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Abstract

We adwocateagent-basedligital librariesasa key
technologyfor solvingsomeof the mostimportant
problemsassociatedvith theinternettoday In par
ticular, theaimsof this paperaresix-fold: to intro-
ducethe stateof the artin internet-basethforma-
tion systemsandin particular theWorld-Wide Web
(WWW); to detail someproblemsassociatedvith
the internet/WWWas it currently stands;to dis-
cussthe requirementdor tools to overcomethese
problems;to motivatethe ideaof a digital library
(DL) asthekind of systemthatwill meetthesere-
guirementsto justify the claim thatanappropriate
way to build suchdigital librariesis asan agent-
basedinformationeconomy and finally, to intro-
duceZuNoDL (ZunoDigital Library), aforthcom-
ing commercialframewvork for building digital li-
brariesasagent-basethformationeconomies.

1 Intr oduction

The internethasbeenin existencefor nearlythreedecades,
andhasbeenin everydayusewithin academidor atleasthalf
of this time. Recently driven by the widespreadavailabil-
ity of cheapbut powerful PCs,but perhapsnoreimportantly
the emegenceof an easy-to-uséont endin the form of the
World-Wide Web (WWW), the internethasbecomencreas-
ingly usedby everydayoffice workersandhomeusers.The
internetcouldnow be saidto have reached critical massijn
thatboth the volumeandquality of informationavailableon
it, andthe numberof endusers makesit bothnecessarand
usefulto academiandcommerce.

As theinternethasgrown, so hasthe amountof informa-
tion availableon it. The potential of the internetasan in-
formationresourcds enormousandis immediatelyobvious
to anyonewith morethana moments experienceof WWW
use.However, realisingthis potentialseemso bevery hard:
building softwaretoolsthatcanhelp a userto do this is one
of the mostimportantchallengedacing computerscientists
in the late 1990s. We needrich, personalisedadded-alue
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serviceghat help usfind, retrieve, managepunderstandand
interpretthe wealth of valuableinformationthatis so obvi-
ouslypresenbntheinternet.

In this paper we arguethatbuilding the toolsthat provide
theseserviceswill requiretechniquesdevelopedby Al re-
searchers.Specifically we argue that the appropriatetools
will bedigital libraries andthata compellingway to build
aninternet-basedigital library is asanagent-basednhforma-
tion economyWe begin, in section2, by describingthe state
of theartin internet-basethformationretrieval andmanage-
menttools,andfocusin particularon theinherentimitations
of thesetools. This leadsus, in section2.3, to identifying
somerequirementdor internet-basednformation retrieval
and managementools, andin section3, to introducingthe
notion of a digital library asa systemthat providesadded-
valueservicedo raw, heterogeneousformationsourcesln
particular we claim that internet-basedligital librariesmay
usefully be built asagent-basednformationeconomieswe
motivateand explain theseideasat length. To betterunder
standhow suchadigital library mightwork, in section4, we
introducetheZunoDigital Library (ZunoDL), acommercial
productthatfacilitatesthe developmenibf digital librariesas
agent-basethformationeconomies.The ZuNoDL enables
marketsthatsupportpublisherdn vendingdigital documents
to customersandprovidescustomersvith powerful toolsfor
filtering andretrieving documents. A ZuNoDL systemis a
collectionof interactingagents,with eachagentplaying an
information consumer producey or mediatorrole. In sec-
tion 5, we discusselatedwork, andin section6, we present
someconclusions.

2 The Stateof the Art

Theinternet,andin particularits mostfamousoffspring,the
WWW, hasbecomeheicon of the 1990s.No othersoftware
productin history hascaughttheimaginationnot just of the
computingcommunity but of thewider publicin thewaythat
the WWW has. The WWW is variouslyseenasthe corver-
genceof mediaindustriesthe nemesiof thebook,andeven
asatool for fomentingrevolution. Ultimately, however, the
WWW is simply aframework for informationretrieval. What



makesthe WWW sonovel, effective, andexciting is that:

o it allows accesgo networked, widely distributedinfor-
mationresources;

e it providesa uniforminterfaceto multi-mediaresources
includingtext, imagessoundvideo,andsoon;

e it is hypertext-basedmakingit possibleto link docu-
mentstogethelin novel or interestingvays;

e perhapanostimportantly it hasan extraordinarilysim-
ple andintuitive userinterface which canbeunderstood
andusedin seconds.

It is alreadya cliche, but it is neverthelesswvorth pointing
outthattheinternet/ WWWwill fundamentallychangemary
aspectsof work. Thesechangesare alreadyhappeningn
academiabut astime passeswe canexpectto seesimilarly
radicalchangesn theway thatboth commerceandindustry
work. Eventually we will seethe emegenceof aninforma-
tion industry, in whichdigital informationis routinelybought
andsoldacrosgheinternet.

Thereality of WWW usein thelate 1990sis, however, still
someavhatremovedfrom this goal. Thereareseveralhurdles
thatmustbeovercomdf theinternetis to beusedastheback-
bonefor this futureindustry We candivide theseproblems
into two categories:humanandorganisational

2.1 Human Factors

Themostobviousdifficulty from the point of view of human
usersof theWorld-Wide Webis thewell-known “information
overload” problem[Maes,1994. Peopleget overwhelmed
by the sheeramountof informationavailable,makingit hard
for themto filter out the junk andirrelevanciesandfocuson
whatis important,andalsoto actively searcHor therightin-
formation. SearchenginesuchasLycosandYahooattempt
to alleviatethis problemby indexing largely unstructurednd
unmanagedhformationon the WWW. While thesetools are
useful, they tendto lack functionality: mostsearchengines
provide only simple searchfeaturesnot tailoredto a users
particulardemands.In addition,currentsearchenginefunc-
tionality is directedat textual (typically HTML) content—
despitethe fact that one of the main selling featuresof the
WWW is its supportfor heterogeneousulti-mediacontent.
Finally, it is not at all certainthat the brute-forceindexing
techniquesusedby currentsearchengineswill scaleto the
sizeof theinternetin thenext century Sofindingandmanay-
ing informationontheinternetis, despiteoolssuchasLycos,
still aproblem.

In addition, people easily get bored or confusedwhile
browsing the WWW. The hypertext nature of the WWW,
while makingit easyto link relateddocumentsogetheycan
alsobedisorienting— the“back” and“forward” buttonspro-
vided by mostbrowsersare bettersuitedto linear structures
thanthe highly-connectedraph-like structureghatunderpin
the WWW. This canmale it hardto understandhetopology

of acollectionof linkedWWW pagesijndeed suchstructures
areinherentlydifficult for humansto visualiseand compre-
hend.In short,it is all too easyto becomdostin hyperspace.
Whensearchindor a particularitem of information,it is also
easyfor peopleto eithermissor misunderstanthings.
Finally, the WWW wasnotreally designedo be usedin a
methodicalway. Most WWW pagesattemptto be attractve
andhighly animatedjn the hopethat peoplewill find them
interesting. But thereis sometensionbetweenthe goal of
makinga WWW pageanimatedanddivertingandthe goalof
conveying information. Of course,it is possiblefor a well-
designedVWW pageto effectively cornvey information,but
sadly mostWWW pagesmphasisappearanceatherthan
content. It is telling thatthe procesof usingthe WWW is
known as “browsing” ratherthan“reading”. Browsingis a
useful activity in mary circumstancesbut is not generally
appropriatavhenattemptingo answera comple, important

query

2.2 OrganisationalFactors

In addition,thereare mary organisationafactorsthat make
the WWW difficult to use. Perhapsnostimportantly apart
from the (verybroad)HTML standardtherearenostandards
for how a WWW pageshouldlook. In particular thereare
no standard$or metadatapr semantianarkup,which would
allow contentprovidersto annotateheir pageswith informa-
tion definingthe contentof the page. Thereare somegood
reasondor this, chiefamongthembeingthatbeyondthe ob-
vious (author title, abstractdate),thereis no realconsensus
onwhatis usefulor possibletherearealsosignificanttechni-
cal problemswith formalismsfor definingdocumentontent.

Another problemis the costof providing online content.
Unlesssignificantinformation ownerscan seethat they are
makingmoney from the provision of their content they will
simply ceasdo provideit. How this money is to be madeis
probablythedominantssuein thedevelopmenof the WWWwW
today As it currently stands,the WWW hasa numberof
featuresthat limit it asan “information market”. Many of
thesestemfrom thefactthatthe WWW hasacademiorigins,
andassuch,it wasdesignedor free,openaccessTheWWW
wasthus not designedo be usedfor commercialpurposes,
andin particulay no consideratiorat design-timewas given
to issuessuchas:

e privacy and security — arnyone wishing to use the
WWW for commercemust implementtheir own pri-
vagy/securitymechanisms;

¢ billing/revenue— no built-in billing mechanismsare
providedby the WWW: they mustbeimplementedver
the basicWWW structure;in addition,the WWW was
notdesignedvith ary particularrevenuemodelin mind;

o reliability — the internet,and hencethe WWW, is in-
herentlyunreliable in thatdataandconnectionsrefre-
quentlylost, andit thushasunpredictablgoerformance.



These limitations may be acceptedby home/hobby
usersbut they represeng very realobstaclan theway
of thewider businessiseof the WWW.

We stressthat theseare not criticisms of the WWW — its
designerscould hardly have anticipatedthe usesto which it
would be put, nor thatthey weredevelopingoneof the most
importantcomputersystemsto date. But theseare all ob-
stacleghatneedto be overcomeif the potentialof the inter-
net/WWW is to be realised. The obvious questionis then:
whatmoredowe need?

2.3 Requirements

In orderto realisethe potentialof theinternet,andovercome
thelimitationsdiscusse@bove,we requirea framework that:

e givesa single coherentview of distributed, heteroge-
neousinformationresources;

e givesrich, personalised/serorientedservicesjn order
to overcomethe “information overload” problem— it
mustenableuserdo find informationthey really wantto
find, andshieldthemfrom informationthey donotwant;

e supports electronic commerce, with secure, trusted
mechanismsgor buying, selling, negotiating, cooperat-
ing, andsoon;

¢ is scalabledistributed,andmodular to supportthe ex-
pectedgrowth of theinternetandWWW,

¢ is adaptve and self-optimising,to ensurethat services
areflexible andefficient; andfinally,

o integratesseamlesslyith the WWW.

3 Digital Libraries

In this section,we will argue that digital libraries provide

thefunctionalityto satisfytherequirementstatedabove,and

further, thatanappropriaténfrastructureio underpininternet
baseddigital librariesis that of the agent-basednformation

economy We bagin, in the following section,by discussing
the questiorof exactly whatadigital library is.

3.1 What is a Digital Library?

Theinternettodayis a highly dynamic,unstructuredeposi-
tory for information. It is notalibrary. To seewhy, consider
thata library is not simply a roomful of books;it is aroom-
ful of bookstogethemwith services The minimal servicewe
wouldexpectof alibraryis indexing, sothatwe couldfind de-
sirableinformationrelatively easily Betterlibrariesprovide
richer services. For example,a good librarian would know
aboutthelibrary’susersandusethisknowledgein theirinter-
ests.Sucha librarianwould, for example,not simply search
for booksor articleswhenspecificallyasked, but would pro-
actively offer relevantcontento auserasit becamevailable.
With theexceptionof some(fairly crude)searcHacilities,the
WWW offers noneof theseservices.The goal of digital li-
braryresearchs to develop softwaretools andtechniquego
providethem.Lynchetal defineadigital library as:

“An electronicinformation accesssystemthat of-
fersthe usera coherentview of an organized,se-
lected,andmanagedody of information” [Lynch
etal., 1995

Theinternethassomefeatureghatmaleit adifficult erviron-

mentto dealwith from a softwaredevelopmenpoint of view.

The size,dynamicnature,andlack of centralcontrolin par

ticular arevery troubling; they togetherconspireto make the
domainextraordinarilycomple. Traditionalsoftwaredevel-

opmentechniquesndmodelsaresimply notupto thetaskof

dealingwith this compleity: we neednew waysof thinking

aboutanddevelopingsoftware. We believe thatsomerecent
Al developmentsprovide a solution. In particular we be-
lieve that agent-basednformationeconomiewill enableus
to build digital librariesthat meettheserequirementsin the
subsectionghatfollow, we will explainwhatwe meanby the
termagent-basethformationeconomyandjustify our claim

thatsuchanapproachis appropriate.

3.2 Agent-BasedSystems

Agent-basedystemsarea new paradignifor softwaredevel-
opment.By anagent we meana computersystemthatis ca-
pableof flexible autonomousctionin someernvironmentin
orderto meetits designobjectives[WooldridgeandJennings,
1999. By flexible we mean:

e reactive— an agentshouldbe capableof responding
to ernvironmentalchangesand modifying its behaiour
accordinglyin time for thesechangego beuseful;

e pro-active— anagentshouldbe capableof exhibiting
goal-directedbehaiour, generatingand attemptingto
achieve new goalsasopportunitiesarise;and

e social— anagentshouldbe capableof interactingwith
otheragentsn orderto achieveits goals.

An agent-basedsystemis one that is designedor imple-
mentedasa collectionof suchinteractingagents.We claim
thatanagent-basedpproachs highly appropriatdor a dig-

ital library. To seewhy, considerthat the usefulnessof

suchan approachis indicatedby mary domain attributes,
but in particular: distribution of dataor control, the lack
of ary global viewpoint, highly dynamic ervironmentsin

which centralcontrolis undesirabler infeasible or asystem
thatis usefully concevedasa collectionof interactingsemi-
autonomouscomponentdBond and Gasser 19884. The
WWW hasexactly theseproperties:dataand controlareob-

viously distributed, thereis no centralcontrol or viewpoint,

andit is highly dynamic.Finally, a digital library mustoffer

personalisedservicesautomaticallytailoredto eachindivid-

ual users needs. Agentsacting as “expert assistantshave

for sometime beenrecognisedsa usefulmediumthrough
whichto deliver suchindividual service{Maes,1994.



3.3 Information Economies

In designinga digital library asa collectionof agentsa key
issueto consideris whatorganisationaform oneshouldim-
poseontheagentsn orderto supportherequirementsf the
domain. Giventhe growing influenceof internetcommerce,
one canarguethatit shouldbe an organisationaform that
incorporateghe conceptsof utility, monetaryvalue, negoti-
ation, and brokering. In addition, given the uncertaintyin
the future developmentof the internet,bothin termsof the
serviceghat might be offeredandthe serviceshatmight be
neededit alsoneedgo behighly adaptie.

In this respect, economic markets provide a useful
metaphorfor designingcomple distributed systems Well-
man,1994;FeigusonandJ.Karaloulas,1994. In particular
market-basedconomiesre,by design,decentralized¢capa-
ble of organisingthemseleswithout centralcontrol,andca-
pableof adaptinghemselesto changingsupplyanddemand
conditions. The market, or informationeconomymetaphoy
therefore seemshighly appropriatdor thedigital library do-
main: producerg(sellers)and consumergbuyers)of infor-
mationinteractin amarket-like ernvironment.Brokers,which
mediateinteractionsbetweenconsumersand producersand
which have specificknowledgeof the supplyanddemandor
informationproductscanhelpincreasehe overall efficiency
of themarlet.

The digital library functionis also comparatiely expen-
sivein termsof resource&onsumptiowhencomparedo, say
the searchengineswe find on the internettoday For exam-
ple,adigital library mayneedto storesubstantiahmountsof
userprofiling information;in addition,it may needto man-
agelarge numbersof regularly scheduledalertingor persis-
tent query services. Efficient resourcemanagementvithin
a digital library is thus particularly important. Fortunately
marketshave the capabilityto manageesourcevery effec-
tively: efficiency and prudencetendto be rewarded,ineffi-
ciengy and imprudencepenalised. Throughtheir feedback
mechanismsmarket systemsare capableof evolution, with
better— moreefficient, more powerful, cheaper— products
andservicedendingto dominateover thoseof lower quality.
In fact,becausét is difficult — if notactuallyimpossible—
for people(users,designerssystemadministratorsjo man-
ually optimisethe performancef ary large-scalaistributed
informationsystemasystensuchasaninternet-basedigital
library mustbe capableof self-optimisation.A market-based
designmalkesthis possible.

Finally, by startingfrom the point of view of aninforma-
tion economy with conceptslike “producer”, “consumer”,
“price”, and“profit” built in, we aremuch betterpositioned
to supportrealcommercepf thetypewe ultimatelyintendto
facilitate.Indeed astheinternetandWWW becomencreas-
ingly commercialisedthe needfor effective profit-oriented
agentswhich can act on behalf of their owners and seek
paymentfor servicesrendereds likely to increasedramati-
cally [GeneseretandKetchpel 1994. However, in orderfor

suchsophisticateéigentdo materialize key work remaingo
be donein defininganddeploying techniquedor brokering
of information productsandfor linking requestf demand
(consumerggentgo the ability of supply(producer)agents
to providetherequirednformationitems[Brown etal., 1995;
KuokkaandHarada,1999. A numberof theseissueshave
beenaddressedirectly in our agent-mediatedigital library
framework. In the following sectionwe describethis frame-
work andthevariouseconomiaolesplayedby its constituent
agents.

4 A CaseStudy: The Zuno Digital Library

In this sectionwe presenta casestudy: the Zuno Digital Li-
brary (ZuNoDL). This systemis in factnot a singledigital
library, but a collectionof tools andtechniquedor building
digital librariesasagent-basethformationeconomies.The
mainfeaturesof ZUNODL maybesummarisedsfollows:

e Agent-basedThe ZunoDL framework allows a digital
library to beimplementedasa collectionof cooperating
agents.Agentsarethe key to providing the robust, pro-
active, personalisederviceghatwe seek.

¢ Informationeconomy Theagentsn aZuNoDL system
take ontherole of producerconsumeror mediator act-
ing in aninformationeconomy

¢ Decentalisedframavork The ZunoDL frameawork is
not centrallymanaged:information ownersown, man-
age, and provide accesgo their content. They retain
ultimatecontrol.

e DomainindependenceZuNoDL is notdirectedat ary
particulartype of domain— ultimately, it canbeusedto
build digital librariesfor both internetand intranetap-
plications,with mary differenttypesof information.

o WWWfront-end the ZunoDL framework doesnot re-
quire end-usergo have accesgo powerful hardwareor
software:the userinterfaceto the systemis the WWW.

4.1 Main Concepts

A ZuNoDL systemis realisedasa collectionof agentseach
of which playsoneof threekey roles:

¢ Produces: Producergorrespondo informationowners
— theseareorganisation®r individualsthathave con-
tentthey wishto sell.

e Consumes. Consumergorrespondo the library end
userswhoobtainaccesso thelibrary servicesiiaaweb
interface.

o Facilitators: Facilitatorsareratherlike brokers— they
mapbetweerproducersandconsumers.

Agentscanbe physicallylocatedin oneof threeplaces:on
the producers computers,on the users computers,or on
computersun by theZuNoDL systemserviceprovider. The
serviceprovider will typically correspondo an institution
(suchasauniversitylibrary).



4.2 ProducerAgents

For eachproduce(informationowner)in aZuNoDL system,
therearetwo agentsOneof thesetheLibrary ServiceAgent
representshe digital library within the informationowner’s
network, theother, the CatalogueAgent, representtheinfor-
mationownerwithin thedigital library itself:

Library Sewice Agents (LSAs): Theseagentsrepresent
the digital library within the information owner’s network;
they are underthe control of the information owner, andin
essenceprovide the digital library with an interfaceto the
owner’'s content.LSAs have the ability to vetoary operation
requestedby thelibrary. Thekey functionsof LSAsareman-
agingaccesgo contentbilling, andmanaginghe securityof
content.

CatalogueAgent (CAs): Thesecomponentsepresenthe
interestsof the information owner within the digital library

itself. EachCA is twinnedwith anLSA; CAswill thus“mir-

ror” LSAs. EachCA will ultimately have a cached'model”

of its associated@ontent,andwill beableto rapidly respond
to queriesaboutthis content.

4.3 Facilitator Agents

Facilitator agentsare ratherlike brokers; their goalsare to

map a users requirementnto the producershat are best
ableto satisfytheserequirementsandalsoto allow for acer

tain amountof “producerpush”, by mappingproducercon-
tentto the consumershataremostlikely to have aninterest
in the content. Unlike brokers, however, facilitatorsare not
third parties. They are“owned” by whoever runsthe digital

library.

Search Agents (SAs): Perhapsthe key componentsin
ZUNODL are searchagents. SAs, astheir namesuggests,
provide the basicsearchenginefunctionality that underpins
ZUNODL. However, they provide additional functionality;
over and above that provided by currentinternetsearchen-
gines. First, SAs canmake useof thesauriandtaxonomies
in orderto manipulatequeriesto obtainbetterresultsfor the
user For example supposeauserissuesavery specificquery
thatresultsn asmallnumberof results.ThenanSA canusea
thesauruso look for relatedwords,in the hopethatthesewill
yield betterresults. Taxonomichierarchieof wordscanalso
beusedo broaderqueriesputcrudely if asearctor “chair”
fails to yield usefulresults,thenan SA canusea taxonomic
hierarchyto seethatchairsarea type of furniture,anddo a
searchfor “furniture” instead.The queryis thusgeneralised,
with the resultthat morehits areobtained.SAs canalsodo
enrichedsearchingThus:

e searchesnay exact, may be broadenedf insuficient
matchesarefound, or alternatvely, they may be based
onrelatedterms;

¢ searcheseednot bejust keyword-based— they canbe
basedn keywords,subjecttitle, author andpotentially
othermetadata.

4.4 ConsumerAgents

User Interface Agents (UIAs): UIAs representhe inter-
estsof the userwithin the ZunoDL system.Eachuserthat
isloggedonto thesystemwill beassociateavith exactlyone
UIA. EachUIA will requestervicesf thedigital library in
orderto satisfyausers goals.In orderto dothis, UIAs main-
tain userprofiles— literally, modelsof the user In contrast
to currentsearctenginesJIAs will bepersistentin thatthey
will rememberbouta userfrom onetransactiorto the next.
If auserlogsoutof ZuNoDLandthenlogsbackin sometime
later, theirprofileis retained.n theprototypemplementation
of ZuNoDL (seebelaw), UlAs areall residenton the ZuN-
oDL systemserviceprovider’s machineshowever, this has
obviousimplicationsfor network traffic useandsener hard-
ware support,andfor this reason,n the forthcomingprod-
uctversionof ZuNoDL, supportis likely to be providedfor
client-sideUIAs.

4.5 ZuNoDL SystemStructure

Figurel illustratesghewaythattheZunoDL systeris put
together The main point to noteis that the variouscompo-
nentsof the systemare “owned” by differentgroups. Thus
contentis ownedby informationowners,asarethe LSAsthat
give thelibrary accesdo this content;the userinteractswith
the systemvia awebbrowserrunningon their own machine;
andfinally, the othercomponent®f the system(essentially
UlAs andSAs) arelocatedwithin the ZunoDL servicenet-
work.

To seehow the systemworks, it is worth walking through
whathappensvhena userissuesa query The processstarts
with theuserloggingonto the ZunoDL systemusingtheir
WWW browser Whenthe userhassuccessfullyjoggedin,
theirUIA is (re-)startedSupposeheuserthenissuesasearch
guery TheUIA will forwardthis queryto oneor moreSAs,
dependingon the parametersf the search.For example, if
theuserhasrequeste@ comprehensie searchthenthe UIA
candirectthequeryat SAsthatprovide a comprehensie but
potentiallyslow searchacility, asopposedo SAsthatoffer
a shallov but fastsearch. SAs use knowledgeof different
repositoriesto direct the query at CAs. CAs may be able
to respondto the querydirectly; if, for example,the query
is outsidetheir domain,they canrespondmmediately indi-
catingthis. If they have sufficientinformationto answerthe
querycompletely thenthey cando so. However, they may
wish to passthe queryon to the correspondind-SA (in the
caseof acomprehensiefull-text searchfor example).LSAs
arelocatedon informationownermachineshowever, andthe
addedcommunicatiordelayin talking to them,in additionto
theaddedrequiremenfor sener supporton the owner’s ma-
chinesmeanghatthey areonly usedwhenreally required.In



Publishers

@ s

I

';

ZunoDL Service .-

.....
> -
. »
----------

Figurel: ZuNoDL SystemStructure




ary casetheLSA candosearchingf its localrepositoryand
canrespondo the CA'srequestywhich canin turnpasgesults
backto the SA. Oncethe SA hasbegunto receve results,it
canstartto decidewhatto do. If the searchresultsaresatis-
factory (in volumeandquantity),thenthey canbe ordered,
sorted,andpassedackto the UIA, which canpresenthem
to theuser Oncethe UIA recevestheresultsof thequery it
canchooseo sortandprioritisethemaccordingto theusers
interestsFor example the UIA mightdeleteall entriesabout
“JamesBond” thatappearedn reply to a users queryabout
“agents”if the usersinterestsverein softwareagentgather
thanfictional spies.If theresultsto the queryareunsatiséc-
tory, the UIA canmake useof knowledgeaboutthe userto
modify the query For example,it might use“softbot” to re-
placethe queryterm*“agent”. The usercanthenbrowsethe
resultsof the query viewing the metadataassociatedvith a
resultitem if it is available,andselectingit for purchasedf
required.

4.6 Discussion

By designingZuNoDL asanagent-basethformationecon-
omy, we areableto delivera systenthatsatisfiegsherequire-
mentswe setoutin section?.3. First, Library ServiceAgents
and CatalogueAgentsprovide a uniform and coherentview
of heterogeneoumformationresources.Second the infor-
mationoverloadproblemcanbe overcomeby providing and
combiningdifferentagentservicessuch as personalization,
resourcediscovery, recommendationand collaboratve fil-
tering. Third, by fixing on the market modelfrom the very
beginning, we designin supportfor electroniccommerce.
Fourth, by usingagents,we make ZuNoDL modular(newv
agentscanbeintroducedto represenhew informationown-
ers) and scalable(agentsapply local load balancingstrate-
gies). Fifth, by building ZunoDL asaninformationecon-
omy, we areableto ensurehatit will be self-optimisingand
adaptve: efficient resourcewill tendto be usedmorethan
inefficientresourcesandwill thusreceve positive feedback.
In the sameway, a market systemcan automaticallyevolve
to meetthe requirement®f a changingervironment. Sixth,
ZUNODL providesaweb-basedjraphicaluserinterfacethat
providesseamlesitegrationwith the WWW.

From the perspectie of a designerof agentsand agent-
basedsystems building a digital library suchas ZuNoDL
comeswith a numberof interestingchallengesandrequire-
mentsfor Al researctandsoftwareengineering:

e it mustsupportthe robusthandlingof failure dueto the
(temporaljunavailability of resourcesr communication
failures;

¢ interoperabilityis crucial: agentsmustbe ableto com-
municateandcooperatavith a wide rangeof othersys-
tementities;

e participating in a market-like organization requires
agentdo supporthigherlevel cooperatiorprotocolsand

built-in modelsof utility;

¢ agentsaswell asorganizationsnustbe adaptve: atthe
agentlevel, this canbeachievedby providing feedback-
basedearningmechanismsat the agentsystemlevel,
explicit representationsf andreasoningaboutorgani-
zationalstructureseermecessatry;

o thedigital library architectureaswell asthe infrastruc-
ture underlyingthe multi-agentsystemneedto caterfor
theuncertain:scalabilityis amust

o the designandthe operationof real-world multi-agent
systemss impossiblewithout appropriatedesign-time
andrun-timetools, that supportbuilding, running,and
monitoringof agentsandtheir interactionsandfinally

¢ toolsneedto be groundedn a designmethodolgy that
providesguidelinesfor an agent-orientednalysis,de-
sign,andimplementatiorprocess.

5 RelatedWork

Thearchitecturenostsimilarto oursin spiritis theUniversity
of Michigan Digital Library (umDL) [Birmingham, 1995.
UMDL is designedas an agent-basedlistributed systemin
which agentsncapsulatdifferenthighly specializedibrary
tasks,madeaccessibldy a standardize@ommunicatiorin-
terface. The absencef a general-purposagentarchitecture
for umDL agentds oneof the mostprominentdifferencego
ZUNoDL. FurthermoreZuNoDL beinga commercialsys-
tem,personalizatiofis crucial;thus,we focuson adaptability
of the userinterfaceagentactingon behalfof the consumer
in theinformationeconomywhereaghe focuson adaptvity
in UMDL is ontheproducersend. Also, functionalitiessuch
assecurepurchasingandbilling arecurrentlynot considered
in UMDL.

In [Kahn and Wilensky, 1995, Kahn and Wilensky have
proposedh framework for a classof distributeddigital infor-
mation services. The basicbuilding blocksin their model
aredigital objectshatarestoredn decentralizedepositories.
A digital objectconsistsof two parts: contentandmetadata.
Repositorieareaccessedsingarepositoryaccesgprotocol
Like ZunoDL, KahnandWilensky’s modelusesthe notion
of aservicein orderto describeencapsulatelibrary function-
alities. Zunofacilitatoragentsanbe seenasanembodiment
of their value-addedefeienceservices Thus,this architec-
ture can be regardeda basicframewvork basedon which an
agent-basedigital library canbe built. However, it doesnot
addressssuesof personalizatiorand adaptabilitywhich are
crucialto ourapproach.

Similar argumentscan be put forward for bIENST [Davis
andLagoze,1994, an HTTP-basedprotocolwith an object-
orientedinterfaceto a documentmodel, which was usedto
build an online digital library of technicalreportsfrom a
groupof US computerscienceuniversities. This work does
notaddressssuesf billing, IPR,andsecurity Resourcalis-
coveryandsearchingarerealizedin aratherad-hocway, and



no cleanarchitecturalway is describedor fitting in added-
valueserviceghatcorrespondo thoseprovidedby Zunofa-
cilitator agents.

The StanfordUniversityDigital Library Initiative proposes
a so-calledinformationbus architectuse for a digital library.
The differentcomponent®f the digital library (information
sourceslibrary services,and users)interactwith the bus.
Intermediateprotocol madineshandletranslationsetween
different languagesand formats used by different partici-
pants. The approactsuggestshat specificserviceswill per
form facilitator functionssuchas search filtering, and noti-
fication. However, the focus of this approachclearly is on
interopemability; issuessuchasadaptabilityandpersonaliza-
tion which are directly supportedby the Zuno agent-based
architecturearenot explicit in theinformationbus architec-
ture.

Finally, the ZunoDL framework builds uponanincreas-
ing body of work in agent-basedystemqdBond and Gasser
19884 and market-basedsystemgWellman, 1994. Space
limitations preventa deepemdiscussiorof the impactof this
work onthe ZuNoDL framework.

6 Conclusions

In this paper we have arguedthat the technologyof digital
librarieswill helpusto overcomesomeof themostimportant
problemswith theinternettoday andthatautonomous;oop-
eratingagentswhich provide rich, added-@alue servicesare
the appropriatebuilding blocks of sucha digital library. In
particular organizingtheseagentsnto aninformationecon-
omy offersusthe adaptability efficiency, andscalabilitythat
is neededo dealwith the ever groving demand®f theinfor-
mationproducersandconsumershatpopulatetheinternet.

In [Etzioni, 1996, Etzioni has presentedthe metaphor
of aninformationfood chainfor the web, wherehigh-level
information services‘intelligently hunt and feaston herbi-
vores”, i.e., on standardweb searchengines. While au-
tonomousagentseemideal candidates$o populatethe upper
end of the informationfood chain, we believe that the food
chain metaphoris somevhat limited asit doesnot account
for the interactionmechanismbetweenpeerson the infor-
mationfood chainrequiredto provide not only useful, but
alsointelligent services. We believe that the market mech-
anismsdescribedn this paperhave the potentialto support
thisinteraction.
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