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Abstract. Network bandwidthlimitations must be consideredby information
agentawvhenretrieving informationfrom remotesourcesThereare casesvhere
it shouldbe more efficient (consideringnetwork constraintsthat an agentwill
performits actvity on theremotesener. This canbe performecby spavningan
agentonthatsener. Agentspavningis anappropriateneandor resolvingagent
overloadproblemsaswell. Agentsin a multi-agentsystemmay face situations
wheretasksoverloadtheircomputationatapacitie®r do notfit theircapabilities.
Usually, this problemis solvedby passingaskso otheragentor agentmigration
to remotehosts Agentspavningis amorecomprehensieapproacho balancing
local agentoverloads Accordingto our paradigmagentamay spavn, passtasks
to others,die or mege. We discusshe mechanismsequiredfor decidingupon
andperformingagentspavning. The requirement$or implementinga spavning
mechanisnandthe advantage®f usingit areaddressed.

1 Intr oduction

Informationagentssituatedon the web, asothercomputationakystemsare subjectto
limitationsontheuseof resourcedn thecurrentsettingof the Internet,it is evidentthat
the major bottleneckagentdaceis the communicatiorbandwidth.Agentsthat needa
largeamounibf remotelylocatednformationmayfacealong delaybeforethey areable
to acquirethe requiredinformation. Thus, overall taskexecutionmay be poor. As we
shaw in this chaptercreatinganagentthatwill be sentto the informationsite may; in
caseshe moreefficient thantransferringtheinformationitself. Yet, informationneeds
andnetworkbandwidtharenotthe only sourceof poortaskperformanceTheloadsof
taskgheagenthavemayeitherresultin overloadingheirlocalcomputationatesources,
or simply be beyond their expertise,thushampertask performanceRedistritution of
tasks(whenpossible)andthe creationof new agentswith theappropriatexpertisefor
handlingexcessandincompatibletasksresole suchdifficulties. Thesesolutionsare
demonstratednddiscussedh this chapter

Assumea multi-agentsystem(MAS) situatedon the weh Agentsin the system
dynamicallyrecevetasks Thesdasksrequiregatheringfiltering, fusingandprocessing
information. The agentsare heterogeneoughatis, agentshave differentcapabilities
which indicatethe typesof tasksthey canperform— their expertise.Also, they have
differentcomputationatapacitieswhich indicatethe amountsof resourcegmemory
cpu,communication}hat the agentscanaccessaandusefor taskexecution.Tasksare



categjorized by typesthat can be handledby agentswith appropriatecapabilities.In
this chapterwe discusswo problemswhich aretypical in suchMAS, andareusually
entangled:

1. Whatshouldanagentdowhenit recevesataskfor whichit doesnot have theright
capabilities?How shouldan agentreactto situationswherethe incoming tasks,
althoughwithin its capabilitiespverloadits capacitiesTaskdelegationmaybethe
answeto bothquestionsdelegationto otheragentswith theappropriateapabilities
areavailablemayresolethefirst; whenoverloadsarelocal to theagentdelegating
tasksto other agentswith similar capabilitiesmay resole the secondproblem.
However, giventheabove situationshow shouldanagentreactwhenotheragents,
thathave thecapabilitiesequiredfor theincompatibleor overloadingtasks appear
overloadedaswell, or areunreachable?

2. Incasesvhereheamounbf remotanformationto beprocessetbr theperformance
of a taskis large, how shouldan agenthandlethe task to reduce(and possibly
optimize)the communicatioroverheador transferringhe necessarinformation?

As shavnin [16], several solutionsmayapplyfor thefirst problem,anddetailsof these
solutionswill be presentedater. However, sincethe secondproblemis commonly
presentas well, a more comprehense solutionis neededIn [16], predictve agent
cloning was presentedAgent cloning entailsthe creationand activation of identical
copiesof the original, creatoragent.Oneof the advantage®f cloningis in therelative
simplicity of creatinga new agent,given that all of the expertise necessaryor it
are alreadypresentin the older one (the creator),so thereis no needto createnew
capabilitiesHoweverin this propertyliesalsoamajordisadwantageof cloning:it limits
the newly createdagent(the clone)to handlingonly the sametypesof tasksthat its
creatorcanhandle.n addition,cloningdictateshe sizeof the new agentthusthelevel
of computationatesourcest may consumeThis resultsin newly createdagentsthat
may betoo complex (henceheary-weight)to run ontheintendedclonehost,thusmay
preventfrom achievzing a solutionto the overloadproblem.At the sametime, it maybe
the casethat, for executingthe tasksfor which the cloning mechanisnwasactivated,
it is sufiicientto have a lighter agentwith only partof the capabilitiesof its creator or
completelydifferentones.Thecloningapproachdoesnotallow for suchagentcreation.
We suggestanalternatve to this approactthatwould extendit to overcomethe above
limitation. The agentcomputationalproblemswe addressj.e., overloadsand large
information transferrequirementshave several characteristigpatternsas deliberated
below.

Overloadsmay occurin two major forms: anagentis overloadedput the MAS in
which it is situatedasa whole hasthe requiredcapabilitiesand capacitiesthe MAS
asawhole is overloaded,.e., the setof agentswhich are accessibleand capableof
performingthe currenttasksdo not have the necessarygapacitiesAt the sametime
theremaybeidle computationatesourcesn the systemwherethe agentsaresituated.
As aresultof overloadsgitherlocal to anagentor atthe MAS level, the MAS will not

! In this chaptemwe extendthework presentedh [16]. Someof theresultswe presentirealready
presentedhere.



performall of thetasksin time, althoughthe requiredcomputationatesourcesnaybe
availableto it.

Informationprocessingandtransferareinseparabldérom the activity of agentson
theweh Thecommonrapproachet remoteinformationprocessingre:transferringhe
informationto the agentthat needst for local processingrelying on servicedocated
at the site of the informationto perform the processinglas commonin distributed
databasesgllowing the agentin needof the informationto migrateto the information
site, processt at theremotecite, andreturnwith the results. Alternatively, we suggest
thata new agentwhich hasonly the capabilitiesnecessaryor a specifictaskshouldbe
spavnedon the remotesite. Situationsthat justify suchspavning arewhenthe ratio
betweertheamountof raw informationto betransferredo anagentfor its tasks’need
andthe amountof processedhformationresultingform thesetasksis large,andwhen
theagentto beremotelyspavnedis light weight.

Thefollowing solutions combined addresshe problemsabore:

1. A singleoverloadedagentshouldpasstasksto otheragentswhich have the capa-
bilities andcapacitiego performthem.

2. Whenall of theaccessiblendcapableagentsareoverloadedagentsshouldcreate
new agentsto perform excesstasksand utilize unusedresourcesAlternatively,
agentsamay migrateto otherhosts.

3. Whennew tasksarecreatedr arrive attheagentsuchthatnoaccessiblagenthas
therequiredcapabilitiesfor executingthem,eitherusersor agentshouldcreateand
activate new agentswhich have the capabilitiesfor performingthe new tasks(but
may be differentfrom the active agents)For this, thereshouldbe somecapability
seneravailableto usersandagentsyherethey canlocatethecomponentsecessary
for thesoughtagentexpertiseandconstructhe agentausingthesecomponents.

4. Whentheexpectedamountof remotelyiocatednformationnecessarfor executing
ataskis verylargecomparedo thesizeof theagentodeandtheamounbf produced
information,the agentthat needsto performthe taskshouldeithermigrateto the
siteof theinformationor spavn anagentat this site.

In this researchwe study the mechanismsequiredfor agentspawningas a means
for implementingthe abore solutions.In particular we investigateagentspavning
in an openenvironment, such as the Internet, where agentsmight dynamically and
unpredictablyappearor disappearTo study MAS issuesin suchan ervironment,we
referto the RETSINA agentinfrastructure[18]. In RETSINA, thereare threetypes
of agents: providers who possesgertaincapabilitiesand performtasksthat require
thesecapabilities;requesterswho have tasksto be performedandwho locateagents
with the requiredcapabilitiesto whom they delegate the tasks;middle agentssuch
asmatchmaker§s], by whomrequestengentdocateprovider agentsProvider agents
adwertisetheircapabilitieso middleagentandrequesteraskthelatterto find providers
with requiredcapabilities.Part of our spavning mechanisnis appliedto a simulated
RETSINA infrastructureasfollows. When an agentperceves a problemof the type
describedabore, i.e., incompatibletasks,overloadsor large volume of information
to be transferedjt canfind, throughmiddle agents provider agentswith appropriate
capabilitiesto whom it can considertransferringtasks.Whenno suchproviders are



found, spavning a new agentis consideredOncecreatedthe nev agentadwertises
itself with a middleagentandbecomedamiliar to the multi-agentsociety

In the restof this chapterwe provide guidelinesand mechanismgo be usedfor
implementingspavning. We analyzethe circumstancesinderwhich agentspavning
shouldbe consideredWe investigatereasoninggdecisionmakingandactionsthat are
necessarfor agentgo performspavning. Resultsof simulationsve have performecdon
asubsebf thespavning problemarepresentedn thissimulation,agentcloning(which
is aspecificcaseof agentspavning), andits effectson theperformancef aMAS, were
examined.The resultsshav thatusingcloning protocolsto addresdocal overloading
problemsmprovesagentandsystemperformanceThe analysisof thewider problems
and their solution - agentspavning - shaws that, under someconditions,spavning
shouldbe highly beneficial.

2 Why is spawningnecessary?

While agentcloningis apossiblerespons@f anagentto overloadsagentspavningin-
cludesjn addition,consideratiomf thedatatransfemecessarfor taskexecution,andit
relaxestherequiremenof creatinganidenticalcopyof theoriginalagent.Thus,spavn-
ing furtherenhanceefficiengy of networkutilization andreductionof communication
andcomputatiorioads.

Agentoverloadsaredue,in generalfo eithertheagentslimited capacityto process
currenttasksor machineoverloadsOtherapproache® overloaddncludetasktransfer
andagentmigration.Tasktransfer whereoverloadedagentdocateotheragentsvhich
arelightly loadedandtransfertasksto them,is very similarto processoloadbalancing.
Agentmigration,which requiresthatoverloadedagentspr agentghatrun on anover
loadedmachiné, migrateto lessoadednachinesis closelyrelatedto processnigration
andto therecentlyemeging field of mobileagentd1]. Agentmigrationcanbeimple-
mentedby anagentcreatinga copyof itself (aclone)onaremotemachinetransferring
its tasksto it anddying. Thus,agentmobility is aninstanceof agentcloning, which
is in turn aninstanceof agentspavning. A main differencebetweenload balancing
andagentcloningis that, while thefirst explicitly discussesachindoadsandprocess
migration, the latter, in addition,considersa differenttype of load — the agentload,
which is uniquein its referenceto agentexpertise(referredto ascapabilities) Agent
spavning furtheraddsuponloadbalancingandcloningby allowing for creationof new
agentdifferentfrom the original andconsideringnformationtransferrequirements.

while cloningis a supersebf tasktransferandprocessnigration(it includesthem
and addsto them aswell), agentspavning is even wider in its scope.One facet of
spavning refersto capabilityandresourceoverloads(andwaspreviously referredto as
agentcloning[16]). Spavningdoesnotnecessarilyequiremigrationto othermachines.
Rather a new agentis createceitheron thelocal or aremotemachine Note thatthere
maybesereralagentsunningonthesameamachineandhaving oneof themoverloaded
doesnotnecessarilymply thattheothersareoverloadedAgentoverloaddoesnotimply
machineoverload,andtherefordocal spavning (thatis, onthe samemachine)maybe

2 We assumesome correlationbetweenmachineload and agents’loads, however theseare
differentoverloads.



possible.As shavn in the load balancingliterature[10Q], within a distributedsystem
thereis ahigh probability of having someof theprocessorglle, while othersarehighly
loaded.This facetof spavning takesadwantageof theseidle processingapacities.

To performagentspavning,anagentmustreasoraboutits tasksyeferringto current
andfutureinformationrequirementsindloads,theload of its hostandcapabilitiesand
loadsof othermachinesandagentsAccordingly, it maydecideto: createa new agent;
passtasksto this agent;meige with otheragents;or die. Merging of two agentsand
self-extinction of underutilizedagentsis an important mechanismto control agent
proliferationwhich otherwisemayresultin overloadedchetworkresources.

Reasonin@boutspavning beginswith recognizinghetypeof problemthatshould
beresohed:

— Capacityandcapabilityoverloadspr
— Largeinformationtransfemrequirements.

In thecaseof overloadsthereasonindeginswith consideringocal spavning. This
will preventthe communicatioroverheadof trying to accessandreasoraboutremote
hosts Whenlocal spavning is foundinfeasibleor non-beneficialtheagentproceedso
reasoraboutremotespavning. Onceremotespavningis decidedupon,anagentshould
be createdandactivatedon a remotemachine Assumingthatthe agenthasaccessand
a permitto work on this machine,there may be two main methodsto perform this
spavning: (1) creatingthe agentlocally andletting it migrateto the remotemachine
or, (2) creatingandactivatingthe agenton the remotemachine While thefirst method
requiresverylittle onthepartof theremotemachineijt requireamobilizationproperties.
It alsorequiresadditionalresourceconsumptioron local host,wherethe creationand
activation are performed.The secondmethod,while avoiding mobilization andlocal
resourceonsumptiontequireghata copyof theagents’codebelocatedontheremote
machine Similar requirementsilsohold for mobileagentapplicationg7, 19], sincean
agentsener or anagentdockis required.

Sincetheinformationneedof anagentaswell asits ownloadandtheloadsof other
agentsvary over time in a non-deterministiavay, the decisionof whetherand whento
spavn is non-trivial. Priorwork on cloning [4] haspresenteé modelof cloningbased
on predictionof missedtask deadlinesandidle timeson the agents schedulen the
RETSINA multi-agentinfrastructurg18]. In this research(section3.1), we presenta
stochastienodelof decisionmakingbasedon dynamicprogrammingo determinehe
optimaltiming for spavning.

In casesvheretheproblemdealtwith is of largeinformationtransferequirements,
localspavningis aninadequatsolution.In addition theonly reasonabléargethostsor
thespavnedagentsarethesitesof the (largevolume)needediata,thathave causedhe
needfor spavning. Therefore only remoteaccesgo thesespecifichostsis necessary
After acquiringfrom thesehoststhe propertiesrelevant for spavning on them, their
consideratiorior spavning will be performedutilizing reasoninganddecisionmaking
proceduresimilar to thoseusedin theoverloadcase.

Severalquestionsareof interestwhenanew spavn is createdandactivated.These
regardits autonomyits tasksiits lifetime, andits accesgso resourcesAutonomyrefers
to independenspavn vs. a subordinateone. Having beencreatedand activated,an



independengpavn is notcontrolledby its creator Thereforesuchanagentill continue
to exist aftercompletionof thetasksprovidedby its initiator agentHence amechanism
for decidingwhatit shoulddo afterwardds necessarySucha mechanisnmustallow
the spavn to reasonaboutthe agent-andtask-enironment,and accordinglydecide
whetherit shouldcontinueto work on othertasks(if necessargndif thecomputational
resourcesllow), mege with othersor performself extinction.

A subodinatespavn will remainunderthe controlof its initiator. Thiswill prevent
the complicationsarisingin the independenspavn case- i.e., it is not necessaryo
decidewhatto do after the tasksthat were delegatedto the spavn are accomplished.
However, in orderto managea subordinategenttheinitiating agentmustbe provided
with a controlmechanisnior remoteagentsSuchamechanisnwill requireadditional
communicatiorbetweerthe two agentsthusincreasinghe communicatioroverhead.
In addition,controlof otheragentsnaybea partially centralizedsolutionandis usually
undesirablén multi-agentsystemsHowever, for theproblemof largeamouniof remote
information,an agentthat createsa spavn on the site of the informationwould prefer
having at leastsomeloosecontrol of its spavn, sincethis spavn is specificallycreated
to sene theinformationneedsof its creator On the otherhand,whenthe solereason
for spavning wasoverloadsit is preferablgo allow for anindependenspavn.

3 Requirementsfor spawning

An agentshouldconsiderspavning in the following cases:

— Datatransfemproblems:
The remotely-locatednformationit needsto processfor performingits tasksis
largein comparisorwith theagentcodeusedfor this processingndthe produced
information,or
— Taskandresourcdoadbalancingproblems:
¢ It cannotperformall of its taskson time by itself nor canit decompos¢hem
sothatthey canbedelegatedto others,and
e Thereis no lightly-loadedagentthat canreceve andperformits excesstasks
(or sub-tasksvhentasksaredecomposablegnd
e Therearesufiicientresourcedor creatingandactivatinga spavn agent(either
onthe samemachineor on aremoteone),and
¢ Theefficiengy of thespavn agentandtheoriginalagenis expectedo begreater
thanthatof theoriginalagentalone.

Laterin this chaptemwe discussthe methodsaccordingto which agentsreasonabout
themselesandtheir ernvironmentto perceve theseconditions.

The necessarynformationusedby an agentto decidewhetherandwhento initi-
ate spavning comprisegparametershat describeboth local and remoteresourceslin
particular thenecessarparameterareasfollows:

— Theexpectedratio betweertheamountof remotelylocatedraw datanecessarjor
its tasksand the amountof information producedby thesetasks.Both raw and
producediataaremeasuredn bytes(theratio is a purenumber).



— TheCPUandmemoryloads bothinternalto theagentwhichresultfrom planning,
schedulingand task-executionactiities of the agent)and external (on the agent
hostandpossiblyon remotehosts).

— TheCPUperformancg, bothlocally andremotely

— Theload on the communicatiorchannelsandtheir transferrate, both locally and
remotely

— The currentqueueof tasks,the resourcesequiredfor their executionand their
deadlines.

— Thefuture expectedflow of tasks.

To acquiretheabove informationanagentmustbeableto readtheoperatingsystem
variables.In addition,the agentmusthave self avarenes®n two levels — an agent
internallevel anda MAS level. The internalself avarenesshouldallow the agentto
verify what part of the operatingsystemretrieved valuesare its own agentinternal
parametersThesystem-wisaelf awarenesshouldallow theagentto find, possiblyvia
middle agents[5], informationregardingavailable resource®n remotemachinesin
someMAS modelse.g.,[12, 20], thefirst is referredto asself-model,andthelatteris
called(agent)acquaintancenodule.Without middle agentssenersthatarelocatedon
the remotehosts(asin e.g.D’agents[7]) cansupplysuchinformationuponrequest.
Whensuchinformationis not available,an agentmay computethe expectedvaluesof
theattributesof remotemachineselying on probabilitydistributionseitherspecifically
by machined (e.g.IP addresspr groupwise py machinetype.

3.1 Optimization of decisionmaking: whento spawn?

We presentheformal methodusedfor optimizingthe spavning decisionsEachagent
A; hasaloadtuple!; =< p;, m;,c¢; > (processindoad p;, memoryload m; and
communicationoad ¢;). This load resultsfrom the agents tasks’makeupIn general,
anagentsloadis time dependenandis denotedby /;(¢), wheret standsfor time. We
assumehatthetimet is measuredh discreteunits. Thedistanced;; betweeragentsA4;
andA; is the networklateny (measuredh milliseconds)pasedon thecommunication
routebetweerthemachine®nwhichtheagentsarerunning.To assesthetimearemote
spavn shouldconsuméor performingits giventasks,the computationaresource®f
theremotemachinemustbe consideredThesearethe CPUperformancée.g.,givenin
MIPS),thesizeof memory(MB) andthecommunicatiorcapabilitiede.g. transmission
ratein bps).

To maximize benefits,an agentshould decideon spavning at the optimal time.
Below, we provide a methodfor optimizing the spavning decisionmaking. For this,
eachdecisionregarding spavning hasa value, calculatedwith respectto loadsand
distancesisa functionof time. EachagentA; hasa valuationfunctionVal; ({;, Li,d, t)
for evaluatingdecisionpoints. Here, Z; is a setof loads of agents4;,; # i and
d = {d;;},j # i asetof distanceso otheragents. We describethe possibledecisions

3 We utilize standardnethodge.g.,MIPS) to estimateit.

4 In oursimulationwe have examinedbothof thesemethodsaswell asmatchméing for acauiring
informationwith regardsto remotehostsandfound no significantdifferencein performance.

5 AlthoughVal; maydependn otheragentsloads,suchdependengis notrequired.



of A; by adecisiontreeT; =< V;, F;,t, R;,7; >, whereV; = {v1,v2,...,v,} IS @
setof decisionpoints(which arethe nodesof thetree), /; C V; x V; is thesetof tree
edges; : V; — N functionthat attachegime (in naturalnumbers)o treenodes(the
attachechumberis equivalentto thelevel of thenodein the decisiontreeT’), R; € V;
theroot of 7', andr; a discountratewhich A; usesin caseswvhereit assumeshatthe
valueof adecisionis discountedvertime (otherwiser; = 0).

Decisionpointsin the decisiontreehave two typesof valuationfunctions:(i) valu-
ation of a decisionwhich is madeindependentlyf othernodesin thetree,denotecby
Vi (v;), wherev; istheevaluatechode(ii) valuationof adecisiorwhichis madedepen-
denton otherdecisiondn thetreedenotedby Valug (v;). In case(i), if noindependent
decisioncanbe madeat nodev;, the independentvalueassignedo it is V/ (v;) = O.
Otherwisenodev; is assigne@nindependemtalueV; (v;) = Val;(I;, L;, d, 7(v;)). In
casg(ii), thevalueof anodev; is definedby therecursve valuationfunctionasfollows:

oy = { Vel Tidor(v) i Vi) £0
Valug (v;) = { lel Z?:lpk - Valug (v ) otherwise

wherethesumis overall of theedgegv;, v ) emanatingromv; andpy, is theprobability
of (v;, vx) beingchosenNotethatp, maybeupdatedvertime, basednlearningform
previousdecisionsGiventhisrepresentationye canusestandaralynamicprograming
methodgo computethe optimal decisionwith respecto a givendecisiontree.For the
spavning mechanismshis implies a spavning timing which is optimal with respect
to the availableinformationwith regardsto futureloadsandinformationrequirements.
Althoughthis optimizationis localto anagentandnot globalto the system simulation
results(section5) of the overloadfacetof spavning shaw a significantincreasen the
overall systenperformance.

4 The algorithm

As statedpreviously, oneaspecbf spavning is the balancingof taskdistribution and
resourceusagewhich we expressin termsof capabilityandcapacityloads.One may
find two main approacheso load balancing[17]: (1) overloadedprocessorshat seek
other idle (or just randomother)processorso let themperformpartof the processes;
(2) idle (or lightly-loaded)processorshat look for processeso increasetheir load.
Theseapproachearesometimesneiged or combinedwith additionalheuristics Both
approachegl) and(2), maybeutilizedwhendesignngaspavningalgorithmfor agents.
However, in the caseof spavning in open,dynamicsystemsgconsiderablalifficulties
arise.Both (1) and (2) requirethat an agentlocate other agentsfor task delegation.
When matchmakingagentsare used,a spavning mechanisnthat follows approach
(1) only requireghatunderloade@dgentsadwertisetheir capabilities. Thus,overloaded
agentsmay contactthe underloadednesvia matchmaking Similarly, approach(2)
requiresthat overloadedagentsadwertisetheir overloadsandrequiredcapabilitiesand
resourcesThough,in addition,(2) requiresthatunderloadedanadineswill be known
to the overloadedagentsas well. This informationis not givenin an open,dynamic
system.lt couldbe providedif eachmachinein the systemrunsan agentwhosesole
taskwould be supplyingsuchinformation.This would leadto anundesirableverhead



of communicatiormndcomputationTo avoid thisoverheadve utilize thefirst approach.
Thatis, with regardsto overloadspur spavning mechanisnis designedor agentsvho
perceve or estimateself-overloads.

The other aspectto be considereds the rate betweenthe remotely locatedraw
datanecessaryor task execution and the information producedby the agentwhen
processinghis data.The raw dataandthe producednformationcanbe measuredy
the storagespacehey occupy Thesesizesmaybe characterizethy thetype of thetask
andits details Whenextractinginformationabouttheinformationneedsindsizess not
possiblejt maystill be possiblgo learnaboutthisinformationfrom previousinstances
of similartasks.

4.1 Overview of spawningprocedure
The spavning procedureconsistf the following components:

— Reasonin@eforespavning: includesthe reasoningaboutthe (possiblydynamic)
tasklist with respecto time restrictionsand capability resourceandinformation
requirementsT he consideratiorof thetasklist aswell asagentcapabilitiescapac-
ities, loads,informationneedsandproduction,aswell asmachineloads,resultsin
adecisionto spavn or transfertasksto alreadyexisting agents.

— Tasksplitting: includesreasoninghat considersscarcecapabilitiesandthe time
intervals in which overloadsare expected,and accordinglyselectstasksto be
transferredwhich resultsin tasksplitting.

— Spavning: includesthe creationandactivationof thespavn, thetransferof tasks,
andtheresultinginevitable updatef connectiondetweeragentsvia matchmak-
ing. Thefollowing arethe basicactionsto betaken:

¢ Createthe codefor the new agentby copyingthegenericpartsof theagentand
addingto themthe componentshatenhancehe specificcapabilitiesrequired
for thespavn to performits prospectie tasks.

¢ Whenspavning while performinga specifictask,an agentshouldpassto its
spavn only therelevantsub-taskandinformationwhich arenecessarjor the
taskspassedo the spavn. Otherwise,in the caseof spavning asa resultof
overloadsthe spavn mayfacethe sameoverloadproblemasits creator Note
thatin contrastto the typical approachto agentmigration[2], the spavning
paradigmdoesnot requirethe transferof an agentstate.The only transfer
necessaris of the setof tasksto be performedby the spavn®.

— Reasonin@fterspavning: collectsinformationregardingthebenefitof thespavn-
ing andervironmentalpropertiegsuchastaskstreandistribution),andstatistically
analyzeghem,asa mean9f learningfor future spavning.

While thereasoningpf whetherto initiate spavning is performedcontinually(i.e.,
whentherearechangei thetaskscheduler if previousattemptgo spavn havefailed),
thespavningitselfis a one-shoprocedure.

5 Onemay distinguishtwo component®f an agentstate:machineand operatingsystemstate
vs. planningand task execution state.Agent spavning doesnot requirethe transferof the
first, however mayrequiretransferof someparameterselatedto thelatter Neverthelessuch
parameterarepassedispartof thetransferredasks,andnotasadistinguishedstate.



4.2 The spawningalgorithm

Somedetails of the algorithm are provided below. Note that separateactvities are
performedconcurrentlyand periodicallyin separatehreadsof control. For instance,
agentself-avarenesss periodicallyupdatingthe informationwith regardsto theagent
self loadsin an autonomousnanner Other partsof the codeareimplementedn the
samemannerevenif notexplicitly expressedelow.

Self-avarenessctivity:

— Do periodically forever, (in a separatehreadof control):
¢ Retrieve the resourcesR(tp) available to self at currenttime (refer to cpu,
memory disk spacecommunicatiorbandwidth etc).
¢ RetrievethecurrentselfloadsL(to).
¢ Anticipatecurrentandexpectedselftasksr . Referto theinformationneedd,,
andproduced,,, capabilitiesandresourcesequiredanddeadlinesAccording
to theinformationregardingtasks,do:
* ComputefutureexpectedselfloadsL(t) andavailableselfresources(¢).
* Comparel(t) andR(t) to locatetime periodsof overloads Storeinforma-
tion aboutoverloadsin OV (t). Includein OV (t) thetype of anoverload
andthetasksT’,, in 7 thatmayhave causedt.
* Foreachtask? € T, computeheratio p(7") betweerthenon-localinfor-
mationrequiredfor thistask, I, (remote), andtheinformationproduced
by thetask, I, (7).

Reasonindor spavning to reduceinformationtransfer:

— Foreachtask? in Ty suchthatp(7) >> 1 do:
¢ Addthetaskto atasklist 7.
¢ Locatethelist of hostsH thathold informationrelevantfor I, (7).
e Retrieve Ly (t), theloadsof hostsin H.

Solvetheoptimizationproblemof spavning andallocatingall tasks?' in 7, to
hostsin 4. Referto:

Sizeof aspavn agentnecessarjor a giventask.

TheloadsZy (t) andtherelevangy of informationon hoststo eachtask.
Taskdeadlinesandrequiredcapabilitiesandresources.
Computationabverheador creatingandactivatinga spavn agent.

[ ]
*

* ¥ ¥

Reasonindor spavning to handleoverloads:

— While OV (¢) in notempty do:

¢ Locateotheragentsandhosts.For eachlocatedentity £ perform:
* Retrieve currentioadsLg (o).
* AnticipatefuturetasksandloadsLg (t).

¢ Solvetheoptimizationprodemof allocatingthetasksry,, to thelocatedentities.

Referto:

* TheremoteloadsLg(t).
x Taskdeadlinesandtherequiredcapabilitiesandresources.
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* If anentityis notanagent considelin theoptimization}thecomputational
overheador creatingandactivatinganagent.

Resultgprovidedby the optimizationprocesses:

— For overloadshandlingonly:
¢ A setS of agentghatcanexecutetasksin 7y, .
e Foreachagentd; € S, auniquetimedtasklist Tl4,. For eachtaskin T4,, an
earliestandlateststartingtime (eslandlst) is provided.
— For handlinginformationtransferequirementgandoverloads):
o A setH of hostswith resourcesvailableandrelevantinformationfor thetasks
in7, and’,,.
o A timedtasklist Ty for remotehosts.
¢ A matchingbetweerhostsin 4 andtasksin 7,.

Spavning andtaskdelegationactuities:

— For eachagent4; € S, do:
¢ Delggatetasksin 7’4, atanappropriatéime (betweerestandist) to it.
— Createandactivatespavns:
While Ty andT), arenotempty do:
e Selectthemostappropriatéhosth in H .
o Createandactivatea spavn agent4, onhosth.
o Delegatetasksform 7y or 1), to ay.

Activities after spavning:

— Reasoraboutthe spavning performedandlearnfrom it for future spavning.
— ReasoraboutunderloadsConsiderthefollowing actuities:

e Mergingwith underloadedagents.

¢ Self-extinction.

Theabove algorithmsketcheshe guidelinesof thereasoningaboutspavning. One
issueto be consideredor this reasoningt splitting the tasksin thelist 7 betweeran
agentandits spavn. We illustratethe task-splitmechanisnby thefollowing example.
Supposeéhe currentand future taskshave beenscheduledAt eachpointin time, the
requiredresourcearethe sumof the resourcesequiredfor all of the tasksthatwere
scheduledo be executedat this time. Figure 1 bringsanexampleof the sumsof three
resourcescpu(p); memory(m);communication(c)with respecto time. The maximal
capacityof the agentis depictedby thethresholdhorizontalline (th) leveledat 6. One
canobsene overloadsvhenaer ary typeof resourcecrosseshis threshold A periodic
overloadcanbeobseredattimes3,8,13with a periodof 5 time units. Otheroverloads
do not seemperiodic. Whenattemptingto prevent overloads the agentfirst looks for
periodicaltaskswith aperiodthatfits theperiodof theoverloadsandputsthemin thethe
list of candidataasksfor splitting. After re-computingheloads,it transfersaadditional
one-shotasks;f still necessary

11



Fig. 1. CPU,memoryandcommunicationoads

5 Simulation: the cloning case

To examinethe propertiesof a subsef spavning, thatis, cloning, a simulationwas
performedThelimitation of having cloningimpliesthatonly exactcopiesof theoriginal
agentsnaybecreatedywhereashegenerakpavningapproaclallowsfor spavnswhich
aredifferentfrom their creators Cloningis simplerto implement,however sinceit is
restrictedn thetypeof solutionsit providesfor overloadsandnetworkcongestionit is
expectedo provide resultswhichareinferior to animplementatiorof abroadspavning
mechanismNeverthelessthe resultsof our simulationshav that (on average)cloning
increaseghe performanceof the multi-agentsystem.In more detail, the additional
performanceasaresultof cloning (if ary) outweighgheefforts putinto cloning.Since
agentspavning is a broadersolution,we are confidentthatits implementatiorshould
provide evenbetterresults.

Themethodof simulationwasasfollows. Eachagentwasrepresentetly anagent-
threadthatsimulatedthe resource-consumptiandthetask-queu®f arealagent.The
simulatedagenthasa reasoning-foicloningmethodwhich, accordingto the resource-
consumptiorparameterandthe task-queuereasonsaboutcloning.As aresultof this
reasoningjt may createa cloneby activating anotheragent-threadeitherlocally or
remotely).During the simulation,Informationis collectedaboutthe usageof CPUand
thememoryandcommunicatiorconsumptiorof theagentsEachagent-threadeceves
astreanof tasksaccordingo a givendistribution. For eachtaskit creates task-object
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Agenttype |[Mem.size|CPU(1]CPU(3)Comm.(1}JComm.(3
Matchmakef7.5MB  [43% |18-20%494% 42%
Information|9.5-12MB[45% |18-229%494% 42%
Task 7MB 44% |18-209494% 12%
Interface [9.6MB  [41% |18-20%94% 15%

Fig. 2. Resource&onsumption

that consumegime and memory and requirescommunication.Someof thesetask-
objectsare passedo the cloneagent-threadThe simulationwasperformedwith and
without cloning,to allow comparison.

An agent-threadn the simulationmustbe subjectto CPU, communicationand
memoryconsumptiorsimilar to thoseconsumedy the agentit modelsin the MAS.
Suchinformationwascollectedfrom therealagent-systentRETSINA [6]) prior to the
simulationasdescribedelow.

To properlysimulatethe RETSINA agentsye measuredheresourceconsumption
of thevarioustypesof its agentswhenrunningl or 3 agentson eachmaching(in figure
2,whenrelevant,referredo by parenthesesTheplatformsonwhichtheseagentavere
examinedare SunUltra-1swith 64MB, running Solaris.The resourceconsumptioris
summarizedn thefigure2. As onecanobsere, whenrunningaloneall typesof agents
consumet0%to 45%of the CPU,whereasvhenrunning3 agentoonthesamemachine
eachconsumesround20% of the CPU. Not surprisingly this resultsin a slower task
performanceThe sameeffect holdsfor the communicatiorconsumption.

5.1 Simulation parametersand results
We simulatedthe agentsystemwith andwithout cloning,with the following settings:

— Numberof agents10to 20.

— Numberof clonesallowed: 10.

— Numberof tasksdynamicallyarriving at the systemup to 1000.

— Taskdistribution with respectto the requiredcapabilitiesand resourcedor exe-
cution: normaldistribution, where 10% of the tasksare beyond the ability of the
agentdo performthemwithin their particulardeadlines.

— Agentcapacity:anagentcanperform20 averagé taskssimultaneously

The resultsof the simulationaredepictedin figure 3. The graphshaws thatfor small
numberof tasks(0 to 100)a systemwhich practiceloningperforms(almost)aswell
asa systemwith no cloning (althoughdifficult to seein the graph,the performanceas
slightly lowerdueto thereasoningosts) However, whenthenumberof tasksincreases,

7 Here,communicatiorrefersto the useof bandwidth.
8 An averagetask is one that the requiresaverageresourcesthe centervalue of a normal
distribution).
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Fig. 3. Taskexecutionwith andwithoutcloning

thecloningsystemperformamuchbetter Nonethelesdyeyond somethreshold(around
350tasks)eventhe cloningcannothelp.Notethatin therangel50to 350taskscloning
resultsin task performancewhich is closeto the optimal (85% as comparedo 90%
which, in our setting,is the optimal), whereoptimality refersto the casein which all

of the available resourcesre efficiently usedfor task performancegwhich doesnot
necessarilymply thatall of thetasksareperformed).

6 Spawning:information requirementsanalysis

A majorquestionto be askedwith respecto information-relatedgpavning is whatthe
propertieof therelevantinformationthatshouldinducespavning are.Intuitively, when
theamountof raw datato betransferreds significantlygreateithanthe amountof the
producednformationandthesizeof theagentspavning anagentandsendingt to the
information (insteadof transferringthe information) seemsan appropriateapproach.
Below we addresshisissueanalytically

Assumea task (or a setof tasks)that requiresinformation transfer Assumealso
thattheremotehostswheredatais locatedmayhave somelocalinformationprocessing
mechanismgas commonin databases)Thesemechanismgan be usedto extract
relevantinformationthusreduceheamounbf informationto betransferredin addition,
assumehatagentshave someuniqueexpertisefor informationprocessingvhichis not
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provided by the remotehost,wherethe informationis located.Otherwise thereis no
justificationfor sendingtheagentto theinformation,sinceall of the processinganbe
doneat the remotesite by thelocal informationprocessingervice.Denotethe size of
the remotelylocatedraw datarequiredfor the taskby /.., the size of the information
producedoy thetaskby /,, andthesizeof the prospectie spavn agentby S. All sizes
aremeasuredy standardinits(e.g.bytes).Denotetheratio betweenhesizeof theraw
dataon aremotehostandthe sizeof dataextractedby its localinformationprocessing
by . Notethat may be a complicatedfunction, however herewe referto it asa

constantFor a giventaskT, theratio p(7") betweerthe remoteextracteddataandthe
dataproduceddy thetaskandtheagentcodesizeis givenby

1,
I, S

p(T) =

. Evidently, a greaterp implies an increasedadwantageof sendinga spavn to the

informationsite. Thisis becausspavningwhenp is greaterresultsin alargerdecrease
in informationtransmission.

Fig. 4. Theratiobetweerraw dataandproducednformationandagentcode.

In figure 4 we demonstratehe relationbetweerthe size of the (extracted)remote
data,the sumof sizesof the produceddataandthe spavn agentcode,andthe ratio
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betweerthem.A highratio p refersto advantageousigentspavning sinceit impliesa
vastreductionin datatransfey thusreducingnetworkcongestionln thegraphit shovs
that large agentcodeand large amountof producedinformation hardly justify agent
spavning, sincethe informationsizeratio is small. This alsoappliesfor caseswvhere
the informationto be transferreds small. The backcornerof the graph,which refers
to small agentsize, small size of producedinformation, and large size of extracted
remotedata,shavs a steepincreasen theratio. This meanghatwhensuchconditions
hold spavning becomedighly beneficialwhenreferringto communicatiorcosts One
importantoutcomeof this obsenationis thatspavnedagentanustbe light-weight.

7 Relatedwork

The idea of agentcompositionand decompositiorwas previously introducedin [9].
Although the ideaspresentedhere by Ishida et al have some similarities to agent
spavning and meging, there are several importantdifferences.in [9], the issue of
distributedproblemsolvingwasaddressedOur MAS is hota DPSsystemn thesense
thatit is not provided with a global goal which it mustsolve® nor is it designedor
sucha specificgoal. Instead,we have an opensystemof autonomousagentswhere
eachrecevesits own tasks possiblyfrom differentsourcesandthey eachtry to satisfy
its tasks,occasionallyia cooperationOur agentsare heterogeneous.e., they have
different capabilitiesand capacitieswhereasthe agentdescribedin [9] seemto all
be of a singletype — rule firing agents.Thereforethe only type of load discussed
thereis the rule firing load. This load may inaccuratelyrepresenthe actual use of
resourcefn thesystemWe measur@peratingsystemstresourcaisedirectly andupon
suchloadscarry out decisionsfor spavning and meging, thus balancingtheir use.
In addition,we considerthe effect of informationtransferrequirement®n spavning,
which is not addressedh that work. Another limitation introducedin Ishida’s work
is therequiremento establishsynchronizatiobetweeragentsin contrastour agents
work asynchronously

Methodsfor procedurecloning [3] and objectcloning[13] were presentedn the
softwareengineerinditerature. Thefirst senesasmeandor inter-procedurabptimiza-
tion, andthe latter is usedfor eliminating parametricpolymorphismand minimizing
codeduplicationto overcomesometypical inferior performancef object-orientegbro-
grams.Agent spavning (which subsumesgentcloning) is performeddifferently and
hasadifferentaim. Althoughit attemptgo improve thesystems performancgasother
cloningparadigmslo),it concentratesnbalancinghework loadsof agentsandreduce
the information transferamongthem, and not on the other computationaissues.In
addition,it allowsfor agentmobility.

Theissueof agentoadbalancingvaspreviously studiedin [14], wheretheauthors
concentraten multi-agentreinforcementearningin the context of adaptve load bal-
ancing.TheMAS dealtwith in thatresearchvasdynamicin thesensehatresourceand
taskswere given probabilistically andthe agentshadto efficiently allocateresources
to tasksin orderto optimize the global resourceusage while ensuringfairness.The

% Yet, onemayview thegoalof increasingpverall systenmperformancessuchagoal.
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underlyingloadbalancingof the spavning paradigmhassomesimilarities,howeveris
conceptuallydifferent. Spavning intendsto optimizethe resourceusageof the whole
system,andour simulationresultsshav thatto someextent this wasachieved. How-
ever we do not addresghe issueof fairness.In addition,we discussspavning when
the only effector is the requiremenfor large informationtransfersyet loadsmay be
balancedMore significantly we dealwith a systemin which, in additionto resource
andtaskdynamics agentamay dynamicallyappearanddisappearthusincreasinghe
compleity of theloadbalancingFinally, while theagentsn [14] attemptto adapttheir
resourceselectionto the behaior of otheragentgusingreinforcementearning),our
agentattempto eitherdelegatetasksto otherexisting agentor createotheragentghat
will performtheoverloadingtasks.

In [11], differentapproachego agentmobility are discussedconcentratingon
messengersyhich are mobile threadsof executionwho coordinatewithout central
control. The salientfeaturesof messengerare their mobility, the creationof new
messengerat run-timeandcollaboratioranddynamicformationof setsof messengers
for this collaborationThesepropertieseemquitesimilarto ourrequirementgor MAS
with spavning.Howeverthereis amajordifference— messengengseasharednemory
andrely onit for their functioning.This impliesa strongrestrictionon their autonomy
which is unacceptablén MAS. Neverthelessthe -calculi presentedor messengers
may be usedto describespavning MAS aswell.

Mobile agentsare an approacho remotecomputingwhich, in contrastto remote
procedurecalls, allows for sendingthe proceduredo be performedon the remote
host[19]. The procedureaswell asits stateare transportedand processingon the
remotehostis performedunderpreviously-givenauthenticatiorconstraintsSpavning
supportgemotecomputingaswell (however doesnot requireit), but doesnot require
thetransmissiorof a procedurgor agent)state.This propertysignificantlysimplifies
the performanceof remotecomputing(especiallydueto the compleity encapsulated
in statetransmission)In addition,the spavning mechanismpresentecere provide
methoddor analysisandoptimizationof decisiongo spavn.

8 Conclusion

Agent Spavning is the actionof creatingandactivating a spavn agent,eitherlocally
or remotely to perform someor all of an agents tasks.A spavn may be eithera
copy of its creatoror a specificallytailoredagentfor the performanceof giventasks.
Spavningis performeceitherwhenanagentpercevesor predictsanoverload,or when
it predictsthe needfor a large amountof remotelylocatedinformation. Spavning
increaseghe ability of a MAS to performtasksand reducesetwork congestionln
this chapter we have provided methodsfor analysisand implementationand tested
thesemethodsvia simulation. Our conclusionsare that for large numbersof tasks,
spavning significantlyincreaseshe portion of tasksperformedby a MAS. In a MAS
wheretasksrequireinformationgatheringonthe web (e.g.,RETSINA), the additional
efforts neededor reasoningor spavning is small comparedo the requirementgor
task execution.Hence,we are confidentthat agentspavning shouldbe a usefultool
for improving theperformancef web-basedhformationagentsystemsThenext steps
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to be performedin this researchinclude animplementatiorof the spavning protocol
in areal MAS (this stepis alreadyin process)lt is alsonecessaryo provide a better
evaluation,basedon experimentationpf spavning asa resultof informationtransfer
requirementsln addition, usingthe spavning mechanismso achieze agentmobility
shouldbe examined.Protocolsfor agentmeiging or self-extinction are underwayas
well. Theseshouldincreasehe efficiengy of garbage-collectioandmonitoringof the
spavning activity.
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