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10 incorporated herein by reference in their entirety.

FIELD OF THE INVENTION

{0031] The present invention relates to problems to be resolved in large search space or
in unct;rtain and dynamic real-world conditions. ‘More particularly the present invention
15 relates to a method for solving a complicated problem using dynamic association
between abstract graphs that represent a set of sub-problems of the complicated

'pfobiem.

BACKGROUND OF THE INVENTION

20  [8002] Recently, several research groups as well as commercial enterprises have been
striving to develop a pgeneral artificial intelligence (AJ) engine for real-world
applications that copes with problems and uncertain in complex and dynamic
environments. In these environments it is impractical and usually unfeasible to envisage
and pre-program in advance all the possible situations and events that may occur.

25 Accordingly, development of an Al engine should be aimed to include capabilities that
enable it to Teason about unanticipated opportunities. Moreover, typically the Al engine
should be independent of domain knowledge to allow reusability across several
domains. These essential properties enable more realistic behavior of the application,

and provide added flexibility to the system saving implementation efforts.

30 |6003] To solve a problem (e.g., to identify the best action for each situation), a solution
set or search space including permutations of possible outcomes must be known. A

probiem in dynamic and uncertain environment is difficult to be solved since the search



25 Accordingly, development of an Al engine should be aimed to include capabilities that enable it to
reason about unanticipated opportunities. Moreover, typically the Al engine should be independent of
domain knowledge to allow reusability across several domains. These essential properties enable
more realistiy 8&AEAEt8T the application, and provide added flexibility to Bed /&4t %2kfing
implementation efforts. 30[0003] To solve a problem (e.g., to identify the best action for each
situation), a solution set or search space including permutations of possible outcomes must be known.
A problem in dynamic and uncertain environment is difficult to'be solved since the search space

becomes lardB\ B BTy SN FroHNGSSetBIPRISHN fodrbidEe 16 esBr@ B risblems with a
large searchregdce isoalembstigctionpaseditdchniagus. dn dhskiechninuedhecarininal megigh space is

mapped intotéaC strau%t ﬁ%a%:: iga\[vgégp l}rrglggeapst g%taiégtar? dl%rte atrded at different leyels of granularity.
The abstraction based 5 lechnigue has been proventd be Enectvarir séberai CeEri ¥hblems. For
example, abgttaitsiondsdoagdriodnmgralifdtatetfiesdntty afrrealatitye pdile finsingepoablenedV. Bulitko, N.
Sturtevant, J. i a0duks ey, ‘Grarh Abgtragtion in Real-time isti rch’, Journa] of Artificial
Intelligence Reselglfgg, efo, pp. 51-- 100, (2007)). In éld%?t%&rr%,l aslgé%gc%%gﬁ%s%%ftggru%%%i%al world

applications 3BFaEkop|&nfiRed ifo vitaiae ve ohsl ahfiingdn @ feseattition rath-finditeapesdigor. Baolucci, 0.

Shehory, angfiiQycaraqhtesiaavingplannmovnd exseytionnaisultiagent ieRMpiaRRINg
environment', Electron. Trans, Artif, Intell., 4, pp. 33 43, (200{%&. [00041 Abstraction based techniques
t

include repreSaiiing’ ﬁ%ﬁbﬁ%%ﬁﬁgﬁgt{%ﬁf@%{ﬁﬁsRﬁﬁaéﬂ&t BPaph HirayBe iHAAAN- WSed to
represent a padiiisabstiaoionds bR obla aad malibpmiiantedasdiessalution is wefised and

complefed, for example, as details are added. Partial solytions fo g, problem may, in¢lude a subset of
the CormDietd S ol 3¢ LG A TP s AL B 401 STERAm e B Bseile
outcomes ardriterbsgmingV itkrei sy agtid rebasediterhniqud fipamtialsotutidasmingyebheiapplied, to the

problem to n%%g%ﬁh?rg@{im@m%lﬁqg}igb§9§ujggs(m e applied to the 20 problem at a variety of

different levels. The abstract graph of the partial solution‘¢an be expanded using the partial knowledge
along with dy#iicibhanges thikel eradiohnmnentthatio cograuning: theqieaassywithsabifigethe problem.

s e shpagon s M APCORIIS feiderse e e
nodes {&.g., MeRigasndrisesdgexinderhadths solution is refined and completed, for example, as
details are added. Paﬁiai solutions to a problem may include a subset of the complete
solution set or search space, in which some, but not all, permutations of possible
outcomes are known. With abstraction based technique, partial solutions may be applied
to the problem to modify the environment. Partial solutions can be applied to the
20 problem at a variety of different levels. The abstract graph of the partial solution can be
expanded using the partial knowledge along with dynamic changes to the environment
that occur during the process of solving the problem. Thus, the abstraction based
technique may be suitable to handle real-world problems that involve partial knowledge

of the problem and its environment.

25 [0005] An abstract graph typically includes nodes (e.g., vertices) and edges arranged in
‘multiple levels, A complete solution to a problem may include a complete solution set
or search space, in which all permutations of possible outcomes are known. The
complete solution is typically represented by a graph having all levels fully instantiated.
Therefore, a complete | graph can be viewed as fully instantiated sets of nodes and edges,

30 which are required for resolving the entire problem. In the same way, an abstract graph

of the partial solution can be viewed as partially instantiated sets of nodes and edges,



multiple levels. A complete solution to a problem may include a complete solution set or search space,
in which all permutations of possible outcomes are known. The complete solution is typically
represented by a graph having all levels fully instantiated. Therefore, a complete graph can be viewed
as fully instaffatétt/s&t8'df nodes and edges, 30which are required for reBGRIhgHEEHIre problem. In
the same way, an abstract graph of the partial solution can be viewed as partially instantiated sets of
nodes and edges, which are modified in the process of solving the problem as the partial solution is
refined. [00061 The refinement process extends the abstract graph of the partial solution to become a
complete grafihig 56 BOSiEtdsdstRmcTneofeimeinm g reblat sl b sapigk selulwpirations which
depend on thesyge of the problem. For example, in a task planning problem, a sequence of
executable tasks may be determined to achieve a given goal. Resolving this problem by abstraction

based technif§8@ s irfsIvasns iyagpy xisrdardsichbvhenmingswittyyrirtnk spluitswell-designed

hierarchies ofcadaska Whtighde wisned nAsmblisaghical Task Netwark (HINRlannel.(K. Erol, D.
Nau, and J. 10 fiendler, {HTN} planning: Complexity and expressivity', in AAAI-94, pp. 1123-- 1128,

(1994)). 1n tHE YRR BRI AR sRera P 4 iRiRaIchdie wiskiscEerissameabsdesblan, is an

over-archingrlaminhighoiievel ) degesiption efdhigproblammbheabsursinplon isthar refived by applying

a deconstruction ?{oerf\tion&% dec pstr ct%h initial task.into a.partially ordered set of lower-level
e RS Bl s

sub-tasks. The abstra AR O AR RIS AP AN SRR EREtAsks are

ract ptan n%r? 15 ‘Epresente
represented bipmaubésiarienthesdéptagslehdiesaoie e thécshnks! dierzapiesofitedshy witgkss The
deconstructiogroperation g)@ggg&mlapgkaﬁgg% h@)’ﬁ(ﬁ ' es.and.edges inta the graph. The
deconstruction operation may be considere c‘omr%‘ete whe%%ﬁ}lgﬁ?giﬁésﬁ%%f%%&g%’sﬁ'ﬁctﬁgraph are
deconstfictddenlsismafieN s tleamirg (rammexionent xrepisisks’ arinatdvibl-96 axediBibte tasks. An

atomic executetde(taskys i tdskiibataraNGNMHRRE harkhe decanstimgteg:inte ultiple sub-tasks
100071 The d?gructure of an abstract graph is consistent with the type of the problem. The structure of

an abstract JrEPRMBFhdUAR, AR TSpE & cBishdtth Beii@dntne the problem. The

abstract plan is then refined by applying a deconstruction operation to deconstruct the
initial task into a partially ordered set of lower-level sub-tasks. The abstract plan may be
15 represented by an abstract graph in which the tasks are represented by nodes and the
dependencies among the tasks are represented by edges. The deconstruction operation
extends the abstract graph by imserting nodes and edges into the graph. The
deconstruction operation may be considered complete when all the tasks of the abstract
graph are deconstructed into smaller sub-tasks unti} the lowest level tasks are atomic
20 executable tasks. An atomic executable task is a task that cannot or need not be

deconstructed into multiple sub-tasks.

{0007] The structure of an abstract graph is consistent with the type of the problem. The
structure of an abstract graph may inciude, e.g., the type of connection between the
nodes (by the edges), the process by which new edges and nodes are added to the
25  abstract graph, the type of data assigned to each node and edge, and/or other features of
the abstract graph. For example, the graphs of Figs. 1 and 2 {e.g., having a hierarchical
task network structure) have a different structure than the graphs of Fig. 6 (e.g., having
a temporal constraint network and a navigation graph using a clique or quad-three
representation). Thus, dissimilar probiems may be represented by different structures of
30 abstract graphs. In one exampie, an abstract graph representing 2 path-finding problem

(e.g., in which a planner searches a route from a source to a destination on a map)



nodes (by the edges), the process by which new edges and nodes are added to the 25 abstract
graph, the type of data assigned to each node and edge, and/or other features of the abstract graph.
For example, the graphs of Figs. 1 and 2 (e.g., having a hierarchical task network structure) have a
different structure than the graphs of Fig. 6 (e.g., having a temporal constraint network and a
navigation graph using a clique or quad-three representation). Thus, dissimilar problems may be

representedybicaifehahedifierenbstoroasbunen glesinst sdheaxspiagah absRBEHiBph

representing gupatD-tding:Rreplend (el riihighaRlianpel seaichas-actarie iy seurce to a
destination on a map) typically has a different stryctuge than an bstracéﬁ%:apth égpresenting a task
Etuir

planning pr%?@?ﬂ!%ﬁ@?%@é%ﬁa%%%?@?aﬁs iS00 ROSHARA Tneitide, for example:
a constraintsadisiaction graphiatdiadinighasopdionctintsatisfieshiivacicor i ol Gata scheduler
with temporal constraints): a.hierarchical tree graph that represenis an organization (e.g., military
force); and ﬁe%rf:asg%tstﬁgtorl)gﬁrrlggeno?s ea'%iarﬂgﬁgttaﬁwfag?%?’@g? gﬁilpg@r?f léel%li‘?g%%tguaré) g aég. urthermore,
even similapprobiemsitmayldme a&étvgqrm.mmérmgys@ﬂmssm@mepmbmmwmbdifferent
abstract 0raghg. bey CamRle. fpalindiog.Rpbienmav i exRled Aligetx gyaddsees (H. Samet

An overview of quadtrees, elites,"and related hierarchical data structures, in: N ASI Series, Vol.
F40 (1988) c5a8wy: ér Rflaftibie Fiebiaramaiabioaswirshritier by guadinses Bl VaBefitka, N.

Sturtevant, dyds4;cands uldtbebefRiansethh e einaPRe)- AREP IR Giva dh8LoRSIICTON Lf AN abstract
graph is based on theévfg)% of resolving technique and.on the specific t¥g,e and environment of the

problem. SORAGEANSL HEB 3NV ERS BN YG08 AR ALCBY ARRT A6 ISP e A CRE TS ent invention,

there is proviged ButBkopMietigaciah)d.staragd Medium«orapiidihgrestbotinseedangthat when
executed by a processor in a computing apparatus, cause the processor to: construct jn a computing
system for )é]é% 8?%0‘6 Al ya%?%ggﬁte%(%&f SSB%S-epdrSBLIléﬁr% R Abs PZ%P&%%%R é%??e%nﬁfo%%ing thereto,
wherein thetidusalitifioftypdepd rdentsutzptalfldragm@dpgeesent a main problem, wherein each abstract
graph comprises an ordered set of nodes, wherein a first node of a first abstract graph of the abstract
graphs is associated with a second node of a second abstract graph of the abstract graphs; at the first
node, determine if available data can be used to solve the first abstract graph to resolve the

sub-problem corresponding therepinanfld ey aighledeienepih|t be used to resolve the

sub-problem corresponding to the first abstract graph, switch to the second node for resolving the
sub-problenf887as i o tthe SBEbigressPActi§rapisen covrtiopa ity udsscdnd aspect of
the IOfesentéﬂifﬁﬂxﬁ&ﬂveﬁ&@éSs%%‘ﬁg%&i%th&ﬁxﬁﬁmﬁgswgée@%ﬁ%ﬁmi%§ BRMRMtIGY system for
each of a plurality of independent sub-problems an abstract graph corresponding thereto, wherein the
plurality of iFHENEHBRESHISGSHSBIMSE FOPPEYERE APRATATHT CBISH G HERSHS ¥A R a8 EEE Yraph
comprises g Qrdgreehsakolnedrsiovhakeing firsiinase,oba fkstabeitact-amphvkiie abstract graphs
is associated with a second node of a second abstract graph of the abstract graphs; at the first node,

determining? R B B agarEssR B nge thigeton e e ir hanRlpsi g r S hitd Feebiert s ub-problem

correspondingshgrgtesustiithe Ayailahlbiata cannahbesseshig-dasalvpihessuhinablam
corresponding to the first abstract graph, switching to the second node for resolving the sub-problem

correspond g4 thect et g e stieerr fpfirst aweecal AcBsvaisttach esmehadhit apiiachresent

invention, tfga 1§ providedadneinos fessividgeadnaiBepipblaRiile Befnoskeampisag: constructing
a plurality of abstract %aphs each comprising nodes, wherein each abstract graph represents one of a

plurality of SHBPBofeth fFidrests et prmiafy or cilrotténfetaRe Heh s Ye presERtt the main

problem pedgining 19,30 |MEREN;Ud8580MesIRAAdeartianereRds, ahanahstiastigirph into at
least two nodes; associating a subset of the nodes, the associatin ‘comprisinl%ﬁ(i) selecting a first

node of a fidttBraBIhRe A e fhrabapiaRlra fret6RoBtitHe Cubs iaBIetRE#i selecting one
or more secgagHedesIPfPthe saksitpe & IS EERIASARERGATEFRAMN QPR Hidhastkpieblems; and

(iii) creating an association between the first and second nodes in which information pertaining to the
first node oPfiset 8Bt &iftaph is associated to the one or more nodes of the other abstract
graphs; further decomposing one or more of the other abstract graphs using the associated infoimation
and resolving least one of the other abstract graphs; and iterating the steps of associating nodes for
different nodes and further decomposing to obtain a solution for the main problem. [0007d] According
to a fourth aspect of the present invention, there is provided a computer-readable storage medium
comprising a set of instructions that when executed by a processor in a computing apparatus cause
the processor to: construct a plurality of abstract graphs each comprising nodes, wherein each
abstract graph represents one of a plurality of sub4problems, wherein the plurality of sub-problems
taken together represent the main problem pertaining to an environment; decompose at least one
node of an abstract graph into at least two nodes; associate a subset of the nodes, the associating
comprising: (i) selecting a first node of a first one of the abstract graphs representing a first one of the
sub-problems; (ii) selecting one or more second nodes of other abstract graphs representing a second

one of the subproblems; and (iii) creating an association between the first and second nodes in which
informatinn nartainina to the firet node Nnf the firet ahetraect Aranh ic acencriated to the Nnne or Mmore



[0007e] According to a fifth aspect of the present invention, there is provided a computing system,
comprising: a memory to store a plurality of sub-problems representing a main problem; and a
processor operatively connected to the memory for retrieving from the memory the plurality of
sub-problems, wherein the processor is to: construct in the computing system for each of a plurality of
!“depe“deﬁbﬁﬂ‘gﬁi"%%@rﬁi%” fbstact graph cor ﬁ%ﬁé’%@%hﬁﬁ% o NRISI ﬂ‘ﬁrB'M&%H% of
independent sub-problems %present a maih problem, Wherein each abstract graph comprises an
ordered setofthodesmyhisiedn adisturtide of a fgnabstacystapHof chehabergdtigilaphetis associated
with a second nodg of a second, abstract graph.o %%a Sact ara, \Es,é at the first node, determine if
available dé (ée fr?%)een tuggg %Os%?\r/%stﬁg fﬁ%%%étr%tc grz{{)pfw{%?9 resclﬁ e tlﬁe su’b-pro&em corresponding
thereto; anglfithiéaveilafertaterasnbibebises tomesoieahesnbppeblsiam wberegpeading to the first
abstract graph itch to the secand node for resolwv -prablem. corresponding. to the second
abstract gra?%ﬁ? 0%?})% an z’%i%d?r‘h8%?%?%5%8@2%%?’5@%%@%ctluér%e l?r? a comp%%ng system may
store a pluralityraft sopbrobidmshepresarihy & mwircptodleripersaeing nodnadrivireramént. An
abstract graph.correspending to,each. of g lg roﬁﬁ%ﬁ@ﬁ&@r& Su tgxdaﬁhgﬂg £Qmputing
system for é%sc X4 ﬁﬁgpsu %grgb%S%%?tA%r % glg?g flll?%et abstract graph oﬁ?{é a?i)stract graphs may be
resolved, foraexdrmplescty tecortvsoshey fimeé orbstoret ngried ofehedindvabicactugrapihl@Anleast one of

ihe one or TNEIRH o' S (ISLARTIAR SUARAESACARBCRISH A pe Arcagr ades of ohers

of the abstract g t least one of the a gp s may be resolved using information obtained
by the assopiatizm Citresremdiodimehtsfise detaibatipihdseldivhied. fodeoskeent arpdoiment of the

invention, ap, %%%%%Q%D négye%ec ﬁggé%gi&%g %qg &%%‘%HJ&%;&S (for each of a plurality of

independent Iem_s. e plurality ndent su -problem répresent a main problem.
Each abs”"iﬁb@‘f@PhAP&%dﬂfé%e@%ﬁ%ﬂ%ﬁ&?%@gﬁ%&lﬁ firstinede plafiistabsliagt graph of the
abstract graphs may be associated with a'second node of a second abstract graph of the abstract
graphs. At thiethest frade]vinsaymeieterismethir wﬂi@b@@m@m pragiseeting SoNertheYfirst abstract
graph to resgivg g sub;prablem %%Eﬁ%%&ﬂ{%d%@?%@réi&%&@ﬂé@!&d@%ﬁaﬂ%Qﬁsused to

resolve the sub-problem corresponding to the first abstract graph, a process may switch to a second

node for reswiving thesmiprobiawbarrelspon diripieithé e sdermd Bbsefr sePgrepheeo idEh an
embodimeny,of e iRpeation g Meios i8lseyIng.AMAR RICBICTomBHUdsS, AARRIHCHNT & plurality

of abstract graphs each including nodes. Each abstract graph may represent one of a plurality of

sub-problertgasToRe plodainy 5F duraroprh sl et dtHeregsic atyrdpiagenttheihaiioroblem
pertaining g an.enyiropment: Al 1IE33HA%E fode 9&1@&%@%&@&% By bederrmypoged into at least

two nodes. A subset of the nodés may be associated. The association may include: (i) selecting a first
10 node of ahfifstcsresaptih searssERbg i pAst reprekHith gl MisbirRso fthesslestRb e (i) selecting
one or more,Recald ARARRIE! AN6MBPIBARYrBRIRISRIRSRANNG 8 SECRIRARS P& aHb-problems;
and (iii) creating an association between the first and second nodes in which information pertaining to
the first node ¥ iemestitca st SEEY R TS EGBHABPESTRENOHE Sitvhand eeridofmpieddier abstract
graphs. Ong,QlMaIRAh 4R8n eRiheh 2RSIRCE SRR DAk DRAHDarAeGRPRISaEfaaRYample, using
the associated information and resolvmﬁgﬁleast one of the other abstract graphs. The steps of
associating lRoleLRsy efiffepsnmadeeslaing rikgTeridigshgarhsy falch derrarasing cMaitt a solution for
the main proflesm, PARRIEFEDESGRIRHAN QF.J HE RROVUNGS (98%HdR srderteibgtier understand

the present invention, and appreciate its practical applications, the following Figures are provided and

referenced Heraneltkpother bsieR Erhsnntidenana By o Beampieg safeafd in no way

limit the scopergtthe Javentiatukile PRIDSHS BIsvgRates R Ikeraferanse ngRals. 25(00121
Fig. 1 is a complete graph representation of a task to solve a complex problem in

4a



which hierarchical planning strategy is used to plan the task (PRIOR ART). [00131 Fig. 2 is a partial
graph of the graph of Fig. 1 in which the complex problem is partially solved (PRIOR ART).  [0014]
Fig. 3 is a flow chart of a method for solving a complicated problem according 30to embodiments of
the present invention. [0015] Fig. 4 is a flow chart of a method for solving a complicated problem

according tg\ghediments of e Presentiventiony. 100481 Fidmdiusiaiesa,aepairg!

representation of a complicated problem divided into two sub-problems represented by two abstract
graphs, witlkessusatientsetwissrestmeedivor astgpaping dccstditg wwrewbetinidats whehe present

invention. 100174, Fg, § ilystiates2.aranbifal sepmsentalionofia somplicatpd problem. £-9., planning

a day in the museumfor'a family, solved by dividing the problem into three sub-problems each of
which is represelitted byplstespattives oftslbiotiree sibstirdagraphst aie agripRbsHavingt & ociations

therebetwery, acaorcing 49 eIROAIDERS BB RIESERLAQVERYNIO0TE Fig.cTdlistiates & system

according to an embodiment of the invention. [0019] Fig. 8 is a flowchart of a method according to an
embodimerigfiegeientiem cHETAEDIDESGRIPFION GHE REFFRREB EMBODIMENTS

at Jeast one node of an abstract graph into at least two nodes; associate a subset of
the nodes, the associating comprising: (i) selecting a first node of a first one of the
abstract graphs representing a first one of the sub-problems; (ii) selecting one or
more second nodes of other abstract graphs representing a second one of the sub-
problems; and (iii) creating an association between the first and second nodes in
which information pertaining to the first node of the first abstract graph is associated
to the one or more nodes of the other abstract graphs; further decompose one or more
of the other abstract graphs using the associated information and resolving least one
of the other abstract graphs; and iterate the steps -of associating nodes for different

nodes and further decomposing to obtain a solution for the main problem.

[0007¢] According to a fifth aspect of the present invention, there is provided a
computing system, comprising: a memory to store a plurality of sub-problems
representing a main problem; and a processor operatively connected to the memory
for retrieving from the memory the plurality of sub-problems, wherein the processor
is to: construct in the computing system for each of a plurality of independent sub-
problems an abstract graph corresponding thereto, wherein the plurality of
independent sub-problems represent a main problem, wherein each abstract graph
comprises an ordered set of nodes, wherein a first node of a first abstract graph of the
abstract graphs is associated with a second node of a second abstract graph of the
abstract graphs; at the first node, determine if available data can be used to solve the
first abstract graph to resolve the sub-problem corresponding thereto; and if the
available data cannot be used to resolve the sub-problem corresponding to the first
abstract graph, switch to the second node for resolving the sub-problem

corresponding to the second abstract graph.
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1510020! In the following detailed description, numerous specific details are set forth in order to
provide a thorough understanding of the invention. However it will be understood by those of ordinary
skill in the art that the present invention may be practiced without these specific details. In other
instances, well-known methods, procedures, components and circuits have not been described in
detail so as not to 20obscure the present invention. [0021i Unless specifically stated otherwise, as
apparent frdf948kIfolipwirkpdistaus sioths, itvientippre clake st b dgispiheCSHEEIICERON discussions
utilizing termys, SUGNAS»RIPCES S pros ARG sc Al IAtRG! " FRISIRINFB aindiyiding, "solving”, or
the like, refer to the action and/or processes of a computer or computing system, or similar 25

electronic cERTBOEMGHetiteat ZRbcREShNS g dRsafth ehtberapratehtEnsaphical, such as
electronic, quagditiesavithindhe GempidingystRm saatagisters andfoblamonas dato other data similarly
represented as physical ntifies within the computi em's m ries, registers or other such
information &XF @Wg‘nﬁgﬁ W%?tﬁfﬁwib%vgg%g?(ﬂgﬁgﬁfo%%?%%& gﬁﬁ}n 14V be used
throughout therdfspedificaflitie fodebstibe praplorinbrassentitios fisucheas compomists| tevices,
elements, par ters.and the like. 1002 crding to.embodime invention a
novel technl%rl% érg%%?gtv%a f%‘ra%’fi\‘?iﬁsg cgnc%ge r@&? églat%%%%ggeig%n%%\% norg}I §t%%g1§f$%§§%%%%%}::e or

uncertain agrplyhakhicad aingofltheohetichgrapbeonasliatesh hieshising sndoprsbianviiineday be
deconstructgdintg.a,RlHalh SUBBIRAIEMS MNEIQ Sah.SHRRERBIEM is not 5 necessarily of the

same type. The type of a problem may refer to a problem solver (e.g., an algorithm or mechanism) for

resolving thgypsoplerarcadibenbstaachgiapthionlesenation capespordingdastheprakiem. A problem
solver is well known in the field of Al and may. be enabled by a user ancUor. a co ing.system. Each
b probler TRy i RSl AHICHENE B ) PR ST DR A A B Complo 10
problem. A calugpiadeptabbepndslarproipheseihatmaypoebiunth Encle ebsistctigtephintevaplliddity of
sub-problems, where each sub-problem is,either.of the sa e . S n abstract
graph havin%ntﬂre&srggnse% ?u%(ﬂ%(gg%%%ta%ogﬁgr%?c%%e%%%&%g@.Om%ggﬁ{%p%%n% f each
complex prdisiessogiatagpicdily sepredendsddn waing ebaisettanepraphherrbyraehstaphgofdplicated

problem, degansiugied. infg:a pialibeeel yPasAlsiharroblens isdyrisalix epregegted by a

plurality of graphs, each graph representing one of the plurality of sub-problems of a particular type.
[0023] Conviitiaticapiirtsioh s dieth hpringieso Rrsroaneolve dos g circaaiatds fibblem using the

corresponding mechanism or problem solver and the corresponding abstract graph representation.
The problem may include a plurality of sub-problems. If

4c



20 the problem is a complex problem, the plurality of sub-problems are of the same type, and the
same mechanism or problem solver is used to refine the problem. If the problem is a complicated
problem and includes a plurality of different types of subproblems, one of these sub-problems is
typically defiWéﬁzg'%%’rfé']f%ain complex problem. The main complex probleff 1Ek8HI¥E¥ARd by an
abstract graph having a plurality of 25 nodes or edges. The data of each node or edge may be
represented by variables in a data structure of the abstract graph of the data (e.g., a data array). The
other sub-problems of a different type may be represented as a set of additional variables in the data
structure of tHERBSHatEGr Kol =T %‘%E’/éﬂr%? FUTASESRSEREn o {EHibaktTi ek te main
complex problecasismepsesehtadaby smecifidetar abie sirR e eabtiog difieresintmrscabIgsub-problems
by different \é@gi l%ﬁs 2 ian [e graph enforces strict constraints on the expanding process of the
sub-problems and it reduces the flexibility and the modularity of the solution as it develops. For
example, all b 8faliabesabstiibies: all sub-prabiesms .arecbeunetogathes withdhe sapeexpanding

level of the complex problem. Thu olutign method cannot. proceed to solve a sub-problem of an

advancegc]l Ie\llrécihgérﬁ?l Cgoﬁl ecgﬂ%-appg%ﬁgel?%égoféz%sg W FERE ?e??ecﬁa%ﬁ&%&ﬂ%fé%ﬁ' e%%h@égﬁﬁt solved. This

solution metbwirasasiceprtrerdlsitieyoioacuneinentlsubaiweb iffiershidypeaits lof el-pishibproblems,

which may hallaigiah RIRARS dp-acilian iR seiion MENedseeticts e aplily g expand the
Istribute

sub-problems in a d approach (e g using more t one p%ogessgr‘fg?%nsigflvé a complicated
problem). FUFfe ARSI $8I306FeRI BN rertube sleprmlsitied ioleas|biedtiowleddss.of dn expert in a

specific typesghihiasul-nbaRraale R whenRxPaNRing saa AR A02HA 65 QLsling [P embodiments of
the preef§nt inv%ntign, a compliilc)%}:d problem describes a plurality of sub-problems. Each sub-problem
yhtdy) g

is represent@345y°4 365 eCRN O olNE BPHIEE! SIPRRIILSERINE L BFERampidhs prirampismabstract
graphs. The(ﬁamismuglmﬁso?t;mef?&gfa@h?dee@l&ﬁﬁ&tiﬁg};@g&-@fgﬁﬂg@&dﬁﬁﬁﬁeg%&%nteﬂ in a )
computer 15 system, Eac the plurality. of a tract graphs m e expanded separately. Thus, eac
sub-problenjﬁa@?&iﬁ%&ﬁﬁ%ﬁ&ﬁ%ﬁ%fﬁ%ﬁ%ﬁrﬁ% eriiisge.tﬁ%ﬁlrm Hn i‘;@%&%‘%’?gﬁons between
componentsi@ies, Inowes: edgey) agplardistyict ateskrat geafibs. dbach-compionent may
e e sl @ L atioR Aldie BraRlemHencs. MG O Pa Sches, i when 2
complicated problem is represented by a 20 single abstract graph, accoréﬁng t0 embodiments of the

present invePifish 2BEEsEigtioRs BetvBe Airignslecamansss: dpasreprbyidesgidreaiesdtsieand modular

fashion to res@dveduablemsfsurermare. e cemplicaied praklem maybe regolvgding distributed
approach as each sub-problem cg%n be resolved independently. 100251 Given a complicated problem

to be resolvET T AR JOESAPE LA BPERIGER S8 A EamRs IR Iraled & I 8t8Aditions,
according toaewibodtirfrents sfsithevpitdsent invention, the complicated problem may be divided into a
plurality of sub-problems. Each sub-problem may be used in a large search space or in and dynamic
environment. A search space is a solution set including all permutations of outcomes. An environment
may be@ set of propositions BrHEFC IS G RIBEIS B (A BT BRAGVENESblem. A dynamic 30

environmen 6 nvironment in which {%? propositions may change. Each subproblem may be
solved sepaia?gg ﬁel.(g)r.dgéitr?gb Sgéir‘al%?%rsl éisé‘(? e IS ﬂ’ﬂrs%%ﬁﬂ”wa{e its practical
applications, the following Figures are provided and referenced hereafter. It should be
noted that the Figures are given as examples only and in no way limit the scope of the

invention, Like components are denoted by like reference numerals.

25 {0012] Fig. 1 is a compiete graph representation of a task to solve a complex problem in

which hierarchical planning strategy is used to plan the task (PRIOR ART).

[0013] Fig. 2 is a partial graph of the graph of Fig. 1 in which the complex problem is
partially solved (PRIOR ART).

[8014] Fig. 3 is a flow chart of a method for solving a complicated problem according

30 to embodiments of the present invention.



sub-problem may be represented by a separate abstract graph and may be resolved in its own way
and at its own pace. According to embodiments of the present invention, components of one abstract
graph may be associated with some components of another abstract graph. The association between
different grapfa M2YHTBW integrating multiple 5 types of sub-problems. FREIPRILAIMPHPassociated
abstract graphs may be concurrently and dynamically extended, based on predetermined or dynamic
propositions of the environment. That is, at any stage of the solution development, different levels of
abstractions of different types of abstract graphs may be associated dynamically and partial solution

may be appli?§bH & &rvitdimeriterd 6160pehad fiscwihriean ermmiissiadomblve Atemdngy be applied

in a variety ofcapplicsitions Alithopgtetenpragent invention is not limited in this respect, the techniques
disclosed herein may be implemented in many apparatuses such as personal computers (PCs),

workstations!{fi#&ldde deiitezatis statidricolderereaigion gimedaniiaiedrmpblemditidege collection
systems, propessing Sitsiemsnisupliaing-ar sismlay.dasxstemsndioiia UsRiaY SYSIRMSen

commungcati%n s%sstems, s'mulatiog, sgstem , unmanned systems, robotic systems, and the like. [0027]

The sub-problSAL R FERASsEHPK (bﬁ?a?’l%‘alﬁ?ﬁﬁIBH%HV??@tdﬁf’éF%’l‘?f‘types of problems or similar
types of probjiggas;thiat QTQH@ﬁ&Ré@dairlg?aﬂliﬁ%ﬁf%%@%@%ﬁwl&zﬁﬂﬁc&éw %mi@&,sgﬁtpfob'ems
oe

using differenk representations such as quad-_20 trees or clique). Accordin mbodiments of the

present inveRtBHEH (A% AH FUSHT S fanibsertivrg fm S saradhs aitiiem isteH@mseb-problems
of which the adrplibiiad qaraliewhisicornpiised s aseeptationsapplieddoahvean sapronents of the

abstract graghs as appropriate. [0028] According to embogdiments of the presept invention a system or
method mayqpf e %Sé%g‘r%% %ﬁﬁ% |§/Oéﬁgu ?B?g‘g‘?g%né‘i%gﬁ éSﬁfBBﬂ%‘ﬁ%%“{ﬁ&gét’?m%ges) of a

compliddted slem. in separate abstract graphs. At least one, but preferably more, of the graphs are
abstract gra e tract graphs need ngt be solved tg proceed with solving other abstract
graphs. An g{?gtlrgc%ﬁ@%@%%?a%%%ﬂg&ﬁ%’i@%’f%&%@?%ﬁ? MASFERVERYPFepresentation of a
graph, for expmdiprihesgsamiviielia OatahRse @R @@Mo an embodiment of the invention.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

15 | [0026] In the foliowing detailed description, numerous specific details are set forth in
order to provide a thorough understanding of the invention. However it will be
understood by those of ordinary skill in the art that the present invention may be
practiced without these specific details. In other instances, well-known methods,
procedures, components and circuits have not been described in detail so as not io

20 obscure the present invention.

[6621] Uniess specifically stated otherwise, as apparent from the following discussions,
it is appreciated that throughout the specification discussions utilizing terms such as
“processing”, “computing”, “calculating”, “determining”, "dividing", "solving", or the
like, refer to the action and/or processes of a computer or computing system, or siinilar
25 electronic computing device, that manipulate and/or transform data represented as
physical, such as elecironic, quantities within the computing system’s registers and/or
memories into other data similarly represented as physical quantities within the
computing system’s memories, registers or other such information storage, transmission
or display devices. In addition, the term “plurality” may be used throughout the

3G specification to describe two or more entities, such as components, devices, elements,

parameters and the like.



30tables, strings in software, data elements that may be used to assemble a graph, instructions for
assembling a graph, a map of relationships defining a graph, vectors, maps, hash-tables, an ordered
set, a hierarchical organization of data, a tree graph, or any other an abstraction of the graphical data.
An abstract YEgHMAIBE a private case of graph which may be dynamiddli/aRpees The abstract
graph may have a plurality of nodes having available data or information. Available data may be data
that may be 5 retrieved from memory without further expansion of the abstract graph to increased
levels. The abstract graph may be expanded to increased levels to increase the number of nodes (and

edges) and tH#22lofraehae tHe arhodimestsapiillsicrmeeaicomesiendingenerdashmseealistract graph

may have thg-petetiadtedrardbul disgRbiQnpiReH bakexpandedia-mcwased: evslsaf abstraction.
For example, bstractB %ﬁﬁ%may Q}a\/e a 10solution that may remain unsolved or partially solved.
[

100291 Acc h SRS SARUEHED POOE' 4515- Brobi R B ST onsidered
optional or alfermativerddente, acebrdiinyg tofembadibienis oftle:peaskntubveoteh Net Al the
sub-proklem icated problem.need to be sglved. Some sub-problems ma b%left unsolved,
to be so?ved %g%f?g% g&%@&?&é%ga set'rr;%fegtl%)pek? %B%%)¥d1§ ahd i)er%lé?%g e8! &ﬁﬁﬁﬁ?’%@‘ﬁfder in which
the sub-probienaigariiysived meapaspehdan dyeiamically amablging aehdittorbdssach @spior example,

changes in the,RuviigRmen- 0oL EhANG S I3calian 0eneralansitals and  Afhsy fagiops. Each time a

partial solution of any of the sub-problems is extracted it influences the conditions and the

environment! 246041 Fad by be (I tep it MastiBrA4B cor B & sYSaTEhs Bbtae sz ent invention
includes muliile RbsdsaRlegrapAsaiticas sasiaaninksdpriwaen WeistrRaneststiades and/or
edges)lé)ther q)qta rzgresen ations&ay.be useﬁf? Each abstr%g ra}%? represents a specific
sub-problemPRaViRG & sBIRRPAL HiAY BetiRtonBletdta iy LR BIRSs. The
integration bplwaan tbfessb@mﬁibhemwimexmhteﬂbbgr&ﬁekyh'&nﬁtm&yﬁ’sﬁ&cﬁﬂ&grypﬁ@sgedges or any
other compopgphahifieahatiactaranha, el sloce cach subprablem may he.aflugpeed by an
uncertain and ‘dynamic eénvironment, It may be impractical to achieve complete knowledge about the

environmentafhust khés siitisro blessch saphprobles isrebprasantérbissihy wbsweastiormnEach
sub-problemspay BigsraprergtethRy SERATRISAPSIACT HaNBS, AR SHanbe SN dRirality

15 of types of sub-problems, is typically represented by a pluraiity of graphs, each graph

representing one of the plurality of sub-problems of a particular type.

{0023} Conventional absiraction based techniques, typically solve a specific type of
problem using the corresponding mechanism or problem solver and the corresponding
abstract graph representation. The problem may include a plurality of sub-problems. If
20 the problem is a complex problem, the plurality of sub-problems are of the same type,
and the same mechanism or problem solver is used to refine the problem. If the
problem 15 a complicated problem and includes a plurality of different types of sub-
problems, one of these sub-problems is typically defined as the main complex problem.
The main complex problem is represented by an abstract graph having a plurality of
25  nodes or edges. The data of each node or edge may' be represented by variables in a data
structure of the abstract graph of the data (e.g., a data array). The other sub-probiems of
a different type may be represented as a set of additional variables in the data structure
of the abstract graph. That is, each type of sub-problem that is not defined as the main
compiex problem is represented by specific variables. Representing different types of
30 sub-problems by different variables on a single graph enforces strict constraints on the

expanding process of the sub-problems and it reduces the flexibility and the modularity



30its own way and pace (based on the partial knowledge available at the time). Thus, in contrast to
conventional techniques in which a complicated problem is represented by a single abstract graph,
embodiments of the invention represent a complicated problem by a plurality of associated abstract
graphs with iffef¥ftiv8is of abstractions. [0033] Association between aBSFAEIYPAIAPTs a process
that connects one component (node and/or edge) of a partial solution of one sub-problem to a
component of a graph of another partial solution of another sub-problem. An association may be, e.g.,
a-pointer, a maﬁ?instructions, or other data structure, that indicates a relationship between

components. SULHERAdH BrYEoBs: rﬁ%@@@%&”ﬁ@%ﬁéﬁ@?@.%%&sﬁg pireDitsdirect

information feenhonedpagieiaokitiothtoshreoikpiddifaciiiate furhessgselvinendsxpansion of both
abstract gra%gﬁi The aﬁ&giation process IS d&ne dynamicall a%d may 10 be based on predefined

n me ot proceed 10 soiye Nesitso] YR 5O Hamp%]nents satisfy

C P SELD-
rules (e.g., SPECITe COMpONEnt may e asSbEAEF With HRBIHa
specific constrainisyeliae of thh suimrentsvel the qoreplent inventidaifaciithial Mdhesfiekikitity and
modularigy duging thetefinementgfipartial soliti Furthermore, the complicated problem may be
resolved in a distribu?ed approach, }?fw icf::ﬁs eg%%%ﬁg -Slégo Ig?ﬁ%f;?% & Feso v%g‘%dgeﬁ)é%%ently and/or
on 15differefPRistsoiiEchRergy[baS ppEmishaesms dhthddjiiesahisinvktitiormebletiesorputer

implementeom@amgsﬁofekﬁ?mesﬂa@@@a%griﬁim@t@aeava%ﬁomg%?%ﬂgpﬁ%?m& such as
virtua

configuring the behavior o | characters or other entities, may be solved and put to practice, by

solving som&@BUPHSESPOfIHEQNS: GroBIBRIS Herraxditing (e hermstieathd sPbBIemTEMI0035] There is
a great neecradite akit tabjiioy idecaghsthan faegelving:a areblem dgserihedyas (ivideghinto) a plurality

of sub- 50b|e%%1g{}1 wl ie%hgom . Of %IFIJ of Jhk? subproblems are separately and only partially solved.
[0036] eferbnice 1S NOW made tothe f%u?e's. [0037] Fig. 1 illustrates a graph representation of a

complete soljgiaa)taasamplex 2hsahiems(BRIRRARE. Hhendrph isamaxamplsofighierarchical
task networkdggt;l;%%;/ﬁy%@ gg E}y%%agy usgigé‘%/ a prpbl}t}am soIIver, t(% determine a sequenceeof .
executable (4", atomi sthat aeh HSGiSAPHRYIGPA S PRSPt 1RESEI 10 in
hierarchical mreneedain sthictuthiesmissisridOcsmapiaposad-itseerpitaweripuel sth-tasks 12. The
sub-tasks 12, MARRCRAS VNS BRRERELS ORI BRI WEL 8Y S SRRk Yeomputer
15  system. Each of the piurality of abstract graphs may be expanded separately. Thus,
each sub-problem may be solved independently of other sub-problems. There may be
associations between comporents (e.g., nodes and/or edges) of the plurality of abstract
graphs. Each component may represent different level of abstraction of the problem.
Hence, unlike existing techniques, in which a complicated problem is represented by a
20 single abstract graph, according to embodiments of the present invention, associations
between multiple abstract graphs provides more flexible and modular fashion to resolve
problems. Furthermore, the complicated problem may be resolved in a distributed

approach as each sub-probiem can be resolved independently.

10025] Given a complicated problem to be resoived in a large search space or under
25  uncertain and dynamic real-world conditions, according to embodiments of the present
invention, the complicated problem may be divided into a plurality of sub-problems,
Hach sub-problem may be used in a large search space or in and dynamic environment.
A search space is a solution set including all permutations of outcomes. An environment
may be a set of propositions that define the state or parameters of a problem. A dynamic
30 environment is an environment in which the propositions may change. Each sub-

- problem may be solved separately (e.g. using abstraction based technigue). Thus, each



30which may in turn be composed of lower level sub-tasks 16 or of atomic tasks 18. The term "atomic"
may refer to an executable task that need not or cannot be further divided into lower level sub-tasks.
Accordingly, the highest-level node represents the mission 10 and lower level nodes represent
sub-tasks 12¥{AMEKH ) be composed of lower level sub-tasks 14 (or 1656F/HdMEERs 18. The
lowest sub-tasks are atomic tasks 18. The nodes of the graph may be connected by different types of
edges 20. The arrangement of nodes and edges 20 and the number of levels of sub-tasks, typically

depends on the type of the problem. 100381 The graph of Fig. 1 schematically illustrates a fully solved

(complete) sOTATRRETHEGEOE-FRITTAG b PaterPrET cbeasH Pl auhmasteegeapived Heikomplete
graph includesa mainataisk: (missienpho.thakis dagonstibiachinie: lonval:Ipyalatbrtaskshaving 10
atomic executable tasks at the Iowe§t levels of %gch brancctp. T % P?é%ater the number of iterative steps,

the greater the TUMBET s ac FFAR greser thaIeE oF L (ST PRACAB A Y hh with one

node may habstedegeinteithohisosintotidehareakbistiaetgeaphavithy teowostegraday haveps:level one of
increased. The

abstraction: efe. Ay selulan = elBRl ihe umber el usls.ol s chstad arann s

corresponding additional nodes 15 and edgés corresponding to i ased"-numbe Vels are

typically kepfitt tAE ga¥sal SRl theseb StraptYsieipmiied39] Nouatanweekijeenarelddita structures

which may fohexamiie bersiorechingaymerers ol COMANENG SYSHRRenT Rerdala sttugluge may include,
for example, lﬁits of.an aré? vectors, maps, hash-table entries. 20[00401 Fig. 2 schematically

illustrates a GPAPACHSSF] {gﬁ@ﬁiotﬁ’aeﬁ& i&P%’iS?ﬁfiWiH@%’o’Pﬁpﬂé%@ﬁMé%ﬁ“&F’ﬁ@uﬂ.a?%e mission 10
is partially salwed] Rautiahsadytiengitidhemmesiondanngiude sub-tasks 12, which are decomposed to
lower level sub-tasks 14, and have atomic tasks 18 at the lowest levels of each branch of the graph.

Howevel, othEPR8) -radings ©aHfe RIGSHI BB Pl dsmperiisd info Atiietasks) 25[0041]
Fig. 3 schemsiitiatlyidtisistrairhoadiowhehgidseha mesneshfar selvilighfed in this respect, the

techniques disclose;d herein may be implemented in many apparatuses such as personal
computers (PCs), workstations, wireless devices or stations, video or digital game
devices or systems, image collection systems, processing systems, visuaiizing or display
15 systems, digital display systems, communication systems, simulafion systems,

unmanned systems, robotic systems, and the like,

[6027] The sub-problems that represent a complicated problem may be different types
of problems or similar types of problems that are resolved in a different way (for
example, two path finding sub-problems using different representations such as quad-
20 trees or clique). According to embodiments of the present invention, abstract graphs are
used, representing full or partial sohmons to the sub-problems of which the compiicated
problem is comprised, and associations applied beiween components of the abstract

graphs as appropriate.

[0628} According to embodiments of the present invention a system or method may
25  represent a piurality of sub-problems having components (nodes and edges) of a
complicated problem in separate abstract graphs. At least one, but preferably more, of
the graphs are abstract graphs. Some abstract graphs need not be soived to proceed with
solving other abstract graphs. An abstract graph is a data abstraction. An abstract graph
may be any representation of a graph, for exampile, the graph itself, a database, an array,
30 tables, strings in software, data elements that may be used to assemble a graph,

instructions for assembling a graph, 2 map of relationships defining a graph, vectors,



- complicated problem according to embodiments of the present invention. According to embodiments of
the present invention, the complicated problem is divided into an integer number, k, different
sub-problems. Alternatively, some, but not all, of the subproblems may be the same or similar. Each
sub-problem? ¢, 2%%!&’Fépresented by 30an abstract graph. There are k Probfetf E810&HS for k
sub-problems 30. Problem solvers for sub-problems 30 may be denoted as Sub-Problem | (SP 1),
Sub-Problem 2 (SP2), Sub-Problem 3 (SP3) and up to Sub-Problem k (SPk). The dots in the figure
indicate the existence of more sub-problems that, in order to avoid over-crowding of the figure, are
omitted. [00421P&: &%%e é%FTﬁgyoggﬁ{féléﬁtcﬁ S IBISE RTRAERa R 8. 'R i3 vay or 5
pace, basedany thien bstibatgraphot dlicasppin diin ddherato Absganaraish eithebaapaitialsalution or a
complete solytion 32. association process 34 ma u to assaciate the partjal or complete
solutions 32 %g‘%ﬁg%pl\ﬁ%ltf c%y s?)uebGl %%Lfggr& i}flﬁn,ne‘g;(?ﬁ}%%%ﬁgrg{ae&éi{ﬁ@%‘b%téﬁg iGtion or
complete soRftisiaehfoithewidiecctiaplivatedptoblerh vadibR4dlAssydiation: thacmss B4 between

partial os complete salifions-Axmay s satisd.outdensndipgen.yhen: the Rraplem,sglyers for

sub-problems 30 provide the partial or complete solutions 32. The order in which the partial or

complete soltiEfs 3 APEFAEHEE FEgdRTEBIEsd Koingasrg brelsdp mcprobiemutistavailability of

information reukitRE tera0hi8-pERISHAs PO iR RNHAuasigl 2 Totarfagi T thatspaYindS be

determined dynamically as the solving prqcess unfolds, For example, SP1 may be expanded down
two levels bg%f‘%t‘b%%gégﬁ?@%%ﬁé?agb& S1HiE PARRHPSSRUBOA0LE E P 46" HRBUETLIS PRy be used to

expand SP2exjitedadtiveherénsdyehelpobsibliadtmioFbsehingiSRa abdrwhersheasiaindevel of
abstraclt{pn |§?§%$]ghﬁga,t%smg information from a%&él oS%P‘;Qgr SP) obtained from a related level (e.g.,

information whi Ir171ay be 2 %%?:Ié}susréspyﬁo Sdive'a current level of sub-problem SP2. [0044] The

association peozeiss. b siyas asiniinemediniahstrerndiesubmrehlemstsaluersyTihe association
process 34 Qggggs t er?%grtia soluiions of thﬁ different s k%proble 6{{}1 order tg appl\é 38 the integrated

s
it "The S8S0MaS 1%/{{33%%%? BEBRCO M E ¥ponents of

solution to the environ sociation per%%eésasc?:.péf m
one abstractigraplor2 Bovith treesdr-probems o rentsicited pthbleabsteddbdrapsiadcdbding to

predefined piapaRlRR. T FRepAAliag Necersalst mavcoNrol e ceardnale Ing pferaction of

the different problem solvers and may provide them with necessary information. Thea ociation
proces$34 eiBfsanzeEsERsing between problem solvers by allowing each of them to modify the

Correspondlril&)g@]stfggto%%p ri‘n'qu%Qne { eegltl'ty-pal':o%ritqug MRS RRa may depend on dynamically
changing conditions, such as, for example, changes in the environment, goal changes,
local or general constraints, and other factors. Each time a partial solution of any of the

sub-problems is extracted it influences the conditions and the environment.

20 [0031] A suggested representation according to embodiments of the present invention
includes multiple abstract graphs with association links between their components
(nodes and/or edges). Other data representations may be used. Each abstract graph
represents a specific sub-problem having a solution that may be incomplete at any stage
of the solving process. The integration between the sub-problems is executed by

25 dynamically associating nodes, edges or any other component of the abstract graphs.

[0032] Since each sub-problem may be influenced by an unceriain and dynamic
environment, it may be impractical to achieve complete knowledge about the
environment, Thus, the solution of each sub-problem is represented using abstraction.
Each sub-problem may be represented by separate abstract graphs and may be solved in
30 its own way and pace (based on the partial knowledge available at the time). Thus, in

contrast to conventtonal techniques in which a complicated problem is represented by a



30the problem solvers interact only with the association process 34 (e.g., instead of with each other),
the number of interconnections is reduced. Alternatively, one or more (e.g., specific) problem solvers
may interact with other problem solvers. [00451 Fig. 4 is a flow chart showing steps of solving a
complicated ‘P& *4Eeording to embodiments of the present invention® §604814#%8H & ation 40, the
main complicated problem is divided into a plurality of subproblems. The main complicated problem
may be divided prior to processing by a user or, alternatively, during processing by a processor. Each
abstract graph may include agoordere,d set of nodes. . [0047j In operation 41, an initial abstract graph

is constructe¥RF AaERE B3 Bfgh?.dfﬁel‘ﬁ%‘%ﬁ}%‘fﬁ&&@?ﬁﬁﬁ?ﬁé@‘b@%ﬁ%ﬁ%ﬁ’ﬁpﬁ%&?ﬁputing

system by appheeksos! 18048dnioparatitamiwindidktbet sulzipdhliemsacisoselected. [0049) in
operation 44, the sub-problem is iteratively decomposed by expanding the abstract graph as much as

possible usir‘%@%i‘f‘éﬁ‘i’é‘ﬁl‘é‘f&%ﬁ%ﬂ?ﬁ%rﬁ%@hﬁé,%%éé@ﬁ&ﬁ%@@d@%ﬁ@é if an

association exdésits shd/besaesrihepaupiohiasn selartechinepriation 43apsheiher swhaproblems. The
associaté'on pr c:est(?i establisiheﬁ an assfociai&é)n betwee@f:a first node of a first ab?}tract graph of the

a0 utron BRI aph GPRREUISH R gPipKe The association

abstract graB SARGE BB FHEHR P L
process detgwitiresaasanliations dstweetharatiessaccaird]nbstdmliesefinecd arsshiatienvedes, e.g., as

specified by oMU . iation 20 may be made using an algaorithm to determine
nodes having@?éﬁ;?e%éﬁg%a@%h%&%#éﬁi?é&g%e%a l|Ir$1€é§/ %?ﬁg?%%ldg'%’fesgg?e?gnﬁfgﬁ?ﬁe%a by which
nodes are a$¥§eldidermmipiEidenforasitalripiaion cothemethandel fcititete fartbesireitdvityeintthe data

represented Sy he A th abQR3 A%ﬂ@.erﬁé%ggecml& Brsesailonie ARIRLEYRRIRReM. a process

may proceed to 250peration 48. [00521 In operation 48, a current solution is extracted.
10 be based on predefined miles (e.g., specific component may be associated with another

component if both components satisfy specific constraints). Hence, embodiments of the
present invention facilitate more flexibility and modularity during the refinement of
partial solutions. Furthermore, the complicated problem may be resolved in a distributed
approach, in which each sub-problem may be resolved independently and/or on

15 different host computers.

[0034] Embodiments of the present invention include computer implemented methods,
for example in computer simulators, where complicated problems, such as configuring
the behavior of virtual characters or other entities, may be solved and put to practice, by

solving some but not all of the sub-problems representing the complicated problem.

20 [00635] There is a great need in the art to provide a method for solving a probiem,
described as (divided into) a plurality of sub-problems, in which some or all of the sub-

problems are separately and only partially solved.
[9636} Reference is now made to the figures.

[0037] Fig. | illustrates a graph representation of a complete solution to a compiex
25  problem (PRIOR -ART). The graph is an example of a hierarchical task network (HTN),
which is typically used by a problem solver to determine a sequence of executable (e.g.,
atomic) tasks that achieve a mission. The graph represents the mission 10 in hierarchical
manner, in which the mission 1¢ is composed of several lower-level sub-tasks 12. The
sub-tasks 12 may each be further composed of other still lower level sub-tasks 14,
30 which may in turn be composed of lower level sub-tasks 16 or of atomic tasks 18. The

term "atomic” may refer to an execuiable task that need not or cannot be further divided

_11_



[00531 In operation 50, it is determined if the achieved solution is satisfying (e.g. a complete or partial)
solution to the complicated problem. The complicated (main) problem may be solved, for example, by
a human, the same or a different processor, 30and/or by other software modules (e.g. a simulator)
100541 If the"atHigvEd $6lution is satisfying, the process may end at opeRETH-BRIfH@Wever the
achieved solution is not satisfying, the process may proceed to select another sub-problem and
operations 44-50 are repeated for the selected sub-problem. 100551 If available data cannot be u_sed
to solve (decompose) an abstract graph 5 corresponding to a sub-problem and there exists a valid

association t&ShBKEr KSeSThérkh Accodiagdh I8 RigbRsIReValnadier prserissheraissiitch to the
associated notledoieitiaeveitrious retessriinternationtRSalye thedHsiai seRspEpRlem or solve the

associated sub-prablem. T rocess tries,to ct a current solution 48 to the associated
sub-problem.s%%%%eﬁ SREZ%?&E&P?%%‘F‘S%%&%E AT D H55H AR HRRdaSsrbEehling the sub-

problems of thesorh iicatath prep leraeforaat hyodidierond eres sek&gdaadewaefﬁﬁg@;ag;@r@]gordinlg E)(IJ the
deri ft ol i retrieve available data at each node, and if the available
oo iedada éﬁ%é?ﬁﬁeééci%%%%%r gmeve SRS mg%s%g%’tl gsrgﬁﬁgcfﬁg)ﬁrocessor

data cannot be used to Solve t -problems corresponding to-the : _
may switch t8itBeatioBlgiattempting 15 to retrieve available data for a different node of a different

hs, If the. nnqt use available data to solve the
cub-probiem e DL G ERLC I SRR result o
solving the sﬂﬁ-ﬁ%@%@ﬁ%p@%@@&s@ohﬂabsﬂa@geggﬁwh. TROSBinfielvingaphib-problems
simultaneoushumay £XRaIRINR SR ﬁfatthxlg &Q%ﬂsﬁ%&@@ﬁlbc%t@gr%%@u 40381, Resolving,

avity .
solving, andlor finding a partial or complete solution to, an abstract graph may refer to ge%eratlng a

result, O altGHARKY ERFeRtRI SHHG B Yeheranlgvelecal teakimanay bemraertessiaiber of

iterative steps, the greater the number of nodes, and the greater the level of abstraction.
An abstract graph with one nodé may have a level zero of abstraction; an abstract graph
with two nodes may have a level one of abstraction: etc. As the solution is refined, the
number of levels of the abstract graph is increased. The corresponding additional nodes
15 and edges corresponding to increased number of levels are typically kept in the data-

structure of the abstract graph.

[0839] Nodes and edges are data structures which may for example be stored in a
memory of a computing system. The data structure may include, for example, bits of an

array, vectors, maps, hash-table entries.

20 [0040] Fig. 2 schematically illustrates a graph representation of a partial solution to the
compiex problem of Fig. 1. The mission 18 is partially solved. Partial solutions to the
mission 10 inciude sub-tasks 12, which are decomposed to lower level sub-tasks 14, and
have atomic tasks 18 at the lowest levels of each branch of the graph. However, other

sub-tasks 14A, 12A are unsolved (e.g., not decomposed into atomic tasks).

25 [0041] Fig. 3 schematically illustrates a flow chart of a method for solving a
complicated problem according to embodiments of the present invention. According 1o
embodiments of the present invention, the complicated problem is divided into an
integer number, £, different sub-problems. Alternatively, some, but not all, of the sub-
probiems may be the same or similar. Each sub-problem, 1, 2, ..., k, is represented by

30 an abstract graph. There are & problem solvers for k sub-problems 30. Problem solvers

for sub-probiems 30 may be denoted as Sub-Problem 1 (SP1), Sub-Problem 2 (SP2),

- 12 -



100591 An initial data structure (e.g., an abstract graph) is constructed for each sub- 25 problem that
is a component of the complicated problem (e.g., of Fig. 4). The construction of the initial graph may
be based on given knowledge about the environment (which may be, and for many real-world
problems is W&e¥e peliial) and the type of the complicated problem. As isfiBm@apissarried out, new
parts of the solution (sub-problems of relatively lower levels) may be extracted from each sub-
30problem. The refinement process may be iteratively done at each level until the solution is
completed. At each stag;e} g%%élevel) of the refinement an association process (e.g., association

process 34 of i PR ARt b PdrizoRlenutid S8l thee sitprotiie fiermayisetagsociated, e.g.,
by transferringintegnationef {ie-sekiien FemiobRianS AT RRAIA A0S hgazsogiation process

may be a separate process from the expansion of the abstract graph. 5[0060] The expansion of the
abstract grap?{rﬁjitﬁ?be carried out using expert knowledge relevant to the specific sub-problem being

solved. [006 fbgnsidasthesohauing Rxamp g isiasdioianing.ang Smulatanaysiems, Itis typically

desired,én the field of simulation systems, to provide computer genératéd force (CGF) entities with

realistic Behdd, 3578 ol arnaiaast i SAGFBANErardierety pib graniasngi irrndveamtal all the
possible situatitisraadexenitethabimin GacWiRsRcd MM isalysshanginorsimulaicn sysiem may be
impractical. The E entities.may be.useg. to plan a joint missjon autonomously as new opportunities
and changestgig reli':ail)aﬁfzoe }ﬁt?hgé%ltﬁgﬁfa%zo élf/es efi?# f@’o%g?’(%ﬂ’éﬂ%‘ﬁ?ﬁrﬁiting T XA RIPIE 6f an
embodiment Btneldnsigietion iertiaininigtsyserestitesceniarios. 36 faintrgyisteromsEenarios a mission
that is performgﬁég{ntly by multiple CGF entities may be a complicated problem that comprises two
problem solvers, e.g., a task planner and a team planner. Each problem solver is represented by a
separatdlab#8&tigtaptividhe absteacsiaphetor theiibhsk pinphes saytibe:GIsiycteshforexample,
using a hierggghical.p g}gﬁré%t that exploits well-designed hiefarchies of a task, 20 which is
known as a Hierg%hical ask Net\?\ll%yrﬁr?ﬁi?ﬂ_)sg%é%rﬁé?ﬁr the ?%%%IBF%% S BB Bams into
sub-teams a€eBWIfR) 10 #Hans cbinpehenexerdsonhids iy atebilityr armnpibier swlsteds iAfosmation. At any

stage of the piagily dENSIePTBENthEACHAIRIAG! TBAYBNCLAIS A0l PAFial RlaRhRseg:on its current
partial knowI%cizlge), which may be repeatedly refined to become more complete as n w‘ﬁnowledge IS
gathered. Apfioraation required fo solve each Sub-problem, and a variety of other factors that may

15 be determined dynamically as the solving process unfolds. For example, SP1 may be
expanded down two ievels before proceeding to expand SP2. The partial solution of
SP1 to two levels may be used to expand SP2. Alternatively, it may be possible to start
solving SP2 and when a certain level of abstraction is reached, using information from
SP1 (or other SP) obtained from a related level (e.g., information which may be

20 necessary) to solve a current level of sub-problem SP2.

[0044] The association process 34 serves as an intermediate between the sub-problems
solvers. The association process 34 bridges the partial solutions of the different sub-
problems in order to apply 38 the integrated solution to the environment. The
association process 34 may associates one or more components of one abstract graph
25  with one or more components of another abstract graph according to predefined
propositions. The association process also may control and coordinate the interaction of
the different problem solvers and may provide them with necessary information. The
association process 34 enabies Joose coupling between problem solvers by allowing
each of them to modify the corresponding abstract graph independently. Furthermore, as

30 the problem solvers interact only with the association process 34 (e.g., instead of with
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25 association process may integrate the partial plans dynamically as the partial plans are refined. The
solutions to the partial plans may be integrated and applied to the environment of the problem.
Accordingly, planning and execution are interleaved. [0063] Fig. 5 schematically illustrates two
associated gf4pFE 8O 4t 62, according to an embodiment of the presenfilEhtgHEa#h graph
represents a different sub-problem of 30the complicated problem (e.g., a mission that is performed
jointly by multiple CGF entities). 100641 The task graph 62 is an abstract plan of the mission. The

task graph 62 %m&ntai ed by a task planner. The tasks are represented as nodes and the
relationshipSBEhWESHtHE THERRA A FRISFECURRIRBY BRI h tHIRIAGL 1R t8BRPHEWBT3Lan abstract

plan of the teaeifhertddm teieGOnmmatstainadibythededmmames. The teams are 5 represented
as nodes and the hierarchies among the teams are represented by the edges. The graphs of both

planners are! ®ehbisd 1és¢ lesnabathshosdep siarsinf) alriagncampinscd ssobiemiorcprotings determines

associationsigdnaindi B wfernhesaskwraRh. 62 and the team tree 60. The task graph 62 is
complete when all the tasks are deconstructed into lower level sub-tasks until the lowest level of each

branch of thé%§rehAnorsratiant® tho BricerEmibcaiskpPbicre indivsleGris Totpliteafivar all the teams -
are deconstisolaehi!T R RriAERs pRVIRG iRtativel YRR RlayarsHBtilshedowsst Isy el sib-teams are

individual CUE intf%.{,lOOGSl Consider for example, when the main task is complicated problem to
"attack grout StSHEHVBY o RE QLR EYREDY AHEGRSb A P BETal ARt (RaE dnalify 21 5 several

methods. EacHenedtizodfiamiapropriate for a specific situation in the environment. For example, in order
to attack the ground station the force may use a low attack approach or a high attack approach. The

task planner &&feE (RReREonphr8adRSH phva: SHRRTON) crmsEesg forsectusrbrrkhiswiedge about

the envitonnTestdfae: grine fuae Bt iSoaswel-steu esheraundsstationythedoicgnay prefer the high

attack 20approach, which is t}g)ically safer in these conditions.
{0048] In operation 42, oneé of the sub-problems is selected.

[0049] In operation 44, the sub-problem is iferatively decomposed by expanding the

abstract graph as much as possible using available data.

f0850] In operation 46, an association process determines if an association exists

15 between the sub-problem selected in operation 42 and other sub-problems. The
association process establishes an association between a first node of a first abstract
 graph of the abstract graphs and a second node of a second abstract graph of the abstract
graphs. The association process determines associations between nodes according to
predefined association rules, e.g., as specified by a user or computer. An association

20  may be made using an algorithm to determine nodes having specific data that satisfies
predetermined criteria. The predetermined criferia by which nodes are associated may
inchude, for example, a cdmmon nodal structure, a similerity in the data represented by

the nodes.

[0051] If there is no valid association to another sub-problem, a process may proceed to
25 operation 48. '

[06352] In operation 48, a current solution is extracted.

{6053] In operation 30, it is determined if the achieved solution is satisfying (e.g. a

complete or partial) solution to the complicated problem. The complicated (main)

problem may be solved, for example, by a human, the same or a different processor,

30 and/or by other software modules (e.g. a simulator)
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100661 After the planner selects the appropriate approach it deconstructs the task into sub-tasks For
example "attack ground station" according to the low attack approach may be deconstructed into the
following sub-tasks: "organize to attack"”, "fly to target", "air attack" and "ground attack. Yet, in an
uncertain an® @A Ehvironment, the 25 knowledge about the enviroffEREI80R{EWEBlete and
further deconstruction of these sub-tasks may be required to consider additional information about the
environment, which may be unknown at the time of initial planning and which may be revealed later.
Using the abstract based technique enables the integration of new information as the partial solution is
carried out. IFPEdinkfidhanaa drit ealsiphaimeatisiipeicbe nuntrss thay Airdrattozefation Satdfsub-teams in

cliferent waholesger four i armaalifion wOrshiBRIIRIORHr e OB T ASROGigLigNs 64 and 66
between the tas (re%%h 62 and the team graph 60 may be subjected to constraints of the sub-plans.
For example®fi ‘% RS B RPerr etk ot rarretrhipp e shistiasad-B5ehRira uirement that

the aircraft QUSSR INGHEIAURASIRA ATl B NAEAUElsn CANSAIISAAY i pgssed on from
10le 10

the 5 association process to the team planner. The team planner is then respons planning a

team that safiSHEPIENS ¢6fs FLRE VR AN BT A Yalifhasermieaderaetispaedon process

associates theeneglesisdhigitasis gaprhithat ERIpaRBiS T RxanRIe 1dhee At RiAcK wodb-task to the
node in the team. free 60. that regresené.f%the apEropri te team. 10100681 Fig. 6 schematically
FRORCTAING SxXarmpIE SFREeR otV FSofUmg a LB sR 4o e Consider

illustrates another hon- Imiting exa%l
David and Rasshelagadd shieprobitare T Be prikass ntaed D anarueh o: acerplan sidgiarode dayiisit to the
Natural Histopy Musaum, Benis 12 years old. Karen is 7 years old. Dana is 3 years old. The museum's
opening hours are between 10:00 to 18:00. The museum offers daily activities, events and temporary
15 exhilfition¥18E&asple dhgistivities dasiod eravofkshivp abgaanegrdiiedrandsbeverage begaks and film
screening. Sgv ctivities may have hard temporal.constraints, e.g., the Galapagos movie is
screened be \fvog)g%k :8%1{%?3%] %lprﬁcﬁ% agg?[tfgeﬁ? ’trﬁgrgc |§\17i Iggn n%%elrﬁgll%eoggﬁ ﬁsaigi?ggi ’ﬂﬁ% participants
(e.g., some getRidies s divesiderineddHly fodgalitryativiltretiesote othevactvitidscadetalesignated for

adults and yesgtheractiviier 3Q ate.slassified.asdamibnactiiien). Aeeording. 19 embodiments of the

present invention a method may plan small group visits to a museum (e.g. "day | the museum"). The
plan is to leatPHFEPORABR R M tiRe PR CR RTBcRs i aRay BTiEchyouisrifty thatisrapiags of each

individual ang adapting thevvisite RAchimRRRJNGTe ateseYerakenvirgnmenial sepditions and
constraints that Ree(iifto be taken in account when %i%%lanning a day in the museum, including, for

example: opERRY tire- B sTRgF T of AR M SE LAY LiRIR 1A Ketittes that tkeBRieRberiodically at

certain timeschripgndpening fiourshioeationsiofitaersievs; expaditiaas, veftesh e gift shop,

restaurants; sghedules.an HII%JJEL rs of each of the above; for example, if lunch time is between
12:00 to 14:30, @%hoiﬁ%@rﬁ:ﬁude |F%%ﬁrelgs%%§%%lsg;c %I}]%dacﬁ%a(%i%rg}%c':tivities according 30to the

specific interi@8$t7pitieinvisitcrpiebipmprefendnees)siy may expedite the solution of the main
20 complicated problem.

{0858} Resolving, soiving, and/or finding a partial or complete solution te, an abstract

graph may refer to generating a result, or alternatively, attempting to generating a result,

which may be unsuccessful,

[00659] An initial data structure (e.g., an abstract graph) is constructed for each sub-
25  problem that is a component of the complicated problem (e.g., of Fig. 4). The
construction of the initial graph may be based on given knowledge about the
environment (which may be, and for many real-world probiems is indeed, partial) and
the type of the complicated problem. As refinement is carried out, new parts of the
solution (sub-problems of relatively lower levels) may be extracted from each sub-
30 problem. The refinement process may be iteratively done at each level until the solution

is completed. At each stage (e.g., level) of the refinement an association process (e.g.,
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100691 Parent interests may conflict with children interests: certain activities are intended for children
leaving the parents with time to address their own interests, e.g., other shows occurring at the same
time, certain expeditions, leisure (food, gift shop, resting). Parental activity should normally end before
children activwit{? 88%@llew the Sparents (or at least one parent) to fetch the ehildienosbensthey are done.
100701 The planned visit may allow dynamic changes of the plan after the schedule has been set; e.g.
substituting parts of the plan with alternative activities, for example if museum schedule is changed or
in case of changes of interest of the children or parents. The plan may also offer interactivity, such as,

~ for example, PRAAGHRY aRfaressl G4reiidtial whistris shitdréeimmédRsatiehsolientadHresenting
information agRoyiag {21t Weahdsteners presRpting INURALIAM AROHS QrNRMERPets: informing
the visitor of a nearby leisure center and restrooms; reminding the visitor ofr the next ac?lwty scheduled,
location of thAPHERiBfaRRd SRR Bthe] 10 GY0CECBraMmERsS ErmbBeimEnesass trecesesm ibwention the
complicated prphigiorodf fe dpkaaciggyghday in the museum" is divided into a plurality of sub-problems
in which each sub-problem is represented in a separate abstract graph and is resolved according to an
abstraction bH¥M®kddiriRmEsen 08 Bmeprah IERing @ dwychirtnd mussne e koo wisligap into the
following subrgieaigmashi0dé2hoas sxbsREakER) isofrfined as building a plan of the preferred activities
taking 20 into account temporal constraints. The solutions may take into consideration the personal
preference of @4 frenvidridbmioHewragxomnle talaied intomnoaamdtrieoeningsiosingt imes of each
activity in thergpusayraandmayaisadecbide,shppses R sehedie. BafakAnaergyb-problem is

defined as plannin vigation plan of the tour. The 95 solutions are based on knowing the physical -

position of el \%%EJ PUTRT ALt atrisding aathiopthéiiie e Bressinhardapvities. [0074]

A third $0b-ppoblermisisefined-anderganizngaheo BreunHinassuhoraups Fhe salutions are.aimed at

adition, the SUara L SR TR GRRIR a5 B miprielal e RO sl mapl 2
used fo plan 2 joint mission autonomously as new opportunities and changes are

recognized in the simulation system.

[0662] One non-limiting exampie of an embodiment of the invention is training systems
15 scenarios. In training systems scenarios a mission that is performed jointly by multiple
CGF entities may be a complicated problem that comprises two problem solvers, e.g., 8
task planner and a team planner. - Each problem solver is represented by a separafe
abstract graph. The abstract graph for the task planner may be constructed, for example,
using 2 hierarchical planning strategy that exploits well-designed hierarchies of a task,
20 which is known as a Hierarchical Task Network (HTN) planner. The team planner may
organize teams into sub-teams according to their competence, resources, availability and
other refated information. At any stage of the planning development, each planner may
generate only a partial plan (based on its current partial knowledge), which may be
repeatedly refimed to become more complete as new knowledge is gathered. An
25 association process may integrate the partial plans dynamically as the partial plans are
refined. The solutions to the partial plans may be integrated and applied to the
environment of the problem. Accordingly, planning and execution are interleaved.
[6063] Fig. 5 schematically illustrates two associated graphs 60 and 62, according to an
embodiment of the present invention. Fach graph represents a different sub-problem of

30 the complicated probiem (e.g., a mission that is performed jointly by multiple CGF

entities).
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30the family into sub-groups while taking into account personal preferences. For example, Ben is less
adamant about the topic of the activity if it means being with Karen. Karen is interested is snakes, but
Ben is afraid of reptiles. Karen wants her brother to be with her, but is not willing to miss the snake
exhibition, th8, &' éhse, Karen is indifferent if Ben will be with her.  PEOBHS19B Y% the above
sub-problems may be represented by a separate abstract 5 graph. 100761 An abstract graph 72 of
the first sub-problem may be based on temporal Constraints Network. 10077] A navigation graph 74 of
the second sub-problem may be based Navigatio;)fraph. 10[0078] A hierarchical tree 70 of the third

sub-problem!$94§! bt BT FFRR Pthes gid GBS RIBR L [merrPRsippdask BrEixddie, that the

family arriveghiénthedd iseamsRtplARG arid pans 4@ lepradhe dniisaiin %.&M%;Fh@ysmgp theibr lunch
time at 13:00Q and it is decided that in between David will attend the Galapagos film screening between
15:00-15:30%%”3?61 Qo | %f88%%3§v¥h B %\ﬁc’d%&é}‘f \%]ﬁ }Sﬁ?‘tﬁg%@éﬁﬁﬁbﬁgﬁttour between

11:00 to 12:pBuarnd hareamwillfbintthe KidstO ndyntaaradcihey atieteantiyities:h aiie: neirbeer planned and
may be planediamicalli A oM RIRAIESS RSN ACULRD. RexeraL clianges,D g plan may
) . :

occur. The variables sj and fi are used to represent start time and the finish-time of-activity j. The

activities asso¥laE@ Wit iy Ranprspagre extended (e.g., solved at least partially) dynamically.
The association process determines associations 64 and 66 between the task graph 62

and the team tree 66. The task graph 62 is complete when all the tasks are deconstructed
into lower level sub-tasks until the lowest level of each branch of the graph is an atomic
10 executable task. The team tree 60 is complete when all the teams are deconstructed into
sub-teams having relatively fewer players until the lowest level sub-teams are individual
CGF entity.
10065] Consider for example, when the main task is compiicated problem to "attack
ground station" by an "Aircraft Force". The mission may be deconstructed using
15  several methods. Each method is appropriate for a specific situation in the environment.
For example, in order to attack the ground station the force may use a low attack
approach or a high attack approach. The task planner selects the best approach (or
partial solution) according to the current knowledge about the environment. If the
environment is a well-secured ground station, the force may prefer the high attack

20 approach, which 1s typically safer in these conditions.

{0066] After the planner selects the appropriate approach it deconstructs the task into
sub-tasks. For example "attack ground station" according to the low attack approach

may be deconstructed into the foliowing sub-tasks: "organize to attack”, "fiy to target",

“air attack” and "ground attack™. Yet, in an uncertain and dynamic environment, the

25 knowledge about the environment is incomplete and further deconstruction of these sub-
tasks may be required to consider additional information about the environment, which

may be unknown at the time of initial planning and which may be revealed later, Using

the abstract based technique enables the integration of new information as the partial
solution is carried out. In a similar way, the team planner may deconstruct the "Aircraft

30 force" into sub-teams in different ways (e.g., four-ship formation, two-ship formation,

etc.).
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20 constraints may be represented as a simple temporal network. The simple temporal network is a
directed graph where nodes denote time points and every arc represents a single temporal constraint
defined on two time points. That is, the nodes s" and f, denote the start time point and the finish time
point of "visittA@WisEdh" activity. Similarly, si and fl denote the lunch, st-arHéR9HH8Ee the Botany
Explore tour, sk and fk denote the 25 Kids only game and sg and fg denote the Galapagos movie. The
arc between the time points sj and f, of the activities i and j denotes available delay between the
activities. Then, a known technique of solving constraints satisfying problems may be used to

determine if {AB%Elid B pscHoRTM aeh&f Rt tRe Biliass srphiRe axhekestarrtigreniréffinish time of

each activitymAy asyigyekef developingsihe mlantheistanivie30aprirast sashmarde.expanded as new
activities are added é%,thei'#o%& SU£ ose for example that it was decided that after the Botany Explore
tour Ben and His¥4tfier SR ol e I RSPE Ao IEP TR SHERE®Xhibition and

Rachel will gmakitle Btdnastdctireahensz mghButicrilids £ xMibitaninfhe ey aativlies ammadded to graph
72 as shown in Fig.. 6. W fc denate the puter game, s, and f, denote.the Snake
exhibitigf, aﬁ%%‘%i_gé‘rﬁ’%] I%Eegﬁ%%e(? t?ﬁe"3 ﬁﬁna%}zfr%anga%ter Fege%(lh atl |0Fﬁ' Iir% a d?tixéersi?ogsfﬁée gr%{ph may be
changed if nilgeming 8derad thetchtisigredtosifotnstinteie Séon enapisiprstchenyés Birardebein the graph
are done by gdeleting, orARAINg heRRILDYLNANGING RICVAINGS &%9§%le1é}ﬁspf&p%§féhe navigation

graph 74 is to lead the visitor to the appropriate activity. The hierarchical tree 70 repres ents the visitors
group (the efftfre¥EAHRANNSYBVRSIC O Sods fp T &6t thee SR AN Srasess ST STPRECSEBIS oups.
Members of g groups may be changed during the tour. 100811 In order to lead each member in the

museum according to his/her preferred activities, associations between the required activity, the
approph%\te 408681 fjgn@ schematically illustrates another non-limiting example of a technique for

solving a complicated problem. Consider David and Rachel and their children Ben,
Karen and Dana who are planning a one day visit to the Natural History Museum. Ben

is 12 years old. Karen is 7 years old. Dana is 3 years old. The museum’s opening hours

are between 10:00 to 18:0C. The museum offers daily activities, events and temporary

15 exhibitions. Example of activities include: workshops, games, food and beverage breaks
and film screening. Several activities may have hard temporal constraints, e.g., the
Galapagos movie is screened between 3:00-3:30 p.m. In addition, the activities may
inciude constraints on the participants (e.g., some activities are designated only for
young children, some other activities are designated for adults and yet other activities

20 are classified as family activities). According to embodiments of the present invention 2
method may plan small group visits to a museum (e.g. "day in the museum"). The plan

is to lead the visitors in the museum according to their profile by tracking the progress

of each individual and adapting the visit to each member. There are several
 environmental conditions and constraints that need to be taken in account when

25  planning a day in the museum, including, for example: opening time-closing time of the
museum; shows and activities that take place periodically at certain times during
opening hours; locations of the shows, expeditions, refresh rooms, gift shop, restaurants;
schedules and opening hours of each of the above; for example, if lunch time is between

12:00 to 14:30, it should be included in the schedule; and choosing activities according

30 to the specific interests of the visitors (e.g., preferences).
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appropriate participant are done. As shown in Fig. 6, it is assumed that Rachel and Dana 15 should
arrive from the Amazing Bultterflies Exhibition (near the lift) to the restaurant. Thus, the node that
represents Rachel and Dana has an association 76 with the finish time and an association 78 with the
area of the AhYa2UtY Bi%erflies Exhibition. In addition, the node of the all Faikiil 2 ¢34 ssociation 80
with the with start time point of the lunch-time and concurrently an association 82 with the area of the
restaurant. 20 When the time of the next activity arrives (according to the temporal constraint network)
the solution of the navigation graph 74 will lead the family to the location of the next activities. In

addition, the ¥8fitiorrsat (st SraY coordiisintifBrwBHdEm JRITEsHHap Priticeividanaien about the

time period tigadeamihaieaeibiionds thepgestaiiant R thedardoalionamapli=f4in erder to leave
enough delay time between the ZSa%vities. £,0082] The solutign (e.q., either a partial or complete

solution) to tREG AR IS TATEELAh 1R iSUn RSy $FERITE SRR (RIS e obred (&892 hand-held or
mobile) compesting)s\Pstemaleagtivétyckhasld giedalipasid opfigsyhiaienasealliphanalieie JhA user
interface.shog n for example a monitor.m isplay the solution. The computing 30system may
display ?olut%xr%%% %ﬁg?geragr%ng g?rﬁ'@ té%ge-tﬁ?% e%%gfy gr‘g%(glmgb%,afﬁé?%%mputing system may have a
map display,[(8d@jatihg Hapatd siakahioug bhenmuseums Fomexampke:tihe sampitingsystem may
have a time display with a clock and alarms set (e.g., tq vibrate (required. during the movije session) or
a selected rigae%r%ﬁogltg'sgl?nb%tl‘é&%? %?(Sar%?ptls%‘? éw%gcgjﬁ%bﬁiﬁan%éﬁgﬁt%gﬁs hg‘s}%eﬁﬁ@gﬁ isplay,
including carcesesws ctbalttegroahengednbeimresthefr fblogrsreniversst Whdr thehiddmputing 5 system
is in one examplg ition] _ ing.syste identify if a user deviates
from the plan and_sgc%l%kiﬁt%gor%ﬁ aglfo%%g@eﬁ%ﬁ%gﬁg %ﬂgés;hﬁ%réy r%gaq@%a%c?élg%%‘é%mﬁ other users.
[0083] KolUtiBRE b EHABS Bt GFEprapreserTificeneraB o BiEmatienapresdineaoithslevant, or
rejected (e.0ty Y oX HSSAQ! Sr&ERMPYIBELrARIOS QY MM BIFRLR: adNehal: 4Q Nageand use

alternative solutions that would befossible_and_sui_table to associate with other solutions of a
correspondif§ b B TeTFRtFE PSSRy SAURTEISIBS trimtog Qi dhs next activity scheduled,

location of that activity and start fime.

[6071] According to embodiments of the present invention the complicated problem of
153 "planning a day in the museum" is divided into a plurality of sub-problems in which
each sub-problem is represented in a separate abstract graph and is resolved according
to an abstraction based technique. For exampie, "planning a day in the museum" may be

split up into the following sub-problems:

[6672] One sub-problem is defined as building a plan of the preferred activities taking
20 inio account temporal constraints. The solutions may take into consideration the
personal preference of each individual in the group while taking into account the

opening-closing times of each activity in the museum and may also include changes in
the schedule.

[0073] Another sub-problem is defined as planning navigation plan of ﬁhe tour. The
25  solutions are based on knowing the physical position of each individual and are aimed at

leading each of them to the area of their activities.

[0074] A third sub-problem is defined as organizing the group into subgroups. The
solutions are aimed at organizing the subgroups according to constraints (e.g., Dana
must be accompanied by an adult). In addition, the solutions are aimed at organizing
30 the family into sub-groups while taking into account personal preferences. For example,

Ben is less adamant about the topic of the activity if it means being with Karen. Karen is
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[0084] Embodiments of the present invention including computer implemented methods for solving
complicated problems and may be carried out wholly or partially on a computer system, for example,
as described in Fig. 7. 15100851 Reference is made to Fig. 7, which schematically illustrates a system
100 accordinté’dtdfitsodiment of the invention. System 100 is an exarfipleibIW¥@H#Blter system
that may be used with embodiments of the present invention. Other types of computer systems, not

- shown, that are configured differently, may also be used with embodiments of the present invention.
Computer system 100 may include a bus 101, or 20 other internal communications hardware and

software, for fisFstetinsmtetniEt B dnefiaip fcerdiss. Fooesonpnitie thethusoloawih processing

information. iR86hRraceszab R NRY AatosexamplamcantiplelR QeRUAlPIRgessing;wnit (CPU) or
multiple proc ssors avinf?bgfné/ suitable architecture. Processor 109 may include for example, an

execution unftT38 &4 0, and an internal bus, although other or 25 different components may

be used. [00RRFGOmEHeE HSIRBOLONMRIHIENSIS AR AHRSS DM RAM gLother dynamic

storage device in main memory 104 coupled to the bus 101 for storing’information and instructions to
be executed %@pllhe processor 109. Main memory 104 may be used for, for example, storing temporary

variables or gie¥migrawaie agornfon . araelion okstpicians By Piggssser 109
Computer system 100 may include a read only memory (ROM) 106, or other static storage device,
coupled to th@HHeIHHINSP8HSring static information and instructions for the processor 109. Computer

system 100 gy Al RARIR SIREAOR IMEE JEndUED-BR AP AL g GRYPICd to the
' graph.

10 {0078] A hierarchical tree 78 of the third sub-problem inay be to organizing the group
Into subgroups.
[06'79) Suppose, for example, that the family arrived to the museum at 10:00 and plans
to ieave the museum at 17:00. They plan their lunch time at 13:00 and it is decided that
in between David will attend the Galapagos film screeming between 15:00-15:30. In
15 _addition, it is decided that Ben and Karen will join the Botany Explore tour between
11:00 to 12:00 and Dana will join the Kids Only Game. The other activities have not
been pianned_ and may be planned dynamically as the tour progresses. In addition,
several changes in the plan may occur. The variables s; and fj are used to represent the
start time and the finish time of activity . The activities associated with their temporal
20 constraints may be represented as a simple temporal network. The simple temporal
network is a directed graph where nodes denote time points and every arc represents a
single temporal constraint defined on two time points. That is, the nodes s, and f, denote
the start time point and the finish time point of "visit the museum" activity. Similarly, s,
and fl denote the lunch, s, and f, denote the Botany Explore tour, s and fi denote the
25 Kids only game and s, and f; denote the Galapagos movie. The arc between the time
points s; and f; of the activities i and j denotes available delay between the activities.
Then, a known technigue of solving constraints satisfying problems may be used to
determine if there is any inconsistent constraint that collides with the exact start time
and finish time of each activity. At any level of developing the plan the graph is
30  abstract and may be expanded as new activities are added to the tour. Suppose for

example that it was decided that after the Botany Explors tour Ben and his father will go

_20_



[0088] The computer system 100 may be coupled via the bus 101 to a display device 5 121 for
displaying information to a user of the computer system 100. For example, display device 121 may
display the complete solution, or the solution to the main problem, for a problem being solved. Display
device 121 M4y 3HEE#E%A monitor or screen, which may include or displaf$3lbx$aRIESE user '
interface, but the invention is not so limited. One or more input device(s) 122, such as a keyboard
and/or mouse, may 10 be coupled to the bus 101 for communicating information and command
selections totthilé)rocessor 109. [0%89] The processor 109 may receive a command or set of
instructions for BxEQMEFRABHErR00R RAEbNites oibpReaks Frbbion 2nd Rathel inilizdevice 122 or
a memory loedtioRde go, traimasngdby &R OMibknOTHA R eraae WA iieicerpplgated 15

problem ma represented by a plurality of sub-problems stored in a memory location. The
S B0 8 SR S B b oot (e 7 Bt it o the

complicated problem may b )
computing sySwks cxbihivieinpdtsdevité t28)tortipy AroeessButOdiEaBRisbinaioblemimay, be
represened far gxamAl by anARsIRch WAl AR ARSIACt graphisTepresenied bija data structure,
such as, for example, an array, vectors, maps, hash- 20tables. 1 01 Each 8bs racf’graph may
include a plufatRyoliiBaes rndbn waak Hugaashysiriringooa sénwrydoeadion (baygingacmemory 104,
ROM 106, orglata storage 107) for storing data associated with the node. The data may be stored as a
data element of the data structure of the abstract graph (e.g., including an element of an array, a
25vector, a if§0hA s ewenptophthrisaviablien e F4isdotmbtie ofisher sulihprebpesmsiaray be

associated. lstiugtions foraxaslingeanalgasitho ek, o - iqtianprogess 34 of Fig. 3)
may be Store in%%e cache 160 qr another ri%mory Iocatigén& ?6?%@%32%%3@%3%5% of a first

abstract grapH 888 PR g Téch fiF RS UBRprBBREATRIR RS ot gromes oMemdetn atadtract 30graph
correspondingdipausecbaohsulepbiemthe tour.
{0081] In order to lead each member in the museum according to his/her pf&ferred
activities, associations between the reguired activity, the appropriate area and the
appropriate participant are done. As shown in Fig. 6, it is assumed that Rachel and Dana
15 should arrive from the Amazing Butterflies Exhibition (near the 1iff) to the restaurant.
Thus, the node that represents Rachel and Dana has an association 76 with the finish
time and an association 78 with the area of the Amazing Butterflies Exhibition. In
addition, the node of the all family has an association 8¢ with the with start ime point
of the lunch-time and concurrently an association 82 with the area of thé restaurant,
20 When the time of the next activity arrives (according to the temporal constraint
network) the solution of the navigation graph 74 will lead the family to the location of
the next activities. In addition, the solutions of the temporal constraint network graph 72
may provide information about the time period to go from the exhibition to the
restaurant from the navigation gfaph 74 in order to leave enough delay time between the

25  activities.

[0082] The solution (e.g., either a partial or complete solution) to the “day in the
museum” mission may be displayed to a user, e.g., on a (e.g., hand-held or mobile)
computing system (e.g., such as a global positioning system, a cell phone, ete.). A user
interface shown on for example a monitor may display the solution. The computing
30 system may display solutions to one or more of the sub-problems. For example, the

computing system may have & map display, indicating a path to take through the
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[0092] Embodiments of the present invention may include an article such as a computer or processor
readable medium, or a computer or processor storage medium, such as for example a memory, a disk
drive, or a USB flash memory, encoding, including or storing instructions which when executed by a
~processor oMEBAKBIkEf Earry out methods 5Sdisclosed herein. [0093] Refet€fide2¥Ha¢R8%0 Fig. 8,

which is a flowchart of a method according to an embodiment of the invention Embodiments of the
method may be used by, or may be implemented by, for example, system 100 of Fig. 7 or other
suitable systems. [0094] In operation 800, a complicated problem is represented, in a data structure in
a 10 compulM&RER, FanAG: A6 cramysesst VY Rdipropianameihisecidiandn the

computing sybiem. sthesgomplidated prehigea Mambeklivideddnia.gulrRroblems.by aqJ4sgr and/or a
computer. Trée com Iicigieigopreg{blerrll mé%/‘lpertain to art environment. For example, the complicated
problem is d&HRed by a Series of propoSitiSHPIEE, R BaY SF YT Sreim g 18 Bie BAVABSment.

- 15[0095] In spuratioss 8%0sash ghstractarbphdsdcdnrstridied whistibaerrasrands weaahof the

sub-proklemg,(e.g. ;using,abstraction b techniques). While the tent' "graphical” is used when
describing a_%epr_esie_ntation of theﬂsuﬁ-gr%%%érﬁéflg/%%ﬁlﬁ gtﬁgﬁ éﬁ Fﬁ%@ﬁ‘f&%g?@%‘%ﬂﬁ%’emm
representatidteRTof 8 sen gRYdtenfrpintde planry adukehthplaraaccovdsgly dispiajitanathiser (until and

unless the datarisngligplavest iadhe saer 1820 some form). Typically, the internal representation is a
data structure (e.g., an array, vectors, a hash-table) that is not itself a graph, but defines a graph.

Typically, onl8 itiwiatiomotatisnales e @irproblerseisidis play sthtprablseratd nvevaibiatermediate
solutions or preRlemS osHgh.as sub-RyPRIGMmS 0k Egylrfﬁ%?&gg&%ft%%rﬁ%@@sg ns to prompt user
ude’a

input, etc., may be displaged to a user. Each abstract graph may include plural 6f nodes
(vertice‘s% anB8F BRf Bt FFERBYRSHE b Mekkhhs @oaTkingad sHitdedrohisediryatihA plurality of
the graphs negy-haneridifferent atapaemenisahthe-nodes fem-a 3R FOLLX2MplS, at least one

of the graphs may have numbers of nodes, numbers of levels of nodes, numbers of branches
connecting tHHHdaabadigrents it snerent iaxctigfpasiusindiarismimplthertahmahtde abstract

graphs. 30[0R96hlniRpeminRA0 Rdapiesesses altemuteiaexrandihafirst ahstragt graph

corresponding to a first sub-problem by decomposing a first node of thefirst abstract graph into a

plurality of nGJBR"SF &S TRPIE LS raTThed gb%’(gagt graph of the abstract graphs is resolved,
€.g., _byi_ QqumBQFM@%@ri@ﬂﬁ@QQeﬁﬁf W%H&a%@%QEﬁQhﬂmQ@aQ@% %fygt@ﬁlh ?(R?trad graph is
kept in its own data-structure. i ]

according to an embodiment of the invention. System 100 is an example of a computer

system that may be used with embodiments of the present invention. Other types of

computer systems, not shown, that are conﬁgured' differently, may aiso be used with

embodiments of the present invention. Computer system 100 may mclude a bus 101, or

20 other internal communications hardware and software, for transferring information, and

a processor 109 coupled to the bus 101 for processing information.

[8086] Processor 109 may be for exampie a controller, a central processing unit (CPU)
or multiple processors having any suitable architecture, Processor 109 may inciude for
example, an execution unit 130, a cache 160, and an internal bus, although other or

25 different components may be used.

[8087] Computer system 100 may include a random access memory (RAM) or other
dynamic storage device in main memory 104 coupled to the bus 101 for storing
information and instructions to be executed by the processor 109. Main memory 104
may be used for, for example, storing temporary variables or other intermediate
30  information during execution of instructions by processor 109. Compuier system 100

may include a read only memory (ROM) 106, or other static storage device, coupled to
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100971 In operation 830, instructions may be retrieved from a computer memory for 5 determining an
association (e.g., a pointer) between at least one of the plurality of decomposed nodes and a second
node of a second abstract graph corresponding to a second sub-problem. The association may be
“made using &P &S according to-association rules. The algorithm m&Y Gt AA¥3i8des having
specific data that satisfies predetermined criteria. For example, the predetermined criteria may be
determined by 10 an expert or intelligent software in a computer. The predetermined criteria that -
determine an, as oci?HJ)nfma% incLude, for,.example, a common nodal structure, a similarity in the data
represented By the nodes dr STREE gT BRI TERHIPSS 236 J88 T/ e (BT dRB B HEPBrdlessor uses
information gémapniagsctie Hleasy ondudodealef:tbeape drvivodnodes af theifirstralstract graph to

resolve (e.g. _ e one,or more nodes of the others of the abstract graphs. The
processor mrgy%%%ﬁ/%%?g%r%%%é%%se?gihing to a current partial solution of the abstract graphs to the

environment{dB6s eXampimpiher pracesSAtMeay apRiyupkr Malies pestaining jodasambingtion of the
nodes of the,abstract. graphs to alter the environment of the problem. Alternatiyvely, a user may apply
the inforbtmati%%? éoécél%ﬁg%lgab%%%?%?%gﬂsarﬁsae)f 6’5 p%?ﬁrilé)ﬁf/%ts%%ﬁbli?gly &SP Rhen the
abstract graldl"f@]aﬁedﬁminpIé?élw&sd@&ﬁh&mstp&hstm@im‘dﬂemlsmf thmidmstachgraplts comprise
atomic execyjgiien{asks, [BIRAP iRL.LRARHONS QheTies ol ReRons INAY heyised, 1001001 The
processor may repeat the aforementioned steps for thie second node‘in pciace of%e Ifst'to solve the
second sub-f57§BleYhss[oBY 0y Eds I dlismatsier erennlrentiosr imstultecs dvirteanveitiqaroblem. Solving

the main prafles sivdee R ARPISRASEL Y 2 AUALY £ AL ATANARES PN including

nodes.llgach abstract %raph may represent one of a plurality of sub-
O

be coupled to the bus 101 for communicating information and command selections to

the processor 109,

{0089} The processor 109 may receive a command or set of instructions for executing
an operation for solving a compiicated problem, from the input device 122 or a memory
location (e.g., main memory 104, ROM 106, or data storage 107). The complicated
15 problem may be represented by a plurality of sub-problems stored in a memory location.
The complicated problem may be decomposed into sub-problems by a user (e.g., prior
to input into the computing system 100, via input device 122) or by processor 109. Each
sub-problem may be represented for exampie by an abstract graph. Each abstract graph
is represented by a data structure, such as, for example, an array, vectors, maps, hash-
20  tables.

[0090] Each abstract graph may include a plurality of nodes. Each node may
correspond to a memory location (e.g., main memory 104, ROM 106, or data storage
107} for storing data associated with the node. The data may be stored as a data element

of the data structure of the abstract graph (e.g., including an element of an array, a

[S]
A

vector, 2 map, an element of a hash-table).

[0091] Two or more of the sub-problems may be associated. Instructions for executing
an algorithm (e.g., such as the association process 34 of Fig. 3) may be stored in the
cache 160 or another memory location for associating a first node of a first abstract
graph corresponding to a first sub-problem with a second node of a second abstract

30 graph corresponding to a second sub-problem.
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problems. The plurality of sub-problems taken together represent a main problem pertaining to an
environment. Some of the abstract graphs may have different 30 arrangements of the nodes from one
another. For example, the nodes may be arranged in hierarchical levels and the different arrangement
of nodes may 3Bt tifferent numbers of levels of nodes. 100102] At aSEeit& 8t %f an abstract
graph may be decomposing into at least two corresponding nodes. A subset of the nodes may be
associated. The subset of the nodes 5 may be associated by (i) selecting a first node of a first one of

the abstract resenting a first one of the sub-problems; (ii) selecting one or more second
nodes of othg({gf%gﬁgg ?ga ﬁﬁﬁ’?@‘ﬁ@@f:‘Bﬁ&‘Bﬁénﬁlflﬁ?eagﬁﬁnﬁ E)‘i‘é}g’r@ AN Ereating an

association mrwfncénmfcmmmdmmmﬂmmlng dedhpdikstorgaecedshetiratabsitaghgraph 4s Associated to
the one or mgre n(i)des of the otgeg( bstract @%1 ne or more 10 .of thegt er abstract graphs may
be decomposed further usmy the in orméf) 10h and extracting at B EARTATEBREOH BF% least one of
the other absudmicgeap hahithevdtepswédutrhdrydecommpeesingtheoatostiactgraphsandt@xtracting at
least a partigl;gqhiigndrgbtain a solution for the main problem may be iterated for different nodes.
Extracting a partial solution of the com Ilcated roblem may include applying the partial solution 15 to

the environm 893 1Bedargané sneds b Abddieirartelenmedinssasperdig deting a partial
solution for thedifierent sdesmayidie cﬁﬁﬂ@&iﬁ%&@@f@iﬁa{%{u&qﬁ@y&c cRmnlete,opparial) solution of

the complicated oblen}Fy chieved. The first node ma)% be selected to be associated when
3

information HER& %uﬁ&ﬂ’\@eﬁféf%ﬁé SR et YRR pHERGHSSHY: The one or more
second node{ﬁﬂ%ylb@mlmted(maoﬁﬁﬁ@lﬁ@m @ss‘olemti@nawmnﬁhelﬁasmab@ﬁbﬂml@waay be

prowdelcbby an e LF%” Th§ H?Xf?aevrltn ﬁ|evelg"fln Illlgsrg)t yare ahu ane # ;u\é%%%evera

sub-problem'is ata’ls're t Con rll?u?es 0'the 41 bfém, the
sub-problemti@compyongisistiserciby apmmivgted b:pbdﬂﬁemahamriglai@bmmmammbmwnh may be

altered or refingd: Thysr ascHARuIS eTRHIVE pLicated problem may pertain to an environment.
For example, the complicated problem is defined by a series of propositions (e.g.,
parameters) according to the environment.
15 [6G95] In operation 810, an abstract graph is constructed which corresponds to each of
the sub-problems (e.g., using abstraction based techniques). While the term “graphical”
is used when describing a representation of the sub-probiems, typically, such a
representation is an internal representation, in for example a computer memory, rather
than as a visual display to a vser (until and unless the data is displayed to the user in
20 some form). Typically, the internal representation is a data structure (e.g., an array,
vectors, a hash-table) that is not itself a graph‘, but defines a graph. Typically, only the
ultimate solution to a main problem is displayed to a user. However, intermediate
solutions or problems, such as sub-problems, graphs corresponding thereto, questions to
prompt user input, etc., may be displayed to a user. Each abstract graph may include 2
25 plurality of nodes (vertices) and/or edges. The nodes may be, for example, arranged in
hierarchical levels. A plurality of the graphs may have different arrangements of the |
nodes from each other. For example, at least one of the graphs may have numbers of
nodes, numbers of levels of nodes, numbers of branches connecting the nodes, and/or

graph structures or types that differ from another one of the abstract graphs.

30 [0696] In operation 820, a processor attempts to expand the first abstract graph

cotresponding to a first sub-problem by decomposing a first node of the first abstract
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25retrieved to update and refine each node of a graph, the nodes and graphs associated therewith are
concurrently updated. 1001031 When the plurality of sub-problems that represents the complicated
problem are solved, the partial solutions may be assembled to form a satisfying solution to the
complicated"pro¥iy+B6§00104] It may be appreciated by those skilled irf fHélbi#4itta88olution for
each sub- problem may be solved either by intelligent software program autonomously or with
external input of expert knowledge. The expert knowledge may be provided by a human expert (e.g. a
user). 1001051 It may be appreciated by those skilled in the art that the description of the

embodiment8 &R Bt E REY At UPE 8ise Bt th e deys b cifids s ke e biipdorranbetfethe
Sunderstandiigratiieaheantiogl veithout, i ling i searene G A e AgaRBRIe hsiRglable storage

medium com stl” set of jnstructions that when executed by a processor in a computing apparatus

cause the procBSsor B ae oL SAdt C?ﬁ?‘\c%lg’c’%‘?ﬁlﬁ}ﬁ% W SNSRI plurality of independent
subproblemy@uy AbEITas 8RB0 MasRRAMIRY Hhsretoravsieinyihlg Rlvkalitv.ef indepandsant

sub-pro Iemg re&l[f?sent a main problem, wherein each abstract graph comprises an ordered set of

nodes, wher&fi TP S 14 S alfidtrabt RFREH oP TEcab S det g apsh 8 fidhes Bbeptiedbith a second
node of a sedenthabsttantdyapiiof teeoabsicdet grapiesond abitthe irapnedacgdpilininaihavailable
data can be {agfd QPSS Phe BRURALAIRRI L ROE 1155 R RIR0ERm Seesraeg o (Mere”
association rules. The algorithm may determine nodes having specific data that satisfies
predetermined criteria. For example, the predetermined criteria may be determined by
10 an expert or intelligent software in a computer. The predetermined criteria that
determine an association may include, for example, a common nodal structure, a

similarity in the data represented by the nodes or other graphical features.

J0098] In operation 840, the processor uses information pertaining to the at least one
node of the one or more nodes of the first abstract graph to resolve (e.g., decompose)

15 the one or more nodes of the others of the abstract graphs. The processor may apply
information pertaining to a current partial solution of the abstract graphs to the
environment. For example, the processor may apply information pertaining to a
combination of the nodes of the abstract graphs to alter the environment of the problem.
Alternatively, a user may apply the information. Each of the abstract graphs may be

20 partially or completely resolved. When the absiract graphs are completely resolved, the
most abstracted levels of the abstract graphs comprise atomic executable tasks.

[0699] Other operations or series of operations may be used.

[60106] The processor may repeat the aforementioned steps for the second node in

place of the first to solve the second sub-problem.

25  [00101] Embodiments of the invention include solving a main problem. Solving the
main problem includes for exatnple constructing a plurality of abstract graphs each
graph including nodes. Each abstract graph may represent one of a plurality of sub-
problems. The plurality of sub-problems taken together represent a main probiem
pertaining fo an environment. Some of the abstract graphs may have different

3¢ arrangements of the nodes from one another. For example, the nodes may be arranged in
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if the available data cannot be used to resolve the sub-problem corresponding to the first abstract
graph, switch to the second node for resolving the sub-problem corresponding to the second abstract
graph. 2. The computer-readable storage medium of claim 1, wherein at least one of the abstract
graphs has a“§pattheit differs from another one of the abstract graphs. 3PTHELStIMpEsE-readable
storage medium of claim 1, wherein the executed instructions cause the processor to apply information
pertaining to a current partial solution of the abstract graphs to the environment. 4. The
computer-readable storage medium of claim 1, wherein the association is made according to
association riEEreBicsn £ ¥l et BRI s M arEeHadionsetamny, somarisn thieassociation rules
are predeterminfdbyaBv@xperhodsT he computer-readable storage medium of claim 1, wherein the
resolving of the abstract graphs comprises at least partially resolving the abstract graphs. 7. The
computer-re AHSE! st &gt mesingde off @pithsragiasreinnias bxdeoterbinsteuistions ieasissvthe processor

to display onca:hsgbHieHaca:a. SRILIRR:Gr the Mh@ls REQRIE M oBiA MEHOl EANPFISING, 40 CONStructing

ina comg)utin sséstem for e%cg of a plurality of independent subproblems an abstract graph
[

corresponding theFefSSUWHERIRHY SHIFSIRE Sf fHdkpetriehesiibipraplembethesshiaamisin problem,
wherein eachplestraidiggsafrist compfisesanpasliered gatsofcsatesnwherain adisingdrofa first

abstract gra f the abstract graphs is associated with a second nqde of a second abstract graph of
the abstract%%Er%?uag?a%rﬁ%%m Hode . aéimning® ?g?FaBT "Bﬁqﬁ%ﬁ BRI T54LBe the first

o ir no&g?ﬁetelmmmg it &V
abstract gragh gssesiefiva thie whishpolokmtioor esponoing therdto; ande of ifdhénvaliabledata cannot

be used to rgeaiiedae.subpleblemsaLsRRDMInAle B sk rbslract araph. syliching.(g the second
node for resolving the sub-problem corresponding to the second abstract'graph.
10 of the other abstract graphs may be decomposed further using the information and

extracting at Jeast a partial solution of at least one of the other abstract graphs. The
steps of further decomposing the abstract graphs and extracting at least a partial solution
to obtain a solution for the main problem may be iterated for different nodes. Extracting
a partial solution of the complicated problem may include applying the partial solution
15 to the environment. Iterating the steps of associating nodes for different nodes and
extracting a partial solution for the different nodes may be continued until a satisfying
(e.g., complete or partial} solution of the complicated problem is achieved. The first
node may be selected to be associated when information necessary for solving the first
one of the abstract graphs is missing. The one or more second nodes may be selected
20 according to association rules. The association rules may be provided by an expert.

The expert may be intelligent software or a human expert,

Whenever a sub-problem is solved or data is retrieved that contributes to the solution of
the sub-problem, the sub-problem (or the solution thereto) and any sub-problem having
a node associated therewith may be altered or refined. Thus, as data is iteratively
25 retrieved to update and refine each node of a graph, the nodes and graphs associated

therewith are concurrently updated.

[06103] When the plurality of sub-problems that represents the complicated probiem
are solved, the partial solutions may be assembled to form a satisfying solution to the

compiicated problem.

30 [00104] It may be appreciated by those skilled in the art that 2 solution for each sub-

problem may be solved either by inteliigent software program autonomously or with



9. The method of claim 8, comprising: for each of the abstract graphs, for each of the nodes
thereof, iteratively attempting to retrieve available data at each node, and if the available data cannot
be used to solve the sub-problem corresponding to the abstract graph, switching to iteratively
attempting to#&YVé44iAilable data for a node of a different abstract gragi 6flkAe04B#sCt graphs. 10.
The method of claim 8, comprising applying a current partial solution of one or more abstract graphs to
the environment. 11. The method of claim 8, comprising displaying on a user interface a solution to
the main problem. 12. A method for solving a main problem, the method comprising: constructing a
plurality of at5StFaRa!PRPHY SXRRTCSMMBIRIRY hbtEsrsiHerRYicdae ranbe aeejrap Ry adraents one of a
plurality of sufasproldemsussherein the plurality of sub-problems taken together represent the main
problem pertaining to an environment; decomposing at least one node of an abstract graph into at
least two nodB¥ & sHcamnda dusedstthe Hvgeskileddestsiaingeotmprisisgption (i delecting a first

node of a firsiminaiafdhe atsitachssanhs-EeRERMMINOR et areALING SO RIPUEM St (i) Selecting
one or more seacoggngodes f ather abstract graphs representing a second oné of the sub-problems;

and (i) CPESHHY R S R VE I th ETRILP & HE SS8RBNd nodes in which information
pertaining to the first node of the first abstract graph is associated to the one or more nodes of the
other abstract graphs;  further decomposing one or more of the other abstract graphs using the
associated infoimation and resolving least one of the other abstract graphs; and iterating the steps of
associating nodes for different nodes and further decomposing to obtain a solution for the main
problem.
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13. The method of claim 12, comprising applying a current partial solution of one or more of the
abstract graphs to the environment. 14. The method of claim 12, wherein at least one of the abstract
graphs has a type that differs from another one of the abstract graphs. 15. The method of claim 12,
wherein the first node is selected to be associated when information necessary for solving the first one
of the abstract graphs is missing. 16. The method of claim 12, wherein the one or more second nodes
is selected according to association rules. 17. The method of claim 16, wherein said association rules
are provided by an expert, wherein the expert issalgptgd from the group comprising: intelligent
software and a human expert. 18. The method of claim 12, comprising displaying on a user interface a
solution to the’metmprstiteeadable AterafpefireadanieRdtadge sedilmeorpringa sdaf

instructions.fhatwhey EE‘?&&@&%&%% PERGRASH B ASAIRRUENSRP r??g@_ggs%p@se the processor to:

construct a plurality of abstract graphs each comprising nodes, wherein each abstract graph
represents one of @pittalitynoh stdmprabigressteefeiretiod pittaliiefsubprohiemadakerdegether

represent the main problem pertaining to an environment; decompose at least one node of an abstract
qraph into BETSIPRAD ABUEA! ASEBE S & BURUBE P EFEhotbe IR SRUTU M bR, ()
E':,_t_a)lectlingt adinstpneisienns aaihi&ts@ﬁea)iéibﬁ qfh?&@,%ﬁlmﬁtife aaelfeﬁﬁm@& figtg‘dymn ec@ﬁfbﬁ@fuﬂxpfgmemS;
ii) selecting gne or more second nodes qf other abstract graphs representi second one of the
Sub-proble MRS OF R i A SoR N DA AR R AR S oGS R P ich
informationipestatiinglteithe: fiesbnadedf de lissbadstaciqranphis fgsogistedtetidone or more

nodes of the other abstract graphs;
at the first node, determine if available data can be used to solve the first abstract

graph to resolve the sub-problem corresponding thereto; and

if the available data cannot be used to resolve the sub-problem corresponding to
the first abstract graph, switch to the second node for resolving the sub-problem

correspoﬁding to the second abstract graph.

2. The computer»reédable storage medium of claim 1, wherein at least one of the
abstract graphs has a type that differs from another one of the abstract graphs.

3. The computérnreadable storage medium of claim 1, wherein the executed instructions
cause the processor to apply information pertaining to a current partial solution of the
abstract graphs to the environment.

4. The computer-readable storage medium of claim 1, wherein the association is made
according to association rules.

5. The computer-readable storage medium of claim 4, wherein the association rules are
predetermined by an expert.

6. The computer-readable storage medium of claim 1, wherein the resolving of the
abstract graphs comprisés at least partially resolving the abstract graphs.

7. The computer-readable storage medium of claim 1, wherein the executed instructions

cause the processor to display on a user interface a solution to the main problem.
8. A method comprising:

constructing in a computing system for each of a plurality of independent sub-
problems an abstract graph corfesponding thereto, wherein the plurality of independent

sub-problems represent a main problem, wherein each abstract graph comprises an

- 2B -



further decompose one or more of the other abstract graphs using the associated information and
resolving least one of the other abstract graphs; and iterate the steps of associating nodes for
different nodes and further decomposing to obtain a solution for the main problem. 20. A computing
system, comprising: a memory to store a plurality of sub-problems representing a main problem; and
a processor operatively connected to the memory for retrieving from the memory the plurality of
sub-problems, wherein the processor is to: construct in the computing system for each of a

plurality of ndependenf subigroblensran Ehstads gfapﬁrsommngmgumrmwawﬂﬁée@abﬁs plurality of
ind dent sub- t in problem, wherein each abstract graph comprises an

ordered setPOHEL AT G TGRS of PR ADSHAG G0 Fof e At Biiohs Is associated
with a second nodg glameeanAAnNiRGhRRN PLINAANGIAR UAPRE usetdB otodRydetermine

if available data can be used to solve the first abstract graph to resolve the sub-problem corresponding .
thereto; an@bstragt i sikssrd wale sahrivebessaresnending treetobapfoblem corresponding to the

first abstract graph, switch.ta the,second nade for.resolvin '%e sub-pr b[d;m corresponpding to the
second abstract glrgp f a‘ﬂf% %dé‘é?n%%]ﬁﬁ%%si,g eeﬁlqtg ¢ él)llme ?\ﬁ}hgégéf?? tHeadt %ﬁgnég?ﬁé%abstract
graphs hastbetyfpst thizttdiffegsapbnvaitobiey anehef tb\@cah?sﬂi_adbgtaphsolﬁa}gﬂhe eﬁmptmlﬁystem of
claim 20, wherein th?%?g%?sor S f('i'%?ﬁ%&%ﬁflt\{ information pertaining to a current partial solution of

i
the abstrac%%rfg%%osn & the environimen & computing system of claim 20, further comprising a

display for disprayipg@pe-ueehinteriase,sgalution to the main problem.
for each of the abstract graphs, for each of the nodes thereof, iteratively
attempting to retrieve available data at each node, and if the available data cannot be
used to solve the sub-problem corresponding to the abstract graph, switching to
tteratively attempting to retrieve available data for a node of a different abstract graph

of the abstract graphs.

10. The method of claim 8, comprising applying a current partial solution of one or
more abstract graphs to the environment.

11. The method of claim .8, comprising displaying on a user interface a solution to the
main problem. |

12. A method for solving a main problem, the method comprising:

constructing a plurality of abstract graphs each comprising nodes, wherein each
abstract graph represents one of a plurality of sub-problems, wherein the plurality of

 sub-problems taken together represent the main problem pertaining to an environment;
decomposing at least one node of an abstract graph into at least two nodes;
associating a subset of the nodes, the associating comprising:

(1) selecting a first node of a first one of the abstract graphs representing a first

one of the sub-problems;

(11} selecting one or more second nodes of other abstract graphs representing a

second one of the sub-problems; and

(1) creating an association between the first and second nodes in which
information pertaining to the first node of the first abstract graph is associated to the one

or more nodes of the other abstract graphs;
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further decomposing one or more of the other abstract graphs using the associated

information and resolving least one of the other abstract graphs; and

iterating the steps of associating nodes for different nodes and further decomposing

to obtain a solution for the main problem.

13. The method of claim 12, comprising applying a current partial solution of one or

more of the abstract graphs to the environment.

14. The method of claim 12, wherein at least one of the abstract graphs has a type that
differs from another one of the abstract graphs.

[5. The method of claim 12, wherein the first node is selected to be associated when

information necessary for solving the first one of the abstract graphs is missing.

16. The method of claim 12, wherein the one or more second nodes is selected

according to association rules.

17. The method of claim 16, wherein said association rules are provided by an expert,
wherein the expert is selected from the group comprising: intelligent software and a
human expert.

18. The method of claim 12, comprising displaying on a user interface a solution to the
main problem.

19. A computer-readable storage medium comprising a set of instructions that when

executed by a processor in a computing apparatus cause the processor to:

construct a plurality of abstract graphs each comprising nodes, wherein each abstract
graph represents one of a plurality of sub-problems, wherein the plurality of sub-

problems taken together represent the main problem pertaining to an environment;
decompose at least one node of an abstract graph into at least two nodes;
associate a subset of the nodes, the associating comprising:

(1) selecting a first node of a first one of the abstract graphs representing a first

one of the sub-problems;

(it) selecting one or more second nodes of other abstract graphs representing a

second one of the sub-problems; and
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{111) creating an association between the first and second nodes in which
information pertaining to the first node of the first abstract graph is associated to the one

or more nodes of the other abstract graphs;

further decompose one or more of the other abstract graphs using the associated

information and resolving Jeast one of the other abstract graphs; and

iterate the steps of associating nodes for different nodes and further decomposing to
obtain a solution for the main problem.
20. A computing system, comprising:
a memory to store a plurality of sub-problems representing a main

problem; and

a processor operatively connected to the memory for retrieving from the

memory the plurality of sub-problems, wherein the processor is to:

construct in the computing system for each .of a plurality of independent sub-
problems an abstract graph corresponding thereto, wherein the plurality of independent
sub-problems represent a main problem, wherein each abstract graph comprises an
ordered set of nodes, wherein a first node of a first abstract graph of the abstract graphs

15 associated with a second node of a second abstract graph of the abstract graphs;

at the first node, determine if available data can be used to solve the first abstract
graph to resolve the sub-problem corresponding thereto; and

if the available data cannot be used to resolve the sub-problem corresponding to
the first abstract graph, switch to the second node for resolving the sub-problem
corresponding to the second abstract graph.
21. The computing system of claim 20, wherein at least one of the abstract graphs has a
type that differs from another one of the abstract graphs.
22. The computing system of claim 20, wherein the processor is further to apply
information pertaining to a current partial solution of the abstract graphs to the
environment. "
23. The computing system of claim 20, further comprising a display for displaving on a

user interface a solution to the main problem.
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