The Arc hitecture of a A Massiv ely

Distributed Hyp ermedia System

F rank Kapp e, Gerald P ani

Institute for Information Pro cessing

and Computer Supp orted New Media (I ICM),

Graz Univ ersit y of T ec hnology , Graz, Austria

Abstract

F or ab out 50 y ears computer science pioneers ha v e dream t of augmen ting their in tel-

lect b y sharing the collectiv e kno wledge of individuals with eac h other through a global

net w ork of mac hines. Ho w ev er, un til recen tly the tec hnology to implemen t suc h a “global

information system” w as not a v ailable at reasonable cost. W e b eliev e that to da y’s tec h-

nology and concepts w ould allo w to create an am bitious information and comm unication

system based on h yp ermedia principles that w ould b e massiv ely distributed (i.e. o v er the

whole w orld).

This pap er first compares the old visions with systems that are a v ailable to da y . Then

w e describ e the arc hitecture of a global, general-purp ose h yp ermedia system in an ev olu-

tionary w a y , i.e. w e sho w ho w it can b e dev elop ed using tec hniques already explored b y

existing pro jects. The resulting global information system is sp ecifically designed to op er-

ate in the real-w orld en vironmen t of the in ternet and mak es efficien t use of its structure.

1

2 1 GRAND VISIONS

1 Grand Visions

V annev ar Bush’s 1945 article “As w e ma y think”[ 3 ]

1

marks the b eginning of the long and colorful

history of h yp ertext and h yp ermedia. Bush, who w as then Presiden t Ro osev elt’s director of

the Office of Scien tific Researc h and Dev elopmen t, sp eculated ab out a device called “memex”

that con tained not only p ost-w ar literature but also sk etc hes, photographs, and p ersonal notes.

The mac hine w ould let y ou bro wse and mak e “asso ciativ e trails” (figure 1) b et w een an y p oin ts

of the library , and later on y ou could tra v erse these trails. The system w as conceiv ed for

large amoun ts of do cumen ts (Bush talks ab out inserting 5000 pages of material ev ery da y for

h undreds of y ears) and relied on microfilm and optical tec hnology instead of computers

2

. Of

Course, “memex” w as nev er implemen ted.

Figure 1: Hyp ertext: do cumen ts connected b y links

Douglas Engelbart w as the first computer pioneer to b e influenced b y Bush’s concepts of asso-

ciativ e links and bro wsing. In 1962 – at a time when computing resources w ere so exp ensiv e

that nob o dy though t ab out using them in teractiv ely and for nonn umeric tasks suc h as text pro-

cessing – Engelbart started w ork on the Augmen t pro ject, also kno wn as NLS (for oN-Line

System) at the Stanford Researc h Institute [ 9 ]. This system w as designed to store memos,

researc h notes, and do cumen tation. It w as the the first to pro vide an on-line help system,

in tegrated mail, and m ultiple windo ws. Because sp eed w as imp ortan t, Engelbart in v en ted the

no w w ell-kno wn mouse as input device.

1

Y ou probably w on’t b e able to get the original. F ortunately , the article w as reprin ted in [ 4 ] and [ 20 ].

2

One other prediction of V annev ar Bush regarded “electronic brains” the size of the Empire State Building

with a Niagara-F alls-equiv alen t co oling system for their tub es and rela ys – y ou can not alw a ys guess righ t.

T ed Nelson coined the term “h yp ertext” in 1965. He en visaged an ev en more sophisticated

system called Xanadu [ 19 , 20 ], an ev er-gro wing rep ository of ev erything that an yb o dy has

ev er written – the publishing utilit y of the future – with additional comm unication supp ort. In

order to store this univ erse of do cumen ts (Nelson calls it “do cuv erse”), Xanadu is designed to

run on a net w ork of computers – a distributed h yp ertext system. Ho w ev er, while some parts

of Xanadu ha v e b een a pro duct of the Xanadu Op erating Compan y since 1990, Nelson’s gr and

vision has nev er b een implemen ted and probably nev er will b e [ 22 ].

With the adv en t of p o w erful p ersonal computers and w orkstations, the term “h yp ertext” trans-

formed to “h yp ermedia” to emphasize the fact that other media than text (suc h as graphics,

sound, video, animation) can also b e managed and link ed together. Since it do es not mak e to o

m uc h sense to reserv e a term for text-only systems, w e will use “h yp ertext” and “h yp erme-

dia” in terc hangeably , and it should b e clear that ev erything that is said ab out h yp ertext also

applies to h yp ermedia.

The list of h yp ertext pioneers w ould b e incomplete without men tioning Sam F edida, who had

similar ideas[ 10 ] concerning large-scale, publicly a v ailable information systems in Europ e, and

can b e regarded as the father of videotex. Although videotex relies on c heap terminals, ordinary

telephone lines, and consequen tly offers only relativ ely simple h yp ermedia features, with its

11 million users w orld-wide

3

, it can b e considered to b e the first successful implemen tation of

h yp ertext as a mass medium.

2 Do wn to Earth

T o da y w e see a n um b er of p opular, commercially viable, stand-alone systems and to ols (e.g.,

Hyp erCar d, Sup erCar d, Guide, T o olb o ok ) that conform to “h yp er-”principles in that they allo w

to create link ed pieces of information. Ho w ev er, they cannot b e considered “real h yp ertext”

systems according to T ed Nelson’s definition and the ideas describ ed b efore, due to the lac k of

comm unication features and the limitations on database size. Also, the user in terface metaphor

of suc h systems is more targeted to w ards bro wsing kno wledge in a w a y predetermined b y an

author than finding facts[ 17 ] in an information system.

There are also a n um b er of researc h implemen tations of large-scale information systems from

institutions lik e Bro wn Univ ersit y ( Interme dia [ 18 , 26 ]), the Univ ersit y of Maryland ( Hyp erties

[ 23 ]), and Xero x P AR C ( NoteCar ds [ 12 ]). More complete surv eys on h yp ermedia systems can

b e found in [ 7 ], [ 22 ] and [ 25 ]. In general, those systems tend to b e restricted to a lo cal or

distributed file system, and often are dev elop ed for a limited set of platforms.

On the other hand, the tec hnical prerequisites for designing the publication and comm unication

medium of the global village using h yp er-principles lo ok brigh t as nev er b efore. The in ternet

3

F rance alone pro vides 17,000 services through T élet ´ el , has an installed base of o v er 6 million terminals, with

85 million calls (7.4 million hours connect-time) p er mon th (as of Jan uary 1992).

4 2 DO WN TO EAR TH

connects 992,000 host computers w orld-wide (July 1992), and gro ws ab out 100% p er y ear[ 16 ].

Use of the clien t-serv er mo del allo ws a v ariet y of platforms to in terop erate in a distributed

fashion. Existing information retriev al systems suc h as Arc hie[ 8 ], Gopher[ 1 ], Prosp ero[ 21 ] and

W AIS[ 13 , 24 ] mak e use of clien t-serv er proto cols o v er wide-area in ternet but lac k h yp ertext

functionalit y (with the exception of the W orld-Wide-W eb pro ject[ 2 ]).

F rom a systems dev elopmen t view, a distributed system designed to w ork in a LAN o v er

TCP/IP can b e distributed o v er the whole in ternet without c hange. Ho w ev er, transmission

bandwidth is not ev enly distributed in the net w ork (as is computing p o w er). The in ternet

consists of ab out 16,300 lo cal area net w orks (so-called domains) with an a v erage 60 hosts

eac h[ 16 ]. While the LANs are usually fairly fast ( ≥ 10 Mbits/s), the connections b et w een

them are t ypically m uc h slo w er (sometimes phone lines). In addition, sending a pac k et to a

computer far a w a y ma y require the pac k et to pass through a n um b er of gatew a ys and satellite

links, whic h in tro duces a significan t dela y for eac h pac k et sen t, th us reducing in teractivit y .

Figure 2: The in ternet consists of high-sp eed LANs (“domains”) connected b y slo w er links

In this pap er w e presen t the arc hitecture of a massiv ely distributed h yp ermedia system (i.e.,

it can b e distributed o v er the whole in ternet) that is sp ecifically designed to op erate in this

real-w orld en vironmen t of fast LANs connected b y slo w er W ANs (Figure 2).

F or ease of understanding, let us ev olv e the global system in fiv e steps. The first step in tro duces

the clien t/serv er concept as used b y most existing distributed information systems. In a second

step w e dev elop a simple distributed h yp ertext system, lik e the one implemen ted b y the W orld-

Wide-W eb pro ject. The third step describ es the arc hitecture of Hyp er-G, the h yp ermedia

system curren tly dev elop ed at the Graz Univ ersit y of T ec hnology . In t w o follo wing steps w e will sho w ho w Hyp er-G can b e extended to act as a global h yp ermedia system, v ery m uc h lik e

the ones en visaged b y the h yp ertext pioneers.

3 Clien ts and Serv ers

Mo dern m ulti-user information systems are often implemen ted as distributed systems with

soft w are concurren tly executing on a n um b er of information serv ers on one hand and end-user

user in terfaces (’clien ts’) on the other. This offers the follo wing adv an tages when compared to

the old ’on-line’ paradigm of in teractiv e logins from terminals to a cen tral mainframe:

• In con v en tional, terminal-based systems ev ery k eypress has to b e transmitted to and

answ ered b y the host computer. This leads to a soft real-time problem, as it is w ell-

kno wn that a resp onse time larger than ab out 250 milliseconds confuses users[ 5 ]. A

lo w er resp onse-time v ariance seems to b e more imp ortan t than absolute resp onse times

[ 6 ]. In order to ac hiev e that kind of p erformance with h undreds of on-line users, exp ensiv e

mainframes are required. Also, the net w ork is flo o ded with a n um b er of tin y pac k ets

(one for ev ery k eypress), whic h w astes bandwidth (e.g., v ery inefficien t with tok en ring

net w orks).

In the clien t/serv er approac h, lo cal in telligence of the user’s computer is used to implemen t

the complete user in terface (cursor mo v emen t, scrolling, en tering k eyw ords, searc hing . . . ).

Only when new data is required, it is fetc hed from the serv er, usually in large blo c ks.

Pro cessing of this data (e.g., decompressing, deco ding, formatting . . . ) is then again done

in the lo cal computer. This mo del dramatically reduces serv er and net w ork load. Also,

exp erience sho ws that users are willing to accept, e.g., to w ait a few seconds for a database

query , if the clien t soft w are supplies them with immediate feedbac k ab out the acceptance

of the query .

• If the system is to b e distributed in a wide area (e.g., w orld-wide), in teractiv e logins

can b e considered unacceptable. Satellite links pro vide reasonable transmission rates,

but in tro duce a significan t dela y (ab out 500 milliseconds) for ev ery pac k et. Therefore,

transmission and ec hoing of individual k eystrok es tak es a long time, while the clien t/serv er

concept with few but large blo c ks of data b enefits from the high transmission rate.

• In teractiv e use means reduction of the user in terface to the smallest common denominator

(e.g. VT100 terminal: no mouse, no graphics, no sound). F or users used to w ork with

windo ws, this lo oks lik e the stone age of computing.

In the clien t/serv er mo del the clien t (sometimes also called view er) can use all the features

of the user’s hardw are and soft w are en vironmen t (suc h as windo ws, icons, p oin ting devices,

bitmapp ed graphics, sound . . . ). Also, it is p ossible to c ho ose from a n um b er of differen t

clien ts, so that users can use their fa v orite lo ok-and-feel (e.g. MS-Windo ws, Mac Finder,

NeXTStep). In addition, it is easily p ossible to imp ort data from the clien t to other (e.g.

text pro cessing) soft w are b y means of a clipb oard.

• A clien t can connect to m ultiple serv ers (ev en using differen t proto cols) and presen t

information to the user using a consisten t user in terface. In con trast, with remote logins

the user has to adopt to the differen t user in terfaces of differen t information pro viders.

Because of ab o v e b enefits, existing distributed information systems suc h as Gopher, W orld-

Wide-W eb and W AIS implemen t the clien t/serv er concept.

4 A Simple Distributed Hyp ertext System

Let us no w consider a simple distributed h yp ertext system with clien ts and serv ers. F or imple-

men tation of suc h a system t w o imp ortan t design decisions ha v e to b e resolv ed:

1. Ho w are do cumen ts stored and addressed?

2. Ho w are links stored and follo w ed?

As w e w an t to ha v e a distributed system, w e opt to store do cumen ts on a n um b er of computers

connected b y a net w ork. On an y suc h computer there exists a “do cumen t serv er”, i.e. a

pro cess that sends do cumen ts up on request b y the clien t. Retriev al of do cumen ts requires the

definition of a common proto col shared b y all clien ts and serv ers. The proto col can b e v ery

simple: Basically , the clien t sends a certain “selector string” con taining an iden tification of the

do cumen t – the “do cumen t iden tifier” – to the serv er (a certain p ort n um b er on a certain host),

and then the serv er sends bac k the do cumen t o v er the same connection (figure 3). This is

the approac h that systems lik e Gopher (though not a h yp ertext system) and W orld-Wide-W eb

tak e.

An imp ortan t issue is the addressing of do cumen ts, i.e. the format of the “do cumen t iden tifier”

men tioned b efore. The iden tifier has to serv e t w o purp oses:

1. T o uniquely iden tify the do cumen t, similar to ho w an ISBN n um b er iden tifies a b o ok.

Ob viously , a certain mec hanism has to guaran tee that no t w o do cumen ts should share

the same iden tifier, unless the do cumen ts are exact copies of eac h other.

2. T o address the do cumen t, i.e. tell the clien t ho w to get it, including sp ecification of the

host and p ort n um b er to con tact and selector string to send.

Observ e that the t w o requiremen ts are to some exten t con tradictory: Because of the need

for addressing, t w o iden tical copies of a do cumen t stored on t w o differen t mac hines will get

t w o differen t do cumen t iden tifiers. Also, if a do cumen t “mo v es” from mac hine to mac hine, its

do cumen t iden tifier c hanges. Consequen tly , there has b een a sometimes con tro v ersial discussion

on the topic of “Univ ersal Do cumen t Iden tifiers (UDIs)” within the net w orking comm unit y .

Concerning the implemen tation of links, the easiest solution – and the one adopted b y most

h yp ertext systems – is to store links directly within do cumen ts. E.g., within a text do cumen t,

Figure 3: A simple clien t/serv er proto col that can b e used for distributed h yp ertext

a link (more precisely: the source anc hor of a link) is surrounded b y sp ecial escap e c haracters,

or – in the case of SGML do cumen ts – b y certain SGML tags (figure 4). Bet w een the mark ers

there is a text that is to b e displa y ed in some highligh ted manner (i.e. what the user sees)

and the do cumen t iden tifier of the target do cumen t (in visible for the user). When the user

selects the links (e.g. b y clic king on the highligh ted phrase) the clien t retriev es the destination

do cumen t based on in terpretation of the in visible part of the link.

The rather simple sc heme as presen ted b y no w allo ws for w orld-wide distributed h yp ertext using

the in ternet. Do cumen ts are easy to create, and b oth serv er and clien t soft w are is easy to write.

Moreo v er, its feasibilit y has already b een demonstrated b y the W orld-Wide-W eb pro ject[ 2 ].

Ho w ev er, the concept app ears to b e to o simple in some resp ects, including:

• It is not p ossible to searc h the whole w eb for k eyw ords.

• The fact that links are stored within do cumen ts means that c hanging a link requires

c hange of the do cumen t. This is clearly a disadv an tage in the follo wing situations:

– The do cumen t cannot b e c hanged, e.g. b ecause it resides on a CD-R OM, or b ecause

it is stored on a remote computer and the proto col prev en ts writing of do cumen ts.

– The user has no p ermission to c hange the do cumen t. E.g., the user w an ts to attac h

an annotation to an encyclop edia en try . Ob viously w e do not w an t users to c hange

encyclop edia en tries but w e do w an t to allo w them to attac h p ersonal links (anno-

tations).

Figure 4: Links can b e stored within do cumen ts (SGML example)

• In a m ulti-user en vironmen t, w e w ould lik e to ha v e the abilit y to create priv ate links, i.e.

attac h access righ ts to links. In the simple system, access righ ts can only b e attac hed to

a whole do cumen t, including all the links of the do cumen t.

• Links cannot b e traced bac kw ards (unidirectional links), i.e. there is no w a y of finding all

do cumen ts that link to a giv en do cumen t. This is a serious disadv an tage for t w o reasons:

– Whenev er a do cumen t is deleted or mo dified, the system is not able to tell what

other do cumen ts refer to the do cumen t in question. This means that in suc h cases

references to nonexisten t or outdated do cumen ts remain in the w eb, making it im-

p ossible to guaran tee w eb in tegrit y . Esp ecially in large m ulti-user systems, where

the p erson deleting a do cumen t can not b e exp ected to kno w of all the links to that

do cumen t, this is completely unacceptable.

– The system can only sho w the links that ha v e the curren t do cumen t as their depar-

ture p oin t but not the ones that arriv e at the curren t do cumen t. In other w ords,

the system cannot answ er the question: ’What other do cumen ts refer to the curren t

do cumen t?’. They are also unable to giv e the user an o v erview of the structure of

the information net w ork around the curren t do cumen t (lik e in Figure 1), although

suc h an o v erview (“graphical bro wser”) could decrease the disorien tation of users

that is often rep orted in conjunction with h yp ertext systems.

• When used in a wide-area net w ork suc h as the in ternet, traffic will b e high and p erfor-

mance will b e mo derate due to the large n um b er of do cumen t retriev als from far a w a y .

5 A Lo cal Area Hyp ermedia Arc hitecture

Because of the shortcomings of the simple system outlined ab o v e, w e will no w describ e a

more p o w erful, alb eit more complex arc hitecture for a distributed h yp ermedia system that is

implemen ted in Hyp er-G, the h yp ermedia system curren tly dev elop ed at the Graz Univ ersit y of

T ec hnology . Hyp er-G is designed to run in a fast lo cal area (e.g. campus-wide) net w ork. As a

first application, Hyp er-G is used as the basis of the univ ersit y information system of the Graz

Univ ersit y of T ec hnology[ 15 ]. In the forthcoming sections w e will then sho w ho w this concept

can b e transformed in to a global distributed h yp ermedia system.

Figure 5: Link serv er proto col (see text for explanation)

The basic idea is to strictly separate links from do cumen ts. Links are stored in a so-called link

server

4

, while do cumen ts remain in do cumen t serv ers (for no w). The link serv er is an ob ject

orien ted database of “ob jects”, i.e. descriptions of do cumen ts, links, anc hors, collections, tours,

remote databases, etc. (for an in-depth description of Hyp er-G ob jects and features see [ 14 ]) as

w ell as relations b et w een suc h ob jects (e.g., whic h anc hors are attac hed to whic h do cumen ts,

whic h source anc hors are connected to whic h destination anc hors/do cumen ts, whic h do cumen ts

b elong to whic h collection, etc.). The link serv er serv es the follo wing purp oses:

• It assigns ob ject IDs to ob jects and assures that no t w o ob jects can share the same ID.

In addition, it is guaran teed that when an ob ject is mo dified, it receiv es a new ob ject ID

so that it can b e distinguished from the old v ersion. Also, when an ob ject is deleted, its

ID cannot b e reused.

4

It should b e noted that the link serv er concept as w ell as bidirectional links are also implemen ted in the

In termedia[ 11 ] system.

• It maps ob ject IDs to ob jects. In Hyp er-G, an ob ject ID is just a unique n um b er (simi-

lar to an ISBN n um b er or a mail message id) assigned to ev ery ob ject (and hence ev ery

do cumen t). In the link serv er (and only there) more information on the ob ject is stored

(suc h as title, author, creation date, and – in the case of do cumen ts – also the data nec-

essary to retriev e the do cumen t from a do cumen t serv er). Therefore, should a do cumen t

b e c hanged (sa y , mo v ed from serv er A to serv er B) only the information in the link serv er

has to b e up dated.

• It maps anc hors to do cumen ts. In con trast to the simple system describ ed b efore, Hyp er-

G do cumen ts do not directly con tain link information. Instead, the link serv er (and only

the link serv er) kno ws what the source anc hors (i.e. the “hot sp ots”) in the do cumen t

are and transmits this information to the clien t together with the do cumen t ob ject (see

figure 5; top righ t). The clien t then uses the do cumen t ob ject to retriev e the do cumen t

(without links) from the do cumen t serv er, merges do cumen t and anc hors, and displa ys

them. Should the user clic k on an anc hor, the clien t transmits the anc hor ID (again, just

a n um b er – no indication of target do cumen t) to the link serv er, whic h in turn finds the

corresp onding destination do cumen t, returns it to the clien t, and the story con tin ues.

This allo ws to mo dify link information indep enden tly from do cumen ts, and enables priv ate

links (if the user has no p ermission to follo w the link, it just isn’t forw arded to the clien t).

• A cen tralized link store enables the system to trace links bac kw ards, whic h is a precon-

dition for automatic link main tenance (e.g. detection of links p oin ting to deleted do c-

umen ts; insertion of preliminary links to non-y et-existing do cumen ts and creating them

automatically when the destination do cumen t is ev en tually inserted) and adv anced user

in terfaces (suc h as graphical bro wsers).

• It allo ws complex queries o v er the whole database (e.g., “Giv e me do cumen ts with title

con taining UNIX , created b y fkapp e after 92/06/01 ”) or part of the database. As sho wn

on the lo w er righ t side of figure 5, the clien t transmits the query to the link serv er, whic h

answ ers with a n um b er of ob jects (e.g., do cumen ts). The clien t soft w are w ould then

let the user c ho ose from the list of hits, and ev en tually a do cumen t w ould b e retriev ed

from a do cumen t serv er. As Hyp er-G do cumen ts are organized in a hierarc h y of so-called

c ol le ctions , searc h can b e limited to a certain subset of the collection hierarc h y .

• As a m ulti-user database, it also allo ws immediate notification of clien ts as a result of

c hanges in the database relev an t for that clien t, among other things...

In order to prepare the forthcoming sections, it will b e necessary to tak e a lo ok at the in ternals

of the link serv er and see ho w the link serv er accomplishes this. Figure 6 sho ws an example

of ho w links are represen ted in the database b y means of a n um b er of ob jects and relations

b et w een ob jects:

• The Do cument ob ject holds information ab out a do cumen t, including do cumen t t yp e,

author, title, as w ell as access information (e.g., host, p ort, proto col). All ob jects are

iden tified b y a unique ob ject ID – curren tly just 32-bit n um b ers – and can efficien tly

b e searc hed for b y ob ject ID, title, author, etc. Care has b een tak en to store ob jects

Figure 6: Some of the link serv er’s in ternal ob jects and relations

in a flexible manner, so that the list of ob ject attributes can b e easily extended. Also,

no references to other ob jects are made within ob jects. Instead, all suc h references are

handled b y relations.

• The A nchor ob ject represen ts an anc hor, i.e. a certain p osition within a do cumen t.

Among other attributes suc h as author and access righ ts anc hors k eep a Position attribute

that sp ecifies the p osition of the anc hor within a do cumen t. The format of the p osition

attribute dep ends on the do cumen t t yp e the anc hor is attac hed to (e.g. text, image,

sound . . . ) and is ignored b y the link serv er, but sub ject to in terpretation b y the clien t.

• The Link ob ject is used to store certain attributes of the link (suc h as link t yp e, author,

creation date, access righ ts . . . ) and is used to filter and to searc h for certain links (e.g.

dep ending on link t yp e).

• The Do cument-A nchor R elation sp ecifies whic h anc hors b elong to whic h do cumen ts b y

means of their ob ject ID. As it can b e searc hed in either direction it ma y b e used to find

all the anc hors of a giv en do cumen t, or to find the do cumen t a certain anc hor b elongs to.

• The Link-A nchor R elation joins t w o anc hors (the sour c e and destination anc hor) as w ell

as a link ob ject to form a link. Sometimes (in fact in most cases) the destination anc hor

will b e the whole do cumen t. In order to sa v e some space and execution time, in this sp ecial

case no destination anc hor ob ject exists and the destination anc hor field of the link-anc hor

relation will directly store the destination do cumen t. Note that this relation defines whic h

anc hors serv e as source and whic h as destination anc hors. The anc hors themselv es ma y

b e used in either direction. As this relation ma y also b e searc hed in an y direction, links in Hyp er-G are bidirectional (i.e. the link serv er ma y also find all ob jects that link to a

certain do cumen t).

Let us no w consider what happ ens when the clien t retriev es do cumen t “1234” to displa y it

(lo oking at figures 5 and 6):

1. The clien t sends a request for do cumen t “1234” to the link serv er. The link serv er answ ers

b y returning do cumen t ob ject “1234” as w ell as anc hor ob jects attac hed to this do cumen t

(found in the do cumen t-anc hor relation), including anc hor ob ject “1235”.

2. The clien t uses access information ( Host, Port, Pr oto c ol, Path ) con tained within do cu-

men t ob ject “1234” to retriev e and displa y the do cumen t, and the Position information

con tained within the anc hor ob jects to highligh t the anc hors. Let us assume that the user

no w clic ks on anc hor “1235”.

3. The clien t sends anc hor ID “1235” in a request for the corresp onding destination do cu-

men t. The link serv er finds “1235” as a source anc hor in the link-anc hor-relation, p ossibly

c hec ks the attac hed link ob ject “3000” to see if the user is authorized to access that link,

and uses the attac hed destination anc hor “2001” to find the corresp onding destination

do cumen t “2000” in the do cumen t-anc hor relation. As in step 1, the link serv er returns

do cumen t ob ject “2000” as w ell as the anc hors attac hed to it, and the story con tin ues

with step 2...

As has b een said b efore, the link serv er ma y also b e used to query the database. In this case,

the ob ject database is searc hed for matc hing do cumen t ob jects, whic h are then sen t to the

clien t. The clien t will t ypically displa y a list of the matc hes and the user will select one. F rom

then on, the sequence of ev en ts is as describ ed ab o v e.

While the concept of link serv ers offers the adv an tages already describ ed, it also suffers from a

few shortcomings:

• Both the serv ers and the clien ts are more complex than the simple sc heme describ ed in

the previous section.

• Ob viously , there will b e some traffic b et w een the link serv er and the clien t, although only

relativ ely short pac k ets ha v e to b e transmitted. Therefore, w e ha v e to assume that b oth

reside in the same LAN to ac hiev e reasonable p erformance.

• There has to b e exactly one link serv er, while the n um b er of do cumen t serv ers and clien ts

is p oten tially unlimited. Ho w ev er, do cumen t serv ers ma y also b e not part of the LAN,

but distributed all o v er the in ternet.

• If the do cumen t serv ers are far a w a y (in “bandwidth metric”), there is still high long-

distance traffic to retriev e do cumen ts and p erformance will b e mo derate.

As a conclusion, the system as presen ted b y no w is w ell adapted for use in LANs, but not a

truly distributed system suited for the in ternet. In the follo wing t w o sections w e will sho w ho w

this disadv an tage can b e eliminated.

6 Do cumen t Cac he Serv ers

Let us first concen trate on the problem of slo w access to do cumen ts o v er wide-area in ternet. A

w ell-kno wn tec hnique routinely used under suc h circumstances is that of cac hing. In tro duction

of a do cumen t cac he serv er leads us to the arc hitecture sho wn in figure 7:

Figure 7: Adding a do cumen t cac he serv er p er LAN b o osts p erformance

Clien ts do no longer connect directly to do cumen t serv ers. Rather, all do cumen t requests are

routed through the do cumen t cac he. The clien t sends the do cumen t ob ject (including ID,

host, p ort, proto col, path . . . ) to the do cumen t cac he. If the do cumen t requested has not y et

b een cac hed, the request is forw arded to the do cumen t serv er that stored the do cumen t (upp er

righ t of figure 7). The do cumen t cac he retriev es the do cumen t from the do cumen t serv er and

sim ultaneously retransmits it to the clien t and stores it in the cac he. If the do cumen t is found

in the cac he, it is transmitted directly from the cac he serv er (lo w er righ t).

The do cumen t cac he serv er should b e configured to con trol a certain amoun t of mass storage

(e.g. a few h undred megab ytes of a hard disk) and use it as cac he memory for incoming

do cumen ts. When that space gets filled, the serv er should remo v e the do cumen t that has

not b een accessed for the longest time (“least-recen tly-used” strategy). It is in tended that the

do cumen t cac he serv er resides in the same LAN as the clien t, so that transmission from cac he

to clien t is reasonably fast.

There ma y b e more than one cac he serv er p er LAN. It ma y ev en b e reasonable to install

cac he serv ers on a p er-user basis, as a certain user tends to remain within a certain subset of

14 6 DOCUMENT CA CHE SER VERS

do cumen ts of the do cuv erse during the na vigation pro cess. Consequen tly , the cac he serv er can

also b e built in to the clien t.

A problem t ypically asso ciated with cac hing in distributed en vironmen ts is that of mo dification

of what is cac hed. E.g., when a do cumen t gets mo dified, w e ha v e to mak e sure that the user

sees the new v ersion of the do cumen t when it is retriev ed the next time and not an old cop y

that remained in the cac he. Other systems do this b y assigning expiration dates to ob jects, or

notifying all cac hes whenev er ob jects get c hanged or deleted, whic h in turn requires to main tain

a list of all cac hes and what they ha v e cac hed, and so forth.

F ortunately , ho w ev er, the problem do es not arise at all in our design. Remem b er, the link

serv er guaran tees that new ob ject IDs are assigned to mo difications of ob jects and that IDs of

deleted ob jects cannot b e reused. When a do cumen t gets mo dified the new v ersion receiv es a

new do cumen t ID that is passed to the clien t when the user hits that do cumen t. The clien t will

pass the new ob ject to the cac he serv er. Therefore, it is imp ossible that the cac he serv er finds

the new ob ject in its cac he and will automatically reload the new do cumen t from the do cumen t

serv er. An old cop y of the do cumen t residing in the cac he cannot b e accessed an y more and

will therefore ev en tually b e deleted b ecause of the “least-recen tly-used” strategy of the cac he.

The cac he serv er ma y also b e used as a proto col and format con v erter. In order to access

information stored within other databases (e.g. W AIS, Gopher, W orldWideW eb) clien ts ma y

connect to the do cumen t cac he serv er who will retriev e and cac he the do cumen t for the clien t.

In addition, the clien t ma y request the do cumen t in a sp ecific represen tation (sa y , a certain

image format and/or qualit y), and the cac he serv er w ould con v ert it for the clien t and cac he the

result (and p ossibly also the original represen tation). This approac h mak es clien ts more simple

as it reliev es them from kno wing ab out the o ddities of other information retriev al proto cols and

file formats. Soft w are main tenance b ecomes easier b ecause only the cac he serv er’s co de has to

b e mo dified in order to supp ort new proto cols and file formats (remem b er, there ma y b e a large

n um b er of clien ts tailored to differen t platforms and user t yp es).

Ho w ev er, with alien proto cols the problems of cac he consistency reapp ear. Therefore, it is

suggested that do cumen t cac hes remo v e suc h do cumen ts early (e.g., after one da y).

As a summary , in tro duction of cac he serv ers sp eeds up retriev al of do cumen ts b y clien ts, at

least for do cumen ts that are retriev ed v ery often – t ypically those near the user’s en try p oin ts

in to the w eb and those of common in terest to a group of users. It therefore mak es sense to

install at least one cac he serv er p er in ternet domain (compare figure 2). Because the problem

of cac he up date is solv ed v ery elegan tly b y the link serv er, there is no problem with installing

an unlimited n um b er of cac he serv ers all o v er the w orld. No pro cess other the connecting clien t

has to kno w of the existence of the do cumen t cac he.

7 Distributing the Link Serv er

Our design as presen ted b y no w relies on exactly one link serv er for all of in ternet. While this

guaran tees database consistency , it ma y mean medio cre p erformance for the participan ts far

a w a y (in terms of bandwidth) from the link serv er. In order to solv e this problem, w e prop ose

to distribute the link serv er o v er the whole net w ork.

Exp erience with other distributed information systems (W orldWideW eb, Gopher, W AIS) sug-

gests that the an ticipated applications of suc h systems will consist of certain datasets that are

prepared b y certain information pro viders. Within suc h a dataset (for example, an encyclop e-

dia, a user’s man ual, an enzyme database, a database of c hemical comp ounds) there will b e a

rather large amoun t of connectivit y (i.e. lots of links b et w een do cumen ts) and a certain struc-

ture (i.e. mem b ership relationships). Ho w ev er, connections to other material (esp ecially that

whic h is offered b y other information pro viders) will probably b e relativ ely sparse.

Because of this observ ation (lo osely connected data sets) and the structure of the in ternet (see

figure 2) of lo osely connected LANs w e prop ose the follo wing arc hitecture of a global in ternet-

based h yp ermedia system (figure 8):

Figure 8: A global in ternet-based h yp ermedia arc hitecture

F or ev ery information pro vider, there exists a link serv er as describ ed in section 5 in the

information pro vider’s domain (LAN), and also a do cumen t cac he serv er as describ ed in section

6.The do cumen t cac he serv er not only cac hes remote do cumen ts but also p ermanen tly stores

lo cal do cumen ts. In other w ords, it lo oks lik e a do cumen t serv er (lik e the ones lab eled “serv er

A” and “serv er B” in figure 7) for do cumen t cac hes of other LANs.

16 7 DISTRIBUTING THE LINK SER VER

The link serv er manages the information pro vider’s do cumen ts and links. As the information

pro vider’s domain will usually b e the one most in terested in to its o wn information, it mak es

sense to k eep access to this “lo cal data” fast. Within its “lo cal address space” the link serv er

has full con trol of ob jects and relations. In particular, it con trols the assignmen t of (lo cal)

ob ject IDs.

Distributing the link serv er means distributing the link serv er’s relations. In other w ords, there

ma y b e relations (e.g., in conjunction with links) that in v olv e ob jects of differen t link serv ers.

As a first step in to this direction, w e promote lo cal ob ject IDs to global ob ject IDs in a global

address space. Although more complex addressing rules ha v e b een prop osed for similar systems,

the simple sc heme sho wn in figure 9 will suffice for our purp ose.

63 . . 48 47 . . 32 31 . . 16 15 . . 0

32-bit server ID 32-bit local ID

Figure 9: A simple sc heme of 64-bit global do cumen t IDs

Basically , the 32-bit lo cal ID is concatenated with another 32-bit serv er ID. While the serv er

ID could b e automatically calculated from the in ternet address, this w ould generate problems

when data is mo v ed b et w een serv ers or in ternet addresses c hange. Therefore, w e prop ose to

register link serv er IDs with some registration authorit y to b e defined. The simple 64-bit global

ob ject ID allo ws for up to 4 billion link serv ers with up to 4 billion ob jects eac h, and can b e

managed efficien tly (e.g., compared) b y state-of-the-art 64-bit pro cessors.

W e will no w tak e a more detailed lo ok at relations b et w een lo cal and remote ob jects. As

a simple example, w e will consider the case where a lo cal anc hor (source or destination) is

attac hed to a remote do cumen t (so that w e then could attac h a lo cal link to the lo cal anc hor

and th us to the remote do cumen t; compare figure 6). The only relation that is affected in this

example (figure 10) is the do cumen t-anc hor relation.

F or relations that in v olv e only lo cal ob jects (the serv er ID part of the global ID is set to zero for

lo cal ob jects), the link serv er b eha v es exactly as the Hyp er-G link serv er describ ed in section

5. If, ho w ev er, one of the relation’s ob jects is a remote ob ject (serv er ID part not zero), the

relation is duplicated in all serv ers affected.

In our example, the link serv er with serv er ID 0xDEADBEEF stores a do cumen t ob ject with ID

0x00001234 , with three lo cal anc hors attac hed (figure 10). In addition, the do cumen t-anc hor

relation lists a remote anc hor of serv er 0xFEEDBABE with ID 0x00234567 (in 0xFEEDBABE ’s name

space). On the other side, the do cumen t-anc hor relation of 0xFEEDBABE refers to 0xDEADBEEF ’s

ob ject 0x00001234 as a remote do cumen t.

Some relations can b e searc hed in either direction. F or example, in the case of the do cumen t-

anc hor relation one could ask the questions “what do cumen t do es anc hor 0xFEEDBABE00234567

b elong to?” or “what anc hors are attac hed to do cumen t 0xDEADBEEF00001234 ?”. As a rule,

Figure 10: Example relation b et w een lo cal and remote ob jects (do cumen t-anc hor relation)

the question m ust alw a ys b e directed to the link serv er that holds the “input” ob ject. In our

example, the first question has to b e answ ered b y serv er 0xFEEDBABE , the second b y 0xDEADBEEF .

Relations can b e designed in suc h a w a y that at most t w o serv ers are in v olv ed (i.e. at most

one of the relation’s ob jects is a remote ob ject), so that only one other serv er will ha v e to b e

informed when suc h a relation is mo dified. Observ e that in this design no information ev er

needs to b e broadcast to a n um b er of (or all) link serv ers. Therefore, consumed in ternet

bandwidth do es not dep end on the n um b er of serv ers (as opp osed to other systems where

iden tical copies of databases ha v e to b e main tained on a n um b er of serv ers). Also, the p oin t-to-

p oin t comm unication needed to mo dify remote relations can b e implemen ted reasonably fast

and reliable.

In man y cases, when reference is made to a remote ob ject, that ob ject has to b e retriev ed from

the remote serv er. T o increase p erformance, remote ob jects could b e cac hed in the lo cal serv er

(e.g. ob ject 0xFEEDBABE00234567 could b e stored in serv er 0xDEADBEEF also). Similar to the

do cumen t cac he, database in tegrit y is guaran teed b e the link serv ers: Should the anc hor b e

mo dified at a later time, the link serv er that o wns it w ould create a new lo cal ID for it, and

mo dify all relations in v olv ed accordingly (i.e. equiv alen t to deleting the old en tries and creating

new ones). The old ID can no longer b e accessed and w ould automatically disapp ear from the

cac he after some time (least-recen tly-used cac he strategy). Again, no broadcasts are needed to

inform the other serv ers.

One issue that has not y et b een addressed is that of searc hing in a distributed system. Ob vi-

ously , it w ould b e a time-consuming task to p erform all queries o v er the full database (i.e. the

18 8 SUMMAR Y

whole net w ork of link serv ers). Ho w ev er, the collection approac h of Hyp er-G (restrict searc hes

to a subset of the collection hierarc h y) naturally scales up for the global system. In the global

h yp ermedia system, collections usually do not span link serv er b oundaries, so restriction of the

searc h to a set of collections w ould also restrict it to a set of link serv ers.

F ull text queries, on the other hand, require installation of a full text indexer (e.g. a W AIS

serv er) p er LAN that accesses the do cumen t cac he serv er and indexes the text do cumen ts

con tained therein. The full text indexer w ould return a n um b er of global do cumen t IDs in

resp onse to a query , whic h w ould b e in terpreted b y the link serv er.

8 Summary

Global h yp ermedia systems ha v e b een on the minds of visionaries for decades no w. W e b eliev e

that the time has ev en tually come to really implemen t a massiv ely distributed h yp ermedia

system based on the in ternet using the clien t-serv er arc hitecture.

The system w e prop ose can b e ev olv ed out of the existing Hyp er-G system in an ev olutionary

w a y . It features a distributed link serv er, mak es efficien t use of in ternet bandwidth b y extensiv e

cac hing, no broadcasts, and relativ ely small pac k ets b et w een link serv ers.

Because it is deriv ed from the Hyp er-G system, it inherits all the features of Hyp er-G, including

m ultimedia do cumen t t yp es, collections, guided tours, adv anced searc hing capabilities, bidirec-

tional links, automatic link main tenance and generation, m ultilingual do cumen ts, access righ ts,

m ultiple user in terface metaphors, four user iden tification mo des, etc. A detailed description

of Hyp er-G can b e found in [ 14 ] and [ 15 ].

References

[1] Alber ti B. , Anklesaria F. , Lindner P. , McCahill M. , and Torrey D. :

“The In ternet Gopher Proto col: A Distributed Do cumen t Searc h and Retriev al Pro-

to col”. Marc h 1992. Anon ymous ftp from b o om b o x.micro.umn.edu in directory

pub/gopher/gopher proto col.

[2] Berners-Lee T. , Caillia u R. , Gr off J. , and Pollermann B. : “W orldWideW eb:

The Information Univ erse”. Ele ctr onic Networking: R ese ar ch, Applic ations and Policy ,

1(2):52–58, Spring 1992.

[3] Bush V. : “As W e Ma y Think”. The A tlantic Monthly , 176(1):101–108, July 1945.

[4] Bush V. : “As W e Ma y Think”. In Lamber t S. and R opiequet S. (editors), CD R OM

– The New Papyrus , pages 3–20, Microsoft Press, 1986.

[5] Card S. K. , Mor gan T. P. , and Newell A. : The Psycholo gy of Human-Computer

Inter action . La wrence Erlbaum Asso ciates, Hillsdale, N.J., London, 1983.

[6] Carson G. S. : “Graphics, Net w orking, and Distributed Computing”. In Pr o c. Workshop

on Gr aphics and Communic ations (ESPRIT Pr oje ct 2463 - AR GOSI), Br eub er g, Germany,

Oct. 1990 , pages 39–47, Springer, 1990.

[7] Conklin J. : “Hyp ertext: An In tro duction and Surv ey”. IEEE Computer , 20(9):17–41,

Septem b er 1987.

[8] Deutsch P. : “Resource Disco v ery in an In ternet En vironmen t – The Arc hie Approac h”.

Ele ctr onic Networking: R ese ar ch, Applic ations and Policy , 1(2):45–51, Spring 1992.

[9] Engelbar t D. C. : “A Conceptual F ramew ork for the Augmen tation of Man’s In tellect”.

In Ho wer ton P. D. and Weeks D. C. (editors), Vistas in Information Hand ling, V ol.

1 , pages 1–29, Spartan Bo oks, W ashington D.C., 1963.

[10] Fedid a S. : “An In teractiv e Information Service for the General Public”. In Pr o c. Eur o-

p e an Computing Confer enc e on Communic ation Networks , pages 261–282, 1975.

[11] Haan B. J. , Kahn P. , Riley V. A. , Coombs J. H. , and Meyr o witz N. K. : “IRIS

Hyp ermedia Services”. Communic ations of the A CM , 35(1):36–51, Jan uary 1992.

[12] Halasz F. G. : “Reflections on NoteCards: Sev en Issues for the Next Generation of

Hyp ermedia Systems”. Communic ations of the A CM , 31(7):836–852, July 1988.

[13] Kahle B. , Morris H. , D a vis F. , Tiene K. , Har t C. , and P almer R. : “Wide Area

Information Serv ers: An Executiv e Information System for Unstructured Files”. Ele ctr onic

Networking: R ese ar ch, Applic ations and Policy , 1(2):59–68, Spring 1992.

[14] Kappe F. : Asp e cts of a Mo dern Multi-Me dia Information System . PhD thesis, T ec hnical

Univ ersit y Graz, Austria, June 1991. Also a v ailable as I IG Rep ort 308; I IG, Graz Univ er-

sit y of T ec hnology (Jun 1991) and b y anon ymous ftp from iicm.tu-graz.ac.at in directory

pub/Hyp er-G/do c.

[15] Kappe F. , Ma urer H. , and Sherbak o v N. : Hyp er-G – A Universal Hyp erme dia Sys-

tem . I IG Rep ort 333, I IG, Graz Univ ersit y of T ec hnology , Austria, Marc h 1992. Also

a v ailable b y anon ymous ftp from iicm.tu-graz.ac.at in directory pub/Hyp er-G/do c.

[16] Lottor M. : “RF C 1296: In ternet Gro wth (1981-1991)”. Jan uary 1992. This rep ort, as

w ell as up-to-date data is a v ailable b y anon ymous ftp from ftp.nisc.sri.com in directory

pub/zone.

[17] Mar chionini G. and Shneiderman B. : “Finding F acts vs. Bro wsing Kno wledge”. IEEE

Computer , 21(1):70–80, Jan uary 1988.

[18] Meyr o witz N. K. : “In terMedia: The Arc hitecture and Construction of an Ob ject Ori-

en ted Hyp ertext/Hyp ermedia System and Applications F ramew ork”. In Pr o c. OOPSLA

86, Portland, Or e gon , pages 186–201, Septem b er/Octob er 1986.

[19] Nelson T. H. : “A File Structure for the Complex, the Changing, and the Indeterminate”.

In Pr o c. 20 th

A CM National Confer enc e , pages 84–100, 1965.

[20] Nelson T. H. : Liter ary Machines, Ed. 87.1. (1987) . The Distributors, South Bend, IN,

1981.

[21] Neumann B. C. : “Prosp ero: A T o ol for Organizing In ternet Resources”. Ele ctr onic

Networking: R ese ar ch, Applic ations and Policy , 1(2):30–37, Spring 1992.

[22] Nielsen J. : Hyp ertext & Hyp erme dia . Academic Press, San Diego, CA, 1990.

[23] Shneiderman B. : “User In terface Design for the Hyp erties Electronic Encyclop edia”. In

Pr o c. of Hyp ertext ’87, TR88-013 , pages 199–205, Univ ersit y of North Carolina, Dept. of

Computer Science, Marc h 1988.

[24] Stein R. M. : “Bro wsing through T erab ytes – Wide-area information serv ers op en a new

fron tier in p ersonal and corp orate information services”. Byte , 16(5):157–164, Ma y 1991.

[25] Tomek I. , Khan S. , Muldner T. , Nassar M. , No v ak G. , and Pr oszynski P. : “Hy-

p ermedia – In tro duction and Surv ey”. Journal of Micr o Computer Applic ations , 14(2):63–

100, 1991.

[26] Y ankelo vich N. , Haan B. J. , Meyr owitz N. K. , and Dr ucker S. M. : “In terme-

dia: The Concept and the Construction of a Seamless Information En vironmen t”. IEEE

Computer , 21(1):81–96, Jan uary 1988.