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Abstract

As genomeprojectsproduceincreasinglylarge quantitiesof sequencelata,fastandreliable
sequenceanalysismethodsare required. Basic methodsfor comparingpairs of sequencesr
detectingpatternsare well-developed,andnow the key problemin analysingthis genomicdata
is how to integratethe software and primary database@ a flexible androbustway. The wide
rangeof availableprogramsconformto very differentinput, outputandprocessingequirements,
typically with little consideratiorgivento issuesof integration. Key to addressingheseissues
appropriatelyis not to considerthemasa resultof the biological domain,but insteadasan in-
formationprocessingroblemthatsuggestsiothingasmuchasanagent-basedpproachlin this
paper we introduceGeneVeaver, a multi-agentsystemfor bioinformatics,anddescriban detail
theagentinteractionswhich allow theintegrationandmanagementf analysismethodsanddata.
Thesystemdoesnot offer new methodsout insteadnanagegxisting databaseandanalysigools
in aneffective andflexible way, andfacilitateseasyanddynamicgrowth.

1 Introduction

Theagentmetaphohasbeenextremelysuccessfuin engagingvide interestandresearchyith some
substantiabuccessn termsof developmentof large agentsystems.Apart from the olbvious reasons
of impactandintuition, the swell of interestin agentshastypically beenattributedto key changes
andadwancesn thetechnologicalandscap®ver a numberof yearsin recenttimes. Perhapshe most
dramaticof thesechanges$asbeenthe emepgenceof the World-Wide Web (WWW), a double-edged
sword which, ontheonehandhasopenedip awealthof resourcesn anaccessiblevay andprovided
readytechnologiesor remotedistribution of information that brings with it, on the otherhand, a
new setof problemsrelatingto information gathering,for example[16, 20]. As far asagentsare
concernedboththe benefitsandthe difficultiesthathave arisenasa resultof the Web aregrist to the
mill of agentresearctanddevelopment.The distribution of informationandassociatedechnologies
lend themseles almostideally to useby, in andfor multi-agentsystems. The dual aspectof this
interactionwith the WWW hasthusbeena majordriving force.

However, the Web in itself is not the only factor thoughits suddenand dramaticappearance,
andits penasie naturemight maskotherissues.In particular advancesin objecttechnology and
more specifically distributed object technology have provided an infrastructurewithout which the
developmentof large-scaleagentsystemsvould becomemuchmoredifficult andlesseffective and,
without a doubt, agenttechniquesand technologiesvould becomelesstransferable.For example,



the CORRBA distributed computingplatform[38] to handlelow-level interoperatiorof heterogeneous
distributedcomponentsis a valuablepieceof technologythatcanunderpinthe developmeniof agent
systemswithout the needfor re-inventionof fundamentatechniques.

It hasbeenamuedelsavhere[29] thatthe succes®f agentsystemss dueto thetimely coinci-
denceof a maturityin somerelatedfields andspecificdevelopmentsn othersthathave convergedin
a particularway, catalysedoy the agentmetapharto describethe currentstateof the art. With this
maturingof thetechnologyandtheincreasingacceptancef agentsandtheir deploymentin commer
cial andindustrialapplicationsagentsanberegardedasmoving out of thelaboratory Theadoption
of agenttechnologyfor usein fieldedapplicationsis animportantmilestonein the developmentof
the field, and marksthe startof the transitionfrom prototypesanddemonstratorso the commercial
productghatcanprovide furtherimpetus.

In this papeywe describea multi-agentsystenthatinvolvesall of theseissuesn its applicationto
the very realanddemandingoroblemsof dataintegrationandmanagemerior thelife sciencesThe
vastquantitiesof databeingrapidly generatedy varioussequencingefforts, the global distribution
of available but remotedatabaseshat are continually updated the existenceof numerousanalysis
programgo be appliedto sequencelatain pursuitof determiningproteinstructureandfunction, all
pointto the suitability of anagent-basedpproach.

We begin with a brief introductionto the problemdomain,andexplain how it leadsto the current
situationin which systemssuchasthe onewe describeherearevital. Thenwe introducethe proto-
type GeneVeéaver agentcommunity a multi-agentsystemfor managinghetaskof genomeanalysis,
describingthe agentsinvolved, andthe agentarchitecture.lt shouldbe notedthat GeneVéaver can
alsobe viewed asproviding a moregenericframenork for arangeof suchagent-basedystems.Fi-
nally, interagentcommunicationn supportof dataandtechnigemanagemenst describedandsome
relevantdatamanagementrotocolsandscenariosrepresented.

2 Genome Analysisand Protein Structure Prediction

TheHumanGenomeProject[12] hasbeenrunningsincel1990asa multi-billion dollar project,origi-
nally to find theestimated.00,0000r morehumangenesandto determinghesequencef the 3-billion
DNA basepairsnakingup thehumangenome A draft of the sequencéasnow beenpublished[14]
andit is estimatedhatwe have betweer20,000and30,000genes.However, sequencinghe human
genomaeis only the beginning, anda substantiakffort now needdo take placeto organiseandmake
senseof the datasothatit may be usedby life scientistan treatingdiseasefor example. Moreover,
the humangenomeis not the only genomebeingsequencedwith over one hundredothergenomes
having alreadybeensequencedndtheflood of dataconstantlyincreasingjncludingorganismsang-
ing in sizefrom smallvirusesto mice. All the dataneedso be analysedandintegratedto provide a
coherentandusefuloverall picture.

2.1 Flow of Biological Information

In thissectionwe begin by outliningthebiology underlyingtheproblemdomain but of necessityive
only abrief treatmentTheinterestedeadercanreferto numerousntroductorytexts, suchas[26].
Typically, anorganismstorests hereditarymaterialusingDNA moleculeswhicharepassedrom
onegeneratiorto the next. The datastoredin thesemoleculescanbe simply represente@sstrings
composedrom four letters(G, C, A andT). Now, in acell, alarge numberof shortsegmentsof the
DNA moleculearetranscribedinto complementangtrandsof RNA, which essentiallyrepresenthe
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Figurel: Theflow of biologicalinformationwithin a cell andits computationaprocessing.

genesof theorganism.Similarto DNA, thedatain eachRNA moleculecanberepresentety astring
composedrom four letters(G, C, A andU) in which the T from the DNA is now replacedby U,
asillustratedin Figure 1. Typically, the RNA moleculesarethentranslatedinto proteinmolecules
that canbe representeds stringscomposedrom 20 differentletters. Eachconsecutie group of 3
RNA lettersis translatednto a single proteinletter accordingto the geneticcodefor the organism.
The proteinmoleculethenfoldsinto a precisethree-dimensionastructure which usually containsa
numberof activesitesonits surfacewhereotherproteinsor smallmoleculesnaybind, andthis gives
the proteinits uniquebiological function. For example,Figure1 shavs a resultingproteinwith the
function of takingtwo moleculeg(X andY) andcombiningtheminto a singlemolecule(XY). This
would only be onesmall part of an enormoumetwork of suchreactionswhich would resultin the
overall functionof the particulartype of cell.

While this very simplified view of the cellularprocesseswolved offerssomeinsightinto the un-
derlying biology, somemore complicatedstageqsuchasRNA processinghave beenomittedcom-
pletely In addition,althoughour presentatiornassuggestedhatoneprocesss universal,thereare
exceptionsto thegenerarules,aswith the HIV virus, which storesits genomeusingRNA insteadof
DNA, but we will notconsidersuchissuedurtherin this paper

Figurel summarisesheflow of biologicalinformationtaking placein a cell asdescribedabove,
togetherwith the associatedomputationalprocessingof this data,that we describenext. On the
left handside of the figure, aspectf different moleculesinvolved in the productionof a protein
with a specificfunction areshavn with a more concreterepresentatiof the datainvolved, andits
transformationpeinggivenin the centralpartof the figure throughan example. Theright handside
shavs someclasse®f techniqueghata bioinformaticianmay useto elucidatethe differenttypesof
information from the genomicDNA sequencef an organism. It includesthe computationaldata
processingandshaws thatit mayinvolve a numberof differentpathsof dataanalysis.




2.2 Computational Processing

As indicatedabove, the rate at which this primary geneticdatais being producedat present,s ex-
tremelyrapid, andincreasing. Thereis consequentlya hugeamountof genomedatathatis freely
available acrossthe Internet, typically storedin flat file databasegproviding DNA sequencesThe
problemof working out what eachgenedoes,especiallyin light of the potentialbenefitsof doing
S0, is thereforecorrespondinglypressing,and one which is meriting much attentionfrom various
scientificcommunities.

Traditionally the first taskfor the bioinformaticianis to usewhat are knovn as ORF detection
methodson the DNA to determinethe different protein sequenceshat are encodedn it. For each
proteinsequencea variety of technigessuchassequencsimilarity andmotif detectionmaybeused
to try to elucidatethe function of the protein. Similarly, a rangeof structue recgnition techniques
may beusedto determinghethree-dimensionaitructureof the proteinwhich maythen,in turn, help
in determiningts function.

This procesf identifying genesandpredictingthe structureof theencodedroteinsis thusfairly
labourintensve, madeworseby requiringsubstantiaéxpertknonvledgeconcerningheavailableanal-
ysis techniqguesandthe underlyingdata. However, the stepsinvolved are all computetbasedtasks:
scanningsequencelatabasefor similar sequenceg;ollectingthe matchingsequences;onstructing
alignmentsof the sequencesndtrying to infer the function of the sequencérom annotationf the
matchedproteins(for which thefunctionis alreadyknown). All of this requiresuseof thewide range
of availabletoolsfor thesetasks,which sometimeoffer resultsthatagree but oftendo not (though
they typically provide confidencescoreghatenablerelatively easyinterpretation).

Many tools areavailableto performthesetasks,but they aregenerallystandalongrogramsthat
arenot integratedwith eachotherandrequireexpertusersto performeachstagemanuallyandcom-
binethemin appropriatevays. For example the processf trying to find a matchingsequencenight
resultin turning up an annotatedyene,but the annotationsnclude a lot of spuriousinformationas
well astheimportantfunctionalinformation. The problemhereis distilling this relevantinformation,
which is not at all difficult for an expert, but which might prove problematicfor a lessexperienced
user With theamountof datathatis beinggeneratedthis kind of expertiseis critical.

Finally, the informationgainedfrom this analysisis addedbackinto relevant databaseasa re-
sourcein its own right, with entriesusuallyincluding large amountsof naturallanguagen addition
to theraw data. For example,avery smallentry of the dataheld abouta proteinin the SwissPROT
databasés shovn in Figure2. The updatingof this dataover time asnew informationemepgesadds
an additionaldimensionto the datamanagementequirements Analysis programsmay generateor
modify datathatotherprogramsalsouse requiringthedifferentsourceof informationandthediffer-
entprogramso be manageceffectively to ensurehatthe systemsasa wholeis coherentconsistent
andsynchronised.

If we considerthe kinds of problemsraisedby theseissues,ncluding filtering and prioritising
informationresultingfrom matchedproteins,integrating several distinct analysisprogramspossibly
in sophisticatedvays, managingmultiple remotesourcef datain differentformats,andsoon, no
solutionfor automationsuggeststself quite as much asa multi-agentapproach.In fact, this kind
of problemis not really novel — it fits what might be considereda standardnodel of a multi-agent
systemin a traditionalinformation systemsdomainwith the addition of someextra complications,
andadifferentsetof data.
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HD_FUGRU STANDARD; PRT; 3148 AA.

P51112;

01-OCT-1996 (Rel. 34, Created)

01-OCT-1996 (Rel. 34, Last sequence update)

01-OCT-1996 (Rel. 34, Last annotation update)

HUNTINGTIN (HUNTINGTON'S DISEASE PROTEIN HOMOLOGYHD PROTEIN).
HD.

Fugu rubripes  (Japanese pufferfish) (Takifugu rubripes).

Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Actinopterygii;
Neopterygii; Teleostei; Euteleostei; Acanthopterygii; Percomorpha;
Tetraodontiformes; Tetraodontoidei; Tetraodontidae; Fugu.

(1]

SEQUENCE-ROMN.A.

MEDLINE; 95375788.

BAXENDALES., ABDULLAS., ELGARG., BUCKD., BERKSM., MICKLEMG.,

DURBIN R., BATES G., BRENNERS., BECKS., LEHRACHH,;

"Comparative  sequence analysis of the human and pufferfish

Huntington’s disease genes.";

Nat. Genet. 10:67-76(1995).

-l- FUNCTION: MAY PLAY A ROLE IN MICROTUBULE-MEDIATEDTRANSPORTOR
VESICLE FUNCTION.

-l- SUBCELLULARLOCATION: CYTOPLASMIC(BY SIMILARITY).

-l- - POLYMORPHISM:THE POLY-GLN REGION (FOUR RESIDUES) DOESNOT APPEAR
TO BE POLYMORPHIC,EXPLAINING THE ABSENCEOF A HD-LIKE DISORDER.

-I- SIMILARITY: CONTAINS 10 HEAT REPEATS.

-I- SIMILARITY: BELONGSTO THE HUNGTINTIN FAMILY.

This SWISS-PROT entry is copyright. It is produced through a collaboration
between the Swiss Institute of Bioinformatics and the EMBL outstation -
the European Bioinformatics Institute. There are no restrictions on its
use by non-profit institutions as long as its content is in no way
modified and this statement is not removed. Usage by and for commercial
entities requires  a license agreement (See http://www.isb-sib.ch/announce/

or send an email to license@isb-sib.ch).

EMBL; X82939; CAA58112.1; -.

Repeat.

DOMAIN 148 272 HEAT REPEATS DOMAIN 1.
DOMAIN 701 898 HEAT REPEATS DOMAIN 2.
DOMAIN 1527 1568 HEAT REPEATS DOMAIN 3.
DOMAIN 18 21 POLY-GLN.

DOMAIN 679 682 POLY-ALA.

DOMAIN 1104 1108 POLY-SER.

SEQUENCE 3148 AA; 348932 MW,; CBB3AAGA CRC32;

MATMEKLMKAESLKSFQQQQGPPTAEEIV QROKKEQAT KKDRVSHCLTICENIVAQSL
RTSPEFQKLLGIAMEMFLLC SDDSESDVRMWADECLNRII KALMDSNLPRLQLELYKEIK
KNGASRSLRAALWRFAELAHLIRPQKCRPY LVNLLPCLTR ITKRQEETIQ ETLAAAMPKI

SLSCFFVSAS TSQWISALLP HVISRMGSSDVVDVNLFCLVAMDFYRHQIDEELDRRAFQS
VFETVASPGSPYFQLLACLQSIHQDKSL

Figure2: An exampleSWISSPRT databasentry
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Figure3: GeneVe¢aver agentcommunity

3 GeneWeaver Agent Community

GeneV¢aver is a multi-agentsystemaimedat addressingnary of the problemsconcerninghe man-
agemenbf dataandanalysistechniquesn the domainof bioinformatics,asdiscussedintil now. It

comprisesacommunityof agentghatinteractwith eachother eachperformingsomedistincttask,in

aneffort to automatehe processesvolvedin, for example,determiningproteinfunction. Agentsin

thesystemcanbe concernedvith managemenaf the primary databasegerformingsequencanaly-
sesusingexisting tools, or with storingandpresentingesultinginformation. Theimportantpointto

noteis thatthe systemdoesnot offer nev methodsor performingthesetasks,but organisesxisting

onesfor the mosteffective andflexible operation. This sectionprovides an overview of the system
throughtheagentswithin it.

Figure3illustratesthe overall perspectie of GeneVeaver in thatit containsthe differentclasses
of agentsandshows how they interrelate. At theleft side, PDB agent,PIR agentand Swiss agent
all managehe primary sequenceatabasemdicatedby their namegasdescribedater),andinteract
with the NRDB (non-redundandatabaseagent,which combinegheir data. At theright edgeof the
figure,thecalculationagentgincludingthe BLAST agentandthe MEMSAT agenthatperformspecific
analysigasks)attemptio annotatesequencem thegenomesisingrelevantprogramsagainindicated
by their names.Finally, at the top, a numberof genomeagentsmanagethe genomedor particular
organisms,and requestanalysisfrom the calculationagents. At eachpoint of externalinteraction,
agentgypically receve andprovide informationvia the Internet. In the figure, dashedinesindicate
agentscommunicatingo andfrom the Internetusinghttp or ftp protocols. Solid linesrepresenthe
main communicationpathways betweenthe agentsusing an agentcommunicationlanguage. The
broker agent(seebelow) is omittedfor clarity.

Therearefive typesof agentpresenin the GeneVéaver community

¢ Broker agents which arenotshawvn in Figure3 sincethey arefacilitators ratherthanpointsof
functionality areneededo registerinformationaboutotheragentsn thecommunity

e Primary databaseagentsareneededo manageemoteprimary sequencelatabasesandkeep
thedatacontainedn themup-to-dateandin aformatthatallows otheragentgo querythatdata.

¢ Non-redundantatabaseagentsconstructandmaintainnon-redundantlatabasefom the data
managedy otherprimary databaseagentsn thecommunity
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e Calculation agents encapsulatsomepre-«isting methodsor tools for analysisof sequence
data,andattemptto determinethe structureor functionof asequenceWheneer possible they
arealsoresponsibldor constructingandmanagingary underlyingdatathatthey rely on.

¢ Genomegentsareresponsibléor managinghegenomianformationfor aparticularorganism.

Eachof theseagentds consideredn moredetailbelow.

3.1 Broker Agents

The potential size of the GeneVe¢aver agentcommunity can be large, with the numberof agents
determinedy the numberof externaldatabaseased the numberof sequenceomparisorprograms,
andthe extentof variousotherutility functions. Sinceeachof theseaspectsmustbe wrappedup in
an agent,with numerousnteractionsrequiredbetweenagents brokers are neededo provide what
is, in effect, a yellow pagesservicefor all agentsn the system.(Differentforms of servicesoffered
might rangefrom the simpleyellow pagesserviceto more sophisticatednatdcimaking[27, 28], but
suchissuesarebeyondthe scopeof this paper)

A broker providesinformationaboutall the agentscurrentlypresenin the community including
the communicatiormethodgshey support.Eachagentis requiredto registerinformationaboutitself
with the broker to be recognizedvithin the community Corversely agentscanquerythe broker for
informationaboutotheragentsn thecommunity They mayalsosubscribéo thebroker’s information
andwill benotifiedwhenit changess,for example,whenagentgoin or leave the community

3.2 Primary Database Agents

Althoughthe principle of combiningdifferentmethodsanddifferentinformationsourcesseemssim-
ple,in practicethereareanumberof difficultiesthatmustbefaced.Primarydatasourcegtheprimary
sequencelatabanksandthe structuredatabanks,for example)encodetheir informationin different
ways,notonly in termsof the basicformatting,but alsoin theterminologyused.For example differ-
entkeyword setsareusedfor eachdatabanksothatunderstandingndinterpretingthe data(both of
primary datasourcesandtheresultsfrom analysisprograms)s not atrivial task.

Primary databasesire provided externally underthe control of third-partieswho may change
thematary time. In mary casesthedatais largely unstructuredandis oftenavailablein theform of
flat files. Themethod=of delivery vary, but have includedemailtransferof data,FTP dowvnloadsand,
morerecently retrieval throughthe weh Eachprimary databaseonsistsof a numberof sequence
files, which aretext files formattedin a particularsequencdéormat. A sequencdile usuallycontains
datafor a numberof proteinsequencentries,with eachsuchsequencentry providing a description
of the proteinandits aminoacidsequencéseeFigure2 for anexample).

For example theProteinDataBank(PDB)[10], whichwasestablishedéh 1971,is aninternational
repositoryfor theprocessingnddistribution of experimentally-determied structuredatathatis grow-
ing dramatically Similarly, SWISSPROT is a curatedproteinsequencelatabaseavith a high level of
annotationof proteinfunction,andis supplementethy anotherdatabase]JrEMBL [6]. Many other
suchsequencelatabasearealsoavailable(eg. the PIR InternationaProteinSequenc®atabas¢8]),
anda list of morethan 200 of the main biological databasesvasrecentlycompiled[9]. The sheer
numberandvariety indicatesthe importanceof wrappingthemup and providing themto the agent
communityin auniform manneybut we will notprovide anexhaustve list here.

The primary databasegentsmanagdocal copiesof differentprimary databasesyith oneagent
perdatabaseCurrently all theprimarydatabaseareobtainedrom FTPlocations:aprimarydatabase
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agentqueriesthe appropriateFTP site on a regular basisto seeif ary of the files making up the
databasdave changed.If so,theagentdetermineghe changeshatarerequiredto the entriesin its
copy of thedatabaséo updatdt to acurrentversion.Otheragentcanthenquerytheprimarydatabase
agentto obtaininformationabouta particularprimary databasethe files makingup the databas®r
theindividual sequencentriesin the databaseAgentscanalsosubscribgo this informationif they
wantto be notifiedwhenit changes.

3.3 Non-Redundant Database Agents

A non-redundantiatabas€éNRDB) is oneconstructedrom a numberof primary databasewith en-
triesthataredeemedo provide duplicateinformationexcluded. Therearethreemain cateyoriesof
non-redundantlatabasestoring DNA sequencesprotein sequencesand protein structuresrespec-
tively. Furtherclassificationsof non-redundantiatabasesnay resultfrom consideringthe number
and quality of primary databasesisedin the constructionof the non-redundantlatabasepr from
the specifcnotion of redundantiinformationthatis used. For example,somenon-redundanprotein
sequencealatabasesnly regardsequenceasredundanif they have identicalresiduestrings,while
othersregardsequenceasredundantf they have morethan90% of residuesdentical. Eachtype of
non-redundantatabaséasits specificusesn bioinformatics.

Now, asingleagentin the GeneVéarer communitymanagegachdifferenttype of non-redundant
databaseln theinitial prototypecommunity thereis only oneNRDB agentwhich constructsa non-
redundantiatabasérom proteinsequencekeldby all the primarydatabasegentsn thecommunity
using identical residuestringsas the definition of redundang Hencethe non-redundantatabase
containsno sequencethat have residuestringsidenticalto any othersequencén the non-redundant
databaseEachof thesenon-redundandequencets annotatedvith databaseross-referencaadicat-
ing which sequencén the primary databasé&asthe mostdetailedannotatiorfor this residuestring.

In generalanNRDB agentsubscribe$o agentsnanagingrimarydatabasesom whichit wishes
to derwve its databaselt builds up the non-redundantiatabasdy addingary new entriesthat have
beenaddedor modifiedin the primarydatabasesincethe non-redundantlatabasevaslastupdated.

3.4 Calculation Agents

Calculationagentsapply particularskills to try to identify the structureor function of particularse-
quence®f genomicdata.A varietyof techniquesreusedin arangeof availableprogramsjncluding
similarity (homology)searchesf greateror lesseisensitvity (eg. BLAST [2, 3] andFASTA [34, 35)),
the useof sequencenotif patterng(eg. InterPro[5]), sequencealignment(eg. ClustalW[37]), sec-
ondarystructureprediction(eg. PhD[36], PSIPRED23]), membrandopologyprediction(eg. MEM-
SAT [25]), fold recognition(eg. Threadef24], GenThreadej22]), andsoon. For example,BLAST
(BasicLocal AlignmentSearchrool) is asetof rapidsimilarity searchprogramshatexploreall avail-
ablesequencelatabasef?]. Thesearchcanbe performedby a remotesener throughweb pagesor
have resultsreturnedby email,or on alocal machine.

Now, someof the methodgtake longerto run thanothers,while someprovide moreaccurateor
confidentesultsthanothers.In consequence, is oftennecessaryo usemorethanoneof thesetools
dependingntheresultsatary particularstage While ahigh confidences desirabletime-consuming
methodsshouldbe avoidedif their resultsarenot needed.

Althoughtheseoolsalreadyexist, they arelargely independentCalculationagentprovide away
to integratetheir operationin supportof appropriatecombinationsof methodsto generateconfident
results,andintegratethemwith, andapplythemto, theaccumulatinggenomedatabasedn short,the



toolsareencapsulateth anagentwrappersothatexisting applicationssuchasBLAST canbecome
independenagentsn the GeneVéaver community

A secondconsideratiorwhenmanaginghesemethodss the presencef dependenciebetween
the methods. For instance,different sequencesimilarity web seners may be asled to searchthe
SWISSPROT databasehut eachsenerwill probablybe searching differentversionof thedatabase,
returningresultsthat may refer to differententries. A more complicateddependenceesultswhen
one programactually usesanotherinternally For example,the MEMSAT methodusesan internal
versionof the BLAST methodduringits processingTheversionof BLAST used,andthe versionof
its underlyingdatabases hiddenwithin the MEMSAT methoditself. Theseunderlyingdependencies
betweerthedifferentmethodscanresultin subtleinconsistencies the differentresults.

In orderto dealwith this consisteng problem,the calculationagentsattemptto make thesede-
pendenciegxplicit. Wheneer possible,a calculationagentconstructghe underlyingdatabasesr
parameterghatits encapsulatednalysisechniqueslependon, usingthe dataandmethodsavailable
from otheragentsin the community For instancethe BLAST calculationagentshavn in Figure3
usesthe NRDB agents non-redundantlatabaséo constructthe databasdt searchesSimilarly, the
MEMSAT agentconstructgrainingparameterfor its methodby usingmembrandopologysequences
held by the Swiss agent. The MEMSAT agentalsousesthe BLAST agentwhenit needdo carry out
the BLAST methodduringits internalprocessing.Theseinteractionsshavn in Figure 3, resultin a
systemthat hasan additionaldegreeof dataand methodintegrationbeyond just externally combin-
ing theresultsobtainedirom differentmethods(In addition,sincethe MEMSAT agentre-trainsitself
whennen membrandopologysequenceareaddedo the SWISSPROT databasdts ability to predict
membrandopologiesfor proteinsimprovesover time. This canbe seenasa ratherspecializedorm
of learningusingdataandmethodghatbecomeavailablein the community)

3.5 GenomeAgents

Eachgenomeagentmanageghe genomeinformation for a particularorganism. This can consist
of the DNA sequencemaking up the genomeof the organismtogetherwith the proteinsequences
expressedy the DNA sequencedatasuchasknowvn proteinhomologuesndotherderivedresults
are storedtogetherwith their relationshipto the nucleic acid or protein sequences.The primary
datafor the genomesgitherDNA or expressedoroteinsequenceds obtainedthroughFTP from a
primary datasource. Like the primary databasestheseare underthe control of third-partiesand
may be modifiedat ary time. Genomeagentscheckthesesourcef dataon a regular basis,update
their dataaccordinglywhenary change®ccur andapplythe methodsavailablein the communityto
annotatehe genomeswith functionalandstructuralinformation. Thesederived resultsalsoneedto
bemanagedandpossiblyrecalculatedywhentheunderlyinggenomedatais modifiedby third-parties,
or whentheversionof themethodemplo/edis updated.

4 Agent Architecture

Eachagenin theGeneVéarer communitysharema commonarchitecturehatis inspiredby, anddraws
on,anumberof existing agentarchitecturessuchas[21], butin afarmorelimited andsimplifiedway.
An agentcontainsa numberof internalmodulestogethemwith anexternalpersistentlatastorethatis
usedfor the storageof datait manipulatesandexternalprogramsusedfor sequencanalysis.In this
sectionwe briefly describehe genericmoduleghatcomprisethe architecturellustratedin Figure4,
whichformsthebasisof eachagent.Thiswill beusedto provide a contet for thedescriptiorof inter
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Figure4: GeneV¢aver agentarchitecture.

agentcommunicationgiven in the following section. A more extensve descriptionof the internal
structureof theagentss presentedn [11].

4.1 Motivation Module

Sinceeachagentin the GeneVéarer communityhasdifferentresponsibilitiesandis requiredto per
form differenttasks distincthigh-level directionmustbeprovidedin eachcaseio causeessentiallythe
samearchitectureo functionin differentways. The conceptuabrganisationof GeneVéaver agents
thusinvolves the use of somehigh-level motivationsthat causegoals specificto the agents tasks
andresponsibilitiesto be generatecand performed[30, 31]. An agentis thereforeinitialised with
the motivationsrequiredto carry out its responsibilitieseffectively. For example,all agents(except
brokers)aremotivatedto registerthemseleswith abroker agentandwill generatgoalsandactions
to do sountil they have succeededSimilarly, a primary databasagenthasa motivationto causethe
generationof specificgoalsand actionsto updatethe primary databasen a regular basisin order
to ensurethatit is up-to-date;anda non-redundanproteinagentis motivatedto subscribeo a bro-
ker for informationon primary databasegentsandto subscribeo theselatteragentdor all relevant
information.

4.2 Control Module

Perhapghe mostimportantof the component®f the agentarchitecturas the contol module which
organiseshow the agentshouldpursuethe satisactionof goals It decidesvhethera goalshouldbe
accomplishedisinga local skill of theactionmodule whetherthe goalshouldbebrokendown into a
numberof sub-goalaisinga plan, or whetherit shouldbe carriedout by theinteractionmodulesince
it involveseitherthe provision of assistancéo anotheragent,or the requesbf assistanceln orderto
dothis, theinformationcontainedn themeta-stoe is usedto decidehow bestto carryoutactions for
exampleby anagentexaminingits own skills andthatof otheragentsln addition,the control module
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determinesvhethertheinformationin the meta-stoe shouldbe modifiedasaresultof performingan
action.

4.3 Action Module

Theactionmoduleis responsibldor managingandperformingskills thatmodify the underlyingdata
being manipulatedby the agent. The resultingactionstypically involve performingoperationson
someinput dataand may (optionally) resultin someoutput. In this respectthey arelikely to use
and modify datain the agents datastore. The action moduleis thus critically importantin terms
of the agentfunctionality in this domain,sinceit is the only modulethat caninterfaceto the data
storeandthus providesthe only way to modify the datathe agentis working with. (In the caseof
calculationagentsthe samewould applyto the analysistoolsinsteadof the databases fFachagents
actionmoduleis instantiatedvith a numberof skills (or typesof action)thatthe agentcanperform.
Theactionmoduleis invoked by the contiol module andcanalsocausehe contiol moduleto invoke
message-passiragtionsin theinteractionmodulewhenneededaspartof anoveralltask. This might
occurwhenanotheragentis neededo performanactionfor the overall plan.

4.4 Interaction and Communications M odules

The interaction modulehandlesthe higherlevel interactionbetweendifferentagents. Several pos-
sible typesof interaction exist, eachof themfollowing a particularfixed interactionprotocol. The
interactionsarekey to agentcooperatiorandwill beextensiely describedn the next section.

The interactionmoduleis initialised with the typesof interactionit canservice(or the typesof
provider actionsit caninitiate). For example,the broker is the only agentthatinitiatesits interaction
modulewith aregisteractionto servicerequestgo registerwith it from otheragents.The particular
actionsan agentis ableto provide to othersarerecordedn its metastoresothatit hasanaccurate
pictureof its capabilities.

Now, the communicationsnodulefor oneagentinteractswith communicationsnodulesof other
agentspusingparticulartransporfrotocols.lt alsopassesnessagesnto the agentitself for interpre-
tationandprocessingaswell asacceptingoutgoingmessageto be sentout to others. In this way,
oneagentinteractswith anotherthroughtheir respectre communicationgnodules.

Themechanic®f theinteractionof agentsn thecommunityis achievedthroughmessage-passing
communicatiorusinga numberof transportprotocolssuchasRMI [15] and CORBA [38], whichiis
handledby thecommunicationsnodule

45 MetaStore

Themeta-stoe simply providesarepositoryfor theinformationthatis requiredoy anindividual agent
for correctandefficient functioning. It containsrelevantinformationaboutthe typesof skills, plans
andinteractionssupportedy differentagentswithin thecommunity For example the meta-data@on-
tainedin this repositorywill enumeratehe propertiesandcapabilitiesof the agent,includingaspects
suchasthe protocolsthe agentcanuse,the skills that canbe executed,andthe agents motivations.
As othermodulesareinstantiatecbn initialisation, this informationis addedto the meta-stoe. Thus,
astheactionmoduleis initialised, the skills thatcanbe performedby it areaddedto therepository
The meta-stoe also provides a representatiof the otheragentsin the communityin orderto
determinehow bestto accomplistparticulartasks possiblyusingotheragentsinformationcontained
in it may be extendedwhile the agentis runningso thatadditionalor newly-discoveredinformation
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BAMO type | Agent Property |
Agentinfo Generalgentfeatures

Transportinfo | Transporicommunicatiorprotocolssupported
Languagelnfo | Contenanguagesupported

Ontologyinfo | Contentontologiessupported

Requesterinfo | Interactiontypestheagentcanrequest

Providerinfo Interactiontypestheagentcanprovide
Skillinfo Skills thatmaybeemplo/ed
Planinfo Plansthatmaybe emplored

Motivationinfo | Agentmotivations
Relationinfo Currentongoingrelationswith others

Tablel: Typesof meta-datgpresenin the BioAgentMetaOntology

aboutitself or otheragentsnaybeincluded.Theonly significantinteractionis with thecontrol module
which recordsinformationin the meta-stoe asappropriateandalsousest in decision-making.

5 Agent Communication

5.1 TheBioAgent Language (BAL)

Agentsin the GeneVe¢arer communitycommunicatevith eachotherusingthe BioAgent Language
(BAL), whichis constructeclongthelinesof KQML [32], with similar performatves,but is bothdra-
matically reducedn range,andtailoredto the particularkinds of interactiondikely in GeneVeaver.
Specifically the datacontentof the BAL messagess vital, sincethe datais the key resourcen the
systemandit is extremelylargein quantity In this sectionwe describeBAL andshav how it is used
by agentdor critical interactions.

BAL interactionslie atthe highestievel of communicationandconsistof anumberof messages
beingpassedetweenagentsollowing a fixed protocolfor the particulartype of interaction. Within
aninteraction specificcommunicatiorbetweenagentss accomplishedy sendingBAL messages,
which follow a simple speech-acstructureby which a performatve is associatedvith a particular
kind of content Dependingon the performatve, the contentmay consistof anorderedist containing
gueryexpressionsgata meta-dateor simplestrings.BAL messageemplo/ language andontolayy
fieldsto indicatethelanguageausedfor the contentandthe meaningsassignedo symbolsused.

TheBioAgentContentLanguaggBACL) is avery simplelanguagausedto represenineta-data,
dataand query expressions.The BioAgent Meta Ontology (BAMO) definesthe differenttypesof
meta-datgTable 1) and their meanings. This is the information usedby the agentcommunityto
manageandorganiseitself, moredetailsof which canbefoundin [11]. The BioAgentDataOntology
(BADO) definesthe datatypesemplo/ed (Table 2). Theseare simply the major artefactsin this
domain.

BAL messagesonsisiof aperformatve togethemwith somedatafieldsthatcanincludethesender
andrecever, transporiprotocol,contentianguagegontentontology interactionreferencestring, page
countandcontent asshavn belon. The performatve, sendeiid, recever id, transportprotocol,and
referencestring areall compulsoryfields within a messagewhile the presencef the languagepn-
tology, pagecountandcontentdepend®n the performatve of the messageThelist of performatves
usedby the GeneVeaver systemareenumerateih Table3.
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| BADO type | Description |
RemoteDB | Remoteprimarydatabase

LocalDB Local database

DBFile Sequencelatabaséile
DBSeqgEntry| Sequencelatabasentry
Protein Proteinsequence

MemTopol | Proteinmembrandopology
Homologue | Sequencéomologydata

Table2: Typesof datapresenin the BioAgentDataOntology

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 andreceiverid arein the form Swiss007f00000 1, which specifiesthe name
of theagent(in this caseSwiss) followed by 10 hexadecimaldigits. The last8 digits specifythe IP
addres®f the physicalmachinethe agentresideson, with the first two digits specifyinga particular
office (0 to 100) on the machine. Eachagentmust have a unique namewithin a particularoffice.
Essentiallyanoffice is arunningprocesghatpermitsa numberof agentgo be placedwithin it, each
agentexisting asa numberof threadswithin the process.In our currentimplementationgachoffice
is aJava Virtual Machine,andit permitsavarietyof configurationsA large numberof agentamaybe
placedinto asingleoffice for asmallmemoryfootprint, althoughthis makesthemmoredependenon
eachotherif, for example,oneof themcauses threaddeadlock.By usinga separateffice for each
agent,the communityis morerobustto failurein ary oneagent,but this usescorrespondinglymore
resources.

Currently threetransportprotocolsare used: rmi , corba anddirect . RMI is the default
protocolsupportedy all the agentswithin the Java implementatiorof GeneVéarer, while CORBA
allows agentsimplementedn differentlanguagego be supportedas long asthey conformto the
BAL languagespecification Suchagentsrunningundera differentmanagemergystemwould need
to be allocatedtheir own rangeof office numbers.For example,101 to 150 could be allocatedfor
agentsrunningundera C++ managemensystem. The direct  protocolis usedto communicate
betweeragentsn the sameoffice (or processyimply by usingsynchronizednethods.It permitsthe
configurationin which a communityof agentscancooperaten the sameoffice (including a broker)
without the needfor ary network communicationandallows agentdo male their servicesavailable
only to otheragentsn the sameoffice, providing a secureform of agenthiding.

A uniquerefeencestring is generatedby theagentinitiating aninteractionasa meansof identify-
ing andkeepingtrackof thecourseof thatinteractiongspeciallywhentheremaybeseveralconcurrent
interactiongaking place.lt is usedin all messagethatarepartof the particularinteraction.The op-
tional componentsf BAL messagearedeterminedy thekind of messagéandhenceperformatve)
underconsideration.

The language andontolayy fields permitagentsto handlemultiple contentlanguagessappro-
priateanddifferentdatacontets within theselanguages.The bioinformaticscommunityemplo/s a
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Performative

| Description

ask

Sendemwishesto know if ary dataexistsin the recever’s datastore(or
meta-storejvhich matchegshe givendataquery

tell Indicateghatthegivendataexist in thedatastore(or metastore)of the
sender

deny Indicatesthatthe datagiven no longerexists in the datastore(or meta
store)of thesender

subscribe Sendemwishesto subscribeto data(or meta-dataynatchingthe given

queryandbeinformedaboutfuture changes.

unsubscribe

Remave the subscription.

do

Sendewishesthereceverto carryout the specifiedskill with thegiven
contentasinput.

derive Sendemishestherecever to derive datasatisfyingthegivendataquery
usingits plansandskills.

ok Confirmsanactionhasbeensuccessful.

error Terminatesa corversionsince either an agentdid not understandhe
contentspr themessag@rotocolwasnot followed.

sorry Terminatesa corversion.Theagentunderstoodhe messagéut did not
have ary responseo it.

register Ragistersan agentwith the broker. This provides the broker with a
symbolicnameanda descriptionfor theagent.

unregister Cancelsaregister(andany commitmentof theagent).

Table3: Descriptionof BAL performatves.

wide-rangeof languagedo representataand dataqueries,including SQL, XML, XQL and ASN-
1[1], andseveralontologiesarebeingdevelopedfor usewithin differentsub-fieldq7, 13]. Currently
however, we emplgy asimplecontenianguageandsimpleontologiesalthoughit is clearlybeneficial
to permitdifferentlanguagegndontologieso be usedwithin specializegub-communitiesf agents.

The page countis used,for example,when a long list of dataitems which cannotefficiently
(or appropriately)oe includedin a single messageneedsto be sentbetweenagents.andit may be
necessaryo split it into multiple messageswith vastamountsof databeinggeneratediaily in this
domain,thisis not anunlikely event. The needto usea pagecountto split dataamongmessagem
this way appliesonly to tell anddenyperformatveswhenusedto transferlarge amountsof data.

Now, the contentsof the messagesary accordingto the kind of performatve used,andareenu-
meratedin Table4. Thesemay be orderedlists of query expressionsdata, meta-dataor simple
strings.

5.2 BAL Interactions

A BAL interactiorrepresentacommunicaire episodeatthehighestevel of abstractionlt consistof
anumberof messagesentbetweenwo agentdollowing afixed protocolfor thetype of interaction.
All the messagesre requiredto sharethe samereferencestring to indicate that they are part of
the sameinteraction. In the discussiorbelow, all interactionsconcernonly two agents. The agent
thatrequestsassistancéand hencethe interaction)is denotedthe requesteiandthe agentproviding
assistances denotedhe provider.
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Performative

| Content

ask Dataor meta-datajuery

tell List of dataor meta-datatems,pagenumberrequired.
deny List of dataor meta-datatems,pagenumberrequired.
subscribe Dataor meta-datajueryproviding whatto subscribeo.

unsubscribe

No content(referencestring usedto determinewvhatto unsubscribe).

do

Meta-dataspecifyingthe Skill to do, followedby alist of dataspecifying
theinput.

derive Dataqueryspecifyingthe requireddatato derive followed by a list of
datawhich maybeused.

ok No content.

error Stringgiving reasorfor error.

sorry Stringgiving reasorfor failure.

register Agentinfometa-datdor the agentregistering.

unregister No content(referencestring usedto determinewvhatto unregister).

Table4: Contenttypesof differentperformatves.

An exampleof registrationis asfollows. The Swiss agent(which is a primary databasegent)
registersitself with the BROKER by sendinga register messageasfollows.

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 messageonsistsof a single meta-datatem of type Agentinfo thatincludes
ID, OWNER, TYPE,MOD_TIME andLOCAL _MOD _TIME fields. The OWNER field identifiesthe
agentthat ownsthe meta-datatem, while ID provides a uniqueidentifier for the item within that
particularagent.The MOD_TIME field givesthetime, in ISO format, of thelastchangeo theactual
dataitem (as held by the owner), whereasLOCAL _MOD _TIME gives the time the item was last
changedn thelocal agent(sinceagentanayhave copiesof dataownedby otheragents).In addition,
therearealsoAGENT_URL, DESCRIPTIONand TYPE fieldsto provide furtherinformationabout
the particularagent,suchasthelocationof its homeweb page.If the BROKER permitsregistration,it
will reply with thefollowing ok message.

Sender: Broker007f000001
Receiver: Swiss007f000001
Transport: rmi

Perform: ok

Ref: Swiss007f000001_0
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5.3 Interaction Scenarios

We have describedhemodularframevork of anagenttogethewith thelanguageusedfor interagent
communication.In this section,we shav how theseaspectcometogetherto enableeffective agent
operationdor the managemerandintegrationof dataandmethodswithin the agentcommunity We

describefour generalscenarioghat resultfrom just settingup the appropriatemotivations,interac-
tions, skills andplansin the agents.In eachscenariothe goalsadoptedoy agentson either side of

theinteractionaredescribedogethemwith the protocolfollowed andthe messagesentaspartof that
protocol. Thecompletenteractionsareillustratedwith statetransitiondiagramsyhich comein parts:
onefor therequesteandonefor the provider. The diagramsarelargely self-explanatory andsene

to illustratethe discussionso only a cursoryexplanationof them (asopposedo the interactions)s

given.

5.3.1 Registeringwith a Broker

Eachagent(otherthan brokers) hasa motivation to register with a broker, which will leadto the
generatiorof a goal with the aim of forming a registerrelationshipwith a broker agent.(We denote
goalswith the aim of makingor breakingrelationshipsbetweenagentsasrelationshipgoals) The
control modulesatisfiegthis goal by examiningthe meta-stordor informationon a suitablebroker,
andtheninitiating aregisterinteractionusingtheinteractionmodule. This causes registermessage
to besentto thebroker agentvia thecommunicationsnodule andtheagenthenwaitsfor aresponse.
For example,the primary databasegent,Swiss agent,which manageshe SWISSPROT database,
sendsheregistermessagabore to thebroker agent.

On receving the register messagethe broker startsits side of the interaction,resultingin a reg-
ister relationshipgoal being passedo its control module. In turn, the control modulesatisfiesthis
relationshipgoalusinganappropriateplan, which causeshe broker agentto subscribgseenext sec-
tion) to relevant meta-dataof the registeringagentsuchasthe agents skills, databasesndplans
This allows the broker to keeptrack of ary relevantchangesn informationaboutthe agent,suchas
whenoneof its skills is updatedn addition,the broker agentupdatests meta-stoe to includedetails
of the registeredagent. If theregistrationplan is successfulthis will resultin an ok messagéeing
returnedby the broker’s sideof theinteraction(asshavn above).

Finally, on recevving an ok messagdrom the broker, the registeringagents relationshipgoal is
satisfiedwith theintensityof therelevantmotivationto registerbeingloweredsinceit is now satisfied.
Thisreductionin intensityenablesthermotivationsof theagentto becomeactie.

Alternatively, the broker may not allow the agentto register For instancea securitypolicy may
only allow agentgunningon certainhoststo register or the communityorganizedoy the broker may
be of a specializedypethatdoesnotincludeprimarydatabas@gents)n suchcasesa sorry reponse
mightresult. Thisinteractionscenarids illustratedby Figure5.

Sender: Broker007f000001
Receiver: Swiss007f000001
Transport: rmi

Perform: sorry

Ref: Swiss007f000001_0
Content:

Invalid agent type
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Requester

. send: register

recv: ok

Registering Registered

l recv: sorry send: unregister

@
Provider
send: ok
Registering

. recv: register
l send: sorry recv: unregister

‘@

Registered

Figure5: Statetransitiondiagramfor theregistrationinteractionprotocol.

5.3.2 Broker Subscription Scenario

The non-redundantiatabas€NRDB) agentis motivatedto subscribeto the broker for information
aboutall agentowninglocal primarydatabasesontainingproteinsequencesl his motivationis typ-
ically actvated(throughhaving the highestintensitylevel) oncetheagenthassuccessfullyegistered,
and causesa relationshipgoal of type subscribe  to be sentto the control module. The control
modulesatisfieghis relationshipgoal by queryingthe meta-stordor all brokerswith whichit is cur
rently registered.For eachbroker, the control modulecreatesa subscribeinteractionwhich, in turn,
resultsin asubscribenessagdeingsent.

Sender: NRDBO007f000001
Receiver: Broker007f000001
Transport: rmi

Language: BACL
Ontology: BADO

Perform: subscribe

Ref: NRDBO007f000001_21
Content:

LocalDB(

ID?, OWNER?,SOURCE?, QUALITY?,

TYPE?, NAME?, MOD_TIME?,

LOCAL_MOD_TIME?, DESCRIPTION?
)

Onreceving this subscribemessagethe broker responddy startingits side of the interaction.
If the broker refusesto form the relationship,thenit respondswith a sorry messageptherwiseit
respondsvith an ok messag¢o indicatethattherelationshiphasbeenacceptedThis causes query
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to be performedon its meta-storeon a regular basisto provide the requiredinformation,resultingin
tell anddenymessagebeingsentbackto therequestergiving informationaboutcurrentlyregistered
agentsandthosethathave deragyistered.Suchperiodicqueriescontinueuntil theinteractionis halted
onreceiptof anunsubscribenessagérom therequesterThe following examplemessagdlustrates
thekind of response¢hatmight berecevedin this way from the broker.

Sender: Broker007f000001
Receiver: NRDBO007f000001
Transport: rmi

Language: BACL
Ontology: BADO

Perform: tell
Ref: NRDBO007f000001_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"
)

Laterin the sessiona denymessagenay be sentif, for example,the Swiss agentderajistersfrom
thebroker.

Back at the requestes end, tell goalsare instantiatedas a resultof ary receved tell anddeny
messagesand causethe contiol moduleto carry out an appropriateplan. In this case,the resultis
to addinformationto the meta-storepr deleteinformationfrom the meta-storeasappropriate.This
interactionscenarids illustratedby the state-transitiomliagramsof Figure6.

5.3.3 Subscribelnteraction Scenarios

The subscribeinteractionis alsousedin a numberof other placesin the prototype,suchaswhen
the non-redundantlatabaséNRDB) agentis motivatedto subscribeo primary databasegentsfor
sequencelata. Typically, this motivation becomesactie afterthe agenthassuccessfullysubscribed
to the broker for informationon agentsowning local primary databasesso that the intensity of that
motivation decreasesThe NRDB agentthenforms subscribenteractionrelationshipswith eachof
theseagentdo obtaininformationabouttheir primary databasesThe subscriptiorremainsin force
while both agentsare presentin the community allowing the NRDB agentto maintainits database
with the latestinformationknown throughouthe community

Calculationagentsalsousethe subscribanteraction.The BLAST agentsubscribeso the NRDB
agentso that it canensurethat the databaset searchesvith BLAST is up-to-date. Similarly, the
MEMSAT agentsubscribeso the Swiss agentfor informationaboutmembrangroteinssothatit can
keepits methodtrainedwith the mostrecentdata.

In general,subscriptionto anotheragentfor particulartypesof datamay be regardedasa data
pushprotocol,in thatnew or modifieddatais pushedntotherequesteagentasit becomeswvailable.
Thetell interactionwhichis notusedwithin the prototype js anunsolicitedform of datapush When
anagenthasdatait believesanotheragentmaybeinterestedn, it simply sendsatell messageo this
agentinforming it aboutthe data,whereuporit recevesanok or sorry responsenforming it whether
theotheragents interestedn the dataprovided.
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Requester
recv: tell recv: deny  recv: tell recv: deny

send: | send;
subscribe recv: ok unsubscribe
Subscribing | ——= [ Subscribed | —— = ( Unsub~—
scribing
l recv: sorry recv: sorry l recv: ok
Provider
send: tell send: deny
recv: recv:
subscribe send: ok unsubscribe
Subscribing | ——= | Subscribed | —— = | Unsub~
scribing

l send: sorry l send: sorry send: ok

Figure6: Statetransitiondiagramfor the subscriptioninteractionprotocol. The Error and Timeout
statesarenot shavn for clarity.

5.34 Calculation Agent Requests

Themainconcernof previous scenariohasbeenthe manipulationof dataandmeta-dataHowever,
agentsalso have plans involving sequencesf action, that may be usedto satisfy goalsby either
manipulatingthe agents meta-storer by decomposing goalinto a numberof sub-goalsvhich may
thenbetackled.This sectiondealswith scenariosnvolving interactionghatuseskills combinedwith
plansto satisfygoals.

Supposea genomeagentis initiated with a numberof motivations: registeringwith a suitable
broker, subscribingo the broker for informationaboutthe skills and plansavailablein the commu-
nity, updatingits genomedatausingan externaldatasourceandannotatinghis genomedata. Now,
derving differenttypesof annotationis broughtaboutby different motivations. For example,the
motivation to determinehomologuedor the proteinsexpressedy the genomeprovides functional
annotation,while the motivation to determinemembraneopologiesfor theseproteinsprovides a
form of structuralinformation.

We will examinethe motivationto determinemembrandopologiesin more detail sincethis in-
volvesbothderiveanddo interactions

Generally a genomeagentwill not know the bestapproacho determinea membrandopology
for aproteinin thegenomat is annotating. Thusthe motivationgeneratesiderivegoalwith theaim
of derving a membrandopologywith a suitablequality for the particularprotein. Now, the contol
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moduledetermineshow to satisfythis goal by inspectingthe meta-store.Supposdhatit finds that
it doesnot have alocal skill or plan itself to satisfyderiving a membrandopology but is aware of
anotheragentin the community the MEMSAT agent,which containsa suitableplan. To utilise this
plan, the control modulecreatesa deriveinteraction,resultingin a derive messagéeingsentto 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

)

Onreceving thismessagetheinteractionmoduleof the M EM SAT agentcreatesa derivegoalthat
is sentto its controlmodulewhich, in turn, finds a suitableplan to accomplistthe goalandexecutes
it. Now, this plan is fairly complicatedand involves threestages. The first involves obtainingthe
residuestring of the sequenceo analyseif this is not alreadyprovided. This canbe satisfiedby a
gueryinteraction(describedater)to obtaintheinformationfrom thegenomeagent.The secondstage
involves creatinga do goalrequestinghatthe BLAST skill be usedto determinea sequencerofile
for the sequenceSincethis is awell-specifiedtask,it is satisfiedby usingado interactionto request
the BLAST agentperformthe calculation. Finally, a seconddo goal requestinghat the MEMSAT
methodbe appliedto this profile generateshe result,which is satisfiedby usingthe MEMSAT skill
local to theagent.If all the stagesf the planaresuccessfulthe original derivegoalwill besatisfied,
causingthe MEMSAT agentto sendatell messageroviding the result. The genomeagentthenuses
thisinformationto annotatghe sequence.

Both the deriveanddo interactionprotocolsare presentedn Figure7. This diagramalsoshavs
thequeryinteractionwhichinvolvesaninitial askmessagejut is otherwisevery similarto theothers.
It simplyallowsaone-of queryof thedataheldby anotheragentwithoutreceving furtherupdatesit
is usefulin thescenaricabore whentheinitial derivegoaldoesnotcontainall therequirednformation
for theplan.

Notethattheseprotocolsmay generate numberof pageof results,with a pagenumberof zero
indicatingthelastpage.

54 Summary

In describingthesesampleinteractions,we shav how the systemmanagesand integratesthe dis-
tributeddatabaseskills andexpertise(encodedasplans)of agentswithin the community It maybe
seenthata numberof catgoriesof interactionareinvolved. The subscribeandtell interactionspro-
vide datapushprotocolswhile thequeryinteraction providesa datapull protocol. Thedo andderive
interactionsareimperatve andrequestaction,thedo interactionbeingusedwhentherequesteagent
knows exactly which skill it wishesto apply andthe deriveinteractionbeingusedotherwiseJeaving
it to the provider to decide.Finally, theregisterinteractionis usedto populateandmanagehe agent
community Thoughwe have only describedsomeexamplesof interactionwithin the prototype,the
overall natureof the systeminteractionsshouldbe clear with brokersproviding muchof the capabil-
ity for organisinglarge numbersof databaseandservices Certainly therearemary otherissueshere
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Requester
send: do
send: ask recv: tell (page>0)
send: derive .
Start Responding
send: ok
recv: sorry recv: tell (page=0)
@ ‘
Provider
recv: do
recv: ask send: tell (page>0)
recv: derive .
@ Responding
recv: ok
send: sorry send: tell (page=0)
Declined ‘

Figure7: Statetransitiondiagramfor the do, derive andqueryinteractionprotocols. The Error and
Timeoutstatesarenot shawvn for clarity.

thatneedto be consideredfor examplein relationto the potentialuseof differentdatalanguage$1]
andontologieq7, 13] to provide aconsistentanguagdor thedescriptiorof biologicaldata)but these
areseparateoncernsandwe do not considerthemfurther here. It shouldbe clearthoughthatsince
the BAL interactionlanguageds at a higherlevel it permitsdifferentunderlyingcontentlanguageso
beemplo/ed.

6 Discussion and Conclusions

The problemsraisedby the suge of informationbeingaddedto biological databasedemanda sig-
nificanteffort in orderto solve them. This is particularlyimportantbecausef the potentialbenefits
thatanunderstandingf theinformationlocked awvay in thesedatabasemight bring. In this paperwe
have introducedthe GeneVeaver agentcommunityfor just this purpose anddescribedhe architec-
tureof theindividual agentswithin it. Concentratingpon thefundamentalspect®f agentinteraction,
we have directedattentiontowardsspecificscenariosoncernedvith themanagemerdandintegration
of distributeddatabaseandanalysismethods.
Relatedefforts have taken differentapproacheso the sameproblem.For example,GeneQuiZ4]

and PEDANT [17] aretwo functionally rich systemsfor genomeanalysis,which integratea large
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numberof databaseandanalysissoftware usingPerl code,in alargely monolithic fashion.The de-
signshave beensuccessfulbut requirethatall theresourcesreheldlocally, raisingpossibleconcerns
aboutextensibility andscalability

AdoptingamoredistributedapproachMAGPIE[18] treatseachgenomeasanindividual project
to which a numberof remoteor local methodsmay be applied.in a highly configurablemanner For
instanceremoteweb senersmay be used distributing boththe computationaload andthe manage-
mentresponsibilitiesor the underlyingdatabaseandtools. However, the dataemplo/ed by most
remotesenersis consequenthhiddensothatthereis potentialfor the datausedby differentseners
to beinconsistentExternalsitesmay have very differentpolicieson how oftenthey updatetheir un-
derlying data,resultingin variationsin the quality of outputfrom senersbasedon similar methods.
Also, theupdatingof externalsenersis generallynot notifiedto the systemsothatit mayrespondy
recalculatingappropriatedata.

In essencewhenusingexternalseners,the managemendf the methodsanddatais hidden.This
canberemediedby providing distributed systemsn which the differentsenersbecomeanintegral
part of the frameavork, asin EDITtoTrEMBL [33]. Its distributed analysismodulesprovide meta-
dataabouttheir analysismethodssothatappropriatenethodscanbe chosenjn a similar way to the
meta-datausedwithin GeneVéaver to chooseappropriateagents.

AlthoughEDITtoTrEMBL is similar to the approachwe adopt,a numberof key differencesexist
betweerthearchitecturesin particular EDITtoTrEMBL hasasinglethreadof control(thedispatter
modulg which drivesits analysismodulesn essentiallya client-serer fashion.Thedispathier mod-
ule hasthesinglegoalof extendingtheannotatiorof a TrEMBL formattedsequencesingtheanalysis
modules While this sufficesfor the particularapplication,GeneVéaver providesa moregenericand
extensibleframeavork in which future goalsof the systemmay not be entirely anticipated. For this
reasongachagenthasits own threadof control,drivenby its own motivationsandgoals,resultingin
a systemwhich hasa morepeerto-peerarchitecture This allows nev agentgoining the community
not only to provide servicego the community but to bring new goalswhich may be achieved by the
community

Secondlythe systemdliffer in the natureof the interactionsbetweenhe distributedcomponents.
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 distributed componentsare dealingwith onetype of goal,to apply a
particular analysismethodto a sequencentry. By contrastto facilitatea cooperatte community
the GeneVeaver architectureemplo/s amuchricherinteractionlanguagewith relationshipghatmay
persistover long periodsof time, allowing agentswithin the communityto benefitfrom interactions
with others. For example,the MEMSAT agentcanimprove its analysisasthe communityof agents
discorer moreexamplesof membrangroteins.In turn, thegenomeagentdenefitirom the MEMSAT
agentbeingmoreaccuratesincethey useit for satisfyingtheir annotatiorgoals.

Agent systemghat are heaiily embeddedn applicationto other scientificdomainsdiffer from
muchearlywork in thefield of informationagentswhich achiezedhighvisibility andwasresponsible
to someextentfor driving theagenftield forward. For example agentdor traversingandsearchinghe
web,andemailandnewsfiltering agentssxemplifiedalarge body of work at oneendof thespectrum.
Thesekindsof systemsverenottheonly agentdeingdeveloped but occupiedacentralpositionin the
perceptiornf thework beingdone.The applicationof techniquesievelopedfor theserelatively well-
definedproblems,however, hastransferrednto more generalareas,andin more sophisticatecand
extensve systemsElectroniccommercas just oneexampleof the naturalextensionandelaboration
of earlierwork andits applicationto anexciting nev domainof actiity [19].

Perhapsnoreimportantto the long term prospectof agentsystemsthough,areapplicationdo-
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mainsthatarelessintuitively olbviouspossibilitiesfor agentsystemsleployment,but nolessdeserving
or appropriate Thisis becausehesuccessfutlevelopmentanduseof agentsystemsy thosewho are
unavareof the hype,andlessconcernedvith theissuesf thetechnologyper sebut moreconcerned
with thebenefitghatit delivers,is morelik ely to sustairtheagentparadigmn thelongerterm. In this
respectthework describedn this paperon the applicationof agenttechnologyto bioinformatics,in
orderto make sensef thevastamountf datathatarebeinggenerate@taneverincreasingpaceand
storedat globally distributed but accessiblesites,demonstratethe suitability of the agentparadigm
in yetanothewery differentdomain.

The particularvalueof theseefforts to the agentcommunityis in solving problemsthathave not
beencreatedby the very technology(or relatedtechnology)thatis beingusedto solve them. These
problemsanddomainsare pre-istentanddecoupledrom the solutions,and consequenthprovide
whatmight be consideredan objectve demonstratiorof the utility of agentsystems.For the cynics
— andtherearemary — thisis anacidtest. More importantly perhapsthey address fundamental
needin thebiologicalsciences.
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