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uenced by ourexperience with systems for persistent and networked object man-agement and with polymorphic programming languages for theirimplementation.When viewed from this perspective, the essence ofdigital libraries can be captured by the following three essentials:. the content of a digital library is represented by two kinds ofinformation entities: on the basic level there are informationtokens as supplied by information providers on the net; valueis added to such tokens by individually constructing informa-tion artifacts over them with the goal of informationconsumersatisfaction;. the services required for artifact construction and use { on theinformation level as well as on the level of the software artifactsrequired for these processes { rely heavily on powerful bind-ing environments for multi-medial, persistent and networkedinformation;. the processes of artifact construction and use are in them-selves valuable sources of information about artifacts; for theexploitation of such process information, digital libraries em-ploy advanced tracing environments.We derive linguistic and architectural requirements for digitallibraries from these above essentials. On the language level we con-centrate on generalized requirements for the typing, binding andscoping of library entities and services. On the system level we dis-cuss architectural requirements in terms of orthogonal persistence,open extensibility, platform independence, mobility and re
ection.We present Tycoon [Matthes and Schmidt 1992; Matthes etal. 1995], a polymorphic, higher-order language and its system,and demonstrate its potential for digital libraries.We evaluate Ty-coon's rich conceptual basis (data, functions and threads), library-based extensibility, powerful binding mechanisms, its orthogonalpersistence and its capability of network-wide data, code andthread migration.We conclude by referring to an interdisciplinary digital libraryproject in Art History Research based on icons, texts and data.Here, Tycoon e�ectively supports the process of individually cus-tomizing and scaling library services thus generalizing the notionof a query language into that of a persistent personal referencelibrary.1 IntroductionDigital libraries are coming into their own at a time whencomputer and network technology is improving rapidlyCorrespondence to: j.w.schmidt@tu-harburg.d400.de

resulting in increased global acceptance of digital infor-mation and communication services.As a �rst consequence, an enormous quantity of in-formation on virtually any medium is now being ex-changed between a world-wide communityof informationproviders and consumers. This potential will virtuallyrevolutionalize all information processing activities. Dig-ital libraries are intended to provide the software whichhelps to structure this global information space and toimprove its use.World-wide dissemination of digital contents is, how-ever, not the only achievement of the rapidly improv-ing information and communication technology. Liber-ating computer scientists from too narrow technologicalrestrictions also gives rise to the development of highlyadvanced models for computation and communicationwhich aim at pushing computers towards the perfect in-formation handling devices { and rapid absorption of thenew enabling technologies.Our vision of digital libraries is founded on bothof the above achievements. We �rmly believe that thegreat potential of the global information space can beexploited only if digital libraries make best use of highlyadvanced models, languages and systems. If not, we are�lling new wine into old barrels thereby creating anotherPandora's box of legacy problems for the upcoming in-formation age.Based on our vision of digital libraries outlined inSection 2 we will present in Section 3 the essential lin-guistic and architectural requirements which we considernecessary for the construction and use of such systems. InSection 4 we will evaluate Tycoon [Matthes and Schmidt1992; Matthes et al. 1995], the language and its systemplatform, and demonstrate its potential for digital li-braries. Section 5 presents our initial experience with theWarburg Electronic Library , a cooperation project withthe Art History community which involves data, textsand large amounts of iconic images.



2 Joachim W. Schmidt, Gerald Schr�oder, Claudia Nieder�ee, and Florian Matthes2 Vision of Digital LibrariesIn our view, the �nal purpose of a digital library is toimprove the exploitation of the globally networked in-formation universe with a clear focus on the particularinformation needs of an individual user and his task athand [Van House 1995]. In other words, a digital libraryis the software needed to bridge the gap between the vir-tually in�nite amount of information out there on the netand the very speci�c information needs of a particularperson and task.With this goal in mind, we distinguish on the level oflibrary content two kinds of library entities:Information tokens represent the information contentwhich is collectively provided by the net; informa-tion tokens are multi-medial and may represent texts,data, images, sound, videos etc. [McNab et al. 1996;Li et al. 1996]. In addition to information tokens dig-ital libraries also contain software tokens, like ap-plets or generic functions (such as �lters, construc-tors, evaluators, presentors, binders or wrappers).Information artifacts are (recursively) created views overinformation tokens. Selecting, structuring, combin-ing, and annotating are typical steps in this process.Artifact construction aims at adding value to infor-mation and thereby increasing the satisfaction of in-formation consumers. Information artifacts may beimage tokens associated with texts on their contentas well as entire multi-media libraries including soundand videos.Two main library processes can be identi�ed: value-adding artifact construction and personalized exploita-tion. Although this paper concentrates on informationartifacts it should be emphasized that the software re-quired for personalized library processes puts heavy de-mands on software customization. Indeed, there is astriking similarity between processes which personalizethe library's information content and those which cus-tomize its software required for doing so. Such softwareis also represented by software tokens out of which cus-tomized software artifacts can be constructed which are�nally bound and applied to information artifacts. In ourclosing remarks we will come back brie
y to this simi-larity between information and software libraries.These library processes are supported { on the infor-mation as well as on the software level { by two kinds oflibrary environments:Binding environments enable artifact construction andexploitation on the two intertwined levels of infor-mation artifacts and information handling softwareartifacts. Binding environments provide a wide rangeof binding capabilities and support their safe and dis-ciplined use in heterogeneous, open, networked andmulti-medial settings.Tracing environments are highly desirable because li-brary processes themselves are sources of valuable in-formation on artifacts. Tracing such processes and ex-tracting context information (on the who and when,the what and where, the why?, but also on software

versions, hardware platforms etc.) may substantiallyaugment the artifact's value.2.1 Information TokensInformation tokens represent the basic multi-media con-tent of digital libraries and are provided by a digital andnetworked information universe. Their main purpose isto conceptualize information on an elementary level com-pletely independent of any speci�c contexts in which in-formation is referenced, aggregated and consumed.Examples of information tokens are. pictures in digital formats such as JPEG or GIF;. texts in formats such as ASCII, Postscript or Word;. time dependent tokens such as audio and video se-quences in QuickTime or MPEG formats;. software tokens such as JAVA applets or generic sort-ing functions in source or compiled bytecode or evennative (machine-dependent) code.To best serve their role as basic building blocks invalue-adding digital libraries, tokens should be unbiasedin their representation. Furthermore they should be self-describing, equipped at least with basic methods for pre-sentation, copying, migration, storage etc. Note that theinformation tokens may inherently provide further morespeci�c methods. A Word document, for example, maycome with methods for reformatting or generating a ta-ble of content. For software tokens the basic methodsmay be compilation, execution or interpretation.Independent of their content and the platform onwhich they reside, tokens have to share the followingbasic properties:. digital representation. atomic view, i.e., context-independent interpretation. unconstrained content described by automorphic typ-ing.Automorphic typing allows the basic classi�cation ofinformation tokens, stresses their self-contained charac-ter of the information tokens and avoids restriction toprede�ned formats.Information tokens have to be handled uniformly, in-dependent of their content, lifetime or location in thenetwork space. Therefore, the following additional prop-erties are requested uniformly over all kinds of informa-tion tokens:. network-wide, stable identity. universal referentiability via the net.Any speci�c demands on information which are de-rived from the needs of individual users or user groupsare captured by the concept of information artifacts.



Linguistic and Architectural Requirements forPersonalized Digital Libraries 32.2 Information ArtifactsInformation artifacts are constructed (recursively) fromtokens with the intent to add, step by step, value to theinformation on its way from the network of informationproviders to the individual information consumer.The structure of artifact constructing processes isshown in Figure 1. Information tokens provided by anetworked information universe are composed into in-formation artifacts, a process guided by the two relatedprinciples that value be added by information composi-tion, but also by personalization [R�oscheisen et al. 1995;R�oscheisen et al. 1994]. Conceptually, a digital libraryhas manifold artifacts visible to information consumerswith high emphasis on personalized artifacts customizedfor the consumers preferences and tasks.Typical examples of personalized information arti-facts are individual collections of text and image tokens(references or copies) augmented by hyper-text artifactsand personal annotations. Artifacts may be attached toagents which search autonomously for further materialon the net by employing text retrieval systems or SQLengines. Other examples are video sequences augmentedby data on title, producer, costs, list of actors, commentsand ratings etc.Examples of software artifacts are application pack-ages such as Oracle's graphical query tools with GUIand SQL components or Microsoft's application packageO�ce composed of basic modules such as Word, Excel,and Powerpoint.After all, e�ective exploitation of information arti-facts relies on additional and more traditional library ser-vices [Graham 1995; Cousins et al. 1995; Paepcke 1996]such as. information �ltering capabilities (static and dynamicviews). mobility in heterogeneous environments (platform in-dependence). exchange between libraries (external gateways). persistent storability, multiple user support and re-covery (database system support). security and accounting services (authorization andauthentication).However, it is the binding technology which, in ourview, provides the core capabilities for artifact construc-tion and use { on the information as well as on thesoftware level. Therefore, binding requires particularlystrong support in any modern digital library system.2.3 Binding EnvironmentsOn the technical level, extended binding capabilities aremost crucial for our approach to digital libraries. It isthrough binding that selected information entities can beorganized into artifacts and that information consumerscan access the artifacts of their choice. It is also bindingswhich connect information artifacts to software artifactswhen value-adding software services are requested forartifact exploitation.

As outlined above, library entities may be found onany medium, anywhere in the net, privately owned orshared, short-lived or persistent, mutable or not, etc.Consequently, our demands on binding capabilities aremultiple [Morrison et al. 1990]: Bindings. have to be possible between all kinds of entities onan open set of media;. must also be complete in the sense that all computa-tional entities, data, code and threads can be freelycombined by bindings;. may be �xed over time or mutable on demand;. may refer to transient or persistent entities;. may involve local entities or reach out to remote sitesof the net.Bindings to entities internal to a system have to bede�ned and managed as well as external bindings to en-tities spread over heterogeneous systems. Artifact con-struction may require both kinds of semantics { copysemantics and reference semantics { via bindings; thetransition between both has to be supported.2.4 Tracing EnvironmentsPeople, when working with libraries, usually follow cer-tain patterns of use. Frequently they work top down,from vague ideas via keywords and catalogues to vol-umes and individual texts. Library users work continu-ously in the sense that they often resume sessions at thepoint of interrupt some time earlier. There also exist dis-tinguished modes of operation which people apply whenusing a library:. quick look-up of references to dictionaries or texts, or. evaluation and memorizing of a concrete text per-formed in a series of sessions, or. construction, maintenance and use of topic-orientedpersonal reference libraries over years.The individual context in which such patterns areapplied varies, of course, with the user and his task (thewho and when, the what and where etc.). With digitallibraries we are in a position to trace library processeson an individual level. We can discover individual pat-terns behind processes and provide environments to sup-port them. Individual process execution contexts can berecorded and the information gained can be used for im-proving the library content as well as its usability [B�ohmand Rakow 1994; Kashyap et al. 1996].Typical information gained from process traces an-swers questions such as. who is involved in artifact construction? when is itconstructed?. which digital libraries are consulted to �nd informa-tion? where do they reside?. which queries are posted and what are the results ofthese queries?. what alternatives or versions exist for artifact con-struction?
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Fig. 1. Constructing Personalized, Value-Added Information Artifacts. which design decisions lead to the artifact?Some of this information (see Figure 2) can only begiven explicitly by the person who constructs the artifact(e.g. information on the why?). Other information can bededuced automatically by the tracing process attributes(e.g. owner, time), statement sequences (e.g. retrieval op-erations) or process bindings (retrieval results).We conclude our vision of digital libraries by con-trasting them with traditional database systems: databasescontain homogeneous data (e.g. relations) and databasearchitectures provide a centralized view on data and soft-ware (global schema; distribution transparency). Fur-thermore, databases are accessed by isolated transac-tions (ACID principle). Digital libraries di�er substan-tially from databases in all three dimensions just men-tioned: they access heterogeneous information repre-sented by multiple models on multiple media; their ar-chitecture is a dynamic and highly personalized con-struction of information and services, and their userswork with contexted processes which are traced and eval-uated by the library environment. Some of these ex-tended requirements of digital libraries are addressed inthe research area of information integration and hetero-geneous databases (see e.g. [Garcia-Molina et al. 1995;Hammer and McLeod 1993]).In the following section we discuss some of the lin-guistic and architectural demands on software platformson which digital libraries are best developed, maintainedand used.3 Software Requirements for Digital LibrariesOur view of digital libraries imposes several requirementson software platforms on which such libraries are devel-oped, used and maintained. Major demands result fromthe following properties in digital library systems:

. safe extensibility to an open set of new media types,novel library services, extended user requirementsetc. [N�urnberg et al. 1995]. scalability from private stand-alone libraries to sharedgroup libraries or globally networked libraries. global connectivity with free data exchange, opensystems communication, unrestricted software migra-tion etc.. customizability for personalized, value-added infor-mation and software artifacts.Some of these demands involve language require-ments, others imply architectural requirements for thedigital library system itself. Both sets of requirementsare clearly not completely independent of each other aswe will see with requirements such as binding or re
ec-tion.3.1 Linguistic RequirementsOur vision of digital libraries raises speci�c demands onthe naming, typing, binding and scoping capabilities ofthe language of our choice. We argue here for some fairlynovel language concepts by which data, code and threadsbecome �rst-class citizens, i.e., players with equal lin-guistic rights.3.1.1 TypingDigital libraries essentially impose three important de-mands on the underlying typing system:. type expressiveness for extensive model de�nition,. type control for safe model execution, and. type inspection for generic programming.Types for modeling: The information modeling needs ofa digital library are abundant and may vary over its



Linguistic and Architectural Requirements forPersonalized Digital Libraries 5
User-supplied

Context Information

System-generated
Context Information

Artifact

Context
Information

Artifact Construction
ProcessFig. 2. Context Information for Information Artifactslifetime. Consequently, languages with a �xed, built-in set of models do not su�ce. Instead, an add-onapproach to model de�nition is requested, a demandwhich can best be met if such models can be ex-pressed by the language itself. Such a demand leadsdirectly to languages with rich polymorphic type sys-tems, (recursive, parametric) type constructors, sub-typing and higher-order functions.Tasks to be addressed by model extensions are bulkdata management [Schmidt 1977; Ackerman and Field-ing 1995], multi-mediamodeling, safe service integra-tion, etc. There is a particular need for a wide rangeof bulk or collection types such as lists, sets, keyedsets and bags. The framework should provide an add-on bulk type library which satis�es di�erent require-ments for search, insert, order or store. Bulk typesdynamically added on should, at the same time, besafe, disallowing, for example, the insertion of imagetokens into book collections.In our approach expressive typing schemes come intoe�ect on the artifact level; tokens are automorphi-cally typed (i.e. self describing) bit vectors, a rep-resentation which simpli�es generic low-level opera-tions such as copying, storage, migration or garbagecollection. Furthermore, the automorphic typing en-ables more speci�c methods, e.g., for token presenta-tion and basic manipulations.Types for control: Types capture constraints on compu-tations. Good type systems allow a rich set of con-straints to be expressed and to be checked as early aspossible. Type checking is usually done statically, i.e.,at compile-time: at that time the price for type check-ing is cheapest and type violations can most easily be�xed. However, long-lived and distributed systems,such as digital libraries, are frequently faced withconstraints which arise at di�erent sites or changeduring their lifetime. This requires more dynamic ap-proaches to typing. If, for example, values are trans-mitted (via �les or communication channels) betweenindependently developed digital libraries, there is nocommon scope in which a static type check could beperformed to guarantee compatibility between dataand programs. For tasks like these, (value, type)-pairshave to be available at run-time, and a rich function-

ality is required for run-time evaluation and excep-tion handling.Types for genericity: Another need for dynamic typesresults from the desire to implement generic functionswith type-dependent behavior. Such functions take atype representation, usually along with a value of thistype, inspect the type and exhibit di�erent behaviordepending on the type. Type inspection allows, forexample, iteration over the attribute types and at-tribute values of an aggregate or construction of anaggregate from a list of typed bindings. Such possi-bilities are required, for example, for generic librarybrowsers capable of displaying and manipulating ar-tifacts of any type.3.1.2 Binding capabilitiesDi�erent kinds of bindings between information artifactsand tokens as well as between information and softwareartifacts are required. It should be possible to combinethem orthogonally:static and dynamic: In traditional applications bindingsto entities are stable over time. For digital librariessuch static bindings are, however, not su�cient sinceartifacts are created dynamically and may be up-dated. Dynamic bindings are functions (queries orother computations) that are dynamically evaluatedand establish bindings on demand.internal and external: Internal bindings refer to entitieswhich are under the control of the active system whileexternal bindings refer to entities outside. Externalbindings frequently require special treatment becauseessential properties of the active system may not ap-ply to external entities. Typical examples of suchproperties are orthogonal persistence or transactionalaccess.local and remote: Local bindings refer to entities on thesite where the process is currently executing. Digitallibraries also require remote bindings which can referto entities that reside on a di�erent site in the net-work. Remote bindings imply automatic transfer tothe local site if the bound entity is referenced, e.g.for display.



6 Joachim W. Schmidt, Gerald Schr�oder, Claudia Nieder�ee, and Florian Matthescopy and reference: A reference to an entity may be re-placed by copying the entity into the local context,i.e., the context of the artifact that contains the ref-erence. This facilitates the access to the referencedentity and increases the autonomy of artifacts. In-creased autonomy is required for the construction ofa stand-alone artifact collection that may be used o�-line, e.g. on a CD-ROM. Further aspects of copyingin digital libraries are discussed in [Cameron 1994;Shivakumar and Garcia-Molina 1996].3.1.3 ScopingThe space of library entities reachable from a given in-formation artifact has to be individually structured andorganized. Therefore, in addition to static binding en-vironments (scopes) there is a need for dynamic envi-ronments [Dearle 1989] in the sense that new bindingsmay be added or existing bindings may be hidden or re-moved. Scopes may be public or protected for privateuse. Libraries may require that scopes be named or evenpossess �rst-class status.3.1.4 First-class status for data, code, and threadsBesides passive information (data), artifacts may alsoinclude entities which can be activated (code) or evenactivities themselves (threads). Instead of constructingartifacts `in advance', code entities are frequently usedto dynamically construct artifacts `just in time'. Threadentities are required to realize artifacts with autonomoussearch agents attached to them. Threads may be in thestate of running, frozen, waiting for some event, etc. Re-questing code having �rst-class status implies that ourlanguage of choice be algorithmically complete.3.1.5 Exception handlingIn dynamically changing and heterogeneous environ-ments not all services are available always and every-where. This results in exceptional behavior that has toto be handled 
exibly and safely.3.2 Architectural RequirementsA great number of software services have to cooperatesmoothly and steadily to collectively provide the servicesto be expected from an advanced digital library. To doso, software has to show a certain degree of `social be-havior' which cannot yet be taken for granted on currentplatforms. In addition, functionality which is crucial forlibraries, such as persistence and mobility, has to be sub-stantially supported for all kinds of library entities.

3.2.1 Orthogonal PersistenceGenerally speaking there is no argument supporting whythe lifetime of any digital token or artifact should de-pend on its type or on the fact as to whether it is com-posed of data, code or threads. Only if persistence isprovided orthogonally to such dimensions, general infor-mation (data), the knowledge of how to use it (code),and the actual use made of it (threads) can be preservedand made available any time.Having a system with orthogonal persistence means,in technical terms, that arbitrary bindings (i.e., arbi-trary data structures, function closures, activation en-vironments) can be converted between execution envi-ronments and stable storage environments. For elaboratetyping and binding models as discussed in the previoussubsection this is obviously not a trivial task. However,once this problem is solved other requirements such asfree data, code and thread migration or powerful tracingenvironments are almost free for the asking.Since persistent storage systems have to deal withall kinds of information tokens and artifacts they do soaccording to the lowest common denominator as givenby bit vectors and references. Further requirements forpersistent stores are. scalability to di�erent implementations. transactional semantics. standardized import and export formats. garbage collection based on reachability.3.2.2 Open Service IntegrationDigital libraries have to be prepared to accept servicesfrom `alien' systems. The diversity of services required bya digital library could never be provided without externalsupport. The demand for novel services is driven by bothsides, providers and consumers, and is expected to growrapidly with the number of libraries on the net. Externalservices may be required, for example, in the followingsituations:. external tokens { images, sounds, but also nativecode { can frequently only be interpreted by soft-ware which is only available on the site on which thetoken resides;. some sites specialize in services not available at thehome site; examples are expensive printing or scan-ning facilities;. many standard services, e.g., for presentation, com-pression, encryption, communication, etc., are fac-tored out to generic subsystems; it is often the casethat the complexity of a service demands a special-ized service provider; examples are information re-trieval and SQL engines;. �nally, legacy awareness requires that external ser-vice integration is approached on a general level.On the modeling level safe service integration can beachieved by expressive typing (see previous subsection);on the system level it requires gateways and call/callback
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Fig. 3. Data, Code and Thread Mobilityinterfaces to the external service's languages (C, C++,: : : ). In combination, both requirements support thede�nition and implementation of new software librarieswhich integrate external services safely into our languageof choice. In addition to what is required for service in-tegration in general, standards for export interfaces andfor exported references to library entities are necessary.Finally, each digital library also should be prepared toexport its services to others and to act as informationprovider in the net.3.2.3 Platform IndependenceDigital libraries require that information and servicesmust be made available network-wide on heterogeneousplatforms (see Figure 3). Library exploitation can be im-proved considerably if a library's core functionality forsearching, querying and storage is provided platform-independently. This means that data, code and threadrepresentations abstract from all platform-dependent de-tails. Technically speaking, this leads to simpli�ed ab-stract machine architectures based on bytecode represen-tation and interpretation as well as to run-time systemswith improved portability, minimal in size and composedof standardized components.3.2.4 Migration TechnologyThe usability and autonomy of digital libraries is sub-stantially improved by agents [Birmingham 1995] capa-ble of migrating freely in open networks to visit data setsand collect information [Balabanovic and Shoham 1995].

Mobility, in particular that of threads, means portabilityat run-time. This requires an extremely 
exible bindingtechnology which can dynamically dissolve and estab-lish bindings, replace local bindings by remote ones andimplement the notion of ubiquitous resources to whichbindings can be established at any site.The 
exibility gained by migration technology shouldbe contrasted with the traditional client-server paradigmwhich heavily depends on assumptions on the client'shome site and on the servers available in the net.3.2.5 Re
ectionThere are numerous reasons why digital artifacts mayhave to be occasionally rearranged when used in net-worked and long-lived environments. Software migration,integration, (re-)binding, tracing are some such reasons,but also wrapping, persistent storage or optimization.Frequently, such tasks are highly regular and can be sys-tematically performed by algorithms.Re
ection is a powerful yet (relatively) safe technol-ogy for the algorithmic inspection and readjustment ofdigital representation. Re
ective program analysis andtransformation has to rely on detailed knowledge aboutthe programming language model and its implementa-tion. Re
ection may not only be used for generating oraltering data or code (at compile-time or run-time) butalso for transferring compile-time information (e.g. ontypes) to run-time. Tasks for which re
ection is requiredin our setting are. binding environments: re
ective manipulationof bind-ings may, for example, transform local references toremote ones or replace remote references with copies;. tracing environments: re
ection can exploit informa-tion in the environment in which threads are executed(e.g. date, user-id, software version numbers, etc.)and attach such meta-information to the executingthread. Such information is collected automaticallyas a side-e�ect of user actions. This information col-lection process can be parameterized by user-de�ned�lters according to user preferences.4 Tycoon as a Framework for Digital LibrariesThe goal of the Tycoon project1 [Tycoon 1992] is to pro-vide modeling 
exibility as well as system stability formulti-functional, long-lived application systems operat-ing in heterogeneous, open and networked environments.Tycoon contributes to this goal on two levels [Mattheset al. 1995].. The Tycoon language is a persistent polymorphicprogramming language with an elaborate higher-ordertype system [Matthes and Schmidt 1991; Schmidt etal. 1993; Schmidt and Matthes 1993; Matthes andSchmidt 1993].1 Tycoon: Typed communicating objects in open environments.



8 Joachim W. Schmidt, Gerald Schr�oder, Claudia Nieder�ee, and Florian Matthes. The Tycoon system is architectured to substantiallyimprove portability, scalability and interoperabilityas required by applications in open heterogeneousnetworks [Matthes et al. 1996; Mathiske et al. 1996;Mathiske et al. 1995a; Mathiske et al. 1995b; Matthesand Schmidt 1994].In comparison, standards activities such as CORBA,DCOM, OLE, etc. focus on provider-independent anddistribution-transparent service interfaces. In the con-text of digital libraries, these interfaces encapsulate to-kens describing the methods applicable to the tokens.Tycoon supplements these basic token services by sup-porting the process of artifact construction and the trac-ing of this process. Therefore, we concentrate on algo-rithmic aspects, 
exible binding capabilities and rich-typed modeling of digital libraries. In this area Tycoonis comparable to portable high-level languages such asJava which, however, is lacking some properties essentialto digital libraries, e.g. orthogonal persistence or threadmobility. In the long run we expect a separation of con-cerns: approaches such as CORBA will concentrate onindustrial-strength basic object libraries on the tokenlevel; languages like Tycoon, Java and its future ver-sions will provide service integration and are intendedto support value-adding processes such as artifact con-struction.4.1 Achievements of the Tycoon LanguageTycoon typi�es one of those recent language develop-ments [Gosling and McGilton 1995; Morrison et al. 1994]which fully exploit the increased capacity of moderncomputing and storage facilities. Although, according toconventional standards, Tycoon's computational modelmay be considered resource consuming, it is our �rmbelief that such an investment is well justi�ed by thesubstantially improved quality of systems developed inlanguages such as Tycoon.4.1.1 TypingThe Tycoon Language (TL, [Matthes and Schmidt 1992;Matthes 1993]) excels in its expressive type system basedon existential and universal type quanti�cation, recursivetypes and structural subtyping. With respect to typing,TL follows the tradition of the experimental polymorphiclanguage Quest [Cardelli 1989].TL is based on very few built-in types and a small setof type constructors. Orthogonal combination along withrecursive type de�nition and (recursive) type operatorsprovide virtually all data structures of interest.For a simple digital library, books composed of textsand images may be modelled by:Let BookComponent = Tuplecase text with content :Stringcase image with content :jpeg.T endLet Book = Tupleauthors :set.T(Author) title :String

contents :list.T(BookComponent) endLet Library = set.T(Book)The Let construct introduces type bindings. In the ex-ample above, the two variants (text and image) of thetuple type Book contain a �eld labeled content which isof type String in the case of text and of type jpeg.T inthe case of image.The second type de�nes a tuple with three �elds (au-thors, title, contents). The �eld authors is de�ned as aset of authors, where set.T is a polymorphic type oper-ator that takes the element type as actual parameter.By structural subtyping a (recursive) type Publica-tion becomes a subtype of Book so that all operationson books, e.g. the displaying of the contents, are alsoapplicable to publications:Let Rec Publication <:Ok = Tupleauthors :set.T(String) title :Stringcontents :list.T(BookComponent)references :list.T(Publication) endlet displayBook(book :Book) :Ok = : : :let napoleonicWars :Publication = : : :displayBook(napoleonicWars)The notation <:Ok in the type de�nition de�nes a supertype needed for type checking of recursive types, in thiscase the super type of all unparametrized types,Ok. Thelet construct introduces value bindings. displayBook isa function taking one parameter of type Book and re-turning nothing (represented by the type Ok). napoleon-icWars is a value of type Publication.Generic structures such as sets or lists can be de-�ned within TL through its higher-order polymorphictype system [Schmidt and Matthes 1994; Matthes andSchmidt 1991]. In the following example the recursivetype operator for lists depends on an element type E sothat lists of type T(E) accept only elements of type E:Let Rec T(E <:Ok) <:Ok =Tuple case nil case cons with head :E tail :T(E) endlet new(E <:Ok) :T(E) = : : :let cons(E <:Ok element :E list :T(E)) :T(E) = : : :The functions new and cons take a type parameter Econstraining the types of the actual values passed to thefunctions resp. that describes the result value returnedby the functions. This enables static type checking ofgeneric operators.TL supports dynamic types and dynamically-typedvalues. A dynamic value is a pair of a value v and arun-time representation t of its type. If a dynamic valuecomponent v is extracted, its associated type representa-tion t can be inspected. This enables a boolean subtypetest whether t is a subtype of a given supertype T. Suchfunctionality is required to assure, for example, that anartifact transferred from an external site is a book:(* - - transfer a dynamic value: *)let dynamicValue :dynamic.T = receive(channel)(* - - test if this value is a book: *)let book :Book = dynamic.be(:Book dynamicValue)(* - - book is now statically typed *)displayBook(book)



Linguistic and Architectural Requirements forPersonalized Digital Libraries 9The actual type parameter :Book is passed to the func-tion dynamic.be. It instantiates a formal type parameterlike T in the following example.Another application of dynamic types is, for example,a generic artifact browser that is capable of working onarbitrarily structured artifacts:let artifactBrowse(Dyn T <:Ok artifact :T) :Ok = : : :artifactBrowse(:Library historyLibrary)artifactBrowse(:Book napoleonicWars)artifactBrowse(:BookComponent napoleonPicture)4.1.2 Binding CapabilitiesTycoon supports a wide variety of binding concepts cov-ering a substantial range of what is requested in Sec-tion 3.1. The more traditional binding alternatives in-clude immutable, mutable, static and dynamic bindingsto types and values:(* - - type binding: *)Let Book = Tuple : : : end(* - - value binding: *)let napoleonicWars = tuple : : : end(* - - mutable binding: *)let var actualBook = tuple : : : end(* - - static binding: *)let bookMark = actualBook(* -_- assignment: *)actualBook := tuple : : : end(* - - dynamic binding: *)let displayBook(book :Book) :Ok = : : :displayBook(napoleonicWars)In Tycoon it is completely transparent whether abinding refers to a local or a remote entity [Mathiskeet al. 1995a; Mathiske et al. 1995b]. If an entity leavesthe local scope in which it is bound, two alternatives ex-ist: Either the entity (and its closure) is copied or thebinding is replaced by a remote reference. On requestremote references may be eliminated by copying.Bindings to external functions are established by theprede�ned bind function. Calls of external functions areindistinguishable from calls of internal functions. Tycoontakes care of the machine-dependent part of the parame-ter conversion and call mechanisms. The following exam-ple shows the binding to a machine-dependent functionwhich displays JPEG images:let displayJPEG = bind(:Fun(:JPEG) :Ok"imageLib" "display jpeg image")displayJPEG(image)The type :Fun(:JPEG) :Ok describes the signature ofthe external function. This is, again, a type parameterthat enables static type checking.It should be noted that call and binding transparencyis a language requirement with heavy demands on thearchitecture of the system.

4.1.3 First-Class Data, Code and Thread EntitiesArtifacts contain data but may also require code andthread components. Code entities are used to constructartifacts dynamically `just in time'. Each time the subse-quent function newsOnElection is evaluated the Reutersnews service is asked for the latest news on the election:let newsOnElection() :set.T(News) = beginlet reuters = openConnectionTo("Reuters News Service")searchFor(reuters "Election")endlet actualNews = newsOnElection()Even more value may be added to artifacts by higher-order functions expressing speci�c personal preferences,such as an interest in news which mention both candi-dates:let newsOnElection(pref(:News) :Bool) :set.T(News) = : : :let bothCandidates(news :News) :Bool =news.includes("Clinton") andif news.includes("Dole")let actualNews = newsOnElection(bothCandidates)With threads components artifacts can work o�-linebased on local state information. To collect only the lat-est news from a news service a thread may be employedwhich remembers the time it last collected the news:let collectLatestNews() :Ok = beginlet var lastCollectionTime = neverlet isActualNews(news :News) :Boolnews.time > lastCollectionTimelooplet latestNews = newsOnElection(isActualNews)lastCollectionTime:= now()deliverNews(news)thread.sleep()endendlet newsThread = thread.start(collectLatestNews)Our newsThread collects (in parallel to other activ-ities) all news available since its last wakeup; then it goesto sleep until reactivated by thread.wakeup(newsThread).Threads are �rst-class entities in Tycoon and can beobserved (traced) re
ectively. In this way context data ofartifact construction processes can be created and storedpersistently [Matthes and Schmidt 1994]. With Tycoon'sre
ective capabilities such processes can be parameter-ized by user-preferred �lters for the information to beattached to the artifact. This may not only add valueto the constructed artifact but also help improving theartifact construction process.4.1.4 Exception HandlingSince unexpected events are frequent in open systems,Tycoon provides strong support for the handling of ex-ceptional situations. If an exception is raised, executionstops and continues where the last exception handler was



10 Joachim W. Schmidt, Gerald Schr�oder, Claudia Nieder�ee, and Florian Matthesinstalled, possibly crossing function or module bound-aries.The exception handling routine decides which actionis su�cient to handle the exceptional situation. For ex-ample, when the display routine for a JPEG image is notavailable on a particular workstation, a conversion fromJPEG to GIF may help:try displayJPEG(jpegPicture) when notAvailable thentry displayGIF(convertJPEGtoGIF(jpegPicture))when notAvailable with name :String thenmessage("Cannot display picture " <> name)endend4.1.5 ScopesTycoon applications, frequently, are very large. As a re-sult, they can be structured into interfaces, modules andlibraries which restrict the scope of bindings [Schmidt etal. 1993]. Tycoon libraries are nested high-level entitiesthat declare a de�nition order for interfaces and modulesso that they can only use identi�ers which were de�nedpreviously, preventing cyclic dependencies. Interfaces ex-port public identi�ers while modules de�ne the bindingsfor these identi�ers using also private bindings. Throughnesting and hiding mechanisms the scope of identi�erscan be controlled.Currently, an orthogonal suite of scoping primitives isunder investigation which specializes in the requirementsof personalized scopes in open networked environments.It is provided by a generic Tycoon module that maybe combined with modules for distribution, versioning,access control [Rudlo� et al. 1995], etc. thus enabling the
exibility required by personalized digital libraries.4.2 The Tycoon System ArchitectureThe architectural requirements for digital libraries canbe seen from two perspectives.. Since digital libraries hold a vast variety of informa-tion content and provide extended information han-dling services there is an intrinsic complexity involvedin libraries seen as a performing software system.. Complexity also results from the fact that library sys-tems will never stay stable; instead it has to be antici-pated that libraries will develop during their virtuallyin�nite lifetime, even more so when connected to avirtually unlimited network space.Tycoon reduces the complexity of both of the abovetasks, �rst by enabling the construction of systems witha higher degree of regularity (through orthogonal per-sistence, platform independence, migration technologyetc.), second by supporting system evolution and changemanagement (open service integration, scalability, re
ec-tion). The layered architecture of the Tycoon System(see Figure 4) scales from single-user PC-based applica-tions to distributed applications in open heterogeneousnetworks.
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Object StoresFig. 4. Layered Architecture of the Tycoon System4.2.1 PersistenceTycoon provides orthogonal persistence for data, codeand threads. The Tycoon Store Protocol, TSP [Mattheset al. 1996], de�nes a uniform, data model-independentcall-level interface to multiple (commerciallydistributed)persistent object stores abstracting from implementationdetails of the underlying persistent stores. A typical TSPserver is implemented by a store adaptor which mapsTSP data structures and functions to data structuresand operations of an existing object store.TSP contributes signi�cantly to Tycoon's systemscalability since TSP clients can decide between di�erent. garbage collection strategies. object faulting mechanisms. error recovery, logging and persistent savepoint mech-anisms. commit protocols (for distributed systems). security and authentication supportor choose between a single- or multi-user environ-ment.A primary design goal of TSP is to provide e�-cient data storage independent of the data and languagemodel used by TSP store clients. TSP supports polymor-phically typed models where store objects may containvalues of di�erent types. TSP therefore uses an untyped



Linguistic and Architectural Requirements forPersonalized Digital Libraries 11low-level store model which distinguishes only (uninter-preted) bit vectors, used for information tokens, and ar-rays of references used for artifacts. The lifetime of TSPstore objects is de�ned by reachability and storage isreclaimed by garbage collection.4.2.2 Open Service IntegrationExternal services, e.g. visualization systems or databasesystems, can be integrated into the Tycoon system throughbindings to external functions [Schmidt and Matthes1993]. The binding mechanism allows the Tycoon systemto call external functions as well as it allows the externalsystem to call back the Tycoon system via higher-orderfunctions. Examples are event-controlled windowing sys-tems that call application-de�ned functions when a but-ton is pressed or a window closed etc.Such services are wrapped by Tycoon in portable andtype-safe functions exploiting the full polymorphic powerof the Tycoon type system even in cases in which ex-ternal functions are completely untyped. When callingexternal functions from Tycoon or, in reverse, calling(back) Tycoon functions from external systems, param-eter conversion is handled by the Tycoon run-time sys-tem.The following example shows an interface SQL thatexports polymorphic functions to access di�erent SQLdatabase systems:interface SQL import : : : exporterror :Exception with sqlError:String endTable(E, K <:Tuple end) <:Ok: : :openTable(Dyn E, K <:OktableName :String) :Table(E K): : :lookup(E, K <:Ok from :Table(E K) key :K) :E: : :selectFromWhere(E, K, R <:Ok project(:E) :Rfrom :Table(E K) where(:E) :Bool) :Iter.T(R): : :endTycoon libraries hold, for example, two di�erent mod-ules ingresSQL and oracleSQL which implement theabove interface by bindings to the dynamic SQL callinterfaces of the Ingres and Oracle relational databasemanagement systems. The type operator Table(E K) ex-ported from the interface describes the type of SQL ta-bles with element type E and key K. For example, avalue of type oracleSQL.Table(News Int) is an Oracletable with rows that have attributes as de�ned by theTycoon tuple type News where a running number iden-ti�es a row.The polymorphic function openTable opens a namedtable for further processing and takes dynamic type vari-ables E and K as its �rst arguments to ensure that thedatabase table structure matches the Tycoon type infor-mation. If a schema mismatch is detected, the Tycoonexception error is raised at run-time. All other opera-tions of the SQL interface (queries, table updates) can

be checked statically by the Tycoon compiler based onthe polymorphic signatures assigned to the SQL func-tions. For example, the signature of the function lookupexpresses the type constraint that from a table of typeTable(E K) only tuples of a matching type E can beretrieved.The function select shows how polymorphic typingcan be used to statically describe a (unary) select state-ment. The selection on relation from is controlled by thepredicate where that works on relation elements. projectbuilds the resulting tuples. Note that this works onlyif the external database system is capable of includingarbitrary function calls dynamically in queries.The Tycoon service integration technology sketchedabove is open to arbitrary services of interest. Since, be-sides formatted data and SQL, texts are essential fordigital libraries, information retrieval technology has tobe available based on fuzzy queries and ranking lists. Therefore, Tycoon also maintains a text retrieval li-brary which integrates the services provided by the in-formation retrieval system Inquery [Callan et al. 1991;Broglio et al. 1994].Besides the integration of external services, Tycoonis also open for being integrated as a server into externalsystems. For this purpose, Tycoon provides a callbackmechanism which allows external systems to invoke Ty-coon functions.In the following example, Tycoon is set up as a server,e.g. as WWW server, that accepts external communica-tion requests. In our example, remote procedure calls areused for communication and a RPC server is installedand started which stores and retrieves JPEG images:let jpegDB = tuplelet store(image :jpeg.T name :String) :Ok = : : :let retrieve(name :String) :jpeg.T = : : :endlet server = rpcServer.new()rpcServer.register(server "JPEG DB" jpegDB)rpcServer.dispatch(server)4.2.3 Platform IndependenceThe Tycoon Virtual Machine (TVM) is an abstract callinterface above the TSP layer that de�nes a bytecodedinstruction set based on a higher-order, functional ex-ecution model. TVM bytecode is either interpreted bya virtual machine or is compiled on the 
y into targetmachine code. The TVM interpreter and its associatedrun-time system are written in ANSI-C.The platform-independence of the TVMmodelmakesit possible to dynamically transfer portable bytecode be-tween heterogeneous nodes in distributed digital librarieswithout recompilation. Utilizing TSP's linear externaldata representation (TXR), it is also possible to mi-grate a thread across system boundaries [Mathiske etal. 1995a; Mathiske et al. 1995b; Matthes and Schmidt1994].For example, the higher-order query function new-sOnElection can be rewritten in the following way for



12 Joachim W. Schmidt, Gerald Schr�oder, Claudia Nieder�ee, and Florian Matthesa client-server approach where the function bothCandi-dates is shipped to a server via RPC and evaluated atthe server site:let newsOnElection =rpc.bindTo(:Fun(pref(:News) :Bool) :set.T(News)serverSite "newsOnElection")let bothCandidates(news :News) :Bool =news.includes("Clinton") andif news.includes("Dole")let actualNews = newsOnElection(bothCandidates)4.2.4 Migration TechnologyEven more 
exibility is achieved in Tycoon becausethreads can migrate between the nodes in a network[Mathiske et al. 1995a; Mathiske et al. 1996]. This en-ables, among others, the implementation of agents. Anagent may include the trace of the search in its searchprocess, e.g. the items it has already found, the numberof nodes visited or the nodes it has been recommendedto visit:Let SiteData = Tuple news :set.T(News)sitesRecommended :set.T(Site) endlet homeSite = agent.thisSite()let sitesVisited = set.new(:Site)let sitesToVisit = set.create(newYork washington)let newsFound = set.new(:News)while not(set.empty(sitesToVisit)) dolet nextSite = set.getAny(sitesToVisit)let local :SiteData = agent.migrateTo(nextSite)set.insert(sitesVisited nextSite)set.include(newsFound local.news.search("Election"))let newSites =set.exclude(local.sitesRecommended sitesVisited)set.include(sitesToVisit newSites)endagent.migrate(homeSite)show(newsFound)4.2.5 Re
ectionThe Tycoon system supports di�erent manners of re
ec-tion. By linguistic re
ection [Stemple et al. 1991; Stem-ple et al. 1992] the execution of the compiler (compile-time re
ection) or the application (run-time re
ection)can be in
uenced.Compile-time re
ection is achieved by executing user-de�ned code during compilation. Dynamic types, for ex-ample, are implemented by compile-time re
ection. Thecompiler collects type information and stores it persis-tently for run-time use. Similarly, operations on compile-time information are performed as, for example, by theRepeat construct which repeats a list of Tycoon signa-tures (for the de�nition of Book, see above):let createBook(Repeat Book) :Book = : : :Here, Repeat Book is re
ectively replaced byauthors :set.T(Author) title :String : : :

Run-time re
ection is achieved by typed bindingsto compiler subcomponents (parser, type checker, codegenerator, evaluator, module manager, : : : ), thus madeavailable to applications at run-time. In this way codemay be evaluated or even generated depending on run-time (computed) information. In Tycoon full type safetyis guaranteed, even in the presence of run-time andcompile-time re
ection, by the consistent use of dynamictypes in the Tycoon compile-time and run-time environ-ments. The following example shows the binding of thesubtype checking function of the compiler and its use fordynamic values at run-time:let isSubType = re
ect(:Fun(t1, t2 :typeRep T) :Bool"isSubType")(* - - transmit dynamic value, e.g. via network: *)let dynamicValue = receive(: : : )if isSubType(typeOf(dynamicValue) :Book) then : : : endBehavioral re
ection [Kirby et al. 1996] is a secondkind of re
ection supported by Tycoon. It is achieved byin
uencing Tycoon's interpreter loop and the run-timesystem of the Tycoon Machine. For example, the follow-ing code marks the image napoleon as immobile. Conse-quently, if the book napoleonicWars which references theimage napoleon is transferred, the image is not copied;instead a remote reference to the image is introduced:markAsImmobile(napoleon)sendTo(newYork napoleonicWars)In summary, Tycoon is a powerful framework whichprovides much of the functionality required to makemulti-functional and multi-media application systemspersist in turbulent environments such as open, hetero-geneous and networked information infrastructures.5 The Warburg Electronic Library ProjectThe Warburg Electronic Library Project (WEL) beganwithin the framework of an interdisciplinary cooperation[Nieder�ee et al. 1996] between our group and the ArtHistory department at the University of Hamburg. Thegoal of this cooperation is the examination, developmentand application of digital libraries for art history researchpurposes.The development of this particular digital library fo-cuses on two topics:. understanding the special requirements of the appli-cation domain and their adequate realization;. personalization of a working environment for art his-tory research by tailoring personal digital referencelibraries to the needs of individual information con-sumers and speci�c tasks.5.1 The Application DomainThe application domain of art history is dominated byimage material augmented by texts and multi-media ar-tifacts such as �lms and audio documents. Art history



Linguistic and Architectural Requirements forPersonalized Digital Libraries 13research stresses the examination of themes, the identi�-cation of represented icons (symbols), events and personsand their classi�cation according to these issues. In thehandling of image material automatic image processingplays only a subordinate role. Most of the informationhas to be added by people in a value adding process.This style of image handling is not restricted to arthistory. Other areas such as marketing and press archivesare also primarily interested in themes and messagestransported by their artifacts as well as the representedobjects and persons.The PI-IndexPolitical Iconography (PI) is the area of art history whichexamines political messages conveyed in images show-ing regents, politicians, ceremonies, political acts, etc.The underlying assumption of the PI is that the e�ectsof political actions are not restricted to contracts andpolitical documents but are also depicted in paintings,monuments and buildings.The art history department has developed an elabo-rated ontology for the classi�cation of images accordingto their political messages called the PI-Index . This on-tology consists of a hierarchy of terms referring to pol-itics, political acts, and social phenomena. It includesterms as varying as science, marriage, democracy, shep-herd, and revolution.The classi�cation of image material according to thisontology cannot be done automatically. It is itself a re-sult of scienti�c work in the area of art history. About250,000 cards with photographs of paintings, etc. show-ing politicians, political acts and ceremonies, battles andsocial events from all epochs and countries are alreadyclassi�ed according to this scheme. The classi�cation isnot disjoint, many cards are assigned to several terms ofthe index.5.2 Tokens and Artifacts in the Warburg ElectronicLibraryPhotographs or prints of paintings showing regents orrelated matters, associated texts, speeches of politicians,and documentary �lms about regents like Napoleon,form the relevant information tokens in this digital li-brary. The tokens are created and included into the in-formation universe through scanning or an equivalentdigitalization process. A further source of tokens is textediting. Scanned image tokens are stored as bit vectorsin formats like JPEG or GIF. In Tycoon types are asso-ciated to these bit vectors and routines, preventing theerroneous use of bit vectors and routines. The follow-ing example shows the association of a type T and theroutines scan and display for JPEG images:let jpeg = tupleLet T = : : :let scan = bind(:Fun() :T "imageLib""scan jpeg image")

Fig. 5. Napoleon crossing the Alpes at St. Bernhardlet display = bind(:Fun(:T) :Ok "imageLib""display jpeg image")endlet jpegImage = jpeg.scan()jpeg.display(jpegImage)As mentioned in Section 4 the bind function in Tycoonis used to include external, machine-dependent routinesscan jpeg image and display jpeg image that work onJPEG �les.On this level the tracing environment may provide in-formation about the date of digitalization and the iden-ti�cation of the person creating this token.The tokens are taken as starting points for the ar-tifact construction. The image token showing Napoleoncrossing the Alps, for example, is taken as a basis for anartifact as illustrated in Figure 5. The artifact containsa reference to the scanned painting (image token) and athumbnail copy of it, as well as information about theartist, the title, and the date of the the painting as wellas the location where the original painting can be foundand the source of the scanned print of the painting.In addition, the artifact is accompanied by content-descriptive metadata: It is classi�ed according to the on-tology of the PI-Index and the regent pictured by thetoken, here Napoleon, is speci�ed. This additional infor-mation can be considered as information tokens from aprivate information source.The type representation of this artifact in Tycoonlooks as follows:Let PIArtifact = TupleoriginalImage :Reference(jpeg.T)thumbnailImage :jpeg.Ttitle :Stringdate :Date: : :end



14 Joachim W. Schmidt, Gerald Schr�oder, Claudia Nieder�ee, and Florian MatthesReference is a data type which abstracts from thedistinct kinds of possible bindings like external/internal,local/remote etc.The Warburg Electronic Library maintains a largecollection of these artifacts together with services fortheir persistent storage, transmission, retrieval, and pre-sentation. On the language level retrieved artifacts maybe included into a list of type list.T(PIArtifact) and theassociated thumbnail images may be displayed by usingiteration abstraction provided as generic services by aTycoon library.list.forEach(artifactSelection fun(a :PIArtifact)jpeg.display(a.thumbnailImage))The library is augmented by an Oracle database con-taining historical data on regents of all centuries. TheTycoon SQL-gateway to Oracle databases is describedin Section 4. Looking up historical data about Napoleonis accomplished by the following function of the SQLinterface.oracleSQL.lookup(regents "Napoleon")In addition to image artifacts and structured datathe Warburg Electronic Library also contains text col-lections, e.g. about political iconography and politicalevents. These collections can be searched by an Inqueryinformation retrieval engine. Employing the Tycoon In-query gateway the collection can be searched in the samelanguage framework as the Oracle database.inquery.eval(politicalEvents"Anything about Napoleon and Waterloo")The query results thus can be easily combined, e.g.in order to prepare a presentation about Napoleon atWaterloo with historical dates from the database re-gents and text information from the text collection po-liticalEvents.5.3 Personal Reference LibrariesDigital libraries provide multi-media material for groupsof information consumers. To secure the success of a com-plex task a working environment tailored to the indi-vidual requirements of the consumer and to the speci�ctask is necessary. The development of such personalized,cooperative working environments called personal refer-ence libraries is currently being examined in our group.Personal digital reference libraries can be stored persis-tently and exchanged with other persons who work onthe same or a similar topic.An example of the construction of a personal refer-ence library is the preparation of a publication and/ordemonstration on equestrian portraits of regents through-out the centuries.The ontology PI-Index includes the terms Reiterbild ,i.e. equestrian portrait, and Herrscher , i.e. regent. Theset of pictures and other material classi�ed into bothcategories can thus be easily accessed using the servicesof the digital library.

In the next step a personal reference library can becreated for the special task by selecting representativepictures and related text material from the di�erent cen-turies. The selected pictures can be annotated with com-ments giving, for example, the reason for the choice, orideas for the publication. Further information such asthe date of inclusion, the creator of the artifact, and thesource of the information can be added automaticallyfrom the tracing environment.Since personal reference libraries are also artifacts(compare Figure 1) the di�erent supported binding mech-anisms can be exploited to realize the separation betweenthe public scope of the digital library and the private tai-lored scope of the personal reference library.. Remote bindings to relevant paintings in other artcollections and local bindings to paintings organizedin the PI-Index can be established and stored in localobject stores.. Information on artists, available on CD-ROM, maybe included in the personal library by external ref-erences in order to gain a better understanding ofindividual paintings.. Stored parameterized queries can be used to estab-lish dynamic bindings to contemporary paintings ofhorses and other animals, evaluating the query ondemand for di�erent parameters specifying the timeframe of interest.. Text information about the illustrated event, the re-gent or equestrian portraits in general can be in-cluded by remote references to entire publicationscomplemented by copies of text passages consideredimportant for the publication in work.. Autonomous bindings (agent technology) can be ex-ploited to search further art collections for represen-tative equestrian portraits of regents. The respectiveagent may be resent periodically in order to retrievethe most actual publications and newly created to-kens and artifacts.Personal reference libraries are created stepwise, scan-ning the available material in several sessions, includingnew more adequate tokens and artifacts, possibly reject-ing previous choices.This requires a binding environment that can be up-dated dynamically (inserting and deleting bindings). Dy-namic environments as proposed in [Dearle 1989] areconsidered a good starting point for the realization ofthese dynamic artifacts. The combination of the variousbinding mechanisms with the concept of a dynamic en-vironment is a topic of current research.6 Conclusions and Future ResearchCentral to our view of digital libraries over networkedinformation tokens is the value-added construction ofinformation artifacts and their use in personalized in-formation environments. The library processes of arti-fact construction and use are enabled and supported byadvanced binding and tracing environments which placesubstantial demands on the linguistic and architectural



Linguistic and Architectural Requirements forPersonalized Digital Libraries 15requirements for digital libraries. Although languagesand systems such as Tycoon meet many of the require-ments requested, there remains the practical problem ofhow to best organize and customize the concrete soft-ware which implements such advanced environments forlibrary process support.On various occasions in this paper we mentioned al-ready the similarity between digital libraries with infor-mation artifacts and software libraries (e.g. [Meyer 1990;Meyer 1994]) with generic software tokens and cus-tomized software artifacts constructed for speci�c use.Based on our initial experience we expect that muchof the functionality of the binding and tracing environ-ments for information artifacts can also be used for theconstruction and use of the software artifacts requiredby digital libraries. The �rst-class status of data, codeand threads in Tycoon provides a promising frameworkfor such an approach.On the technology level, we have a vested interest inthe extension of our binding technology, e.g., by the con-cept of versioned bindings and by extended operationson structured collections of bindings.The most relevant input, however, for the future de-velopment of digital libraries we expect from our cooper-ation with potential user communities which have boththe relevant library contents as well as the pragmaticsof how to use them. From their feedback we expect togain the domain knowledge which is required to designand realize the adequate abstractions for future digitallibraries.Acknowledgement. This researchwas supportedby Esprit ProjectsISC-CAN-080 and 22552-PASTEL.Ackerman and Fielding 1995: Ackerman,M.S. and Fielding, R.T.Collection maintenance in the digital library. In Proceedingsof the Second Annual Conference on the Theory and Practiceof Digital Libraries, June 1995.Balabanovic and Shoham 1995: Balabanovic, M. and Shoham, Y.Learning inforamtion retrieval agents: Experiments with au-tomated web browsing. In Proceedings of the AAAI SpringSymposium on Information Gathering from Heterogeneous,Distributed Resources, March 1995.Birmingham 1995: Birmingham, W.P. An agent-based architec-ture for digital libraries. In Proceedings of the Second AnnualConference on the Theory and Practice of Digital Libraries,June 1995.B�ohm and Rakow 1994: B�ohm, K. and Rakow, T.C. Metadatafor multimedia documents. Sigmod Record, 23(4):21{26, De-cember 1994.Broglio et al. 1994: Broglio, J., Callan, J.P., and Croft, W.B. In-query system overview. In Proceedings of the TIPSTER TextProgramm (Phase 1), pages 47{67. Morgan Kaufmann Pub-lishers, 1994.Callan et al. 1991: Callan, J.P., Croft, W.B., and Harding, S.M.The Inquery retrieval system. In Proceedings of the ThirdInternational Conference on Database and Expert Systems,1991.Cameron 1994: Cameron, R.D. To link or to copy? Four prin-ciples for materials acquisition in internet electronic libraries.Technical Report CMPT TR 94-08, School of Computing Sci-ence, Simon Fraser University, December 1994.
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