present invention the method continues to

ProcegsSigR.e %%?Wﬁéé&ﬁ%%&@%ﬂﬂ'%gtﬂ%&ﬁm%%ﬁ tra longest-

obtaining a path of connected vertices. The path is preferabl )
pedicrietihe Wi h oS SRRk AFAPEEREC IR SRS AEN Sabrfignents
ofigfingditising thadgspective weights along the path. Representative

e_xa_lmglesnfor the definiticg of thetob'ec ive f nctic%n incllflcgie,rvggpsogg3 32 in
limitafiAcs dHmPlEMERAGHE & SO BOSERFIRE RgHE 2 Shm of
whier ecignosalqualvesofsthe weightsThe retipfogadryapathoftseaserrtai thatial
cg\{]%it%.l{]cttsxél? e? .?téﬂnv%;tgggs %%PQ B%eirv}}é%irgmg)a&gicﬁ"?slih@z}aﬁvely updated as
further detailed hereinunder.

The set of query-paths can be stored in any mathematical form known in the
art, For example, in one embodiment, the set is stored in a square mairix, R, having a
first index (labeling, say, the rows of the mairix) and 2 second index (labeling, say, the
columns of the matrix). The size of the matrix is preferably Nx¥ where N is the
number of vertices in the graph. Each entry of R thus cotresponds to a cormection
between two vertices. For example, Ry corresponds to vertices & and j being
connected by an edge. Thus, generally, each group of non-zero matrix elements of,
say, a particular row of R, corresponds to a query-path ending or begitming at a vertex
being labeled by the row's number, The following description is for the case in which
the rows of R represent paths of vertices, One of ordinary skill in the art will
appreciate that an equivalent description can be used for the case in which the columns

of R represent paths.



As used herein, "substantial optimal objective function” refers to a
close-to- highest or close-to-lowest value of the objective function,
depending on the definition of the weights or the objective function.
wgpewifigadhs, the definition of the weights or the objective fuRCHGR28p6/&HERH
that it is desired to maximize the objective function, the term "substantial
optimal objective function"” refers t@a value of the objective function which
is slightiy-amalier oreduata bt valibe quasersalysntissnathdhe off-

. definition of the wejghts.or the objective function,are, suchithat itis,¢ g are
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algorithms”, McGraw-hill, 200 99 ’9; % l%gcéss.%@ﬁﬁfﬂlt@@@lﬁs
2 ABIE BPRTBhEEE D ath %?Iré%rlt a‘r%?gebrb%?déd hereinunder. Once an
asofsinal. or substantially optimal path is found on the graph, the method

Preferaly SONtUSYS OIRINRESISIARAA IR whieh adapartisitsstedoihe sc
reportcanc

“comprise, for examgle, a list of paths and corres ontdriln he set of
inshjdetivertieasdiioig 364 WANSWPIHRCOTRPES Wit RS Bretatied path,

o ; gﬂggjl@t D?ﬁ,é/%%ﬁ%m @dﬁgtbﬁziw‘gﬁﬁmh i h aglgpicalg, tg_e ggsitredlpathf
Is the one'wi e highest score, i.e., the path hayi he highest value o
objective function. (gzgﬁgftﬂesgﬁ%%ever, due%t) ) Qr?a%ﬁ ¢nstraints or
preferences, the us@=nfay select paths havingerwzlter values of the(EQ- 1)
objective function..|n an antianal and. prefeREd. e ARSIANALH L igur ehe
WRES L Flfﬁ,o&{ei‘}’r%neaﬁgg(’?égr%rr%s an "accumulated resources test" in
vediieds aquantity representing the accumulated resources required for

pefforﬁ‘f{é‘%%ﬂ_r agﬂgfagg@mé [ssalauaiedfan ARRIOEMETROfthematbs.is
This quantit

Mk e I e TG R
stated, using the weights along each query-path, e.g., as a sum of weights. In the
matrix formulation, this corresponds to multiplying each matrix glement by its
respective weight and summing over each row of R, As will be appreciated by one
ordinarily skilled in the art, for the initial construction of R (Equation 1), no
summation is required because each row consists of no more than one non-zero
element.

The algorithm proceeds to process step 36 in which, for at least one query-
path, a vertex and an edge are added to the query-path. In the matrix formulation, this
correspond to adding off-diagonal elements 1o R.  According to a preferred
embodiment of the present invention the off-diagonal elements correspond to vertices
which are commected via an outgoing edge to the vertices of Gy. . Denoting the
combined group (G and the additional vertices) by G, the following construction of &

is obtained:



a preferred embodiment of the present invention paths which exceed one
or more of the capacity limits of the agent are rejected. Step 23 can be
performed once step 22 is completed or contemporaneously therewith.

WHeME@8ivesne embodiment, step 23 is performed on all the PEtiig- 200610074
aforementioned list of paths, such that paths which are optimal with
respect to the objective function, bzt fail to obey the accumulated

resources tegtigiigmpmeddamne Ik ar=behg. scorge Wih.a.loWdr stbre.

In another gmbodiment, step 23 is performed during the iterations oftlge »

Iongest-pal% Elgorithm, such that the %ﬁégﬂ%sglated resources test is EEI@? )
wheatormeatk dyaafitcally while traversing the graph in the search for the

longest-path. As will iateg :Dy.one, ordingribiskiliadindhe adthe
appl?c%ﬁ%%gg ?R%gé%%%ﬁ%%%%%?egﬁces test duri;lg %he Io%%eft-path
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generated in step 24 is constructed so as to allow distribution.of the .. .
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Additionally, the report preferably compri agent.collection.of

ﬁ%ﬁl\ﬂ’f‘yt\?ﬁr%éw 11?5 ?gs}e{r?ﬁﬁg(?ﬁ\ée |Lr3nae8rl§r$1ésed g’%‘?kfrﬁ?ﬁ eg%h gssignment =

figarnive oférfahiedvs tilnatiditiorityeshecvaptbreferably provides a plan

to collgel feepid ranaMiky scoieaRaRragRss iRy aievate in which a
information. For example, the report can have entries for time, satellite
naihgretien ofitivoryj ettty fiating s sariareile the report to determine,

Eiaion  request san BTAAEEd i o URIEH orACAA o the

sinformation (e.g., er@?@t?jgpcg Pegesiypheaes the assignmenids
completed. Accordlng to a preferred _embadiment of the present inventj rg)
the report also pr8 i & piif/id igkeifirdte the obtained information™
amongihesecipients, suehastotierigoaunestdtiolfshetients roms grogential
like. The method ends in step 26. Reference.is n: asle in.Lignke daetines
A 04 AR AP EL LR g o RSB AR ncfin
the set of query path (setting Go = Giy) and returns to step 32. Conversely, if thers are
no more vertices which can be added to the set (f Gy is the empty group), the
algorithm continues to process step 42 in which the substantially optimal path is
selected from the set of query-paths. In the matrix formulation step 42 correspond to

the selection of a rOW, Prax, 0f R for which the sum of weights is maximal:
. N o
Prax = Find{ M*ﬁ*X Eqﬂ Rpgs- EQH

In this embodiment, the optimal path is formed of the vertices cotresponding to all
non-zero matrix elements of the TOW prmey, while the objective function corresponding
to the optimal path is the sum of elements of Pmax. AS stated, in some embodiments it
may be desired to a path baving less than optimal objective function. In these cases,
the maximization function of Equation 4 is replaced by an appropriaie function (e.g.,
next-to~-maximal, next-to-nexi-fo-maximal, efc.)

It was found by the Inventors of the present invention that the algorithm as
described hereon above with references to FEgquations 1-4, is very efficient.

Specifically, the complexity of the algorithm is of parabolic order or less. As will be



path algorithm which can be employed, according to various exemplary
embodiments of the present invention. Hence, the algorithm begins at
step 30 and continues to process step 32 in which a set of query-paths is

WEIaneel08phes set of query-paths has a certain initial construcHom/{B2ge/adb074
vertices having no incoming) which is iteratively updated as further
detailed hereinunder. The set of quéfy-paths can be stored in any

apprstheedncantondirebinskilledenahe mbrtbxapTpNeNRYOME binbutipnaeduced
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hé rows of the matrix) and a second index (labeling, say, the columns of
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number. The following description is for the case in'which the rows of R
obigstesefimphens omleticdse Ok grateiriady Sk thithedrrvin dsfiped e
ofiaatan@guivalent description can be used for the case in which the '
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columns ofR represent paths. WO 200_610800(83 PCTI/IL2 06/0000g4 %5
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.are initjally. set to zero. Thus, in this.embodiment, the injtial constructi
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obthserraply fuktEER BN EdhereTighiR SHEARgbRA RIS Tea fr ARl dar
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elements. Non- zero matrix element can have a constant valumi%., 13 or
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fide seriptioniiadapihecaseinbyhigiiyhmdhitied, Sey adding vertices to the graph.

This embodiment is particularly useful when it is desired to investigate the impact of

relatively small updates to the problem,

An additional advantage of the present embodiments is the ability to distribute
the assignments taking into account many constraints, including, without limitation,
the assignment characteristics (priority, image resolution, coverage, efe.}, stereo pair
acquisition, on board recording and downloading, weather history and weather
forecast, multiple ground stations, maneuverability of agent, cost effectiveness and
the like.

The present embodiments also provide an automation tool to select ihe
appropriate activity windows of the agents as well as to subdivide the assignments
according to the collection of activity windows.

According to another aspect of the present invention there is provided a
method of optimizing a plurality of sets of assignments. The method can be used for
optimizing sets of assignments, irrespective of the method used for defining the sets or

the source from which the sets where obtained. Preferably, but not obligatorily, the



includes vertices having a zero number of incoming edges. Hence,

denoting the set of query path by Go, the initial construction of R is

preferably: R(Go,Go) = g(Go) for Go = 1,2, ..., so; and R = 0 otherwise
WEEDSspere so is the size of Go, and g(Go) is a vector wHSSEIERSHGER874

are the weights of the vertices in Go. The algorithm progresses to

process step 34 in which an objecti¥ function is calculated for each
metherdyipatad Theopbjettive fuisctiorsianenisfolibiReddiE Tetedtsis Stegatons
ot RRGHR AN A00% BEAAHENERAPIR 1 e AheldiRdi b

matrix formulation, this corresponds to multiplying each matrix element bg
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of R (Equation 1), no su a’gﬁi%:n IS required because each row consists
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plemiglirhientitaisepres it rsmiennbcotidhaguial abierrfaifidites managing
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vertices of Go.. Denoting the combined group (Go and the additiondal
MRSy BIhERSHRMAY cHALGRaLH OF RIRSHiNe dhgvasthod can be
ugR0GPBRI NG T Hs2RRAR00¥4 ROR (eifier 19:Gihe glksildrziiifasletite
1,2,..,80,J=12, ..,st(k) and R = 0 otherwise (EQ. 2) where sr is the
CQDRI PR HRCHRIS TGRS EERRRTSERS step 38 in which the objective
functivhdsnseddoihaaossptihgsor ngjeeting theetddifionsikvertais antiesdgach
agoithe g&eryégagétel:%%g E%mag 'Sb'é’XHx%‘ At ?E'r%lgﬁ m@@&g%‘fetgﬁtained by
Objective runction, the a ifional vertex and edge are acce ted only if
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FesRegiMePat, Allernatively. Whgn kissgesied Juminimige-daeeobiaeiuts,

characterizing the path of the graph, as further detailed hereinabove.

According to a preferred embodiment of the present invention the optimization
is by processing sets of assignments having a certain overlap with other sets. Ovetlaps
are defined as assignments identified as elements of two or more sets. Such
assignments are referred to hereinafier as "shared assignments”. Thus, according to
the presently preferred embodiment of the inventiom the method processes sets
identified as containing shared assignments. For the sake of simplification, the
description below is for a particular shared assignment, denoted a;, which is identified
as being an element of several sets denoted vy, v efc. The procedure is preferably
repeated for more than one shared assignment, more preferably for all the shared
assignments.

Reference is now made to Figure 5 which is flowchart diagram of the
optimization method, according to various exemplary embodiments of the present
invention.

The method begins at step 90 and continues to process step 92 in which, for
each set v (j=1, 2..), a relative weight is determined as compared to an overail

weight of other sets containing assignment a;. The relative weight is preferably using



function, the additional vertex and edge are accepted only if such

acceptqnce decreases the value of the objective function to the

respective path. Mathematically, this step is formulated as follows (for the

WeaRBGiiitich a maximization of the objective function is enipibyetdpo(pipar4
rF?(E;GIEtI))q))? Sum LR(GO(k,?),q); (Gi(ka); then set R(G1(k,J),q) =
o(k.r),q) foreach g = 1,2..... .fi . and R(G1(k]), Gitkily =0l itk :
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ineay An addijonalaguaniagaialiesprepant gmblesimeniaimtia thethod
algo FiTr &% cOnomical in memory resources pecause during
copiinessingonrdifiahe e ﬁﬁtﬁ"‘i@ etermines whether thére are more shared

assignments to process. If yes, the method loops back to step 92, if not, the method

preferably continues to process step 100 in which one or more global optimization
processes are applied 50 as to obtain at least one non-local optimum of the sets.

The method ends at step 102.

As will be appreciated by one of ordinary skill in the art, the exclusion of
shared assignments performed in step 96 using the relative weights, allows the method
t0 obimin a local optimum of the plurality of sefs. The application of the global
optimization process in step 108, can, for example, select the best solution from
several local optima. Broadly speaking, the global optimization process traverses the
space of all sets, varies parameters characterizing the sets and calculates a global score
to the sets for each variation of the parameters.

Many such variations are contemplated. For example, in one preferred
embodiment, the global optimization process calls steps 92, 94, 96 and 98 several
times, each time with a different rejection criterion (e.g., a different threshoid). In

another preferred embodiment, the- global optimization process switch assignments



stored for each vertex, without having to store other, less favored, paths.
The optimal path is then selected by comparing all vertexes and selecting
the vertex having the best objective function's value. The path associated
Wi eHi800%rtex is defined as the optimal path. Thus, the pr8&§&iiL.2006/000074
embodiments provide an efficient and fast procedure for distributing the
assignments among the agents. AsWill be appreciated by one of ordinary
betkiph ﬁa@-art,Itzh@fu@@ﬁmﬂgd@@&mﬁa@ahﬁégﬁi%mﬂg}@pWlﬁnenfs are

cctenstueiad 1and dedusadmiinws-thaiexagution af-selected steps of the
method independently of the parameters of the agent. Additionally, no. .
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another aspect of the present invention there is provided a methaod of
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Reference is now made to Figure 6, which is a schematic iHustration of an
apparatus 46 for assigning sets of assignments to at least one agent, according to a
preferred embodiment of the present invention. Apparatus 40 preferably comprises a
graph constructor 42, for constructing a graph for each agent, as further detailed
hereinabove. Optionally and preferably, graph constructor 42 conununicates with a
subdividing unit 55 andfor a collection definer, which respectively perform the
aforementioned subdivision and collection operations, see Figures Z2a-c and
accompanying description. Apparatus 46 further comprises a weight assigner 44, for
assigning weights for the vertices of the graph, as further detailed hereinabove.

Apparatus 46 further comprises a path optimizer 46 for selecting a substantial
optimal path on the graph. Path optimizer 46 is preferably supplemented by a longest-
path algorithm which can be tangibly embodied by a readsble memory having a
program of insiructions executable by path optimizer 46 for executing the algorithm.

Path optimizer 46 preferably comprises a query-path unit 52, for defining and storing a



of selected steps illustrated in the flowchart of Figure 1, each time for a
different agent (or a different trajectory of the same moving agent).
Alternatively the method can be used for optimizing user-defined sets of
WA I¥EAEs, or sets of assignments obtained by methods BtAEEH%P YR
method of Figure 1. The method is particularly useful for optimizing a large
number of sets. Specifically, the n¥éthod can be used for multi
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Apparatus 110 comprises a shared assignments identifier 112, for identifying

shared assignments within the sets. As stated, shared assignments are identified as
eiements of more than one set. Apparatus 116 further comprises a relative weight
determinator 114 for determining relative weights. Preferably, determinator 114
comprises a summing unit 118 and a subtraction unit 120 for calculating the
aforementioned objective function loss.  Apparatus 110 further comprises a
conditional excluder 116 for excluding a shared assignment, if a respective relative
weight satisfies the rejection criterion, as further detailed hereinabove.

According to a preferred embodiment of the present invention apparatus 110
comprises a global optimization unit 122 for applying one or more global optimization
processes, as fuehrer detailed hereinabove.

Apparatus 40 and apparatus 110 can be used to optimize any assignment
distribution problem. For example apparatus 46 and apparatus 110 can each

independently be employed in a satellite management sysiem 60.



weight of other sets containing assignment a+. The relative weight is
preferably using WO 2006/080003 PCT/1L2006/000074 29 a respective
portion of the objective functions. For example, the relative weight of a set
WORGHRMEHNg a;) can be calculated as a loss in the total obfé&dikig006/000074
function of the collection of setsij(j 1, 2...) due to the exclusion of vk
from the collection. The loss can béxalculated, for example, by
subtregting@ SsmmationiofordigerdSobjditivasiunstmetodliusedian ¢f 2
from a summation of the objective, functions over e 8glsnyi.ovheEe fhRent
sa [?c%a%ﬁlen&ivsg %%’r%tiggs are%e.ineg‘%gs objective functions from ,]\5/vhich
intharcant/itystion 6 ROSIHAGE S AT ERIDH SHITERHEPBAIET fle TR 20
o5 qgi%gi%?l &Iﬁﬂlﬁé %ﬂ%&@é@fﬁ@irﬂﬁiwt@éhei@éﬁ@iém) relativeswright set of
satis iés a predetermined rejection criterion. Th rejectio_[l crit rionuirit (e.g
asﬁm%)f@'eﬂ»‘é@ﬂe@%t%%Omfﬁﬁﬁ}i]feafﬁ}epé?g?‘@ﬁ}gn%ﬁg doBfectve 5
aﬁﬁg}gﬁ@nﬂggsﬁf&ofﬁﬁ_ﬁaﬂ@_emﬁir@jemi?tﬁﬁiéﬂm;@igabbgégﬁwt:mcﬁﬁwm
comparing the relative weighit tg a predeter Jhres 180 A coordin
c%@ﬁémﬁﬁm?%‘@t&?ﬁeu%%% %ét?sﬁ%%‘ﬂ%%&r%?%ﬁve Weight is below the -
tothtRshelskr@pnplititnakis tepbodivant bef ek cirreenfonal PerEnrERgRio nwddh &
obtained in step 92 or. mare preferablys fdhe.MinimalEeiativeurRight More
n?ﬁ@“%gjsetc?oaﬁséﬁg?%%igg;%ﬁsb&%lgie methcod continues to step 96 wher
piitfersabsignmentizaipoxeiided Faiveaiastist abatampet £piaenagondng
stﬁ{é‘sb?é%g?]%fcgééﬂ? preRGRbVeRtonhe-mainad eoptitesit dondivtonald
step 9 and determines whether there are more s areéd as e'ﬁf@én%m%toeﬂy
opeataties. infpEmaier il fosiel itk tg)lgﬁg&gl?{, h‘c it e method  F
1Jasierably Genlinyes erRiekessHtes: M0tanuhichinstrectiomurghylsbtaflite to
optimization processes are applied so as tp ob irgfg} least QNG NeR:10Ga
EHYnBnitSe m@%&?{%ﬁ%ﬁ%’%ﬁ%ﬁéﬂﬂs%? s 15% é%z A %vﬁm e appre%iated
appyaeings @fiordinary skill in the art, the exclusion of shared assignments
performed in step 96 using the relative weights, allows the method to
obtain a local optimum of the plurality of sets. The a g%cation of the)£ Iobak1
optimiddicionmodesetinasieantans, suhnaueldraso SR B Rpagpnton Wi
pselition fram, sevatablesalapiimpaBransiysheakingmineigiobathe following

optimization process traverses the space of all sets, varies parameters..
Eéﬁ%ilﬁﬁ%?(enﬁwg e %f%ﬁé\l%ﬂ%ﬁj t&%’b%’@f 1r%naﬁ1 , ea AN Rious

embodiments and aspects of the present invention as delineated hereinabove and as

claimed in the claims section below finds experimental support in the following

examples.

EXAMPLES
Reference is now made to the following examples, which together with the

above descriptions illustrate the invention in a non limiting fashion.

EXAMPLE I
The method of the present embodiments has been successfully applied on a
simulated problem of 30 assignments which were to be distributed among 10 satellites.
Each assignment corresponded 1o a capture of a single image of a predetermined target
on ground. The overall area-of-interest covered by all the satellites was about

1x1 km*.



to the sets for each variation of the parameters. Many such variations are
contemplated. For example, in one preferred embodiment, the global
optimization process calls steps 92, 94, 96 and 98 several times, each
Wineowifa0a3different rejection criterion (e.g., a different thre SHOTA2AH6/000074
another preferred embodiment, the global optimization process switch
assignments WO 2006/080003 PC1L2006/000074 30 between sets, In
an adestiEnarprstethsasapbimeerichiaismaiatdoRsarS s trafiede
o Bt 10 hejexaiHeedsframmiparticylansptisny thadike thheglghalines, and 30
optimization process can be either a stochastic or. a deterministic
B BEEE o IGHE BotNo B Sch AL Wt ol TREE prassstiadle
wellsia cOniemplatichnbarih evémbotimentiossehiclotiespglabab optini Zatipertant
Bigeesnls sipchastle, degisions regardina e vara

%%%8 fr%%g ?It(e}{fser the
raversal in‘the pace o ts a influence y stochastic

arpaifibiesanthichbarecotitaled froviacnislinapicofanigorn Aunmseastdengindbpal
arﬁmggg%y@&@ggp&g%p&a stochastic process include, without

limitation, simulated annealing, tabu search, genetic algorithm, stochastic

neur&iEHEMB HEpYEeYS BREmPEREfTAL SPPIHEFES SRR e Bl T g e-
2F0OIN dRciBeatioand akpdarngine gisciaimile Aadscantl Janskkasabn. Fach

Lenstra, "Locgl Search in Combinatorial Optimization,” (1997) John Wile
£8Pl o ROS tﬁ‘g eﬁ%ﬁ%ﬁe‘?\%ﬁw %‘Heﬁxnle ﬁ?&%ﬁsoprﬁﬁgf‘zég{'lo’ﬁgpré}g%%%%‘% ad
ofletationisiieg the neapatiovas-ekparameters and/or traversal in the space of

il ek parameters andior traver _
I e SRR S e

edifbe 2BWOh proteduirasEre foemelisyg refumion . apdridfoilor Mags cRbiaingion.
vBeseNds and:fanasiNohardalas. ohandboaleef ArpliediIpiieuzalion” me

(2002) Oxford University Press. Reference is now made to Figure 6, which

redngtiogramaticiiitiston SraA AP Aratis Ab fbF acdightgPeetedsre reduces
1RSHE HMER sipiRtieasiaBeAgelt: dueesdingito a preferred embodiment

conaH R 1216 RGBT/ ABIT SEH Ao B I hai
gheheindbbBivard pliBalijuang prefetailynOtapheigonsimctoE4s query-path is
re%%gergt%ﬁi%gtt%% ¥\!aritghe€‘s number as a function of the programming stage, where the
programming stage represents a single maneuvering sequence between iwo different
targets,
Figure 13 shows the distributions of assignments corresponding to each of the
10 trajectories of Figure 9. As shown in Figure 13, assignments having larger weights
are generally favored over assignments with smaller weights. Thus, the method of the

present embodiments sucecessfully distributes the assignments among the satellites.

EXAMPLE 2
The optimization method of the present embodimernts has been successfully
applied on a simmlated problem of weekly planning of 3 muitiple earth observation
sateliites, The sateliites pass through the area of interest consisting 600 randomly
spread targets. During the relevant weelk, the 3 satellites pass through the area of

interest 30 times, Thus, the 600 assignments were classified into 30 sets of



subdividing unit 55 and/or a collection definer, which respectively perform
the aforementioned subdivision and collection operations, see Figures
2a-c and accompanying description. Apparatus 40 further comprises a
w@elgpaisigner 44, for assigning weights for the vertices oP&IGragst108&74
further detailed hereinabove. Apparatus 40 further comprises a path
optimizer 46 for selecting a substantial optimal path on the graph. Path
asgi%ﬁméﬁ%r Afeis pasieabhrruppiamentsihily adongest phtfcalgoritim single
which can be tangibly embodied by a readable memory having a program
satsikifStructions executable by path optimizer 46 for executing the algorithm.
Path optimizer 46 preferably comprises a query-path unit 52, for defining
and storing a WO 2006/080003 R Ia),2006i000074 31 set of
query-paths. Query-path unit 52,/Can comprise, for example, a matrix

cons(Pbetortfonesniiadinghecifine MatAsereaaecrithby FaiHheg omplay
erﬁ%ﬁiﬁﬁgﬁv‘c?f(ﬁ%? &n@_ﬂtﬁ;ﬁlg U@ti @Bj%clli'é'? : ﬁﬁ%ﬁ(ﬁ?ﬁﬁ%@ftﬁ_bﬁmﬁummg a

comprises an objective function calculator or calculating t
SRICTSFSSIGTB PEHIESS, T BRI el R LA o
2 QeENGRAtS angior-s testipgdenillédriperiostving (tve thedlangharediagrams of

resources test as further detailed hereinabove. According to a preferred
Figs diftent of the present invention apparatus 40 further comprises a

g rapfFEﬁMﬁmmm_ ips‘bﬁdéetg@umﬁgntﬁ@ gngge@gt @p@g@l@f@r I.gg@h@pm@zauon
ogﬁ%[ee%eyétlg nﬁpﬁ{ﬁ%nggﬂggﬁﬁgﬂaéﬁé( fedeion-andiorinfesiohRege: function

mination, and a out unit 5_0 for outputting a list of query-paths and
velwedpotidingobjeseve el tiag ﬁ&é?&ﬁ%%‘@%@%%&%@tge%ﬁ?g 7o the
ﬂg@%ﬁiﬁ@%@gﬁt{gﬂ@gtraﬁon of an apparatus 110 for optimizing a

plurality of sets of assignments, according to various,. exemplary. . ol
el B BAHER BRI o B LT ERA BT s
RPPARIHT Mn ey ek nase 2apperataisidd sérhepassive assighnryiariiergets
which assigns a, set of assignments for eac, ; HsHElGared
SRS I AR T IO Do e L e e
AAignnativelyapoaratus Tilletiobeisets fGrteliimizarsiseis o the present

assi ents from gthe %]m] istribytion: systems df-dash qdumber of
5&685&%0 %Bnélgn%e ll}}fe%? rogtqgn?é%f Esgr@;je&f%ed séts of umber o

caasignenats Kppardaueislbosapimeder siAenraasmimfEfiSTdntrstes a
¢ ﬁ%@fﬂ{e‘%%}é‘é{}% Gunction for the #th set; and Oi denotes the returned value of the

objective function for the ith set. In each section of the pseudo-code, comments are

enclosed by braces.

Initialization
1. Forj=1tonP
0’ =5P0; (T)
End loopj
2. §=8
3. FLAG=0 {FLAG serves as an ending flag }

Process the shared assignments

4. Fori=1]1tonS {1 is a shared assignment index}
a. Forj=1tonl; {j is a trajectory index of the jth assignment}



shared assignments within the sets. As stated, shared assignments are
identified as elements of more than one set. Apparatus 110 further
comprises a relative weight determinator 114 for determining relative
WRegnsoeferably, determinator 114 comprises a summintf-aik2PeG0aH+
a subtraction unit 120 for calculating the aforementioned objective
function loss. Apparatus 110 furthet*comprises a conditional excluder 116
for exélubdimya-sidibd assigrshetn e dbespaansairErmvbe arilgriuntisfies
the rejection criterion, as furihe detqilednespinabrye . Aggarding to a
preferred embodiment of the present invention apparatus 110 comprises
a globial Bptinitzaton ulk k22590 alfhling one or more global optimization
processes, as fuehrer detajled igiRinab WS- APparabijs:de-afe Appadatus
110 can be used to optimize any gssignment_ distribution problem. For
example apparatus 40 an&%p%gfﬁ g @%Iaweed S gﬁgﬂtdr;}ﬁﬂ?béhe
employed in a satellite manaenenysystérosdha0s2 B06B8HRD s}
PCT@%&?QC?/OOOO” 32 Reference is now made to Figure 8, which is a
scherhatic Jidstration of a satellite managing system, according to a
5. pré&feridudeivibodiment bf tHE pesbe mdirvelritio misiptbeaBDosen piidesitin
assignment managing appajatysR4Whigh.6an, comprise, for example,
an assigning unit (e.g., apparatus 40) for assigning a set of assignments
6. forle MR &GeTivan FTEREBHANY 552 preferably, an optimization unit (e.g.,
appayatus;119)dey further gptisniaatinnamasiaied, rerainahoveeRystEahd
60 also comprises a communication unit 62, for communicating W/igh the
satellites. According to thegiﬁ\@%ﬁﬂ?‘w@%@%ﬁ%%‘ﬁﬁénﬁﬁ%é i
INVe# o ecimmunication unit 62 transmits the assignments to the
sa?%l#gi and receives information therefrom. More preferably,
co ication unit 62 receives the list of assignments and corresponding
7.stdfesze61,) ok diion, orientéfiéh)crosistayfisatatusieastthether with location
and Qsientatiqn.information, from t telli ' atellite
is progse_rlryaib%ﬁ%ed and orgﬁ{t%%mcgogmﬁ%f%légaﬁt?gﬁﬁl%?tﬁéﬁggﬁgﬁﬁf‘
insbwttion to the satellite to carry on the respective assignment from the
Iistiﬁfda@g'tgpments received from apparatus 40. Additional objects,
advantages and novel features of the present invention will

Bedefine the shared assionments subset

8. S=8°
9, nS=size (V)
10, V=71

11. Unless uS= 0 o1 FLAG =0
Goto 3 {repeat the optimization process until the
shared assignments subset is null or there is
no detection of loss which is greaier then
THRESHOLD}
12. End
Results
Figure 14 shows a map of the 600 targets, and the 30 satellite trajectories. The

trajectories are shown as horizontal and vertical red lines at different angles.



become apparent to one ordinarily skilled in the art upon examination of

the following examples, which are not intended to be limiting. Additionally,

each of the various embodiments and aspects of the present invention as
WéaliMeatetthereinabove and as claimed in the claims sectioPB&t0fiey 74

experimental support in the following examples. EXAMPLES Reference

is now made to the following exampfes, which together with the above .

descriptions illsistratelthedivehtsrenmsnioaien g RSRIGHIEX AELE ©

ilﬂ?n%t@f%?%%c‘? (s Rresanqmbadimentsihasbenmpucsessdily apipliatnts
ona simulated problem of 30 assignments which were to be distributed
is axiiomgi10 satellites. Each assignment corresponded to a capture of a

Singl?i%?ilr%%ei gf.8 Rredetarined iangete Qo renhdiEheFigerall6h) ascribing

area-o rest covered by all the satellites was abo o es i
mpbiser08DA6s B ﬁ%@%}‘gﬁ’ﬁﬁ‘ﬁ’ %ehﬁgg ure" tSis %nggk%éué ‘%‘J}?’ég‘?o;ﬁi%g;essin
inefithe.simylpied praiemyShinaminPigasesdiesly . 1 0 henfeetois TS EATCER

and 5 harizontal) denote raight. ling Bdetapmineddargalint
TR ST b’gl?c%b%%%%.q%%igs?zye%ﬁgg%&r&ggigégg%%stﬁ?s the weight ofgﬁ;j;1
dereiheassipamenthipheiatiorged %ﬁ@ﬁ@%lﬁ%ﬁ@%%‘@ﬁ%‘%@n%i“&%ﬁtgﬁ’aﬁt 5

B “nmﬁ;éﬁﬁeﬁ targels Rositians and weishtawer endistribatesheamdontiyr
over t]he ea-or-

interest. The vertical and horizont s of, Eigure..
exepdscrsisngREUING Zand ﬁ%ﬁ@é‘?’%%%ﬁ@‘iggotse%éﬂﬁ%%y?ﬁglﬁeaf% ' et
- rshayssfauEBraphe phiained forfaordifferent-trfestoredyob-iharedn Bfgsre
the aforementioned steps of time discretization and. C clion
1 B cH G r 5 HOBHBWE S p S?Bfgagd%%% év&%é%ev%%}%é%%g%%sﬁ%ing o
wleato rsdahetcaientattansiaksigteiespective trajectory. Figure 11

shows.the fqur &{9@“%h%fo%%gfia%&a&?cr_nwtﬁraywﬁeﬁ@gQﬂ afe eqatber of

graph; tsing triangular inequality reduction and inferigr edge elimination.
itdentines foFhwhitieatVACEmtigTarY BUESSING BHEES WSS nhfatSa thTingY
ats@le Jedugtion arenaf displayedh.As shewndh kiglieid belivesteffuntitr set of
prdgceo%re reduces . e et
all paths containing the shared assignment. Ag shown in Figure 17, the optimization
method of the present embodiments has a fast convergence. After about 10 iterations,

the objective function is converged to about 95 % of its asymptotic value.

It is appreciated that certain features of the invention, which are, for clarity,
described in the context of separate embodiments, may also be provided in
combination in 2 single embodiment. Conversely, various features of the invention,
which are, for brevity, described in the context of a single embodiment, may also be

provided separately or in any suitable subcombination.

Although the invention has been described in conjunction with specific
embodiments thereof, it is evident that many alternatives, modifications and variations
will be apparent to those skilled in the art. Accordingly, it is intended to embrace all
such alternatives, modifications and variations that fall within the spirit and broad
scope of the appended claims. All publications, patents and patent applications
mentioned in this specification are herein incorporated in their entirety by reference

into the specification, to the same extent as if each individual publication, patent or



the size of the graphs by at least an order of magnitude. Figure 12 is a
dynamic programming tree showing the query-paths of the four graphs of
Figures 10-8, during execution of the algorithm. Each query-path is
Wi piegerisd as the target's number as a function of the progréFitng/006074
stage, where the programming stage represents a single maneuvering
sequence between two different tafdets. Figure 13 shows the distributions
pasere Selpfinsam SVed AResHedin g lndicidssliandiparsi st lrias wp eigaddigrein
b Rshown i RigiHRA 3iRssiopmeniahavingdarger-yeiahis g gsnalalivon
favored over assignments with smaller weights. Thus, the method of the:
Shﬁ?b&%‘f’%mﬂé‘ﬁﬁ‘ﬁgeﬁ%%&é&é@%%?ﬁ%f@@%%é%@’%ﬁﬁ%ﬂ%%@
theateliesini=eAMPLE 2 The optimization method of the present
embodiments has been successfully applied on a simulated problem of
weekly planning of 3 multiple earth observation satellites. The satellites
pass through the area of interest consisting 600 randomly spread targets.
During the relevant week, the 3 satellites pass through the area of
interest 30 times. Thus, the 600 assignments were classified into 30 sets
of WO 2006/080003 PCT/IL2006/000074 34 assignments where each set
corresponds to a single traverse of a trajectory by a single satellite.
Method The sets were initially characterized, in accordance with various
exemplary embodiments of the invention, by objective function calculated
by constructing a graph representing the assigrmients, and using the
longest-path algorithm for obtaining a path over the graph, as further
detailed hereinabove (see the flowchart diagrams of Figures 1 and 4).
Following is a pseudo-code used in the present example for local
optimization of the 30 sets. During optimization, the method recalculates
the objective function values for the sets by iteratively calling the
longest-path algorithm described in the flowchart diagram of Figure 4. In
the pseudo-code, nP denotes the total number of sets (satellite
trajectories in



the present example); T denotes a set containing all the possible
assignments (targets to be imaged by at least one satellite); S denotes a
subset of T containing all the shared assignments; i ; denotes a collection
worf met@ésatellite trajectories in the present example) contaif@tylrsioo0074
assignment (i e V,); nV; denotes the size (number of components) of V;
nS denotes the size (number of components) of S; SPO, denotes a call to
WikAdbje Siha IMEEET for the ith set; and Oi denotes the returned value of
the objective function for the ith set. In each section of the pseudo-code,
comments are enclosed by braces. Initialization i 1. Forj=IltonP
&J=SPOj(7) ERF IR 2sisning setrpATssicoIriaE dblerss ereagaridihy at
Idisgohdhpiaessglbepabirrethassignmenis Al of bmds bR ihis Acchatdng,
fo%segg{lggl%wt index} a. For j = 1 to nV, {j is a trajectory index of the ith
aSS|gnmenat¥ O 2006/080003 PCT/1L2006/000074 35i. Vy =1}, - Vi ())
{excludesthesfihgcorppohdniingna thieratifflecioreNiceanadstorgiRgines’ edges,
lection | matrix. Vi L[O k - SPOk (val {Calculate the loss qf t
o O e e e PRroTRab B
sag|peetibiviile ARSI reraTecRibs iftadernBndid dws )y Etlenpind cEhefind!

sdiiptlenss ok (Ealds thadndex olihemininal-companentin the ith rowof
the matrix Losstl} 6. If Mini (Loss) < THRESHOLD then a. 0, = V1 - V(E;
TRt B A RSB RERY T fesprstiEscofiRsddiatrplinef states;

assigning a predetermined weight for each vertex of said plurality of vertices;
and

using a longest-path algorithm for obtaining a path over said graph, said path
having a plurality of comnected vertices and being characterized by a substantial
optimal objective function defined using respective weights of said plurality of
connected vertices;

thereby assigning fo said agent a set of assignments represented by said

plurality of connected vertices of said graph,

2. The method of claim 1, wherein said agent is a satellite.
3. The method of claim 1, wherein said agent is an aircraft.
4, The method of claim 1, wherein said agent is a reading head floating

over a surface of a memory medium.

5. The method of claim 2, wherein at least a few states of said plurality of

states describe a trajectory of said satellite.

6. The method of claim 2, wherein at least a few states of said plurality of

states correspond to different orientations of said satellite at a first location.



store the new collection in a new collection Y1} b. FLAG =1 End if 7. If

size(V,) = 1 then {if V1 consist of only 1 element} S = S - S(i) {eliminate

the ith component from subset S) End if End loop i Redefine the shared
wassigmsenis subset 8. S=S 9. 12S =size (S) 10. V=V 11 RIAIESHHB G604

or FLAG =0 Go to 3 {repeat the optimization process until the shared

assignments subset is null or there B no detection of loss which is greater

then THRESHOLBhAR of ridiResultbeleigureldakishowsssignaprmfdhetles a

ﬁ{:&%tﬁf%[ﬂﬂﬂ 30 saiellite frajee s. The trajectories are shown as
Ghorlzontal andg\‘;:ertlcaﬁ}l d& Ifﬁﬁes atg%% erent angles. WO 2006/080003

PCP/1L2006/000074 36 Figure 15 shows the sets of assignments after
the optimizafige nisaey $gtiamllusiaed as-aiGanReGted RANRARIATORE teast

Note that the r}umber of shared assignments is minimal. Figures 16a-b
&

OBR ST S TS P Gure Te RS éﬁﬁ*ﬂnﬁ%‘f@&%eof%3°&§%?ﬂhﬁgs%aﬁ’i’c@%"ﬁ%?P‘*

sH00, of tel600nas sigmiine ate, afteg@ibiiiesatipns. The number of zeroes in
the initial and final matrices was 40 and 50, respectively. The ascribing
matrices are represented in Figures 16a-b in assignment-set
repre8entatidhs, wiiked efclippoint ﬁe@snb@mrmmbebémmmmhm ane

%&éﬁ%‘%ﬂ\’%‘%ﬁé%ﬁ%ﬁ{}%?ﬁsﬁ SREGINGSE iﬂ@mh%ﬂa L&sigHie L6a, many

aSS|gnments are elements O more than set

10.  The method of claim 9, wherein said constructing said graph comprises

generating a vertex for each sub-assignment of said plurality of sub-assignments.

11.  The method of claim 1, finther comprising defining at least one
collection of assignments having at least two assignments, said ai least two
assignmeﬁts being performable by said agent while being at a single state of the
plurality of states.

12. The method of claim 11, wherein said constructing said graph
comprises generating a vertex for each coliection of said at least one collection of

assignments.

13.  The method of claim 1, further comprising performing an accumulated

resources test,

14. The method of claim 13, wherein said accumulated resources test is

performed subsequently to said use of said longest-path algorithm.

5. The method of claim 13, wherein said accunmlated resources test is

performed contemporaneously with said use of said longest-path algorithm.

16, The method of claim 1, further comprising reducing a size of said graph

prior to said use of said longest-path algorithm.



example, assignment No. 25 is an element of set Nos. 13, 14 26 and 17,
assignment No. 36 is an element of set Nos. 3, 4, 19 and 21, etc.
Conversely, as shown in Figure 16b, after the optimization the spread of
Wpanesethe assignment-set space is more uniform and thereTR2#E/600074
shared assignments. Figure 17 shows the objective function value as a
function of the number of iterationg? The objective function is a global

quartkity defibedusshatbrefichiny Hssigrrmn forié i shive Phssignenam, &
effsingleRath whichas selreird framthe.selithiall PatsRoONAIRINGhSing of

shared_ assignment. As shown in Figure 17, the optimization method of

g AR b AR P ot e ERYBALR™ After about 10

iterations, the objective function is converged to about 95 % of its

asymptotic Iue.al[ﬁi apprecia %}}% certain features of the invention, .

Whig@are, ﬁé@ec%n ?%d%%s%in% In 3eﬁ(‘:ﬂ(r)r‘ff)en.'lx rol?lggpar% & é%bggfvr%%% S?,Id
trisngyialsmbppivvidetdtocombinsitomfmisingts efbodiitenin Convierstly,
faéf,g&gus features of the invention, which are, for brevity, described in the

context of a single embodiment, may also be provided separately or in
any suitable subcombination. Although the invention has been described

inl Com_nct%\@ﬁgé}_w' ;i%iﬁampa@w@@lmﬁfggés%wmg% m@bmr%_kﬁ s
alternatives, modifications and variations wi apparent to those ski
SIGHGR P aFE! &éc%‘?%‘@%’ﬁ’ if“?fi]teﬁ‘?ae@&ﬁkb gﬂ‘?ﬁ‘?"é@égaﬁ%os ﬁaélé:ﬁﬁﬁ’{?’ég?%s’
caladdificationdpndwafiatidos thdtdeithgvithith dshedpiitfandibrofd ®eepiéngfor
the. appended.claims. All publicatig atents and patent applications
R e Hnton Dre e S8 2 R AR s
dyrefoiesibeupdatitss ggseifidation-tetie same extent as if each individual

publication, patent or WO 2006/080003 PCTnL2006/000074 37 patent
application was specifically and individually indicated to be incorporated

hereff by résr&xEROGPAGHIB Jeititibr SPTRmtinE AT ANTFPetERgad
dyihthigaapplicatignashall s de comsirued as an admission that such

reference is available as prior art to the present invention. WO
2006/080003 PCT/IL2006/000074 38 WHAT IS CLAIMED IS:
21.  The method of claim 20, wherein said obtaining said path comprises

selecting from said set of query-paths a query-path having a substantial optimal

objective function.

22.  The method of claim 20, further comprising issuing a report having a

list of guery-paths and corresponding objective functions.

23, The method of claim 19, wherein said storing said set of query-paths
comprises consiructing & square matrix having a first index and a second index, such
that each group of non-zero matrix elements characterized by a common value of said
first index corresponds to a query-path of vertices, said query-path ending or

beginuing at a vertex being labeled by said common value of said first index,

24, The method of claim 23, wherein said objective function is calculated
as a sum of weights of vertices corresponding fo a respective group of said non-zero

matrix elements.



1. A method of assigning sets of assignments to at least one agent, the at
least one agent being capable of assuming a plurality of states, the
method comprising, for each said agent: constructing a graph having a
wplgredibp8pyertices and a plurality of edges, each vertex of Baldistotelfyo4
of vertices representing an assignment performable by said agent while
being at a respective state of said plurality of states, and each edge of |
said Bluralihenedles dontEchag ol eb SR ¢aTa PrEFAN R ficedd
sqifD GG AP RRRINAG 3 YAntoR:DeIeRNIWe-RIRAIBSQESAY Aluimily & said
states; assigning a predetermined weight for each vertex of said plurality
s; and using a longest-path algorithm for obtaining a path over
said graph, said path having a plurality of connected vertices and, being
characterized by a_substantial optimal objective function define I
respggtive i%fg%%hoofggﬁ%ﬁ?a |tyw?)%erc‘?%)mnlr%aectetla{E ?/aesﬁié:%%;g %ﬁeﬁoﬁ %ngs ?
plassignisty 4gesiid agerha sus offassignmenttscrappaserteplbpliziccfphatalisf
of connected vert Tol : : f.claim, L Toe
SHFAE e etarans S amarweldan g
funsiiasmkhabafwach sthopoismmants lynsereri <t geaeeatreading head
floating over a surface of a memory medium. 5. The method of claim 2,
wherein at least a few states of said plurality Qf, states describe.a .
trajedtbry of SaEhpdRECBITTRE: 5 ARG PR a A PR et)
sefldfesRbgalgplurality of states correspond to different orientations of said
satellite at a first location. WO 2006/080003 PCT/IL2006/000074 39 7.
The method of claim 2, wherein at least one assignment comprises a
capt® of afhimmejboof of pletie &7 midertiareaidgontinsnatioddad albiuripy of
seghoeff = \ Said iage.lsscharaplerined by aldeast Qrrariamelckselesiad of
rom the group consisting of a location, a size, an envelope shape, a
mpgedhatone &5Priority and an acquisition type.

(a)  using a respective portion of the plurality of objective functions for

se

determining a relative weight of each set containing said assignment as compared 10 an
overall weight of other sets containing said assignment; and

(b)  if said relative weight satisfies a predetermined rejection criterion then
excluding said assignment from said set;

thereby optimizing said plurality of sets of assignments.

29.  The method of claim 28, fiwther comprising, applying at least one
global optimization process to the plurality of sets so as to obtain at least one non-local

optimum of the plurality of sets.

30.  The method of claim 28, further comprising repeating said steps {a) and

(b) using a different rejection critetion.

31.  The method of claim 28, further comprising repeating said steps (a) and

(b) a plurality of times, each time using a different rejection criterion.



9. The method of claim 1, further comprising subdividing at least one
assignment of the plurality of assignment into a plurality of
sub-assignments. 10. The method of claim 9, wherein said constructing
weelthe/pafiiicomprises generating a vertex for each sub-assh§iele@pi0074
said plurality of sub-assignments. 11. The method of claim 1, further
comprising defining at least one callection of assignments having at least
two agsignmentseibaiil et dast 28 oviassiynad dtcboining sridiplabie piright
said age hjle being at a_si f ralj t dhe 1o
SRl e S R L e e
eghrEmaifgadeterTaiBasiaREsmaT SHmaid-Rheh sekonauatHng: seid
asg%ﬁggﬁgents. 13. The method of claim 1, further comprising performing an
accumulated resources test. 14. The method of claim 13, wherein said
accumulated resources test is performed subsequently to said use of said
longest-pathr@lgasitiim .ofzidihenetheiofsaidinelbslatime meid datlcomprises,
accumulated. respurces test is performed con j '
SRR SO0 S e T P T WS SRy
pestipsingireduoingsaminengf sditagtayiteqtiver fensityusySf gl other sets

longest-path algorithm, WO, 2006/080003 PCTAL2Q06/0000 Updf:41 Tar
c?ﬁ%ﬁ%ﬁ oFt gaiarsrgi’l%%t,n W Tere% s%ig reduction of said graph is effected by at
sdearst ome odurid Aipststeture selected from the group consisting of
triangular inequality reduction and inferior edge elimination. 18. The
method of claim 17, further comprising alterngting between said. triangular.
inequatity reﬁ%ﬁfﬁﬁhﬁﬁﬁgﬁ}a‘%éio‘?’%@ %‘% ﬁ%gﬁ ) {8 Tpnghons &

SH iRCan iterative
cJashien kPehermetheshaftiaim o, saib ersimsaint ogestehal aliorifimmtion
comprises: storingha set oa%l%er - ar}ps; and, for each query-path of said
[

 ofggl PRRE A7 SO U R BAATAS SR Objective function and using said

objective function for accepting or rejecting an additional vertex and an

addi“?? a | ecﬁ% Q04 GNP %ﬁ] -SSR ¥aid predetermined rejection criterion

is selected so as to minimize said loss.

36.  The method of claim 35, wherein said at least one global optimization

process comprises a stochastic process.

37.  The method of claim 36, wherein said stochastic process is selected
from the group consisting of simulated annealing, tabu search, genetic algorithm,

stochastic neural network process and any combination thereol.

38.  The method of claim 36, wherein said at least one giobal optimization

process comprises a deterministic process.

39, The method of claim 38, wherein said deterministic process is selected
from the group consisting of a deterministic neural network process and a gradient

seatch process.



dynamically updating said set of query-paths. 20. The method of claim 19,
further comprising iteratively repeating said dynamical update of said set
of query-paths. 21. The method of claim 20, wherein said obtaining said
WoAHCBIHAses selecting from said set of query-paths a quBfybaifPe/000074
having a substantial optimal objective function. 22. The method of claim
20, further comprising issuing a rep@rt having a list of query-paths and
corresipondingetiet tifefsigutioneto af Fsermansdoriciersh 9w Hhtinthe

said,storin df 1.0l querypaths comprises constructing a square
m?ﬁ%%ﬁﬁ%%‘?ﬁg‘% |rsj[aindex ar?d. a second index, such that each group of
non-Zerominiik cisineiors eharsdtEilEs by a common value of said first

index, GaresRANGASHQ; M HRMPatHiebue tiTessSaid query-phiflgndif gges.

beginning at a vertex being labeled by said .common value of said {i
coRASTEH O B BB DA 2%, TSI A oSk e e 03

HAlgimeswasabsup hioweights bfcasoicesmepsaéd prartdtayy toiad respeedareot
group of. said. ngn-zero maitrix gl :

SRR 000 4 T b of i S5 kerein oo hetee

repesereing mptvpegdtent wid st Kip hawronaie leprieahrloagmaigitaiectorys
assigpy ¥ %?&fé‘!&%l?é& By R vatse-alisqistsesonddnaexlidbofl hatices;

methOE%ﬁ%lgim 1, wherein the at least one agent comprises a plurality of
agents, and the sets of assignment comprise a plurality of sets of

aSSigHéﬂf%‘i%ﬁé&%%ﬂ@'M@ﬂﬁmﬁtﬁﬂz&ﬂabm plpealityvef seldsgaatialsaid path
optimal objective functions, such that each_.set of assi i ial
hE¥Eg IR ith Ghe RRSRICS 7S TH S il o%g%%c%i%g %gﬂ urtf??r ?oﬁ%ﬁgllﬁg

opplimlizingaaid Plukaliy afbetd ofmmsipapectivs. 28ighie shetridd MrEhin of
27, wthgreilq.géalsid optimizing of said plurality of sets of assignments
C%W?fﬁ &€ each assigmnent being identified as an element of more

than ahedeta@jmibiagta reiheamliiparavmrbiamEpiuralty BretEeHE’ said
pflltjirr%(iﬁ? ¥ Jgﬁnected vertices of said graph.

4], The method of claim 40, further comprising using said trajectory for
defining, for each assignment, a time window at which said assignment is performable

by said satellite.

42.  The method of claim 41, further comprising discretizing each time
window thereby obtaining a plurality of time instants, respectively corresponding $o a

phurality of locations of said satellite along said trajectory.

43.  The method of claim 40, wherein said satellite is capable of assuming a

plurality of orientations.

44.  The method of claim 40, further comprising defining additional vertices
of said graph in a manner such that each vertex of said graph represent a different

combination of ime instant and orientation of said satellite.



determining a relative weight of each set containing said assignment as
compared to an overall weight of other sets containing said assignment;
and (b) if said relative weight satisfies a predetermined rejection criterion
wihewneagelsling said assignment from said set; thereby optiPiZig268¢h00074
plurality of sets of assignments. 29. The method of claim 28, further
comprising, applying at least one glebal optimization process to the
plurality of sais seiasditohitain 48, |edstaneiiensious asgimuentcotkprises 2
pluraléi% of,sets. 30. T_hg %E]l?e fe%laim 28, further comprising repeating
capiye ffélf%lg}ggno a(% eugl%g a different rejection criterion. 31. The method
of claim 28, further comprising repeating said steps (a) and (b) a plurality
of times, eag time using adiffesephirinciion srleancARRA0GIAR0AME:!
PCT/IL2006/000074 42 32. The method.of claim 28, wherein said
ontetaramTiny selfdted I Ave WRighlUR SASHARE O3 BURRTIG™ 8% 3 8RIFIoPe
siphiectiveiunshonpsailess souasnansingie. exclusion of said set
containing said assignment from said other sets containing said
assignment. 33. The method of claim 32, wherein said calculating said
loss cpmprises, wetdrihiof) diijectitefiuthetianspvisingastibodvetisgt least one
- containing_said assignment thereby: providing:a, fi U, SHIURING
AU STREH" 5b; %t?\?‘él?ﬂ cnlkserifsSl ver% gg?ﬁﬁ(g)%%%ﬁs%g %%%%ﬁa said .
assignment thereby providing a second sum, and subtracting said second

sum fram sajql firgt stim. 3¢- hemethodpbslaing33 cohereingaieaid graph
redu_ced objective functions are calculated by excluditn a Coptri %lytio 081{1 be
comiBr eI GRRERIEOM EHEK Bjetifhe RIRGTHEBYEL] o%ﬁédr gy ©

26954alBIRg said assignment. 35. The method of claim 32, wherein said
predetermined rejection criterion is selected so as to minimize said loss.
36. The method of claim 35, wherein said at least one global optimization
process. conptitsesethafoofiasticoprdseBeliRY . comprisitBodeBRlaimM Jeast one

co I’I]E%"ﬁ?(;?l K da%ts?é:rrl}zq%lt(s: H{Q&SES a.@ sglecteds assignments, said at least two
assignments being performable by said satellite while being at a single state of the

plurality of states.

50. The method of claim 49, whersin said constructing said graph
comptises generating a vertex for each collection of said at least one collection of

assignments,

51, The method of claim 40, further comprising performing an accumulated

ragources fast.

52, The method of claim 51, wherein said accumulated resources test is

performed subsequently to said use of said longest-path algorithm.

53, The method of claim 51, wherein said accumulated resources test is

performed contemporaneously with said use of said longest-p ath algorithm.



from the group consisting of simulated annealing, tabu search, genetic
algorithm, stochastic neural network process and any combination
thereof. 38. The method of claim 36, wherein said at least one global
WEPEM9388H process comprises a deterministic process. 3% FHE-TAAYY 74
of claim 38, wherein said deterministic process is selected from the group
consisting of a deterministic neural fietwork process and a gradient

seardt procBas e oTGrBOONG Fethalr Zousritng 7adueingce Alrdhsaid
grg&gﬁﬁi‘gﬂi@gﬁg@é&@@ﬁg@ﬁé@g@é@@ié@@ﬁ{ﬁne satellite, the method
comprising, for each said satellite: determining a trajectory of said
satellite; constructing a graph having a plurality of vertices and a plurality
of edges, edbh vettexi offsaldijplurdlityofrerrticesd refuesentivfgsail graph is
ssignment performable by said satellite whil I | [
o Tl o Ll SaRle Sl e B LB Ra o
irisnguler e o ivaidipitical apdbhesiticedzheloamagpresenting a propagation
of said satellite between two locations along said trajectory; assigning a
predetermined weight for each vertex of said plurality of vertices; and |
usingsé-long&ft-ﬁ’ﬁ%oélg’ér&ﬁﬁai‘fé? OBl PP PEETS e EAtng AptTeshi gid
rRathihavkgaRlineebconaesied ugringspd hangeharagterizetRyie
supstantial optimal objective function defined using respective weights of
f“3§g18“plurality of connected vertices; thereby assigning to said satellite a
set of assignments represented by said plurality of connected vertices of
said ph. 41. The methogd of claim 40, fur comprisi ISing said. .
traje(%o%y foﬁ&efﬁ?ﬁ%]?%for() ga% mglsgia gd:% mﬁ?@ﬂirﬁéﬁwi%%%%%?%ic%%gﬁm
cassigimenrispeforafaplryivabal edténiteadnqueepAGt o dast ethivh auery-
padIEh L COMPISING HIRGAIEINGLB AR T dRE Y LR Te I RRIAI IR R epting
plurality of time instants, respectively corres ondlng to a plurality of
olJEiRfNE Ghsifdidatelite s g an %ﬁﬁ@&&@?ﬁgﬂ 0

dynamically updating said set of query-paths.

said query-path, thereby

58.  The method of claim 57, further comprising iteratively repeating said

dynamical update of said set of query-paths.

59.  The method of claim 58, wherein said obtaining said path comprises
selecting from said set of query-paths a query-path having a substantial optimal

objective function.

60.  The method of claim 58, further comprising issuing a report having a

list of query-paths and corresponding objective functions.

61.  The method of claim 57, wherein said storing said set of query-paths
comprises constructing a square mafrix having a first index and a second index, such
that each group of non-zero matrix elements characterized by a common value of said
first index corresponds to a query-path of vertices, said query-path ending or

beginning at 4 vertex being labeled by said common value of said first index.



43. The method of claim 40, wherein said satellite is capable of assuming
a plurality of orientations. 44. The method of claim 40, further comprising
defining additional vertices of said graph in a manner such that each
WEeese8e¥aid graph represent a different combination of tinrBETHEEAE/ B 74
orientation of said satellite. WO 2006/080003 PCT/1L2006/000074 44 45.
The method of claim 43, wherein at4éast one assignment comprises a
captuf@.of ahlimagthod afrkdetéimivieteareaiddehidtie enitivtid 0 fsclaiknfsd
L OSHRILPE HAGR R ANRARIGRA N AL AR08 Bt BRISH S ero
from the group consisting of a location, a size, apn envefope shape, a
fq@‘&’t“ﬂlﬁﬁ’(lj'iir‘?nétspriority and an acquisition type. 47. The method of claim 40,
further comprising subdividing at least one assignment of the plurality of
assignment jnto a plurality of sub-assignments. 48. The method of claim
47, Wﬁg‘]rein Jé%‘?d%&%%‘irﬁgﬁﬁﬂnsg\}d ﬁ’fﬁlﬂﬁn EBrhpEe e r Rt pheaid
sfoneanihtsubrgssighmentvefghaidspignaditioof sebecadsighments 49uEhe said
Séggﬁa%qd%claim 40, further comprising defining at least one collection of
assignments having at least two assignments, said at least two
assignments being performable by said satellite while being at a single

state gf the plurality of stales,; 50 Themethad of claim 49 . iwrgo gJ%iQes a

constructing said graph comprises generating a vertex for each ction

pirdlify gf 1EeliGie eofldbgorrist oAsgaRTRING CompTine mathelitr efarels of
adhihfbidhe e RRNSNORAHORTRE BY AshuaiHated iepmutespiash BRithe
method of claim 51, wherein said accumulated resources test is
T S SR Tt Pt SRR o 5 5 SLp F SAGOtFm. 53.
The method of claim 51, wherein said accumulated resources test is
performed raneously with said use of said langest-path . .
algoriﬁ%n. Vﬁl?gé%n%%%%%%%?g /MT200610000 72 °P %rrgzmg said pluraiity of

sets of assignments.

66.  The method of claim 65, wherein said optimizing of said plurality of
sets of assignments comprises, for each assignment being identified as an element of
more than one set:

(a) using a respective portion of the plurality of objective functions for
determining a relative weight of each set containing said assignment as compared to an
overall weight of other sets containing said assignment; and |

(b}  if said relative weight satisfies a predetermined rejection criterion then
exciuding said assignment from said set;

thereby optimizing said plurality of sets of assignments.

67.  The method of claim 66, further comprising, applying at least one
global optimization process to the plurality of sets so as to obtain at Jeast one non-local

optimum of the plurality of sets,

68.  The method of claim 66, further comprising repeating said steps (a) and

(b) using a different rejection criterion.



45 54. The method of claim 40, further comprising reducing a size of said
graph prior to said use of said longest-path algorithm. 55. The method of
claim 54, wherein said reduction of said graph is effected by at least one
wWidwetisprprocedure selected from the group consisting of ®RiaHELAI6/600074
inequality reduction and inferior edge elimination. 56. The method of claim
55, further comprising alternating befiveen said triangular inequality
reduchidn anthsaigthviéaoreletyéelfinthationiprmiesativendashiores 7a) and

Iheomaiied of tlalnAQ wwharsin saitdaogesi-nath algomifim comprises:

storing a set of query-paths; and; for each guery-path of said set of query-
paths, calculating an objective function and using said objective function

for acpeptinghersejesiiog asadidilianalesay andanmaddiionaliedaedeight
said guery-path, thereby .dynamically updating said set of query-paths.
B3V AL i WFSF&L@?%Y%%%H%W&M hTefedtmying ©
exigingionic#] wpdlate ehsaidsetadd geegymath &0 sFileinetead afralaindSaid
) in;said obtaining said path comprises selecting from said set of
query-paths a query-path having a substantial optimal objective function.
60. The method of claim 58, further comprising issuing a report having a

list of giuery-paths.and corcesponding bigctive Jupctions- b he meihad.

of claim 57, wherein said storing said set of query-paths comprises
SRR ALY e FHRT RS AR as Tisets saB ming said seriaTmaak haiehy
pfbﬁ’aﬁe@,?ra gy@ﬂgmﬁngmﬁ@iﬁgmaaﬂx;alamﬁm‘ ﬁ@@f@ﬁrfﬁféfzadepysﬁ@mé@mm
value. of said first index corresponds o a query-path of vertices, sail )
c%%%fl&a%mgnﬁsﬁéng}e te%ﬁ%lrﬁ) gat X‘c\{/%ﬁ& & Iﬁ%eﬁ’%%&%ﬂiﬂ%ﬁ&#
seaiud sofishinfisgtd didehsv'O 2006/080003 PCT/IL2006/000074 46 62.

The method of claim 61, wherein said objective function is calculated as a

sum of weights of vertices corresponding to a respective group of said
non-zéto mahgregtgbafsclaim 71, wherein said reduced objective functions are

calculated by excluding a contribution of said assignment from each objective function

of said other sets containing said assignment.

73, The method of claim 70, wherein said predetermined rej'ection criterion

is selected so as to minimize said loss,

74.  The method of claim 73, wherein said at least one global optimization

process comprises a stochastic process.

75, The method of claim 74, wherein said stochastic process is selected
from the group consisting of simulated annealing, tabu search, genetic algorithm,

stochastic neural network process and any combination thereof,

76.  The method of claim 74, wherein said at least one global optimization

process comprises a deterniinistic process.



63. The method of claim 61, wherein each non-zero matrix element of said
square matrix represents a weight assigned to a vertex labeled by a value
of said second index. 64. The method of claim 40, wherein the at least
WOorreisarsititeé comprises a plurality of satellites, and the setsPOTAES{yARIOH
comprise a plurality of sets of assignments respectively characterized by
a plurality of substantial optimal obgéctive functions, such that each set of
assigiiment$lis asdoelatedaiitty 6reteatellite debiamanisdewdcosclarnedcd

s dUrtRer glﬁﬂg)@?ﬁ%gs@ imizing said bluralitg of S8R 3RSI9MMERTS: Bdient
e method of claim 65, wherein said optimizing of said plurality of sets
seafchgERfiSiients comprises, for each assignment being identified as an
element of more than one set: (a) using a respective portion of the
plurality of objective functions for determjning a relative V\ﬁei%pt of each

set coPtainifit SERTAES HrASTFLEESH S48 T8V AN Sa g HBnGe
atSRisContaing Rithassighinent; andiingif-saldwdiativé weiehttbatisfipsais
redetermined rejection criterion then excluding said assignment from
© §3P3%%§'thereby optimizing said plurality of sets of assignments. 67. The
methagreplleinsa;ifintfrcensipsiiiagionspiingaat| easepnbagispaplurality

oPRH '@e%ti%ﬁ&@camt%%thsfpéu%%g,tyéazﬁe%&&agﬁ%g@ta;m&@tzﬂs;aafowm

non-local optimum of the plurality of sets. 68. The method of claim 66,
remmwﬂa&mm@a%@%@é@% Y IARERV Y PSing ¥ EiFRSPSHEYS state
of UBETANETHRTIANNG) 2R06HIBRAS RGHIH 300818000 2dgd/ Dinddliag two

method of claim 66, further comprising repeating said.ste a angbfé]b
VS S OABEE BACH HFRSCRTNGS B RE L EFe g e
oMeiherheficlaifk@bsyvherein said determining said relative weight

complises calcuating E%r'%%%%'? g%’%L&’Q%%ﬁﬂ‘ﬁ%df%%ﬁ%%%ﬂ%ﬁmx of said

Correspon%mgsto extlusion of sdid set containing said assignment from
peaidipthEresissomtaining said assignment.

a path optimizer, supplemented by a longest-path algorithm and configured to

obtain a path over said graph, wherein said path comprises a plurality of connected
vertices and being characterized by a substantial optimal dbjective fanction defined

using respeciive weights of said plurality of connected vertices.

79, The apparatus of claim 78, wherein said at least onc agent comprise at

least one satellite.

80.  The apparatus of claim 79, wherein at least a few states of said plurality
of states describe a trajectory of said at least one satellite.

81.  The apparatus of claim 79, wherein at least a few states of said plurality

of states correspond to different orientations of said satellite at a first location.

82.  The apparatus of claim 79, wherein at least one assignment comprises a

capiure of an image of a predetermined area.



71. The method of claim 70, wherein a said calculating said loss
comprises, summing objective functions over said other sets containing
said assignment thereby providing a first sum, summing reduced
WeetRREidnctions over said other sets containing said assf§ineis/ 000074
thereby providing a second sum, and subtracting said second sum from
said first sum. 72. The method of cl&im 71, wherein said reduced objective
functisns ahecappatates dfyckin Binyewohradineast Sarbaedrimeesy 2
1352?%%“%399&?&“\5848@8“ﬁ%moﬁﬁsé'gr&g%e&ﬁ%i&ﬁ%ntﬁw%ﬁi@n, a size, an
assignment. 73. The method of claim 70, wherein said predetermined
errejptichapdteriorrlisiopldctEaEs WS @ HMMIIZE S RiBMoss. 74. The method
of claim 73, wherein said at least one global optimization process
comprises a stochastic process. 75, The method of.claim 74,. wherein saj
stochifbtic prBeEEeFEALs QS Rorty tHEGFb IR R RSt r?g%?%ﬁﬁu%%e‘glﬁa{gr
siyangalingstalas: searels geneticodigerithmlitstof rasigomentraiinenpbpality of
rocess an(%l any combination thereof. 76. The method of claim 74,
S‘%Ff’é?é‘cfﬂn%%ﬁ& “at least one global optimization process comprises a

deterministic process. WO 2006/080003 PCT/IL2006/000074 48 77, The

methad of claim, 76, whersinysaid determinisis praegssinselecied dmble
the group consisting of a deterministic neu_raIE,{l;Letwork{%rél cess and

tqygaiEE SERitoR fFGeEB S A A HSELP AR B RS Ry KAt g ments:

assignments to at least one agent, the at least one agent being capable

of assuming a plurality of states, aratus__comprising. a.gra £

constﬁ?ctor?%? @Bﬂ%’i?ﬂ’étﬁ’}é?%?‘i%h gent aan rré%ﬁgn%\??n%ge%%ﬁ?a |tyeljofOjr
d&ﬁfﬂﬁ@%taétdta)ﬁw@lﬁyt@f:mfwsigmhtvéﬁé&g)a@mtﬁm%ﬁymﬁeé@d at

representing an assignment perfarmable by said.agent-while beingiat@e of
1%%6&’&{{%1 a %n%fg é%}ﬁ %?ﬁrogﬁlf}% g?;%es, agngjc each edgeEof said %Iurality
tlof gldgesycuimm@eting two vertices of said plurality of vertices hence

representing a transition between two states of said plurality of states;

87.  The apparatus of claim 86, wherein said graph constructor is operable

to generate a vertex for each collection of said at least one collection of assignments,

88.  The apparatus of claim 78, further comprising a testing unit capable of

performing an accumulated resources test.

89,  The apparatus of claim 78, further comprising a graph reducing unit,

for reducing a size of said graph.

90.  The apparatus of claim 89, wherein said graph reducing umit is capable
of performing at Jeast one reduction procedure selected from the group consisting of

trianguiar inequality reduction and inferior edge elimination.

91.  The apparatus of claim 90, wherein said graph reducing unit is capable
of alternating between said triangular inequality reduction and said inferior edge

elimination it an iterative fashion.



a weight assigner, for assigning a predetermined weight for each vertex of
said plurality of vertices; and a path optimizer, supplemented by a
longest-path algorithm and configured to obtain a path over said graph,
wWayhereisesatd path comprises a plurality of connected verticBEHH&9ei#§074
characterized by a substantial optimal objective function defined using
respective weights of said plurality 8 connected vertices. 79. The
appa¥atus dfhelapparguwicieim dSiddefeistashaatiyerfiabRinseratTeast

one safgllite, 40wl R RRRRMYS.A Sl A3 vdayeinaldeast a few states

of said plurality of states describe a trajectory of said at least ogg ﬂfate itet
81. THeCRISSHYAD SRS WHRT M AR STEI L T ariafy sud s

ofjuealiphiid, statbReoreemponsntagtfferent orientations of said satellite at a
first Iocatiant.. 82. T.?e alpgaratus fclalﬂgﬁp,g\/a\/iL esrei% t1|1e1a§t ORe o said
assi & %%E-’m“&hsé a 3é:nap ViR UMt ge of a prege?e}r'rﬁlned Area.

o 20BG08A003 PCT/IL2006/000074 49 83. The apparatus of claim 82,
wherein said image is characterized by at least one parameter selected
from the group consisting of a location, a size, an envelope shape, a
resolBfion, dricHBRAHES o SOaTRsiBoN FYET SROTIRESHIZH AP RIS cHith for

odfufthengomplising.a.subdividing sitiobosasayiding atdeast one

assignment of the plurality of assignment into a plurality of
sub-assignments. 85. The apparatus of claim 84, wherein said graph
consgyctor heopprakitistofanmaie axertéx foideqamspibdiassigrmeptiss o

said plurality of sub-assignments. 86, The a rat lai ther
i R e TR R R
indssigrnhethts breokiegoap|edsotwisrssiging elaseskidhiraperadby a common
v QPIan'sReRASCUNIARIROSAL AT e Doncka! Sirinlesipie,

of the plurality of states. 87. The apparatus of claim 86, wherein said
exfFagHoE dresirainer 4t @méq@@g?@#s%eba vaHeSoreRcKeEs i ofirst
i3Rid at least one collection of assignments. 88. The apparatus of claim

78, further comprising a testing unit capable of

95,  The apparatus of claim 94, wherein said objective function is calculated

as a sum of weights of vertices corresponding to a respective group of said non-zero

matrix elements.

96,  The apparatus of claim 94, wherein each non-zero matrix element of
said square matrix represents a weight assigned to a vertex labeled by a value of said

second index.

97.  The apparatus of claim 78, wherein the at least one agent comprises a
phurality of agent, and the sets of assignment comprise a plurality of sets of
assignments respectively characterized by a plurality of substantial optimal objective

functions, such that each set of assignments is associated with one agent.

98,  The apparatus of claim 97, further comprising an optimization unit for

optimizing said plarality of sets of assignments.



performing an accumulated resources test. 89. The apparatus of claim 78,
further comprising a graph reducing unit, for reducing a size of said
graph. 90. The apparatus of claim 89, wherein said graph reducing unit is
wealsanieogBperforming at least one reduction procedure sel&CtEH-AWTOHE74
group consisting of triangular inequality reduction and inferior edge
elimination. 91. The apparatus of ckdim 90, wherein said graph reducing
unit BScapable appalttrnafinigibedRcenesaitstidnpinzirition wality cagticttn
and gaid jofellof, 6096 SUmination i A iRralvG Jashion Widhs, said shared
2006/080003 PCT/IL2006/000074 50 92."The apparatus of claim 78,
asyierEpeRiam b PnEfafhie sl arhpEasra thieARp®h unit for defining and
St?ri@f‘xé}@ﬁ% QfpenRathsian ehiestiveftnptaieqletlaiosfehe plurality of
calculating, for each query-path of said set, of query-paths, an objectiye
R P2 A AREL I, TOP UM ERTAg SOREAgra shered
asgigenyepathscosipgahith ahjectid] furbtiinoOatliEhecap panstngngf slainsl@d;d
asfs'i"th%n pm{;l)rising an output unit for outputting a list of query-paths and
o rrespdr?ﬁlng objective functions. 94. The apparatus of claim 92, wherein
said guenditatkalinitcéedon fee sxsludingisdd rasrizamenfoleBh stidcigih said
refiNRE AN Ao Adistinde andasesaedoindex, such that each
group of non-zero matrix elements characterized by a common value of
said first index corresponds to a query-path of vertices, said query-path
ending@®r beginpiperaha veriexheingdabrlecbipsaisbcanylons \@igiehtion
said first _index. 95. The %P(gﬁaﬁtus af claim 94, wherein aidlfgbjzfctive

Ul et BRRY ek iSAsHORR PRGN BPoRRice S R S EaEnding 1A ™
toreispactivegtoup wiishicahoptizenn diitiitix/eteiiheofse86. The apparatus of
claim 94, wherein each non-zero matrix element of said square matrix

represents a weight assigned to a vertex labeled by a value of said _
secon@lindéke apparatus of claim 99, wherein said relative weight determinator is

operable to caleulate a loss in a total objective function, said loss corresponding to
exclusion of said set containing said assignment from said other sets containing said

assignment.

102,  The apparatus of claim 101, wherein said relative weight determinator
comprises:

a summing unit for summing objective functions over said other sets
containing said assignment thereby to provide a first sum, and summing reduced
objective functions over said other sets containing said assignment thereby to provide
a second sum; and

a subtraction unit for subiracting said second sum from said first sum.

103. The apparatus of claim 102, wherein said reduced objective functions
are calculated by excluding a coniribution of said assignment from each objective

function of said other sets containing said assignment.

104, The apparatus of claim 101, wherein said predetermined rejection

criterion is selected so as to minirmize said loss.



97. The apparatus of claim 78, wherein the at least one agent comprises a
plurality of agent, and the sets of assignment comprise a plurality of sets
of assignments respectively characterized by a plurality of substantial
woptitelsotjéctive functions, such that each set of assignmeP£g18.2006/000074
associated with one agent. 98. The apparatus of claim 97, further
comprising an optimization unit for septimizing said plurality of sets of
assignmentshdV 2080083008 C THL2006AN07d 54t 9Radthene global
apparatus of claim 98,.Wher%in saitd %[r)timization unit comprises: a shared
ngggiﬁarﬁ?féﬁ]f%cfe SiGHer. 6t ﬁe%%ﬁ% Shary assignments, said shared
assignments being identified as elements of more than one set; a relative

Weig%@!etem_%%g%ia{s USPG:A FRSPaclME: PQLiRR: Ofihe: PR of selected

"objective functions to determine a relative weight of each set (:(_)ntaininguarll
frashatiet) aeiEigPRRERting ebripateadoareeiatatahe§hrr o ogsestie/eoriim,
stSARD NG et shalesoass snmentcansimeenditienal excluder for

excluding said assignment from said set if said relative weight satisfies a
predetermined rejection criterion. 100. The apparatus of claim 99, further
compiising, kgl elpahepiimizatitinuniofor ehplying @ideast bagt giabalglobal

%ptimi atio? process toLStehSe %lel%r%gi)f's{i sels sg.as to obtain at least one
R ni-yr%é%lilgp(ﬁmum ofthe p?ura |fy of sets: 101 The apparatus of claim 99,
wherein said relative weight determinator is operable to calculate a loss in
a totg| gbjectye %g&m Spidiigss ferreshanmingle exclusingief saidsaets
containing said assignment from said other sets containing said
selesindnfiramttheogrovneaisang e of disrminitiomraimeRiae RIRES Gt
grleteminatpnLeemprises: a summing unit for summing objective functions

over said other sets containing said assignment thereby to provide a first

sum, and summing reduced objective functions over said other sets
containing said-pssignmentdsanshy tetprd\dsegmsatoid s leastand aatellite,

subtrac%ion unit for subtracting said second sum from said first sum.
the apparatus comprising:

a trajectory determinator, for determining, for each satellite, a trajectory of said
satellite;

a graph constructor, for constructing a graph having a plurality of vertices and
a plurality of edges, each vertex of said plurality of vertices representing an
assignment performable by said satellite while being located at a location along said
trajectory, and each edge of said plurality of edges connecting two vertices of said
plurality of vertices, hence representing a propagation of said satellite between two
locations along said trajectory;

a weight assigner, for assigning a predetermined weight for each vertex of said
plurality of vertices; and

a path optimizer, supplemented by a longest-path algorithm and configured fo
obtain a path over said graph, said path having a plurality of connected vertices and
being characterized by a substantial optimal objective function defined using

respective weights of said plurality of connected vertices.



103. The apparatus of claim 102, wherein said reduced objective functions
are calculated by excluding a contribution of said assignment from each
objective function of said other sets containing said assignment. 104. The
wemparatsdf claim 101, wherein said predetermined rejecti®¢ TeHRNEAORY 74
selected so as to minimize said loss. WO 2006/080003
PCT/IL2006/000074 52 105. The apparatus of claim 104, wherein said at
leastidfe glBBadppptimizdidaiproeastutem prisesisingediastiviptovedyiner.
cotMmlBEAP %@%&&5@&[&&%&%{&5} saif é&&@@@%ﬁq@ TRG8RS Br cach

selected from the group consisting of simulated annea mqahabu search
asyEnBERL AGBRRHInASTH BHREIRE Sed B RReRk pRSELSEaM Y Bngrid satellite.
combination thereof. 107. The apparatus of claim 105, wherein said at

least one global optimization proce ises a determinisgtic proces
o8 e o T Fa R D B G, SrSeRaTe T

d1ﬁ@éaﬁtﬁg| feath thieng r@upcb&nﬁ]setmgyofcartdeimgnm@ﬁmﬂﬁuraifnemwmrmstants
res% aggrrae rafg it eaaaaﬁurgf’ 9 } 091? 0 hgp Eﬁ&a&{%{ﬁ{aa&ﬁ)gg DG4
SS|gn ledst one satelfite, the apparatus comprisi
trami@cmry detenninator, for determining, for each satellite, a trajectory of
said satellite; a graph constructor, for constructing a graph having a
pIuralg}é of vertices and a pIurallty of edges, each vertex of said plurality

of vehides B cBBHES AT £48n HEht BRAISHABIE 15554 ssemeaRinind

%mlgqﬁg@g@ & catignbatong said trajectory, and each edge of said
plurality of edges connecting two vertices of said plurality of vertices,

hence representing a propagation of said satellite between two locations
along khid {fajectopyraueightiassighed, f@&xamigm'aig aeppidetenstingidr is

conﬁ héc{% ng’éng a%cﬁfén?al %}%rgc% %r[aJ a\.fa%r %{g?xgr g)c%&&péglﬂwﬂex

plement y a ongest pat I’It m an configured to obtain a

of ptatﬁ groph safdegeabph dy”éfi@mhrh‘@mﬁi@la itmantrepebrbetuiotpmceksaid
safidle.

[14. The apparatus of claim 112, wherein at least one assignment comprises

a capture of an image of a predetermined area.

115. The apparatus of claim 114, wherein said image is characterized by at
least one parameter selected from the group conststing of a location, a size, an

envelope shape, a resolution, a priority and an acquisition type.

116. The apparatus of claim 109, further comprising a subdividing unit for
subdividing at least one assignment of the plurality of assignment into a plurality of

sub-assignments,

117.  The apparatus of claim 116, wherein said graph consiructor is operable

to generate a vertex for each sub-assignment of said plurality of sub-assignments.

118. The apparatus of claim 109, further comprising a collection definer for

defining at least one collection of assignments having at least two assignments, said ai



being characterized by a substantial optimal objective function defined
using respective weights of said plurality of connected vertices. WO
2006/080003 PCT/IL2006/000074 53 110. The apparatus of claim 109,
wikrige#WA3prising a time window definer, communicating Wit/4a3806/600074
trajectory determinator and configured to define, for each assignment, a
time window at which said assi nmént is performabl; l}{%‘said satellitle. ot
leds W BeSEppErAt S BEISTRT }@r&ﬁfﬁé}d&?ﬁ%ﬁ%iﬁ%% Ry RS e S
qu%gggjﬁg sashdime window thereby obtaining a plurality of time
instants, respectively corresponding to a plurality of locations of said
satellite along said trajectory. 112. The apparatus of claim 109, wherein
said satellitghs eppablesef cdssu mlﬂg\ahptghaﬁﬁjd(ﬁr@ﬁéﬁtﬁlﬁ‘@ﬁ%toli@%%bh
apparatus of claim 109, ' id.qgr GOt 1 W 16,
to(fgﬁﬁléggﬁd‘f |§%%$@e? |§1eég§1g é%i‘g %%%ﬁ %ﬁgh man ngéﬁg%ﬁh%%%ach vertex
of said graph represent a different combination of time instant and

orientafion afsajd, satallite hid 1FheapRaagfistairedid wherginbit of
least one assignment comprises a capture of an image of a
pyfedaie i eaURBECEmsS R SIS aratus of claim 114, wherein said image

is characterized by at least one parameter selected from the group

consisting of a location, a size, an .envelope shape. a resltin,a.RHoHLY:

and aWécqﬁEﬁiBﬂpﬁyﬁgsfféafﬁg g%bé‘r%(%grs%) ailasm OQ%%l?}ther P,
feqemising siauktisvidingrbnit for subdividing at least one assignment of

the plurality of assignment into a plurality of sub-assignments. 117. The

apparatus of claim 116, wherein said graph constructor is operahle to

generktd. a VErapperasschf sliimbalgieRtorih M Fafty e wmit 1s capable

o?%?f?cﬁﬁ& 2 Ss IR Ehe-ARParates el claiciORoiuritepoampsisiisgez of
collection definer for defining at least gne collection of assignments
tipnaRlHnmeastith s dRdigh l‘:f?’%a’ic?‘g% 1580003
PCT/IL2006/000074 54

123.  The apparatus of claim 122, wherein said graph reducing unit is capable
of alternating between said triangular inequality reduction and said inferior edge

elimination in an iterative fashion.

124. The apparatus of claim 109, wherein said path optimizer comprises:

a query-path unit for defining and storing a set of query-paths;

an objective function caleulator for calculating, for each query-path of said set
of query-paths, an objective function; and

an updating unit, for dynamically updating said set of query-paths using said

objective function.

[25. The apparatus of claim 124, further comprising an output unit for

outputting a list of query-paths and corresponding objective functions.

126. The apparatus of claim 124, wherein said query-path unit comprises a
matrix constructor, for constructing a square mairix having a first index and a second

index, such that each group of non-zero matrix elements characterized by a common



least two assignments being performable by said satellite while being at a
single state of the plurality of states. 119. The apparatus of claim 118,
wherein said graph constructor is operable to generate a vertex for each
WEAHABGT said at least one collection of assignments. 128f e 006/000074
apparatus of claim 109, further comprising a testing unit capable of
performing an accumulated resourees test. 121. The apparatus of claim
valpe o ffuAe b sk g asgPapfs el dciigire i ety spz8'rEamD
en@iaPhr Leanding apRaaiy Yealgimpkll whereinceaichgropreddcing dhit
. Is capable of performing at least one reduction procedure selected from
indfigs group consisting of triangular inequality reduction and inferior edge
elimination. 123. The apparatus of claim 122, wherein said graph reducing
unitis gapatle gl alismatipabiaiweps sadriandular IBgALAIL FebRiens
and said inferior %%aée elimination in an iterative fashion: 124. The .
caleppiachrss ohalafeigtoplyericeaRPHasROBSE Ko P EePRsTIEdQuD of said
noﬁ%ﬁhﬂ%@x“él@rﬁ%@?ﬁm”g a_nd storing a set of query-path_s; an objective
friction calculator for calculating, for each query-path of said set of
query-paths, an objective function; and an updating unit, for dynamically
updafieg saigesalRkaueHr pRIRS 1BENgsakn ehitchve ferctionid 2kalne of
apparatus of claim 124% furthe%s[tom risé)n an ox?églitge@étdf [ outputting a,
sajtl PR BBl B35 2 Srred RO g objective Tunctions. 196: The
sea@Eidrdiss of claim 124, wherein said query-path unit comprises a matrix
constructor, for constructing a square matrix having a first index and a
second index, such that each group of non-zero matrix elements

chard@ferizEbeppacstsmbalamo! 0B0shesdn 63 PCTHE 200 613y wprpsises

2 YRl of seid flistindgx ensrespoRidstg AR YoRainsel v ollieasySaidsets of
query-path endjn%;r beginning at a vertex being Iﬁgeled by said, common
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suabieativedHAGQRAE set of assignments is associated with one satellite.

130, The apparatus of claim 129, further comprising an optimization unit for

optimizing said plurality of sets of assignments.

131. The apparatus of claim 130, wherein said optimization unit comprises:

a shared assignments identifier, for identifying shared assignments, said shared
assignments being identified as elements of more than one set;

a relative weight determinator for using a trespective portion of the plurality of
objective functions to determine a relative weight of each set containing a shared
assignment as compared to an overall weight of other sets containing said shared
assignment; and 7

a conditional excluder for excluding said assignment from said set if said

relative weight satisfies a predetermined rejection criterion.

132. The apparaius of claim 131, further comprising, a global optimization
unit for applying at least one global optimization process to the plurality of sets so as

to obtain at least one non-local optimum of the plurality of sets.



calculated as a sum of weights of vertices corresponding to a respective
group of said non-zero matrix elements. 128. The apparatus of claim 126,
wherein each non-zero matrix element of said square matrix represents a
WRH§F%88tgned to a vertex labeled by a value of said secdi{dl{HFE% /41674
The apparatus of claim 109, wherein the at least one satellite comprises a

R AR e R

is Opsima abiegtivierfunetionsa soh dbpteacknsetiaf assigioniantsedgponding to
associated with one satellite..130..The apparatus of glai further ...
o B S A PEBANGR it 1oT SO e Sh o e ook soc
asgigsigiiments. 131. The apparatus of claim 1.30, wherein said optimization
unit comprises: a shared assignments identifier, for identifying shared
assignments, said shared assignments being identified as elements of
mord #an die aenaie ahraiveibth aheeiate r TSNS Yo dpermingtor
cogg;gggg:of the plurality of objective functions to determine a relative weight
of each set containing a shared assignmenta%s comgared to an m@rall .
weight BFBMEE sBltcSMta WHAUHHEF 488Gt Enda conditiofat
copxalisersier exsindingisaieressignmenidromfaaidssst, iksdiduretdtigereduced

ight satisfi det [ ti iteri
e R L R R

a seastdovengboidal optimization process to the plurality of sets so as to
oma'?g%%%a%ﬁoﬁ%'@?&'g&%ﬁla% U RERE Rl AL QbR s M.
2006 03 PCT/11L2006/OOOO 4 56 133. The apparatus of claim 131,
wherein said relative weight determinator is operable to calculate a loss in

a totghgbjeetiye fimetion, soithipsswoesRANGNG fedexdusipotivksaittgehs
containing said a sianment from said oﬁer%ets containing sai .
& 5

d )
arg CAlsHASA DY SRR D SPEL IER SRR s e Tat S %%ﬁ%ﬁ?
fiefRIMINatdrotRARISaSItaining said assignment.

136. The apparatus of claim 133, wherein said predetermined rejection

eriterion is selected so as to minimize said loss.

137. The apparatus of claim 136, wherein said at least one global

optimization process comprises a stochastic process.

138.  The apparatus of claim 137, wherein said stochastic process is selected
from the group consisting of simulated annealing, tabu search, genetic algorithm,

- stochastic neural network process and any combination thereof.

139. The apparatus of claim 137, wherein said at least ome global

optimization process comprises a deterministic process.

140. The apparatus of claim 139, wherein said deterministic process is
selected from the group consisting of a deterministic neural network process and a

gradient search process.



a summing unit for summing objective functions over said other sets
containing said assignment thereby to provide a first sum, and summing
reduced objective functions over said other sets containing said
WESHIIIAS thereby to provide a second sum; and a subtraBiGALIAERPI T4
subtracting said second sum from said first sum. 135. The apparatus of
claim 134, wherein said reduced oﬁé’jective functions are calculated by
excllitiing & oWt BIEAFRELIGAMIBSIFEHOM each objective function

of saifheihekselisaeRiai agyeRita FsigRmenhslRe Jhesappasaiie af tlaim

133, wherein said Igﬁlrjl‘edetermined r%ection criterion js selected so as I&) al

NG e HiFIGRETTECARE APat S BTEIRE 5385 FRERINLES affe bt
leasinaglatditoptitrizeiiongprdeessticompnsesdasiont asticpettess. 138.

The_appar laj ' id st ic.process is selected
from‘%ﬁ%%%ﬁ% %gﬁégﬁ%?%%% %%%%g%%ﬁegﬁgagggu search, genetic
algoritrainctetn dhipsutnaious Abriaimoniing des saah el Corbairatioi of said

satéﬂﬁé‘?Of- 139. The apparatus of claim 137, wherein said at least one global
optimization process comprises a deterministic process. 140. The .
appArBHtRD GPRERHT IR OWHBREF LR R ARTENE HRIGIST Ot sricrspnd
a plemliYe Grodp&aonsising.eta detemdinisiiclngurd Refek pigessaiapdsa
radient search progess, J4O 2006/080003 PET/IL 2006000074 57 141,
BSS R RS Oé%gglﬁg%%‘teﬁ?,e olrﬁﬁﬂﬁsllﬁg; anr‘%asggnment managing &
trajappayatus| ferlasdignivipadiplofdisighnasts donatitagt tone sdiedlitel axd
o : i i : :
N A T e T b
locgivayveitraaisrilsEiemiearit managing apparatus comprises: a trajectory
detesrmpinaien Qs detesminingfon sach saiatite wisiosiancRieaisk of said

satellite; a graph constructor, for constructing a graph having a plurality of
pluglitic @€ vshdres: fRftality of edges, each vertex of said plurality of vertices

[repeepantigiafizer, supplemented by a longest-path algorithm and configured to
obtain a path over said graph, said path having a plurality of connected vertices and
being characterized by a substantial optimal objective function defined using

respective weights of said plurality of connected vertices.

142,  The system of claim 141, wherein said assignment managing apparatus
further comprises a time window definer, communicating with said {rajectory
determinator and configured to define, for each assignment, a time window at which

said assignment is performable by said satellite.

143.  The system of claim 142, wherein said assignment managing apparatus
further comprises a discretizer, for discrefizing each time window thereby obtaining a
plurality of time instants, respectively corresponding to a plurality of locations of said

satellite along said trajectory.

144, The system of claim 141, wherein said satellite is capable of assuming

a plurality of orientations.



assignment performable by said satellite while being located at a location
along said trajectory, and each edge of said plurality of edges connecting
two vertices of said plurality of vertices, hence representing a propagation
WO ¥etellite between two locations along said trajectoryP@iieigp/000074
assigner, for assigning a predetermined weight for each vertex of said
plurality of vertices; and a path opti#fizer, supplemented by a longest-path
algorittm afideconfigurdctionobtinmdgaih sovd gsaid gregtiucsaids patifigured
o MRAROABIRIN Blicanpecles Meices ARGLhE A EALCIRIZRDY B wid

substantial optimal objective friction defined using respective weights of
eraghidsansranty G EarpecaEdvaticecy tmg instra éﬁéﬂ@rﬂa%ﬁrﬁff@g satellite.
wherein said aSS|gnment managlng apparatus further comprises a time
wind def er, comm atln sai d tr ajectory determinator and,
conf.% "‘E‘jé?r’ﬁji%me HF& ‘é%a L S AR AR pERgs @
ca@ﬁﬁi&gﬂiﬂ‘ﬁﬁﬁlﬁ@@@ﬁ@pﬁ@ﬂbﬂ&ﬂﬂ;ﬂ%lﬂ@me”lte 143. The system of claim 142,
wherein said assignment managing apparatus further comprises a
discretizer, for discretizing each time window thereby obtaining a plurality

of .tinié'inst.a‘hﬁs sysispe o orfésydisdiing teid wlagslity ofduvsigiond dfy at
lesidnsatelliigalong:sait aisctaly- ddd, Tc'&ﬁs%s}fﬁ{g“aiofac Bl AL herein

said satellite is capable of assuming a plurality of orientations. wo
ey lOBrOBeDD 3 ﬁia%@ameem«%@ M‘BHSPH@%V@E‘em of claim 141,
wherein said graph constructor is configured to define additional vertices
of s Ije(%# in a man er such g;at each vertex of said graph represent a
co

diffe Bingiten 8 ﬁi?ﬂé“]rﬂé B RN TR N il e s L T
fufhe systerisef claibnkddinyheiefivatdbdisiding as&igstmantsdmprise oé the

f 147. Th t fcl
P TP O pvameter

erein said image’is c
selected from the group consisting of a. location, a size, an envelope

shapeyq resgluinn. A Priqks 308 3MaeaUBIHORIYP BoddBcih 8RR Ll
claim 141, wherein said aSS|gnment managing_apparatus
generate a veriex for each sub-assignment of said plurality of sub-assignments,

150. The system of claim 141, wherein said assignment managing apparatus
further comprises a collection definer for defining at least one collection of
assignients baving at least two assignments, said af least two assignments béing

performable by said satellite while being at a single state of the plurality of states.

151, The system of claim 150, wherein said graph constructor ig operable to

generate a vertex for each collection of said at least one collection of assignments.

152.  The system of claim 141, wherein said assignment managing apparatus

further comprises a testing unit capable of performing an accumulated resources test.

153.  The system of claim 141, wherein said assignment managing apparatus

further comprises a graph reducing unit, for reducing a size of said graph.



further comprises a subdividing unit for subdividing at least one
assignment of the plurality of assignment into a plurality of
sub-assignments. 149. The system of claim 148, wherein said graph

WEOHSHtYO#3is operable to generate a vertex for each sub-aBSiEHRG06§074
said plurality of sub-assignments. 150. The system of claim 141, wherein
said assignment managing apparafiis further comprises a collection

definkHfor défirivica: Rixinined Thiubesinorid Ermietitera vy tgedie

oftyRresaianmenis: said-adleast twecassionmenis hetnghperaimabladie of
_said satellite while being at a‘singlegségte of the plurality of states. 151.

trigpulay SRS DF L ERTHCESE AR BSOS %Fgﬁﬂ%gpﬁgtructor is operable to

generate a vertex for each collection of said at least one collection of

assigpents, 152, The 5y
a

tem, of, claim, 141, . ent
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ofpaitforaiing beteesunrilateidredeursesuesy PY8ctitie ybten onbaion £4de
eiﬂﬁr@éﬁgﬁﬁ?ﬁ assighmegtppanaging apparatus further comprises a graph

reducing unit, for reducing a size of said graph. WO 2006/080003
PCT/IL2006/000074 59 154. The system of claim 153, wherein said

graph 4e8ducing 4Bit:As sranable 40f pesem kg pileast antredutinss:
procedure selected frol é’fge roup consisting of triangular inequality
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whereinodaictigeajohcetaahucitglutit forospabitngf fitemvhtipgptyepatbert saidl set
riangular inequality reduction and.said inferior edge elimination in an
Ofitf]euf% I aﬁésslﬁﬁ)(ﬁ%fé Ye‘?%lelcﬁ)%fear%dof claim 141, wherein said path _
optinfzemdainpriss: fa queapisaliy uniaforcouftipg ahdustoripriha semefsaid
o LRVeRAREsAN Objective function calculator for calculating, for each
query-path of said set of query-paths, an objective function; and an
updating unit, for dynamically updating said set of query-paths using said
objectiye funmstiepsid® bldasySemyaielaimid a6iwherei heaigiassigpmeant
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objective functions.

158. The system of claim 156, wherein said query-path unit comprises a
matrix constructor, for constructing a square matrix having a first index and a second
index, such that each group of non-zero matrix elements characterized by a common
value of said first index corresponds to a query-path of vertices, said query-path
ending or beginning at a vertex being labeled by said common value of said first

index,

159,  The system of claim 158, wherein said objective function is calculated
as a sum of weights of vertices corresponding to & respective group of said non-zero

matrix elements,

{60. The system of claim 158, wherein each non-zero matrix element of sajd
square matrix represents a weight assigned to a vertex labeled by a wvalue of said

second index.



158. The system of claim 156, wherein said query-path unit comprises a
matrix constructor, for constructing a square matrix having a first index
and a second index, such that each group of non-zero matrix elements
WenradaN9Ed by a common value of said first index corresB&idsge000074
query-path of vertices, said query-path ending or beginning at a vertex
being labeled by said common vall8 of said first index. 159, The system
of CAfh 1. 588 PSSl Bl u v fitedBh 36 Ak ot At e RGeS @
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matrix elements. 160., The system of claim.158,. wherein each.nop-zero..
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PCT/IL2006/000074 60 161. The system of claim 141, wherein the at
least one satellite comprises a_plurality of satellite, and the sets of
assidffentserpipirse afpHaait oo ST campne Als teiipiatioa it for
opSRaragerzedbyiRRluEly ofssighsiental optimal objective functions,
such that each set of assignments is associated with one satellite. 162.
The system of claim 161, further comprising an optimization unit for
optimiging Saiel yphusality’ cbsetssof assighieadtspilodafibe systemelielaim

162, Wtﬁgrre&n said o t;[mjiatj[%g Iu it cggﬁﬁgjses: ﬁ shared assi%nmen S
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functions to determine a relative weight of each set containing a share
objestiynfimstiaasconfsiaweine anJobrarahobretherdtetymamngead
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assignment from said set if said relative weight satisfies a predetermined
asFLEBRYSh #flerion. 164. The system of claim 163, further comprising, a
global epitifiizatiosxdhiicfofoapplyindimt ledbtanggiabalfoptinsiddtian if said

re aE?v%e\%gié%ttQEﬁigfji%g%IH&%E%%}%&% %g‘j égtion criterion.

164, The system of claim 163, further comprising, a global optimization unit
for applying at least one global optimization process to the plurality of sets so as to

obtain at least one non-local optimum of the plurality of sets,

165. The system of claim 163, wherein said relative weight determinator is
operable to calculate a loss in a total objective fimction, said loss corresponding to
exclusion of said set containing said assignment from said other sets containing said

assignment.

166, The system of claim 165, wherein said relative weight determinator
Comprises:

a summing unit for summing objective functions over said other sets
containing said assignment thereby to provide a first sum, and summing reduced
objective functions over said other sets containing said assignment thereby to provide

a second sum; and



obtain at least one non-local optimum of the plurality of sets. 165. The
system of claim 163, wherein said relative weight determinator is

operable to calculate a loss in a total objective function, said loss
corresponding to exclusion of said set containing said assignment from
said other sets containing said assignment. 166. The system of claim
165, wherein said relative weight ééterminator comprises: a summing unit
for aunitmdgiabjedtite tubtticths: awigrssachdtiver Sets sephfashrmgnsaid
assignment thereby to provide a first sum, and summing reduced
objective functions over said other sets containing said assignment
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166, wherein said reduced ohjective functions are calculated by excluding
of %&ﬁ%ﬁ%@&fﬂ%@%ﬁg‘?ﬁ%‘?ﬁm each objective function of said

other sets containing said assignment 168 The system of claim 165,
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crimriengloiaédpdimizatiomiphoteswiddnsprises a stochastlc process. 170.

The system of claim 169, wherein said stochastic process is selected

from the group consisting of simulated annealégétabu search, genetic

algotfthm, Be chaistie dfctirin ey Freprsced Amization
prodfgEeeinides HQRMaleRRIGEAIM 169, wherein said at least one global

optimization process comprises a deterministic process. 172. The system
of claim 171, wherein said deterministic process is selected from the

grouurwonstsﬁngfﬁ&m dgterninisi; neeraimeiidotosintessrandsaigaiicnt
ﬁom %hChg? rggeggnﬂstmg of simulated annealing, tabu search, genetic algorithm,

stochastic neural network process and any combination thereof.

171. The system of claim 169, wherein said at least one global optimization

process comprises a deterministic process.

172.  The system of claim 171, wherein said deterministic process is selected
from the group consisting of a deterministic neural network process and a gradient

search process.



