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Abstract

Transactiortimeis thetimeof a databasdransaction,
i.e.,, an insertion, update or deletion. A transaction-
time databasestores the transaction-timehistory of a
databaseand supportstransactiontimeslicequeriesthat
retrieve past databasestates. This paper introduces
transactiortimeto theWorld-wideWeh In awebcontext,
transactiontime is the modificationtime of a resouce
such as an XML document. A transaction-timeweb
serverarchivesresouce versionsand supportstransac-
tion timeslice Unlike a databaseserver a web server
is typically uninvolvedin the updateof a resouce, in-

steadit is only active when a resouce is requested.

Thispaperdescribes lazy updateprotocolthat enables
a web serverto manaje resouce versions during re-

souice reads. An important benefitof our approach is

thattransaction-timecanbe supportedby a transpaent,

minimal webserverextension;no changesto legacyre-

souices,HTTR XML, or HTML are required. Further

more, awebservercanseamlesslpecomea transaction-
time sever at anytimewithoutaffectingor modifyingthe

resoucesit serviceor otherwebserves.
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1. Intr oduction

Over the pasttwo decadegherehasbeena substan-
tial amountof researcton extendingdatabaset support
time[7, 11, 10, 4, 12]. This researcthasled to the de-
velopmenbf transaction-timelatabase$8, 6, 9]. Trans-
actiontime is thetime whena particularfactis storedin
adatabasandconsiderecturrent,i.e., thetime between
whenit is insertedand deleted(an updateis modelled

asa deletionfollowed by aninsertion). Very briefly, a
transaction-timelatabasstoresall of the paststatesof a
databas@ndallows queriescalledtransactioriimeslice,
to retrieve ary desiredpaststate.

This paperappliestransaction-timelatabaseechnol-
ogy to the weh An HTTP sener (also called a web
sener) is like a databasesener insofar asit servicesa
large body of information. Consequentlyt is unsurpris-
ing that databaseéechniquesanbe usedto enhancehe
functionality of webseners.Eachtime aresourceonthe
webis editeda new versionof aresourcas created.The
transaction-timeof a web resources the time whenthe
versionis considereccurrent,thatis, it is the time be-
tweenwhenthatresourcevascreatecanddeleted.

A transaction-timewneb sener offers two important
benefitsto users.First, it supportdransactiortimeslice.
Transactiortimesliceis a querythatretrievesa web re-
sourceasof aspecifiedransactiotime. Suchqueriesare
importantin mary situations suchasthoselisted below.

¢ A legal disputeinvolvesa page(sincedeleted)that
adwertisedaKylie MinogueCD for $2.950n 21-Jan-
2000.

o A cricket fandesiredo relive the Australianteams
succes$n the Ashesby rereadingrhe Australianas
of 27-Dec-1997.

¢ A latetax payerwishesto obtainataxationform for
1998.

e A studentwantsto obtainthe homework solutions
from the previousyear's versionof a databaseub-
ject. (We alsodiscussstratgieswherebya lecturer
canexpire thosesolutionsto preventfuture student
access.)



e Userscomplain aboutthe redesignof a page, so
managemerdecidego rollbackto the previousver-
sion.

A secondadvantageof a transaction-timeveb sener is
thatit solves(in part) the broken link problem. A bro-
kenlink is eithera link to a resourcethat no longerex-
ists or a link to a resourcethat has beenmodified to
suchan extent that it no longer containsrelevant infor-
mation. The numberof suchlinks at a site varies, es-
timatesrun to as high as 30% although5% to 10% is
morelikely [5]. Searchenginesoftenhave mary broken
or irrelevantlinks sincesearchengineausuallyvisit indi-
vidual sitesperiodically say every few months but sites
changemorerapidly. Theroot causeof the brokenlink
problemis thatresourcegvolve independentlybut have
(time) dependenhyperlinks. In a very real sensegvery
hyperlinkis atransaction-timguery: arequesfor infor-
mationthatwasrelevantasof thetime thatthelink was
created.

The tamget audienceof this paperis a personwith
knowledge of databasesnd the weh We assumefa-
miliarity with commonweb featuressuchas browsers,
seners, and Uniform Resourcelocators (URLs), and
commondatabase&onceptsuchasSQL queriesandta-
bles.

2. Motivating Example

Eachday Sally readsthe sportssectionof an on-line
Australiannewvspaperavailablefrom the following (fic-
tional) URL.

tabloid.au/sports.htm

Sally is feeling depressed. She thinks back to Cathy
Freemars victory in the Womens 400m at the Sydney
Olympicson 25-Sep-200@&nddesiresto readabouther
raceagain. In particularSally wantsto readthe sports
sectionof the on-line paperas of 26-Sep-200Qhe day
aftertherace.Sally hastwo hopes.

Sally can go to the papers websiteand hunt for an
archive of pastnews articles. To accesdhe archive (as-
sumingthatit exists) Sally usesa substantiallydifferent
navigationtechniqguethanwhensheaccessethe current
sportssection.While Sally cango directly to the current
sportssectionusingthe URL givenabove,in orderto use
the archive, Sally will have to first find it, mostlikely,
by following a link from the newspapers home page.
Oncethe archie is reachedthen anotherlink must be
followedto the dayin question,andperhapsrom there
to the sportspage. A different,but commoninterfaceto

anarchieis aform that permitsindividual articlesto be
retrievedusingakeywordsearchWhenSallyreacheshe
archived article, shefinds someof the links andimages
arebroken. For instancehereis alink to anarticleabout
the Cathy at www.espn.com which no longerworks.
In addition,animageadwertisingDuff Beeris absental-
thoughSally regardsthisin apositive light).

Alternatively, Sally canretrieve the sportssectionex-
actly asit lookedon 26-Sep-200®y usingthefollowing
URL.

tabloid.au/sports.htm?26-Sep-2000

All imagesareretained Links to other(transaction-time)
senersstill work, exactly asthey did on thatday:.
Thesecondptionis whatcanbeofferedby anetwork
of transaction-timaveb seners. A transaction-timaveb
sener storesthe history of eachresourceahatit services,
and provides a URL-basedquery mechanismby which
pastversionscanbe easilyaccessedWhenretrieving a
pastversionof a resourcethe stateis retrieved in toto,
includinglinks to otherresourcesisof thearchivedtime.

3. Time Model

Researclin temporaldatabasebasidentifiedtwo pri-
mary, distinct time dimensions: valid time and trans-
actiontime [3]. Valid time is the real-world time of a
fact,whereadransactiortime is the databaséime when
that fact was presentin the database.For instance the
valid time of afactthatdescribesheracerun on 25-Sep-
2000is 25-Sep-2000Assumingthatfactwasinsertedon
26-Sep-200(and deletedon 30-Sep-2000the transac-
tion time is the temporalinterval [26-Sep-200030-Sep-
2000). Transactiontime is typically representeds an
interval. In the caseof a pageor image,the transaction
time is the time betweenedits. Eachedit createsa new
version.

Thetransaction-timelomainis asetof instantsT;; =
{0,...,00} where0 representshe earliestweb sener
time and oo is the latesttime. The earliesttime will
vary from sener to sener, dependingupon when the
transaction-timeserviceis enabled. In this paper ex-
ampletimeswill be representedisingGregoriancalen-
dar corventionsin the granularity of days, so eachin-
stantin thetransaction-timelomaincorrespondso aday.
In practice,the representatiofior andgranularityof the

IXLink offers a much richer mediumfor addingtransactiontime
to links [13], but the recommendatioris not yet supportedby mary
products.



transaction-timelomainis senerdependentyith agran-

ularity of UTC secondsainda Gregoriancalendarepre-
sentatiorbeingthemostcommon.In contrasto temporal
databasesthe transaction-timedomainfor web seners

includesfuture transactiortimes. This enablepageau-

thorsto set expiration limits on pagesandto schedule
pagedor futurerelease.

4. A Transaction-time Sewer

This sectiondescribesheissuesnvolvedin extending
awebsenerto supporttransactiortime. Therearethree
mainissues. The first issueis specifyingthe additional
functionality that a transaction-timenveb sener should
support.Thesecondssueis determininghetransaction-
time lifetime of eachversion of a document.This issue
is complicatedby thefactthatdocument®oftenarecom-
posedof or dependuponseveralfiles. Thefinal issueis
how to engineera web sener to maintainresourcever-
sionsandto respondo transaction-timegueries.

This sectiondoesnot addresslynamicresources.A
dynamicresourceés aresourcegyeneratedstheresultof a
programevaluatedby thewebsener. Commondynamic
resourcesre Active Sener Pages(ASPs),pagesgener
atedby CommonGatevay Interface (CGl) scripts,and
pagegproducedatrun-timefrom back-endlatabased-or
simplicity this paperfocuseson staticresourcesthatis,
thosewhichasenerobtainsfrom alocalfile system Dy-
namicresourcesre more difficult to archive sinceboth
theresourceandthe processingrvironmentactive atthe
time mustbe archived (e.g.,the sener andsener exten-
sions).Whena pastversionis retrievedit is dynamically
regeneratedisingthe pastprocessingrvironment.

4.1 A Web Server Model

Definition 4.1 [WebSener]

A websener, W, canbe abstractlymodelledasa func-
tion that mapsa URL, u, to a response(c, r), wherec
is theresponseodeandr is theresourcej.e., W(u) =

(c,7).

W is a total function sincea sener will always return
someresponsee.g.,arequestor a deletedresourcewill
receve a 404 codealongwith a pageindicatingthatthe
resourcas notfound.

Definition 4.2 [Transaction-tim&Veb Sener]
A transaction-timewveb sener, Wy, is a function that
mapsa transaction-timeJRL, (u, ¢i;, piz), whereu is a

URL, g4 is atransaction-timeuery andpy, is arestruc-
turing query to aresponsei.e., Wy (u, qit, pie) = (¢, 7).

Thetransaction-timejuery gy, is built usingthefollow-
ing BNF rules.

{query) e| [(sequency (time)
(time) timeliteral | timeOf
(sequence::= [(sequencg. ] (pred | succ)

For syntacticcorvenienceijf thetime is missingthenthe
currenttime, now, is used. The predecessofsuccessor)
operationretrievesa prior (later) versionof a resource,
e.g., pred.pred.Sep-26-2000 would retrieve the
versionprior to the previousversion.ThetimeOf func-
tion retrievesthe time of the documenthatis beingre-
trieved (usefulto determinethe time of the predecessor
Or successor).

Therestructuringquery py, is usedto rewrite the hy-
perlinks within the resourceduring retrieval, that s, it
becomeghe transaction-timegquery on links emanating
from the retrieved resource. It hasthe samesyntaxas
the transaction-timequery Several examplesare given
belon to demonstratehe utility of separatingquerying
from restructuring.

e Retrieve the currentversionof u andlinks from the
currentversion.

Wt (u, NOW, NOW)

Thisis thedefaultfor non-transaction-timgueries.

¢ Retrieve the versionof u as of Sep-26-2000with
links to otherdocumentssof thattime.

Wi (u, Sep-26-2000 , Sep-26-2000 )

Links are rewritten to retrieve pastdocumentver-
sions.

¢ Resurrectthe version of v as of Sep-26-2000as
thoughit wereacurrentdocument.

Wit (u, Sep-26-2000 , now)

Links in w areto currentdocuments.

¢ Retrieve the predecessarf u asof thetime thever-
sionwascreated.

Wi (u, pred , timeOf )



Links in the predecessauf u areto documentsur-
rentasof thetime the predecessorascreated.

e Retrieve asequencef predecessorsf u.
Wit (u, pred , pred )
Links in thepredecessaof u areto predecessors.

4.2 Encoding the Transaction Time Query in a
URL

A network of transactiontime web senersis possi-
ble only if thereis a standardconvention for specify-
ing transaction-timeveb sener operations.The current
schemefor URL specificationdoesnot include transac-
tion time. Oneproblemis that humansspecifytimesin
avariety of ways. Therearemary differentcalendarsin
mary differentlanguagesurrentlyin use. Datesin one
calendarsaythe Islamic calendatave little in common
with datesin the Gregoriancalendar Seconddatesand
timeswithin a singlecalendahave mary differentinter-
pretations A commonexampleis thereversalof dayand
month fields betweenthe United Statesand the rest of
theworld. Third, dateliteralscanbe expressedn awide
variety of formats,e.g.,YYYYMMDD vs. DD-MON-
YYYY. Fourth,timesaresometimegivensymbolically,
e.g.,Palm Sunday2000. Fifth, timesareoften specified
to a coarsegranularity e.g., 2000. Given the richness
of languagdor time, encodingtransaction-timeavithin a
URL necessarilynvolvesextremesimplification.

Ourstratgyy is verysimple:thetransaction-timeuery
andrestructuringoperationareappendedo the resource
as queries[1] using '?’ followed by the respectie
gueriesseparatedy a comma. The advantageof this
schemeis that requestgo non-transaction-timeeners
will function exactly asbeforesincethe queryportionis
ignoredin HTTP requestdor staticresourcegqueriesor
dynamicresourcesirenot-includedn this strateyy). The
following exampleURLs illustratethe strateyy.

e Retrieve the currentversionof sports.html
sports.html?now,now

Sincethedefaulttimesliceandrestructuringqueries
arenow thefollowing URL hasthe sameeffect.

sports.html

Hence, the schemeis completely backwards-
compatiblewith existing URLs.

¢ Resurrecthe previous versionof sports.html
asthoughit werethe currentversion.

sports.html?pred,now

A non-transaction-timeweb sener ignores the
queryfor staticdocumentsso it will resultin the
fetch of the currentresource. A transaction-time
web sener will fetchthe predecessoiut will not
restructurdinks in the predecessor

o Retrieve theversionasof 26-Sep-2000
sports.html?26-Sep-2000,26-Sep-2000

XLink offersamuchrichermediumfor addingtrans-
actiontime to links [13]. The XLink recommendation
doesnotincludetransactiortime, althougha transaction
time elementmaybeaddedo thelink’ s contentwith im-

punity.
4.3.ResourceVersions

Wi associates transaction-timdanterval with each
resourceto recordthe lifetime of that resource.We as-
sumethatW;; maintainsatable,calledtheresourcehis-
tory table,Ry. Eachv € Ry is atuple (u,r,b, e) where
u is the URL for the resourcey is a pointerto the re-
sourcewhich is storedelsavhere (seeSection4.4 for a
discussionof storagealternatves), b is the transaction
starttime, ande is thetransactiorstoptime. Thetransac-
tion time of theassociatiobetweerthe URL, u, andthe
resourcer, is theintenval of time [b, ). Thetransaction
time of the associatioris not quite the sameasthe life-
time of this version of the resource.Resourceversions
have to betracked sinceuserscanretrieve the predeces-
sorsandsuccessorsf resourcegrom a transaction-time
websener. Thedifficulty is thateachresourcemightde-
pendon otherresourcesWe stipulatethata new version
is createceachtime aresourceor oneof its dependentss
modified. A commondependengis animage. Whena
resourcas retrieved,theimageghatit dependsiponcan
beincludedor excluded.

If aresourcéhasnodependenciethenthepredecessor
andsuccessoof aversionis well-definedanddirectly re-
latedto thetransactioriime. Thepredecessasf aversion
visz suchthatz € Ry A z.e = v.b while thesuccessor
of v isw suchthatw € Ry A v.e = w.b. A resource
versionneednot have a successoor predecessor

If dependentsare included, however, identifying
versionsis more difficult. Basically a new version



is createdwheneer a resourceor one of its depen-
dentsis updated. The predecessonf a version vg
with included dependentsvy,...,v, iS xo with in-
cluded dependentsty, ..., z, suchthatz; = wv; un-
lessz;.e = max(zo.b,z1.b,...,z,.b) In which case
x; = predecessor(v;). The successois definedsimi-
larly.

As an example,assumethe following pagehastwo
included images all of which are shavn with their
transaction-timédifetime.

sports.htm ,[26-Sep-2000,30-Sep-20 00)
duffjpg , [1-Aug-2000,30-Sep-2000)
cathy.gif , [28-Sep-2000,30-Sep-2000)

If thetransaction-timejueryfor sports.htm  is
pred.26-Sep-2000

and images are included, then the predecessorof
cathy.gif is used.If thequeryis

pred.pred.25-Sep-2000

then the predecessoof sports.htm
with thatof cathy.gif

is used (along

4.4 Resource Storage

Software packagedor the efficient storageand re-
trieval of resourcgfile) versionsarecommonplacee.g.,
diff files and RCS. Any of thesepackagesanbe used
by atransaction-timavebsener. In theresourcehistory
table, eachtuple containsa ‘pointer’ to a version. We
assumethat this pointer hasall the necessaninforma-
tion for retrieving the appropriateversionfrom the ver
sion storagesystem. A full explorationof the tradeofs
amongthe variouspackagess beyond the scopeof this
paper

4.5. A Lazy Transaction Protocol for Static Re-
sources

In this sectionwe develop a transactiorprotocolthat
maintaingheresourcehistorytable, Ry.

An importantdifferencebetweera databassener (in
a client/sener model) and a web sener is the lack of
an updateprotocol. In a databasea userhasto exe-
cute specificinstructionsto modify data. For instance
in SQL a usermustexecutean UPDATE TABLE state-
mentto modify theinformationin atable.Consequently
a databaseanidentify whendatais beingchanged.In

contrasta web sener is usually uninvolved when a re-
sourceauthormodifiesawebresourceResourcauthors
canedit resourcedglirectly (e.g.,usingemacs) generate
resourcesisinga filter (e.g.,latex2html) or generatee-
sourcedrom adatabaselNoneof theseresourcecreation
alternatvesrequiresawebsener. Aslongastheresource
is locatedwherethe sener canreadit (in a suitabledi-
rectorywith the properprotectionstheresourcdas made
availablefrom the sener.

The remainingtaskis to engineerthe web sener to
archive pastversionsof resourceduring areadof there-
source.Figurel is thelazy transactiorprotocol. The ba-
sicideais to updateresourcéistorytablewhile respond-
ing to the (transaction-timeHTTP request.Theresource
history tablemustbe updatedf thethefile modification
time of a requestedesourceis differentfrom the infor-
mationstoredin Ry, the resourcenasbeendeleted,or
theresourcehasjust beencreated Eachof theseactions
createsa new versionof the resource.Note that ¢;; and
py default to the currenttransactiortime, now. Recall
thatv € Ry is atuple (u,r,b,e) whereu is the URL
for the resourcey is a pointerto the resourcep is the
transactiorstarttime, ande is the transactiorstoptime.

Onelimitation of this strateyy is thatawebsenerwill
missresourceversionghatareneverread.Soif aversion
is createcandthendeletedwithout beingread,thesener
will notarchivethatversion.In effect, theversiondid not
exist for the sener. Resourceauthorscanforceaversion
to bearchivedby readingit from the websener. Thisis
alreadycommonpracticesinceauthorscheckcorrectness
of an edit by examiningthe resultwith a browser An-
otherstratgy to minimisethe risk of missinga resource
versionis to periodicallyrun a web robotto requestall
theresource$rom a site andtherebyforce thearchving
of resourceversions.

The lazy protocol incurs an additional overheadon
eachHTTP request:a lookupin Rg. The costof this
stepcanbe minimisedby eitherindexing Ry appropri-
ately (on boththe URL andtransactiortime) or pinning
the setof currentURLs in memoryto avoid the lookup.
Additionally, if aresourcenasbeenmodified,a database
updateandinsertmaybeneeded.

4.6.1mpr oving Transaction TimesliceBehaviour

The informationin the resourcehistory table canbe
utilised and modified to improve responsego requests
for resourcesConsidetthe following scenarios.

¢ Resouce renaming- Often a resourceis moved or
renamedwithin a sener file system. If a resource



subroutineHTTPRequest(URL/, Querygy;, Queryp;;)
-- Doestheresourceexist atthe queriedtime?
R :=SELECTr FROM Ry
WHEREw' = 4 AND gy(b, €)
-- If foundreturntherestructuredesource
if R isnotemptythen
returnHTTPRespond(20Qs;; (R))

-- Wasit arequesfor aninvalid version?
if g+ '= now then
returnHTTPRespond(404Y ersionnot found’)

-- Fetchthefile, F' correspondingo the URL

F := OperatingSystemReadFite]

if ReadRiledthen
-- Updatethelifetime of adeletedu’
UPDATE Ry SETe = current

WHERE w4 = «' AND now IN [b, e)

-- Committhe DB changes
COMMIT
-- Sendtheerrorto the HTTP Client
returnHTTPRespond(404Pagenot found’)

-- Determinewhenthefile waslastmodified, T’
t := LastModifed(")

-- Determinewhetherthe URL, «' is current
R :=SELECT*

FROM Ry

WHEREw' = 4 AND now IN [b, e)

if R isemptythen
-- u' hasyetto bearchved,inserta new version
INSERT INTO Ry VALUES (u/, F', t, 00)

-- Updatedatabaséor arecentlymodifiedresource
if R.b <tthen

-- Terminatethelifetime of the currentversion

UPDATE Ry SETe =t

WHEREw' =« AND now IN [b, e)

-- Insertanew version

INSERT INTO Ry VALUES (v', F, t, )

-- Committhe DB changes

-- Sendthefile to the HTTP Client
COMMIT
returnHTTPRespond(20Qy: (F))

Figure 1. A lazy transaction-time web server
request protocol

identifiedby the URL u is renamedo the URL «'

thenthe history of resourceu canbe copiedto cre-
atea history for resourceu’. Transactiortimeslice
requestdor both« and«' will now have the same
behaiour.

e Resouceexpiration - Thestoptransactiortimeson
aresourcecanbefixedto expire at a (future) time.
Whenthe currenttime advancegastthe stoptime,
theresourcewill nolongerbe currentasof now.

e Resouceextinction- Someresourceneedto be per
manentlyremoved,e.g.,homevork solutionsfrom a
previousyears subject.To force the extinction of a
resourcethe history of thatresourcecanbe deleted
from theresourcéhistorytable.

e Fixing 404responsesA requesfor adeletedor fu-
ture)resourcawill resultin a404responsemeaning
thattheresourceas notfound. A betterstratgy is to
automaticallyforwardtherequesto thepredecessor
(or successorf theresourceTheforwardingpage
shouldstatethattherequestedersiondoesnotexist
andshouldincludealink to anearlier(later)version.
Hence brokenlinks to deletedresourcesanbehan-
dledquiteeasilyby atransactiortime websener.

5. Summary

This paperproposesa stratgy whereby individual
websenerscanbe seamlesslynigratedto atransaction-
time weh Onebenefitof transaction-timeupportis that
transactiontimeslice, versioning,and audit queriesare
supported Anotherbenefitis thatthe problemof broken
links canbe mitigatedsincethe mostrecentversionof a
resourcecanbe returnedwhena deletedresourcds re-
quested.Yet anotherbenefitis bettersupportfor XLink.
A non-mandatorgoalin the XLink requirementspeci-
ficationis that“it mustbe possibleto detectwhena re-
sourcealink pointsto is invalidatedor modified”[13]. A
transaction-timaveb sener can meetthis goal The key
problemin providing transaction-timsupports thatweb
senerslacktheability to trackandmaintainresourcever-
sions.In this paperwe proposedlazy protocolwhereby
ary sener canbe easilymodifiedto provide supportfor
transactiontime and a simple schemefor queryingre-
sourceversions.
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