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Abstract

As genomeprojectsproduceincreasinglylargequantitiesof sequencedata,fastandreliable
sequenceanalysismethodsare required. Basic methodsfor comparingpairs of sequencesor
detectingpatternsarewell-developed,andnow the key problemin analysingthis genomicdata
is how to integratethe softwareandprimary databasesin a flexible androbust way. The wide
rangeof availableprogramsconformto verydifferentinput,outputandprocessingrequirements,
typically with little considerationgiven to issuesof integration. Key to addressingtheseissues
appropriatelyis not to considerthemasa resultof the biological domain,but insteadasan in-
formationprocessingproblemthatsuggestsnothingasmuchasanagent-basedapproach.In this
paper, we introduceGeneWeaver, a multi-agentsystemfor bioinformatics,anddescribein detail
theagentinteractionswhich allow theintegrationandmanagementof analysismethodsanddata.
Thesystemdoesnotoffer new methodsbut insteadmanagesexistingdatabasesandanalysistools
in aneffectiveandflexible way, andfacilitateseasyanddynamicgrowth.

1 Introduction

Theagentmetaphorhasbeenextremelysuccessfulin engagingwide interestandresearch,with some
substantialsuccessin termsof developmentof large agentsystems.Apart from theobvious reasons
of impactandintuition, the swell of interestin agentshastypically beenattributed to key changes
andadvancesin thetechnologicallandscapeoveranumberof yearsin recenttimes.Perhapsthemost
dramaticof thesechangeshasbeentheemergenceof theWorld-Wide Web(WWW), a double-edged
swordwhich,on theonehandhasopenedupawealthof resourcesin anaccessiblewayandprovided
readytechnologiesfor remotedistribution of information that brings with it, on the other hand,a
new setof problemsrelating to informationgathering,for example[16, 20]. As far asagentsare
concerned,boththebenefitsandthedifficultiesthathave arisenasa resultof theWebaregrist to the
mill of agentresearchanddevelopment.Thedistribution of informationandassociatedtechnologies
lend themselves almostideally to useby, in and for multi-agentsystems.The dual aspectof this
interactionwith theWWW hasthusbeena majordriving force.

However, the Web in itself is not the only factor, thoughits suddenanddramaticappearance,
andits pervasive naturemight maskotherissues.In particular, advancesin objecttechnology, and
more specificallydistributed object technology, have provided an infrastructurewithout which the
developmentof large-scaleagentsystemswould becomemuchmoredifficult andlesseffective and,
without a doubt,agenttechniquesandtechnologieswould becomelesstransferable.For example,
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theCORBA distributedcomputingplatform[38] to handlelow-level interoperationof heterogeneous
distributedcomponents,is avaluablepieceof technologythatcanunderpinthedevelopmentof agent
systemswithout theneedfor re-inventionof fundamentaltechniques.

It hasbeenarguedelsewhere[29] that the successof agentsystemsis dueto the timely coinci-
denceof a maturityin somerelatedfieldsandspecificdevelopmentsin othersthathave convergedin
a particularway, catalysedby theagentmetaphor, to describethe currentstateof theart. With this
maturingof thetechnology, andtheincreasingacceptanceof agentsandtheirdeploymentin commer-
cial andindustrialapplications,agentscanberegardedasmoving outof thelaboratory. Theadoption
of agenttechnologyfor usein fieldedapplicationsis an importantmilestonein the developmentof
thefield, andmarksthestartof the transitionfrom prototypesanddemonstratorsto thecommercial
productsthatcanprovide furtherimpetus.

In thispaper, wedescribeamulti-agentsystemthatinvolvesall of theseissuesin its applicationto
thevery realanddemandingproblemsof dataintegrationandmanagementfor thelife sciences.The
vastquantitiesof databeingrapidly generatedby varioussequencingefforts, theglobaldistribution
of availablebut remotedatabasesthat arecontinuallyupdated,the existenceof numerousanalysis
programsto beappliedto sequencedatain pursuitof determiningproteinstructureandfunction,all
point to thesuitabilityof anagent-basedapproach.

Webegin with abrief introductionto theproblemdomain,andexplainhow it leadsto thecurrent
situationin which systemssuchastheonewe describeherearevital. Thenwe introducetheproto-
typeGeneWeaver agentcommunity, a multi-agentsystemfor managingthetaskof genomeanalysis,
describingthe agentsinvolved, andtheagentarchitecture.It shouldbe notedthatGeneWeaver can
alsobeviewedasproviding a moregenericframework for a rangeof suchagent-basedsystems.Fi-
nally, inter-agentcommunicationin supportof dataandtechniqemanagementis described,andsome
relevantdatamanagementprotocolsandscenariosarepresented.

2 Genome Analysis and Protein Structure Prediction

TheHumanGenomeProject[12] hasbeenrunningsince1990asamulti-billion dollar project,origi-
nally to find theestimated100,000ormorehumangenesandtodeterminethesequenceof the3-billion
DNA basepairsmakingup thehumangenome.A draft of thesequencehasnow beenpublished[14]
andit is estimatedthatwe have between20,000and30,000genes.However, sequencingthehuman
genomeis only thebeginning,anda substantialeffort now needsto take placeto organiseandmake
senseof thedatasothat it maybeusedby life scientistsin treatingdisease,for example.Moreover,
the humangenomeis not the only genomebeingsequenced,with over onehundredothergenomes
having alreadybeensequenced,andthefloodof dataconstantlyincreasing,includingorganismsrang-
ing in sizefrom smallvirusesto mice. All thedataneedsto beanalysedandintegratedto provide a
coherentandusefuloverall picture.

2.1 Flow of Biological Information

In thissection,webegin by outliningthebiologyunderlyingtheproblemdomain,but of necessitygive
only abrief treatment.Theinterestedreadercanreferto numerousintroductorytexts,suchas[26].

Typically, anorganismstoresits hereditarymaterialusingDNA molecules,whicharepassedfrom
onegenerationto thenext. Thedatastoredin thesemoleculescanbe simply representedasstrings
composedfrom four letters(G, C, A andT). Now, in a cell, a largenumberof shortsegmentsof the
DNA moleculearetranscribedinto complementarystrandsof RNA, which essentiallyrepresentthe
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Figure1: Theflow of biologicalinformationwithin acell andits computationalprocessing.

genesof theorganism.Similar to DNA, thedatain eachRNA moleculecanberepresentedby astring
composedfrom four letters(G, C, A andU) in which the T from the DNA is now replacedby U,
asillustratedin Figure1. Typically, the RNA moleculesarethen translatedinto proteinmolecules
that canbe representedasstringscomposedfrom 20 different letters. Eachconsecutive groupof 3
RNA lettersis translatedinto a singleproteinletter accordingto the geneticcodefor the organism.
Theproteinmoleculethenfolds into a precisethree-dimensionalstructure,which usuallycontainsa
numberof activesiteson its surfacewhereotherproteinsor smallmoleculesmaybind,andthisgives
theproteinits uniquebiological function. For example,Figure1 shows a resultingproteinwith the
functionof taking two molecules(X andY) andcombiningtheminto a singlemolecule(XY). This
would only be onesmall part of an enormousnetwork of suchreactions,which would result in the
overall functionof theparticulartypeof cell.

While thisvery simplifiedview of thecellularprocessesinvolvedofferssomeinsightinto theun-
derlyingbiology, somemorecomplicatedstages(suchasRNA processing)have beenomittedcom-
pletely. In addition,althoughour presentationhassuggestedthatoneprocessis universal,thereare
exceptionsto thegeneralrules,aswith theHIV virus,whichstoresits genomeusingRNA insteadof
DNA, but we will not considersuchissuesfurtherin thispaper.

Figure1 summarisestheflow of biological informationtakingplacein a cell asdescribedabove,
togetherwith the associatedcomputationalprocessingof this data,that we describenext. On the
left handsideof the figure, aspectsof different moleculesinvolved in the productionof a protein
with a specificfunctionareshown with a moreconcreterepresentationof thedatainvolved, andits
transformation,beinggivenin thecentralpartof thefigure throughanexample.Theright handside
shows someclassesof techniquesthata bioinformaticianmayuseto elucidatethedifferenttypesof
information from the genomicDNA sequenceof an organism. It includesthe computationaldata
processing,andshows thatit mayinvolve anumberof differentpathsof dataanalysis.
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2.2 Computational Processing

As indicatedabove, the rateat which this primary geneticdatais beingproducedat present,is ex-
tremely rapid, and increasing.Thereis consequentlya hugeamountof genomedatathat is freely
availableacrossthe Internet,typically storedin flat file databasesproviding DNA sequences.The
problemof working out what eachgenedoes,especiallyin light of the potentialbenefitsof doing
so, is thereforecorrespondinglypressing,and one which is meriting much attentionfrom various
scientificcommunities.

Traditionally, the first taskfor the bioinformaticianis to usewhat areknown asORF detection
methodson the DNA to determinethe differentproteinsequencesthat areencodedin it. For each
proteinsequence,avarietyof techniqes,suchassequencesimilarity andmotif detection, maybeused
to try to elucidatethe functionof theprotein. Similarly, a rangeof structure recognition techniques
maybeusedto determinethethree-dimensionalstructureof theproteinwhichmaythen,in turn,help
in determiningits function.

Thisprocessof identifyinggenesandpredictingthestructureof theencodedproteinsis thusfairly
labour-intensive,madeworseby requiringsubstantialexpertknowledgeconcerningtheavailableanal-
ysis techniquesandthe underlyingdata. However, the stepsinvolved areall computer-basedtasks:
scanningsequencedatabasesfor similar sequences,collectingthematchingsequences,constructing
alignmentsof thesequences,andtrying to infer thefunctionof thesequencefrom annotationsof the
matchedproteins(for which thefunctionis alreadyknown). All of this requiresuseof thewiderange
of availabletools for thesetasks,which sometimesoffer resultsthatagree,but oftendo not (though
they typically provide confidencescoresthatenablerelatively easyinterpretation).

Many toolsareavailableto performthesetasks,but they aregenerallystandaloneprogramsthat
arenot integratedwith eachotherandrequireexpertusersto performeachstagemanuallyandcom-
binethemin appropriateways.For example,theprocessof trying to find amatchingsequencemight
result in turning up an annotatedgene,but the annotationsincludea lot of spuriousinformationas
well astheimportantfunctionalinformation.Theproblemhereis distilling this relevant information,
which is not at all difficult for an expert,but which might prove problematicfor a lessexperienced
user. With theamountof datathatis beinggenerated,this kind of expertiseis critical.

Finally, the informationgainedfrom this analysisis addedbackinto relevant databasesasa re-
sourcein its own right, with entriesusuallyincluding large amountsof naturallanguagein addition
to theraw data.For example,a very smallentryof thedataheldabouta proteinin theSWISSPROT

databaseis shown in Figure2. Theupdatingof this dataover time asnew informationemergesadds
an additionaldimensionto thedatamanagementrequirements.Analysisprogramsmay generateor
modify datathatotherprogramsalsouse,requiringthedifferentsourcesof informationandthediffer-
entprogramsto bemanagedeffectively to ensurethat thesystemsasa whole is coherent,consistent
andsynchronised.

If we considerthe kinds of problemsraisedby theseissues,including filtering andprioritising
informationresultingfrom matchedproteins,integratingseveraldistinctanalysisprogramspossibly
in sophisticatedways,managingmultiple remotesourcesof datain differentformats,andsoon, no
solution for automationsuggestsitself quite asmuchasa multi-agentapproach.In fact, this kind
of problemis not really novel — it fits whatmight beconsidereda standardmodelof a multi-agent
systemin a traditional informationsystemsdomainwith the additionof someextra complications,
andadifferentsetof data.
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ID HD_FUGRU STANDARD; PRT; 3148 AA.
AC P51112;
DT 01-OCT-1996 (Rel. 34, Created)
DT 01-OCT-1996 (Rel. 34, Last sequence update)
DT 01-OCT-1996 (Rel. 34, Last annotation update)
DE HUNTINGTIN (HUNTINGTON’S DISEASE PROTEIN HOMOLOG)(HD PROTEIN).
GN HD.
OS Fugu rubripes (Japanese pufferfish) (Takifugu rubripes).
OC Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Actinopterygii;
OC Neopterygii; Teleostei; Euteleostei; Acanthopterygii; Percomorpha;
OC Tetraodontiformes; Tetraodontoidei; Tetraodontidae; Fugu.
RN [1]
RP SEQUENCEFROMN.A.
RX MEDLINE; 95375788.
RA BAXENDALES., ABDULLA S., ELGAR G., BUCK D., BERKS M., MICKLEM G.,
RA DURBIN R., BATES G., BRENNERS., BECK S., LEHRACHH.;
RT "Comparative sequence analysis of the human and pufferfish
RT Huntington’s disease genes.";
RL Nat. Genet. 10:67-76(1995).
CC -!- FUNCTION: MAY PLAY A ROLE IN MICROTUBULE-MEDIATEDTRANSPORTOR
CC VESICLE FUNCTION.
CC -!- SUBCELLULARLOCATION: CYTOPLASMIC(BY SIMILARITY).
CC -!- POLYMORPHISM:THE POLY-GLN REGION (FOUR RESIDUES) DOES NOT APPEAR
CC TO BE POLYMORPHIC,EXPLAINING THE ABSENCEOF A HD-LIKE DISORDER.
CC -!- SIMILARITY: CONTAINS 10 HEAT REPEATS.
CC -!- SIMILARITY: BELONGSTO THE HUNGTINTIN FAMILY.
CC ---------------------------------------------- ------ ------- ------- ------ --
CC This SWISS-PROT entry is copyright. It is produced through a collaboration
CC between the Swiss Institute of Bioinformatics and the EMBL outstation -
CC the European Bioinformatics Institute. There are no restrictions on its
CC use by non-profit institutions as long as its content is in no way
CC modified and this statement is not removed. Usage by and for commercial
CC entities requires a license agreement (See http://www.isb-sib.ch/announce/
CC or send an email to license@isb-sib.ch).
CC ---------------------------------------------- ------ ------- ------- ------ --
DR EMBL; X82939; CAA58112.1; -.
KW Repeat.
FT DOMAIN 148 272 HEAT REPEATSDOMAIN 1.
FT DOMAIN 701 898 HEAT REPEATSDOMAIN 2.
FT DOMAIN 1527 1568 HEAT REPEATSDOMAIN 3.
FT DOMAIN 18 21 POLY-GLN.
FT DOMAIN 679 682 POLY-ALA.
FT DOMAIN 1104 1108 POLY-SER.
SQ SEQUENCE 3148 AA; 348932 MW; CBB3AA6A CRC32;

MATMEKLMKAFESLKSFQQQQGPPTAEEIV QRQKKEQATTKKDRVSHCLTICENIVAQSL
RTSPEFQKLLGIAMEMFLLCSDDSESDVRMVADECLNRII KALMDSNLPRLQLELYKEIK
KNGASRSLRAALWRFAELAHLIRPQKCRPY LVNLLPCLTR ITKRQEETIQ ETLAAAMPKI

.

.

.
SLSCFFVSASTSQWISALLP HVISRMGSSDVVDVNLFCLVAMDFYRHQIDEELDRRAFQS
VFETVASPGSPYFQLLACLQSIHQDKSL

//

Figure2: An exampleSWISSPROT databaseentry.
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3 GeneWeaver Agent Community

GeneWeaver is a multi-agentsystemaimedat addressingmany of theproblemsconcerningtheman-
agementof dataandanalysistechniquesin thedomainof bioinformatics,asdiscusseduntil now. It
comprisesacommunityof agentsthatinteractwith eachother, eachperformingsomedistincttask,in
aneffort to automatetheprocessesinvolved in, for example,determiningproteinfunction.Agentsin
thesystemcanbeconcernedwith managementof theprimarydatabases,performingsequenceanaly-
sesusingexisting tools,or with storingandpresentingresultinginformation.Theimportantpoint to
noteis that thesystemdoesnot offer new methodsfor performingthesetasks,but organisesexisting
onesfor themosteffective andflexible operation.This sectionprovidesan overview of thesystem
throughtheagentswithin it.

Figure3 illustratestheoverall perspective of GeneWeaver in that it containsthedifferentclasses
of agentsandshows how they inter-relate.At theleft side,PDB agent,PIR agentandSWISS agent
all managetheprimarysequencedatabasesindicatedby their names(asdescribedlater),andinteract
with theNRDB (non-redundantdatabase)agent,which combinestheir data.At theright edgeof the
figure,thecalculationagents(includingtheBLAST agentandtheMEMSAT agentthatperformspecific
analysistasks)attemptto annotatesequencesin thegenomesusingrelevantprograms,againindicated
by their names.Finally, at the top, a numberof genomeagentsmanagethe genomesfor particular
organisms,andrequestanalysisfrom the calculationagents.At eachpoint of external interaction,
agentstypically receive andprovide informationvia theInternet. In thefigure,dashedlines indicate
agentscommunicatingto andfrom the Internetusinghttp or ftp protocols.Solid lines representthe
main communicationpathways betweenthe agentsusing an agentcommunicationlanguage. The
broker agent(seebelow) is omittedfor clarity.

Therearefive typesof agentpresentin theGeneWeaver community.

� Broker agents, which arenot shown in Figure3 sincethey arefacilitators ratherthanpointsof
functionality, areneededto registerinformationaboutotheragentsin thecommunity.

� Primary databaseagentsareneededto manageremoteprimarysequencedatabases,andkeep
thedatacontainedin themup-to-dateandin aformatthatallowsotheragentsto querythatdata.

� Non-redundantdatabaseagentsconstructandmaintainnon-redundantdatabasesfrom thedata
managedby otherprimarydatabaseagentsin thecommunity.
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� Calculation agentsencapsulatesomepre-existing methodsor tools for analysisof sequence
data,andattemptto determinethestructureor functionof asequence.Wheneverpossible,they
arealsoresponsiblefor constructingandmanagingany underlyingdatathatthey rely on.

� Genomeagentsareresponsiblefor managingthegenomicinformationfor aparticularorganism.

Eachof theseagentsis consideredin moredetailbelow.

3.1 Broker Agents

The potentialsize of the GeneWeaver agentcommunitycan be large, with the numberof agents
determinedby thenumberof externaldatabasesused,thenumberof sequencecomparisonprograms,
andtheextentof variousotherutility functions. Sinceeachof theseaspectsmustbewrappedup in
an agent,with numerousinteractionsrequiredbetweenagents,brokersareneededto provide what
is, in effect, a yellowpagesservicefor all agentsin thesystem.(Differentformsof servicesoffered
might rangefrom thesimpleyellow pagesserviceto moresophisticatedmatchmaking[27, 28], but
suchissuesarebeyondthescopeof thispaper.)

A broker providesinformationaboutall theagentscurrentlypresentin thecommunity, including
thecommunicationmethodsthey support.Eachagentis requiredto registerinformationaboutitself
with thebroker to berecognizedwithin thecommunity. Conversely, agentscanquerythebroker for
informationaboutotheragentsin thecommunity. They mayalsosubscribeto thebroker’s information
andwill benotifiedwhenit changesas,for example,whenagentsjoin or leave thecommunity.

3.2 Primary Database Agents

Althoughtheprincipleof combiningdifferentmethodsanddifferentinformationsourcesseemssim-
ple,in practicethereareanumberof difficultiesthatmustbefaced.Primarydatasources(theprimary
sequencedatabanksandthestructuredatabanks,for example)encodetheir informationin different
ways,notonly in termsof thebasicformatting,but alsoin theterminologyused.For example,differ-
entkeyword setsareusedfor eachdatabanksothatunderstandingandinterpretingthedata(bothof
primarydatasourcesandtheresultsfrom analysisprograms)is nota trivial task.

Primary databasesare provided externally, underthe control of third-partieswho may change
themat any time. In many cases,thedatais largely unstructured,andis oftenavailablein theform of
flat files. Themethodsof delivery vary, but have includedemailtransferof data,FTPdownloadsand,
morerecently, retrieval throughthe web. Eachprimary databaseconsistsof a numberof sequence
files, which aretext files formattedin a particularsequenceformat. A sequencefile usuallycontains
datafor a numberof proteinsequenceentries,with eachsuchsequenceentryproviding a description
of theproteinandits aminoacidsequence(seeFigure2 for anexample).

For example,theProteinDataBank(PDB)[10], whichwasestablishedin 1971,is aninternational
repositoryfor theprocessinganddistributionof experimentally-determinedstructuredatathatisgrow-
ing dramatically. Similarly, SWISSPROT is a curatedproteinsequencedatabasewith a high level of
annotationof proteinfunction,andis supplementedby anotherdatabase,TrEMBL [6]. Many other
suchsequencedatabasesarealsoavailable(eg. thePIRInternationalProteinSequenceDatabase[8]),
anda list of morethan200 of the main biological databaseswasrecentlycompiled[9]. The sheer
numberandvariety indicatesthe importanceof wrappingthemup andproviding themto the agent
communityin auniform manner, but wewill notprovide anexhaustive list here.

Theprimarydatabaseagentsmanagelocal copiesof differentprimarydatabases,with oneagent
perdatabase.Currently, all theprimarydatabasesareobtainedfromFTPlocations:aprimarydatabase
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agentqueriesthe appropriateFTP site on a regular basisto seeif any of the files making up the
databasehave changed.If so, theagentdeterminesthechangesthatarerequiredto theentriesin its
copy of thedatabaseto updateit to acurrentversion.Otheragentscanthenquerytheprimarydatabase
agentto obtaininformationabouta particularprimarydatabase,thefiles makingup thedatabaseor
theindividual sequenceentriesin thedatabase.Agentscanalsosubscribeto this informationif they
wantto benotifiedwhenit changes.

3.3 Non-Redundant Database Agents

A non-redundantdatabase(NRDB) is oneconstructedfrom a numberof primarydatabaseswith en-
tries thataredeemedto provide duplicateinformationexcluded. Therearethreemain categoriesof
non-redundantdatabase,storing DNA sequences,protein sequencesandprotein structuresrespec-
tively. Furtherclassificationsof non-redundantdatabasesmay result from consideringthe number
and quality of primary databasesusedin the constructionof the non-redundantdatabase,or from
thespecifcnotionof redundantinformationthat is used.For example,somenon-redundantprotein
sequencedatabasesonly regardsequencesasredundantif they have identicalresiduestrings,while
othersregardsequencesasredundantif they have morethan90%of residuesidentical.Eachtypeof
non-redundantdatabasehasits specificusesin bioinformatics.

Now, asingleagentin theGeneWeavercommunitymanageseachdifferenttypeof non-redundant
database.In theinitial prototypecommunity, thereis only oneNRDB agent,which constructsanon-
redundantdatabasefrom proteinsequencesheldby all theprimarydatabaseagentsin thecommunity
using identical residuestringsas the definition of redundancy. Hencethe non-redundantdatabase
containsno sequencesthathave residuestringsidenticalto any othersequencein thenon-redundant
database.Eachof thesenon-redundantsequencesis annotatedwith databasecross-referencesindicat-
ing whichsequencein theprimarydatabasehasthemostdetailedannotationfor this residuestring.

In general,anNRDB agentsubscribesto agentsmanagingprimarydatabasesfrom whichit wishes
to derive its database.It builds up the non-redundantdatabaseby addingany new entriesthat have
beenaddedor modifiedin theprimarydatabasessincethenon-redundantdatabasewaslastupdated.

3.4 Calculation Agents

Calculationagentsapply particularskills to try to identify thestructureor functionof particularse-
quencesof genomicdata.A varietyof techniquesareusedin arangeof availableprograms,including
similarity (homology)searchesof greateror lessersensitivity (eg. BLAST [2, 3] andFASTA [34, 35]),
theuseof sequencemotif patterns(eg. InterPro[5]), sequencealignment(eg. ClustalW[37]), sec-
ondarystructureprediction(eg. PhD[36], PSIPRED[23]), membranetopologyprediction(eg. MEM-
SAT [25]), fold recognition(eg. Threader[24], GenThreader[22]), andsoon. For example,BLAST
(BasicLocalAlignmentSearchTool) is asetof rapidsimilarity searchprogramsthatexploreall avail-
ablesequencedatabases[2]. Thesearchcanbeperformedby a remoteserver throughwebpagesor
have resultsreturnedby email,or on a local machine.

Now, someof themethodstake longerto run thanothers,while someprovide moreaccurateor
confidentresultsthanothers.In consequence,it is oftennecessaryto usemorethanoneof thesetools
dependingontheresultsatany particularstage.While ahighconfidenceis desirable,time-consuming
methodsshouldbeavoidedif their resultsarenotneeded.

Althoughthesetoolsalreadyexist, they arelargely independent.Calculationagentsprovideaway
to integratetheir operationin supportof appropriatecombinationsof methodsto generateconfident
results,andintegratethemwith, andapplythemto, theaccumulatinggenomedatabases.In short,the
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toolsareencapsulatedin anagentwrappersothatexisting applicationssuchasBLAST canbecome
independentagentsin theGeneWeaver community.

A secondconsiderationwhenmanagingthesemethodsis thepresenceof dependenciesbetween
the methods. For instance,different sequencesimilarity web servers may be asked to searchthe
SWISSPROT database,but eachserver will probablybesearchingadifferentversionof thedatabase,
returningresultsthat may refer to differententries. A morecomplicateddependenceresultswhen
oneprogramactuallyusesanotherinternally. For example,the MEMSAT methodusesan internal
versionof theBLAST methodduringits processing.Theversionof BLAST used,andtheversionof
its underlyingdatabase,is hiddenwithin theMEMSAT methoditself. Theseunderlyingdependencies
betweenthedifferentmethodscanresultin subtleinconsistenciesin thedifferentresults.

In orderto dealwith this consistency problem,thecalculationagentsattemptto make thesede-
pendenciesexplicit. Whenever possible,a calculationagentconstructsthe underlyingdatabasesor
parametersthatits encapsulatedanalysistechniquesdependon,usingthedataandmethodsavailable
from otheragentsin the community. For instance,the BLAST calculationagentshown in Figure3
usestheNRDB agent’s non-redundantdatabaseto constructthedatabaseit searches.Similarly, the
MEMSAT agentconstructstrainingparametersfor its methodby usingmembranetopologysequences
heldby theSWISS agent.TheMEMSAT agentalsousestheBLAST agentwhenit needsto carryout
theBLAST methodduring its internalprocessing.Theseinteractions,shown in Figure3, resultin a
systemthathasan additionaldegreeof dataandmethodintegrationbeyond just externally combin-
ing theresultsobtainedfrom differentmethods.(In addition,sincetheMEMSAT agentre-trainsitself
whennew membranetopologysequencesareaddedto theSWISSPROT database,its ability to predict
membranetopologiesfor proteinsimprovesover time. This canbeseenasa ratherspecializedform
of learningusingdataandmethodsthatbecomeavailablein thecommunity.)

3.5 Genome Agents

Eachgenomeagentmanagesthe genomeinformation for a particularorganism. This can consist
of the DNA sequencesmakingup the genomeof the organismtogetherwith the proteinsequences
expressedby theDNA sequences.Datasuchasknown proteinhomologuesandotherderivedresults
are storedtogetherwith their relationshipto the nucleic acid or protein sequences.The primary
datafor the genomes,eitherDNA or expressedproteinsequences,is obtainedthroughFTP from a
primary datasource. Like the primary databases,theseare underthe control of third-partiesand
maybemodifiedat any time. Genomeagentscheckthesesourcesof dataon a regularbasis,update
their dataaccordinglywhenany changesoccur, andapplythemethodsavailablein thecommunityto
annotatethegenomeswith functionalandstructuralinformation. Thesederived resultsalsoneedto
bemanaged,andpossiblyrecalculated,whentheunderlyinggenomedatais modifiedby third-parties,
or whentheversionof themethodemployedis updated.

4 Agent Architecture

Eachagentin theGeneWeavercommunitysharesacommonarchitecturethatis inspiredby, anddraws
on,anumberof existingagentarchitectures,suchas[21], but in afarmorelimited andsimplifiedway.
An agentcontainsa numberof internalmodulestogetherwith anexternalpersistentdatastorethatis
usedfor thestorageof datait manipulatesandexternalprogramsusedfor sequenceanalysis.In this
section,webriefly describethegenericmodulesthatcomprisethearchitectureillustratedin Figure4,
whichformsthebasisof eachagent.Thiswill beusedto provideacontext for thedescriptionof inter-
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agentcommunicationgiven in the following section. A moreextensive descriptionof the internal
structureof theagentsis presentedin [11].

4.1 Motivation Module

Sinceeachagentin theGeneWeaver communityhasdifferentresponsibilitiesandis requiredto per-
form differenttasks,distincthigh-level directionmustbeprovidedin eachcaseto causeessentiallythe
samearchitectureto function in differentways. Theconceptualorganisationof GeneWeaver agents
thus involves the useof somehigh-level motivationsthat causegoals specificto the agent’s tasks
andresponsibilitiesto be generatedandperformed[30, 31]. An agentis thereforeinitialised with
themotivationsrequiredto carry out its responsibilitieseffectively. For example,all agents(except
brokers)aremotivatedto registerthemselveswith abroker agent,andwill generategoalsandactions
to do sountil they have succeeded.Similarly, a primarydatabaseagenthasa motivationto causethe
generationof specificgoalsandactionsto updatethe primary databaseon a regular basisin order
to ensurethat it is up-to-date;anda non-redundantproteinagentis motivatedto subscribeto a bro-
ker for informationon primarydatabaseagentsandto subscribeto theselatteragentsfor all relevant
information.

4.2 Control Module

Perhapsthemostimportantof thecomponentsof theagentarchitectureis thecontrol module, which
organiseshow theagentshouldpursuethesatisfactionof goals. It decideswhethera goalshouldbe
accomplishedusinga localskill of theactionmodule, whetherthegoalshouldbebrokendown into a
numberof sub-goalsusingaplan, or whetherit shouldbecarriedoutby the interactionmodulesince
it involveseithertheprovision of assistanceto anotheragent,or therequestof assistance.In orderto
dothis,theinformationcontainedin themeta-store is usedto decidehow bestto carryoutactions,for
exampleby anagentexaminingits own skills andthatof otheragents.In addition,thecontrol module
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determineswhethertheinformationin themeta-store shouldbemodifiedasaresultof performingan
action.

4.3 Action Module

Theactionmoduleis responsiblefor managingandperformingskills thatmodify theunderlyingdata
beingmanipulatedby the agent. The resultingactionstypically involve performingoperationson
someinput dataandmay (optionally) result in someoutput. In this respect,they are likely to use
andmodify datain the agent’s datastore. The actionmoduleis thuscritically importantin terms
of the agentfunctionality in this domain,sinceit is the only modulethat can interfaceto the data
storeandthusprovidesthe only way to modify the datathe agentis working with. (In the caseof
calculationagents,thesamewouldapplyto theanalysistoolsinsteadof thedatabases.)Eachagent’s
actionmoduleis instantiatedwith a numberof skills (or typesof action)that theagentcanperform.
Theactionmoduleis invokedby thecontrol module, andcanalsocausethecontrol moduleto invoke
message-passingactionsin the interactionmodulewhenneededaspartof anoverall task.Thismight
occurwhenanotheragentis neededto performanactionfor theoverall plan.

4.4 Interaction and Communications Modules

The interaction modulehandlesthe higher level interactionbetweendifferentagents.Several pos-
sible typesof interaction exist, eachof themfollowing a particularfixed interactionprotocol. The
interactionsarekey to agentcooperationandwill beextensively describedin thenext section.

The interactionmoduleis initialised with the typesof interactionit canservice(or the typesof
provider actionsit caninitiate). For example,thebroker is theonly agentthat initiatesits interaction
modulewith a registeractionto servicerequeststo registerwith it from otheragents.Theparticular
actionsan agentis ableto provide to othersarerecordedin its metastoreso that it hasan accurate
pictureof its capabilities.

Now, thecommunicationsmodulefor oneagentinteractswith communicationsmodulesof other
agents,usingparticulartransportprotocols.It alsopassesmessageson to theagentitself for interpre-
tationandprocessing,aswell asacceptingoutgoingmessagesto besentout to others. In this way,
oneagentinteractswith anotherthroughtheir respective communicationsmodules.

Themechanicsof theinteractionof agentsin thecommunityis achievedthroughmessage-passing
communicationusinga numberof transportprotocolssuchasRMI [15] andCORBA [38], which is
handledby thecommunicationsmodule.

4.5 Meta Store

Themeta-storesimplyprovidesarepositoryfor theinformationthatis requiredby anindividualagent
for correctandefficient functioning. It containsrelevant informationaboutthetypesof skills, plans
andinteractionssupportedby differentagentswithin thecommunity. For example,themeta-datacon-
tainedin this repositorywill enumeratethepropertiesandcapabilitiesof theagent,includingaspects
suchastheprotocolstheagentcanuse,theskills that canbeexecuted,andtheagent’s motivations.
As othermodulesareinstantiatedon initialisation,this informationis addedto themeta-store. Thus,
astheactionmoduleis initialised,theskills thatcanbeperformedby it areaddedto therepository.

The meta-store alsoprovidesa representationof the otheragentsin the communityin order to
determinehow bestto accomplishparticulartasks,possiblyusingotheragents.Informationcontained
in it maybeextendedwhile theagentis runningso thatadditionalor newly-discoveredinformation
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BAMO type Agent Property

AgentInfo Generalagentfeatures
TransportInfo Transportcommunicationprotocolssupported
LanguageInfo Contentlanguagessupported
OntologyInfo Contentontologiessupported
RequesterInfo Interactiontypestheagentcanrequest
ProviderInfo Interactiontypestheagentcanprovide
SkillInfo Skills thatmaybeemployed
PlanInfo Plansthatmaybeemployed
MotivationInfo Agentmotivations
RelationInfo Currentongoingrelationswith others

Table1: Typesof meta-datapresentin theBioAgentMetaOntology

aboutitself orotheragentsmaybeincluded.Theonlysignificantinteractioniswith thecontrol module
which recordsinformationin themeta-store asappropriate,andalsousesit in decision-making.

5 Agent Communication

5.1 The BioAgent Language (BAL)

Agentsin theGeneWeaver communitycommunicatewith eachotherusingtheBioAgent Language
(BAL), whichisconstructedalongthelinesof KQML [32], with similarperformatives,but isbothdra-
matically reducedin range,andtailoredto theparticularkindsof interactionslikely in GeneWeaver.
Specifically, thedatacontentof theBAL messagesis vital, sincethedatais thekey resourcein the
system,andit is extremelylargein quantity. In thissection,wedescribeBAL andshow how it is used
by agentsfor critical interactions.

BAL interactionslie at thehighestlevel of communication,andconsistof a numberof messages
beingpassedbetweenagentsfollowing a fixedprotocolfor theparticulartypeof interaction.Within
an interaction, specificcommunicationbetweenagentsis accomplishedby sendingBAL messages,
which follow a simplespeech-actstructureby which a performative is associatedwith a particular
kind of content. Dependingon theperformative, thecontentmayconsistof anorderedlist containing
queryexpressions,data, meta-dataor simplestrings.BAL messagesemploy language andontology
fieldsto indicatethelanguageusedfor thecontentandthemeaningsassignedto symbolsused.

TheBioAgentContentLanguage(BACL) is a very simplelanguageusedto representmeta-data,
dataandqueryexpressions.The BioAgent Meta Ontology (BAMO) definesthe different typesof
meta-data(Table1) and their meanings.This is the informationusedby the agentcommunityto
manageandorganiseitself, moredetailsof whichcanbefoundin [11]. TheBioAgentDataOntology
(BADO) definesthe datatypesemployed (Table 2). Theseare simply the major artefacts in this
domain.

BAL messagesconsistof aperformative togetherwith somedatafieldsthatcanincludethesender
andreceiver, transportprotocol,contentlanguage,contentontology, interactionreferencestring,page
countandcontent, asshown below. Theperformative, senderid, receiver id, transportprotocol,and
referencestringareall compulsoryfieldswithin a message,while thepresenceof the language,on-
tology, pagecountandcontentdependson theperformative of themessage.Thelist of performatives
usedby theGeneWeaver systemareenumeratedin Table3.
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BADO type Description

RemoteDB Remoteprimarydatabase
LocalDB Local database
DBFile Sequencedatabasefile
DBSeqEntry Sequencedatabaseentry
Protein Proteinsequence
MemTopol Proteinmembranetopology
Homologue Sequencehomologydata

Table2: Typesof datapresentin theBioAgentDataOntology.

Sender: <sender id>
Receiver: <receiver id>
Transport: <transport protocol>
Language: <content language>
Ontology: <content ontology>
Perform: <performative>
Ref: <reference string>
Page: <page number>
Content: <content>

The senderid and receiverid are in the form Swiss007f00000 1, which specifiesthe name
of theagent(in this caseSWISS) followedby 10 hexadecimaldigits. The last8 digits specifytheIP
addressof thephysicalmachinetheagentresideson, with thefirst two digits specifyinga particular
office (0 to 100) on the machine. Eachagentmusthave a uniquenamewithin a particularoffice.
Essentially, anoffice is a runningprocessthatpermitsa numberof agentsto beplacedwithin it, each
agentexisting asa numberof threadswithin theprocess.In our currentimplementation,eachoffice
is aJavaVirtual Machine,andit permitsavarietyof configurations.A largenumberof agentsmaybe
placedinto asingleoffice for asmallmemoryfootprint,althoughthismakesthemmoredependenton
eachotherif, for example,oneof themcausesa threaddeadlock.By usinga separateoffice for each
agent,thecommunityis morerobust to failure in any oneagent,but this usescorrespondinglymore
resources.

Currently three transportprotocolsare used: rmi , corba and direct . RMI is the default
protocolsupportedby all theagentswithin theJava implementationof GeneWeaver, while CORBA
allows agentsimplementedin different languagesto be supportedas long as they conform to the
BAL languagespecification.Suchagents,runningunderadifferentmanagementsystem,wouldneed
to be allocatedtheir own rangeof office numbers.For example,101 to 150 could be allocatedfor
agentsrunningundera C++ managementsystem. The direct protocol is usedto communicate
betweenagentsin thesameoffice (or process)simply by usingsynchronizedmethods.It permitsthe
configurationin which a communityof agentscancooperatein thesameoffice (includinga broker)
without theneedfor any network communication,andallows agentsto make their servicesavailable
only to otheragentsin thesameoffice,providing asecureform of agenthiding.

A uniquereferencestring is generatedby theagentinitiating aninteractionasameansof identify-
ing andkeepingtrackof thecourseof thatinteraction,especiallywhentheremaybeseveralconcurrent
interactionstakingplace.It is usedin all messagesthatarepartof theparticularinteraction.Theop-
tionalcomponentsof BAL messagesaredeterminedby thekind of message(andhenceperformative)
underconsideration.

The language andontology fields permit agentsto handlemultiple contentlanguagesasappro-
priateanddifferentdatacontexts within theselanguages.Thebioinformaticscommunityemploys a
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Performative Description

ask Senderwishesto know if any dataexists in thereceiver’s datastore(or
meta-store)whichmatchesthegivendataquery.

tell Indicatesthatthegivendataexist in thedatastore(or metastore)of the
sender.

deny Indicatesthat thedatagiven no longerexists in thedatastore(or meta
store)of thesender.

subscribe Senderwishesto subscribeto data(or meta-data)matchingthe given
queryandbeinformedaboutfuturechanges.

unsubscribe Remove thesubscription.
do Senderwishesthereceiver to carryout thespecifiedskill with thegiven

contentasinput.
derive Senderwishesthereceiver to derivedatasatisfyingthegivendataquery

usingits plansandskills.
ok Confirmsanactionhasbeensuccessful.
error Terminatesa conversionsinceeither an agentdid not understandthe

contents,or themessageprotocolwasnot followed.
sorry Terminatesaconversion.Theagentunderstoodthemessagebut did not

have any responseto it.
register Registersan agentwith the broker. This provides the broker with a

symbolicnameandadescriptionfor theagent.
unregister Cancelsa register(andany commitmentsof theagent).

Table3: Descriptionof BAL performatives.

wide-rangeof languagesto representdataanddataqueries,including SQL, XML, XQL andASN-
1 [1], andseveralontologiesarebeingdevelopedfor usewithin differentsub-fields[7, 13]. Currently,
however, weemploy asimplecontentlanguageandsimpleontologies,althoughit is clearlybeneficial
to permitdifferentlanguagesandontologiesto beusedwithin specializedsub-communitiesof agents.

The page count is used,for example,when a long list of dataitems which cannotefficiently
(or appropriately)be includedin a singlemessage,needsto be sentbetweenagents,andit may be
necessaryto split it into multiple messages.With vastamountsof databeinggenerateddaily in this
domain,this is not anunlikely event. Theneedto usea pagecountto split dataamongmessagesin
thiswayappliesonly to tell anddenyperformativeswhenusedto transferlargeamountsof data.

Now, thecontentsof themessagesvary accordingto thekind of performative used,andareenu-
meratedin Table 4. Thesemay be orderedlists of query expressions,data, meta-dataor simple
strings.

5.2 BAL Interactions

A BAL interactionrepresentsacommunicativeepisodeatthehighestlevelof abstraction.It consistsof
a numberof messagessentbetweentwo agentsfollowing a fixedprotocolfor thetypeof interaction.
All the messagesare requiredto sharethe samereferencestring to indicate that they are part of
the sameinteraction. In the discussionbelow, all interactionsconcernonly two agents.The agent
that requestsassistance(andhencethe interaction)is denotedthe requesterandtheagentproviding
assistanceis denotedtheprovider.
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Performative Content

ask Dataor meta-dataquery.
tell List of dataor meta-dataitems,pagenumberrequired.
deny List of dataor meta-dataitems,pagenumberrequired.
subscribe Dataor meta-dataqueryproviding whatto subscribeto.
unsubscribe No content(referencestringusedto determinewhatto unsubscribe).
do Meta-dataspecifyingtheSkill to do,followedby alist of dataspecifying

theinput.
derive Dataqueryspecifyingthe requireddatato derive followed by a list of

datawhichmaybeused.
ok No content.
error Stringgiving reasonfor error.
sorry Stringgiving reasonfor failure.
register AgentInfometa-datafor theagentregistering.
unregister No content(referencestringusedto determinewhatto unregister).

Table4: Contenttypesof differentperformatives.

An exampleof registrationis asfollows. The SWISS agent(which is a primarydatabaseagent)
registersitself with theBROKER by sendinga registermessageasfollows.

Sender: Swiss007f000001
Receiver: Broker007f000001
Transport: rmi
Language: BACL
Ontology: BAMO
Perform: register
Ref: Swiss007f000001_0
Content:
AgentInfo(

ID = 0,
OWNER= Swiss007f000001,
TYPE = PrimaryDB,
MOD_TIME= 2001-04-04T19:40:35+0100
LOCAL_MOD_TIME= 2001-04-04T19:40:35+0100
AGENT_URL= "http://insulin.brunel.ac.uk/˜bryson/agents /swiss/ index.h tml",
DESCRIPTION = "Swiss agent which manages the SWISSPROTdatabase."

)

The contentof the messageconsistsof a singlemeta-dataitem of type AgentInfo that includes
ID, OWNER,TYPE,MOD TIME andLOCAL MOD TIME fields.TheOWNERfield identifiesthe
agentthat owns the meta-dataitem, while ID provides a uniqueidentifier for the item within that
particularagent.TheMOD TIME field givesthetime, in ISO format,of thelastchangeto theactual
dataitem (as held by the owner), whereasLOCAL MOD TIME gives the time the item was last
changedin thelocalagent(sinceagentsmayhave copiesof dataownedby otheragents).In addition,
therearealsoAGENT URL, DESCRIPTIONandTYPE fields to provide further informationabout
theparticularagent,suchasthelocationof its homewebpage.If theBROKER permitsregistration,it
will reply with thefollowing okmessage.

Sender: Broker007f000001
Receiver: Swiss007f000001
Transport: rmi
Perform: ok
Ref: Swiss007f000001_0
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5.3 Interaction Scenarios

Wehavedescribedthemodularframework of anagenttogetherwith thelanguageusedfor inter-agent
communication.In this section,we show how theseaspectscometogetherto enableeffective agent
operationsfor themanagementandintegrationof dataandmethodswithin theagentcommunity. We
describefour generalscenariosthat result from just settingup the appropriatemotivations,interac-
tions,skills andplansin the agents.In eachscenario,thegoalsadoptedby agentson eithersideof
theinteractionaredescribedtogetherwith theprotocolfollowedandthemessagessentaspartof that
protocol.Thecompleteinteractionsareillustratedwith statetransitiondiagrams,whichcomein parts:
onefor the requesterandonefor theprovider. Thediagramsarelargely self-explanatory, andserve
to illustratethediscussion,soonly a cursoryexplanationof them(asopposedto the interactions)is
given.

5.3.1 Registering with a Broker

Eachagent(other than brokers) hasa motivation to register with a broker, which will lead to the
generationof a goal with theaim of forming a registerrelationshipwith a broker agent.(We denote
goalswith the aim of makingor breakingrelationshipsbetweenagentsasrelationshipgoals.) The
control modulesatisfiesthis goalby examiningthe meta-storefor informationon a suitablebroker,
andtheninitiating a register interactionusingtheinteractionmodule.This causesa registermessage
to besentto thebrokeragentvia thecommunicationsmodule,andtheagentthenwaitsfor aresponse.
For example,theprimary databaseagent,SWISS agent,which managestheSWISSPROT database,
sendstheregistermessageabove to thebroker agent.

On receiving the registermessage,thebroker startsits sideof the interaction,resultingin a reg-
ister relationshipgoal beingpassedto its control module. In turn, the control modulesatisfiesthis
relationshipgoalusinganappropriateplan, whichcausesthebroker agentto subscribe(seenext sec-
tion) to relevant meta-dataof the registeringagentsuchas the agent’s skills, databasesandplans.
This allows thebroker to keeptrackof any relevantchangesin informationabouttheagent,suchas
whenoneof its skills is updated.In addition,thebrokeragentupdatesits meta-store to includedetails
of the registeredagent. If the registrationplan is successful,this will resultin anok messagebeing
returnedby thebroker’s sideof theinteraction(asshown above).

Finally, on receiving an ok messagefrom the broker, the registeringagent’s relationshipgoal is
satisfied,with theintensityof therelevantmotivationto registerbeingloweredsinceit is now satisfied.
This reductionin intensityenablesothermotivationsof theagentto becomeactive.

Alternatively, thebroker maynot allow theagentto register. For instance,a securitypolicy may
only allow agentsrunningon certainhoststo register, or thecommunityorganizedby thebroker may
beof a specializedtypethatdoesnot includeprimarydatabaseagents,In suchcases,a sorry reponse
might result.This interactionscenariois illustratedby Figure5.

Sender: Broker007f000001
Receiver: Swiss007f000001
Transport: rmi
Perform: sorry
Ref: Swiss007f000001_0
Content:
Invalid agent type
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Figure5: Statetransitiondiagramfor theregistrationinteractionprotocol.

5.3.2 Broker Subscription Scenario

The non-redundantdatabase(NRDB) agentis motivatedto subscribeto the broker for information
aboutall agentsowning localprimarydatabasescontainingproteinsequences.Thismotivationis typ-
ically activated(throughhaving thehighestintensitylevel) oncetheagenthassuccessfullyregistered,
andcausesa relationshipgoal of type subscribe to be sentto the control module. The control
modulesatisfiesthis relationshipgoal by queryingthemeta-storefor all brokerswith which it is cur-
rently registered.For eachbroker, thecontrolmodulecreatesa subscribeinteractionwhich, in turn,
resultsin asubscribemessagebeingsent.

Sender: NRDB007f000001
Receiver: Broker007f000001
Transport: rmi
Language: BACL
Ontology: BADO
Perform: subscribe
Ref: NRDB007f000001_21
Content:
LocalDB(

ID?, OWNER?,SOURCE?, QUALITY?,
TYPE?, NAME?, MOD_TIME?,
LOCAL_MOD_TIME?, DESCRIPTION?

)

On receiving this subscribemessage,the broker respondsby startingits sideof the interaction.
If the broker refusesto form the relationship,then it respondswith a sorry message,otherwiseit
respondswith anok messageto indicatethat therelationshiphasbeenaccepted.This causesa query
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to beperformedon its meta-storeon a regularbasisto provide therequiredinformation,resultingin
tell anddenymessagesbeingsentbackto therequester, giving informationaboutcurrentlyregistered
agents,andthosethathave deregistered.Suchperiodicqueriescontinueuntil theinteractionis halted
on receiptof anunsubscribemessagefrom therequester. Thefollowing examplemessageillustrates
thekind of responsethatmightbereceivedin this way from thebroker.

Sender: Broker007f000001
Receiver: NRDB007f000001
Transport: rmi
Language: BACL
Ontology: BADO
Perform: tell
Ref: NRDB007f000001_21
Page: 0
Content:
LocalDB(

ID = 11,
OWNER= Swiss007f000001,
SOURCE= SWISSPROT,
QUALITY = 90,
TYPE = PROTEIN,
NAME= SWISSPROT,
MOD_TIME= 2001-04-04T20:07:21+0100,
LOCAL_MOD_TIME= 2001-04-04T20:08:11+0100,
DESCRIPTION = "SWISSPROT manually annoted protein database"

)

Later in thesession,a denymessagemaybesentif, for example,the SWISS agentderegistersfrom
thebroker.

Back at the requester’s end, tell goalsare instantiatedasa resultof any received tell anddeny
messages,andcausethe control moduleto carry out an appropriateplan. In this case,the result is
to addinformationto themeta-store,or deleteinformationfrom themeta-storeasappropriate.This
interactionscenariois illustratedby thestate-transitiondiagramsof Figure6.

5.3.3 Subscribe Interaction Scenarios

The subscribeinteractionis alsousedin a numberof otherplacesin the prototype,suchaswhen
thenon-redundantdatabase(NRDB) agentis motivatedto subscribeto primarydatabaseagentsfor
sequencedata.Typically, this motivationbecomesactive after theagenthassuccessfullysubscribed
to thebroker for informationon agentsowning local primarydatabases,so that the intensityof that
motivationdecreases.The NRDB agentthenformssubscribeinteractionrelationshipswith eachof
theseagentsto obtaininformationabouttheir primarydatabases.Thesubscriptionremainsin force
while bothagentsarepresentin thecommunity, allowing the NRDB agentto maintainits database
with thelatestinformationknown throughoutthecommunity.

Calculationagentsalsousethesubscribeinteraction.TheBLAST agentsubscribesto theNRDB
agentso that it canensurethat the databaseit searcheswith BLAST is up-to-date. Similarly, the
MEMSAT agentsubscribesto theSWISS agentfor informationaboutmembraneproteinssothatit can
keepits methodtrainedwith themostrecentdata.

In general,subscriptionto anotheragentfor particulartypesof datamay be regardedasa data
pushprotocol,in thatnew or modifieddatais pushedontotherequesteragentasit becomesavailable.
Thetell interaction,whichis notusedwithin theprototype,is anunsolicitedform of datapush. When
anagenthasdatait believesanotheragentmaybeinterestedin, it simply sendsa tell messageto this
agentinforming it aboutthedata,whereuponit receivesanok or sorry responseinforming it whether
theotheragentis interestedin thedataprovided.
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Figure6: Statetransitiondiagramfor thesubscriptioninteractionprotocol. The Error andTimeout
statesarenot shown for clarity.

5.3.4 Calculation Agent Requests

Themainconcernof previousscenarioshasbeenthemanipulationof dataandmeta-data.However,
agentsalso have plans, involving sequencesof action, that may be usedto satisfygoalsby either
manipulatingtheagent’s meta-storeor by decomposingagoalinto anumberof sub-goalswhichmay
thenbetackled.Thissectiondealswith scenariosinvolving interactionsthatuseskillscombinedwith
plansto satisfygoals.

Supposea genomeagentis initiated with a numberof motivations: registeringwith a suitable
broker, subscribingto thebroker for informationabouttheskills andplansavailablein thecommu-
nity, updatingits genomedatausinganexternaldatasourceandannotatingthis genomedata.Now,
deriving different typesof annotationis broughtaboutby differentmotivations. For example,the
motivation to determinehomologuesfor the proteinsexpressedby the genomeprovides functional
annotation,while the motivation to determinemembranetopologiesfor theseproteinsprovides a
form of structuralinformation.

We will examinethemotivation to determinemembranetopologiesin moredetail sincethis in-
volvesbothderiveanddo interactions.

Generally, a genomeagentwill not know thebestapproachto determinea membranetopology
for a proteinin thegenomeit is annotating.Thusthemotivationgeneratesaderivegoalwith theaim
of deriving a membranetopologywith a suitablequality for theparticularprotein. Now, thecontrol
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moduledetermineshow to satisfythis goal by inspectingthe meta-store.Supposethat it finds that
it doesnot have a local skill or plan itself to satisfyderiving a membranetopology, but is awareof
anotheragentin thecommunity, the MEMSAT agent,which containsa suitableplan. To utilise this
plan, thecontrolmodulecreatesa derive interaction,resultingin a derivemessagebeingsentto the
MEMSAT agent.

Sender: HInf007f000001
Receiver: Memsat007f000001
Transport: rmi
Language: BACL
Ontology: BADO
Perform: derive
Ref: HInf007f000001_42
Content:
MemTopol(

N_LOC?, OTHER_LOC?, N_LOC_SIDE?,
SPANS?, QUALITY?, DERIVED?,
SEQ_REF= 74_HInf007f000001

)

Onreceiving thismessage,theinteractionmoduleof theMEMSAT agentcreatesaderivegoalthat
is sentto its controlmodulewhich, in turn, findsa suitableplan to accomplishthegoalandexecutes
it. Now, this plan is fairly complicatedand involves threestages.The first involves obtainingthe
residuestring of the sequenceto analyseif this is not alreadyprovided. This canbe satisfiedby a
queryinteraction(describedlater)to obtaintheinformationfrom thegenomeagent.Thesecondstage
involvescreatinga do goal requestingthat theBLAST skill beusedto determinea sequenceprofile
for thesequence.Sincethis is a well-specifiedtask,it is satisfiedby usinga do interactionto request
the BLAST agentperformthe calculation. Finally, a seconddo goal requestingthat the MEMSAT
methodbeappliedto this profile generatesthe result,which is satisfiedby usingtheMEMSAT skill
local to theagent.If all thestagesof theplanaresuccessful,theoriginal derivegoalwill besatisfied,
causingtheMEMSAT agentto senda tell messageproviding theresult.Thegenomeagentthenuses
this informationto annotatethesequence.

Both thederiveanddo interactionprotocolsarepresentedin Figure7. This diagramalsoshows
thequeryinteraction,whichinvolvesaninitial askmessage,but is otherwiseverysimilarto theothers.
It simplyallowsaone-off queryof thedataheldby anotheragent,withoutreceiving furtherupdates;it
is usefulin thescenarioabovewhentheinitial derivegoaldoesnotcontainall therequiredinformation
for theplan.

Notethat theseprotocolsmaygeneratea numberof pagesof results,with a pagenumberof zero
indicatingthelastpage.

5.4 Summary

In describingthesesampleinteractions,we show how the systemmanagesand integratesthe dis-
tributeddatabases,skills andexpertise(encodedasplans)of agentswithin thecommunity. It maybe
seenthata numberof categoriesof interactionareinvolved. Thesubscribeandtell interactionspro-
videdatapushprotocolswhile thequeryinteractionprovidesadatapull protocol.Thedoandderive
interactionsareimperative andrequestaction,thedo interactionbeingusedwhentherequesteragent
knows exactly whichskill it wishesto apply, andthederiveinteractionbeingusedotherwise,leaving
it to theprovider to decide.Finally, the register interactionis usedto populateandmanagetheagent
community. Thoughwe have only describedsomeexamplesof interactionwithin theprototype,the
overall natureof thesysteminteractionsshouldbeclear, with brokersproviding muchof thecapabil-
ity for organisinglargenumbersof databasesandservices.Certainly, therearemany otherissueshere
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thatneedto beconsidered(for examplein relationto thepotentialuseof differentdatalanguages[1]
andontologies[7, 13] to provideaconsistentlanguagefor thedescriptionof biologicaldata)but these
areseparateconcernsandwe do not considerthemfurtherhere.It shouldbeclearthoughthatsince
theBAL interactionlanguageis at a higherlevel it permitsdifferentunderlyingcontentlanguagesto
beemployed.

6 Discussion and Conclusions

Theproblemsraisedby thesurge of informationbeingaddedto biologicaldatabasesdemanda sig-
nificanteffort in orderto solve them. This is particularlyimportantbecauseof thepotentialbenefits
thatanunderstandingof theinformationlockedaway in thesedatabasesmightbring. In thispaperwe
have introducedtheGeneWeaver agentcommunityfor just this purpose,anddescribedthearchitec-
tureof theindividual agentswithin it. Concentratingon thefundamentalaspectsof agentinteraction,
wehavedirectedattentiontowardsspecificscenariosconcernedwith themanagementandintegration
of distributeddatabasesandanalysismethods.

Relatedefforts have takendifferentapproachesto thesameproblem.For example,GeneQuiz[4]
andPEDANT [17] are two functionally rich systemsfor genomeanalysis,which integratea large
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numberof databasesandanalysissoftwareusingPerlcode,in a largely monolithic fashion.Thede-
signshavebeensuccessful,but requirethatall theresourcesareheldlocally, raisingpossibleconcerns
aboutextensibility andscalability.

Adoptingamoredistributedapproach,MAGPIE[18] treatseachgenomeasanindividual project
to which a numberof remoteor local methodsmaybeapplied.in a highly configurablemanner. For
instance,remotewebserversmaybeused,distributing boththecomputationalloadandthemanage-
mentresponsibilitiesfor the underlyingdatabasesandtools. However, the dataemployed by most
remoteserversis consequentlyhiddensothat thereis potentialfor thedatausedby differentservers
to beinconsistent.Externalsitesmayhave very differentpolicieson how oftenthey updatetheir un-
derlyingdata,resultingin variationsin thequality of outputfrom serversbasedon similar methods.
Also, theupdatingof externalserversis generallynotnotifiedto thesystemsothatit mayrespondby
recalculatingappropriatedata.

In essence,whenusingexternalservers,themanagementof themethodsanddatais hidden.This
canbe remediedby providing distributedsystemsin which thedifferentserversbecomean integral
part of the framework, as in EDITtoTrEMBL [33]. Its distributed analysismodulesprovide meta-
dataabouttheir analysismethods,sothatappropriatemethodscanbechosen,in a similar way to the
meta-datausedwithin GeneWeaver to chooseappropriateagents.

AlthoughEDITtoTrEMBL is similar to theapproachwe adopt,anumberof key differencesexist
betweenthearchitectures.In particular, EDITtoTrEMBL hasasinglethreadof control(thedispatcher
module) whichdrivesits analysismodulesin essentiallyaclient-server fashion.Thedispatcher mod-
ulehasthesinglegoalof extendingtheannotationof aTrEMBL formattedsequenceusingtheanalysis
modules. While this sufficesfor theparticularapplication,GeneWeaver providesa moregenericand
extensibleframework in which future goalsof the systemmay not be entirely anticipated.For this
reason,eachagenthasits own threadof control,drivenby its own motivationsandgoals,resultingin
a systemwhich hasa morepeer-to-peerarchitecture.This allows new agentsjoining thecommunity
not only to provide servicesto thecommunity, but to bring new goalswhich maybeachievedby the
community.

Secondly, thesystemsdiffer in thenatureof theinteractionsbetweenthedistributedcomponents.
In our terminologythe analysismodulesof EDITtoTrEMBL deal with one type of interaction,a
do interaction with a DBSeqEntryas input, resultingin additionalannotationbeing addedto the
DBSeqEntry. Essentially, the distributedcomponentsaredealingwith onetype of goal, to apply a
particular analysismethodto a sequenceentry. By contrast,to facilitatea cooperative community
theGeneWeaverarchitectureemploysamuchricherinteractionlanguage,with relationshipsthatmay
persistover long periodsof time, allowing agentswithin thecommunityto benefitfrom interactions
with others.For example,the MEMSAT agentcanimprove its analysisasthe communityof agents
discover moreexamplesof membraneproteins.In turn, thegenomeagentsbenefitfrom theMEMSAT

agentbeingmoreaccurate,sincethey useit for satisfyingtheirannotationgoals.
Agent systemsthat areheavily embeddedin applicationto otherscientificdomainsdiffer from

muchearlywork in thefield of informationagents,whichachievedhighvisibility andwasresponsible
to someextentfor driving theagentfield forward.Forexample,agentsfor traversingandsearchingthe
web,andemailandnewsfiltering agentsexemplifieda largebodyof work atoneendof thespectrum.
Thesekindsof systemswerenottheonlyagentsbeingdeveloped,butoccupiedacentralpositionin the
perceptionof thework beingdone.Theapplicationof techniquesdevelopedfor theserelatively well-
definedproblems,however, hastransferredinto moregeneralareas,andin moresophisticatedand
extensive systems.Electroniccommerceis just oneexampleof thenaturalextensionandelaboration
of earlierwork andits applicationto anexciting new domainof activity [19].

Perhapsmoreimportantto thelong termprospectsof agentsystems,though,areapplicationdo-
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mainsthatarelessintuitively obviouspossibilitiesfor agentsystemsdeployment,but nolessdeserving
or appropriate.This is becausethesuccessfuldevelopmentanduseof agentsystemsby thosewhoare
unawareof thehype,andlessconcernedwith theissuesof thetechnologypersebut moreconcerned
with thebenefitsthatit delivers,is morelikely to sustaintheagentparadigmin thelonger-term. In this
respect,thework describedin this paperon theapplicationof agenttechnologyto bioinformatics,in
orderto makesenseof thevastamountsof datathatarebeinggeneratedatanever-increasingpaceand
storedat globally distributedbut accessiblesites,demonstratesthesuitability of theagentparadigm
in yet anothervery differentdomain.

Theparticularvalueof theseefforts to theagentcommunityis in solvingproblemsthathave not
beencreatedby thevery technology(or relatedtechnology)that is beingusedto solve them. These
problemsanddomainsarepre-existentanddecoupledfrom thesolutions,andconsequentlyprovide
whatmight beconsideredanobjective demonstrationof theutility of agentsystems.For thecynics
— andtherearemany — this is anacidtest.More importantly, perhaps,they addressa fundamental
needin thebiologicalsciences.
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