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Abstract

Transactiontimeis thetimeof a databasetransaction,
i.e., an insertion, update, or deletion. A transaction-
time databasestores the transaction-timehistory of a
databaseandsupportstransactiontimeslicequeriesthat
retrieve past databasestates. This paper introduces
transactiontimeto theWorld-wideWeb. In a webcontext,
transactiontime is the modificationtime of a resource
such as an XML document. A transaction-timeweb
serverarchivesresourceversionsandsupportstransac-
tion timeslice. Unlike a databaseserver, a web server
is typically uninvolvedin the updateof a resource, in-
stead it is only active when a resource is requested.
Thispaperdescribesa lazyupdateprotocolthat enables
a web server to manage resource versions during re-
source reads. An important benefitof our approach is
that transaction-timecanbesupportedby a transparent,
minimal webserverextension;no changesto legacyre-
sources,HTTP, XML, or HTML are required. Further-
more, a webservercanseamlesslybecomea transaction-
timesever at anytimewithoutaffectingor modifyingthe
resourcesit servicesor otherwebservers.
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1. Intr oduction

Over the pasttwo decadestherehasbeena substan-
tial amountof researchonextendingdatabasesto support
time [7, 11, 10, 4, 12]. This researchhasled to the de-
velopmentof transaction-timedatabases[8, 6,9]. Trans-
actiontime is thetime whena particularfact is storedin
a databaseandconsideredcurrent,i.e., thetime between
when it is insertedand deleted(an updateis modelled

asa deletionfollowed by an insertion). Very briefly, a
transaction-timedatabasestoresall of thepaststatesof a
databaseandallowsqueries,calledtransactiontimeslice,
to retrieveany desiredpaststate.

This paperappliestransaction-timedatabasetechnol-
ogy to the web. An HTTP server (also called a web
server) is like a databaseserver insofar as it servicesa
largebodyof information. Consequentlyit is unsurpris-
ing thatdatabasetechniquescanbe usedto enhancethe
functionalityof webservers.Eachtimearesourceon the
webis editeda new versionof a resourceis created.The
transaction-timeof a web resourceis the time whenthe
versionis consideredcurrent, that is, it is the time be-
tweenwhenthatresourcewascreatedanddeleted.

A transaction-timeweb server offers two important
benefitsto users.First, it supportstransactiontimeslice.
Transactiontimesliceis a querythat retrievesa web re-
sourceasof aspecifiedtransactiontime. Suchqueriesare
importantin many situations,suchasthoselistedbelow.

� A legal disputeinvolvesa page(sincedeleted)that
advertisedaKylie MinogueCDfor $2.95on21-Jan-
2000.

� A cricket fandesiresto relive theAustralianteam’s
successin theAshesby rereadingTheAustralianas
of 27-Dec-1997.

� A latetaxpayerwishesto obtaina taxationform for
1998.

� A studentwantsto obtain the homework solutions
from the previousyear’s versionof a databasesub-
ject. (We alsodiscussstrategieswherebya lecturer
canexpire thosesolutionsto prevent future student
access.)



� Userscomplain about the redesignof a page,so
managementdecidesto rollbackto thepreviousver-
sion.

A secondadvantageof a transaction-timeweb server is
that it solves (in part) the broken link problem. A bro-
ken link is eithera link to a resourcethat no longerex-
ists or a link to a resourcethat has beenmodified to
suchan extent that it no longercontainsrelevant infor-
mation. The numberof suchlinks at a site varies,es-
timatesrun to as high as 30% although5% to 10% is
morelikely [5]. Searchenginesoftenhave many broken
or irrelevantlinks sincesearchenginesusuallyvisit indi-
vidual sitesperiodically, say, every few months,but sites
changemorerapidly. The root causeof the broken link
problemis thatresourcesevolve independently, but have
(time)dependenthyperlinks. In a very real sense,every
hyperlinkis a transaction-timequery:arequestfor infor-
mationthatwasrelevantasof the time that the link was
created.

The target audienceof this paper is a personwith
knowledgeof databasesand the web. We assumefa-
miliarity with commonweb featuressuchas browsers,
servers, and Uniform ResourceLocators(URLs), and
commondatabaseconceptssuchasSQL queriesandta-
bles.

2. Moti vating Example

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

tabloid.au/sports.htm

Sally is feeling depressed. She thinks back to Cathy
Freeman’s victory in the Women’s 400mat the Sydney
Olympicson 25-Sep-2000anddesiresto readabouther
raceagain. In particularSally wantsto readthe sports
sectionof the on-line paperas of 26-Sep-2000the day
aftertherace.Sally hastwo hopes.

Sally can go to the paper’s websiteand hunt for an
archiveof pastnews articles. To accessthe archive (as-
sumingthat it exists)Sally usesa substantiallydifferent
navigationtechniquethanwhensheaccessesthecurrent
sportssection.While Sally cango directly to thecurrent
sportssectionusingtheURL givenabove,in orderto use
the archive, Sally will have to first find it, most likely,
by following a link from the newspaper’s home page.
Oncethe archive is reachedthen anotherlink must be
followed to the day in question,andperhapsfrom there
to thesportspage.A different,but commoninterfaceto

anarchive is a form thatpermitsindividualarticlesto be
retrievedusingakeywordsearch.WhenSallyreachesthe
archivedarticle, shefinds someof the links andimages
arebroken.For instancethereis a link to anarticleabout
the Cathyat www.espn.com which no longerworks.
In addition,animageadvertisingDuff Beeris absent(al-
thoughSally regardsthis in apositive light).

Alternatively, Sally canretrieve thesportssectionex-
actly asit lookedon 26-Sep-2000by usingthefollowing
URL.

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

All imagesareretained.Links to other(transaction-time)
serversstill work, exactlyasthey did on thatday.1.

Thesecondoptionis whatcanbeofferedby anetwork
of transaction-timewebservers.A transaction-timeweb
server storesthehistoryof eachresourcethatit services,
andprovidesa URL-basedquerymechanismby which
pastversionscanbe easilyaccessed.Whenretrieving a
pastversionof a resourcethe stateis retrieved in toto,
includinglinks to otherresourcesasof thearchivedtime.

3. Time Model

Researchin temporaldatabaseshasidentifiedtwo pri-
mary, distinct time dimensions: valid time and trans-
action time [3]. Valid time is the real-world time of a
fact,whereastransactiontime is thedatabasetime when
that fact waspresentin the database.For instance,the
valid timeof a factthatdescribestheracerunon25-Sep-
2000is 25-Sep-2000.Assumingthatfactwasinsertedon
26-Sep-2000and deletedon 30-Sep-2000,the transac-
tion time is thetemporalinterval [26-Sep-2000,30-Sep-
2000). Transactiontime is typically representedas an
interval. In the caseof a pageor image,the transaction
time is the time betweenedits. Eachedit createsa new
version.

Thetransaction-timedomainis asetof instants,
��������	��

���
��
����

where
�

representsthe earliestweb server
time and

�
is the latest time. The earliesttime will

vary from server to server, dependingupon when the
transaction-timeserviceis enabled. In this paper, ex-
ampletimeswill be representedusingGregoriancalen-
dar conventionsin the granularityof days,so eachin-
stantin thetransaction-timedomaincorrespondsto aday.
In practice,the representationfor andgranularityof the

1XLink offers a much richer mediumfor addingtransactiontime
to links [13], but the recommendationis not yet supportedby many
products.
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transaction-timedomainis serverdependent,with agran-
ularity of UTC secondsanda Gregoriancalendarrepre-
sentationbeingthemostcommon.In contrastto temporal
databases,the transaction-timedomainfor web servers
includesfuture transactiontimes. This enablespageau-
thors to set expiration limits on pagesand to schedule
pagesfor futurerelease.

4. A Transaction-time Server

Thissectiondescribestheissuesinvolvedin extending
a webserver to supporttransactiontime. Therearethree
main issues.The first issueis specifyingthe additional
functionality that a transaction-timeweb server should
support.Thesecondissueis determiningthetransaction-
time lifetime of eachversion of a document.This issue
is complicatedby thefactthatdocumentsoftenarecom-
posedof or dependuponseveralfiles. Thefinal issueis
how to engineera web server to maintainresourcever-
sionsandto respondto transaction-timequeries.

This sectiondoesnot addressdynamicresources.A
dynamicresourceis aresourcegeneratedastheresultof a
programevaluatedby thewebserver. Commondynamic
resourcesareActive Server Pages(ASPs),pagesgener-
atedby CommonGateway Interface(CGI) scripts,and
pagesproducedatrun-timefrom back-enddatabases.For
simplicity this paperfocuseson staticresources,that is,
thosewhichaserverobtainsfrom alocalfile system.Dy-
namicresourcesaremoredifficult to archive sinceboth
theresourceandtheprocessingenvironmentactiveat the
time mustbearchived(e.g.,theserver andserver exten-
sions).Whena pastversionis retrievedit is dynamically
regeneratedusingthepastprocessingenvironment.

4.1. A Web Server Model

Definition 4.1 [WebServer]
A webserver, � , canbe abstractlymodelledasa func-
tion that mapsa URL, � , to a response,��� 
���� , where �
is the responsecodeand

�
is the resource,i.e., ����� � �

��� 
���� .
� is a total function sincea server will always return
someresponse,e.g.,a requestfor a deletedresourcewill
receive a 404codealongwith a pageindicatingthat the
resourceis not found.

Definition 4.2 [Transaction-timeWebServer]
A transaction-timeweb server, � ���

, is a function that
mapsa transaction-timeURL, ��� 
 � ��� 
�! ��� �

, where � is a

URL,
� ���

is a transaction-timequery, and
! ���

is a restruc-
turing query, to a response,i.e., � ��� �"� 
�� ��� 
#! ��� � � ��� 
$��� .

Thetransaction-timequery,
� ���

, is built usingthefollow-
ing BNF rules.%

query& ::= ' | [
%
sequence& ] %

time&%
time& ::= time literal | timeOf%
sequence& ::= [

%
sequence& . ] (pred | succ )

For syntacticconvenience,if thetime is missingthenthe
currenttime, now, is used.Thepredecessor(successor)
operationretrievesa prior (later) versionof a resource,
e.g., pred.pred.Sep-26-2000 would retrieve the
versionprior to thepreviousversion.ThetimeOf func-
tion retrievesthe time of the documentthat is beingre-
trieved (useful to determinethe time of the predecessor
or successor).

Therestructuringquery,
! ���

, is usedto rewrite thehy-
perlinks within the resourceduring retrieval, that is, it
becomesthe transaction-timequeryon links emanating
from the retrieved resource. It hasthe samesyntaxas
the transaction-timequery. Several examplesaregiven
below to demonstratethe utility of separatingquerying
from restructuring.

� Retrieve thecurrentversionof � andlinks from the
currentversion.

� ��� ��� 

now, now

�

This is thedefault for non-transaction-timequeries.

� Retrieve the versionof � as of Sep-26-2000with
links to otherdocumentsasof thattime.

� ��� ��� 

Sep-26-2000 , Sep-26-2000

�

Links are rewritten to retrieve pastdocumentver-
sions.

� Resurrectthe version of � as of Sep-26-2000as
thoughit wereacurrentdocument.

� ��� ��� 

Sep-26-2000 , now

�

Links in � areto currentdocuments.

� Retrieve thepredecessorof � asof thetime thever-
sionwascreated.

� ��� ��� 

pred , timeOf

�
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Links in thepredecessorof � areto documentscur-
rentasof thetime thepredecessorwascreated.

� Retrievea sequenceof predecessorsof � .

� ��� �"� 

pred , pred

�

Links in thepredecessorof � areto predecessors.

4.2. Encoding the Transaction Time Query in a
URL

A network of transactiontime web servers is possi-
ble only if there is a standardconvention for specify-
ing transaction-timeweb server operations.The current
schemefor URL specificationdoesnot includetransac-
tion time. Oneproblemis that humansspecifytimesin
a varietyof ways.Therearemany differentcalendars,in
many differentlanguagescurrentlyin use. Datesin one
calendar, saytheIslamiccalendarhave little in common
with datesin the Gregoriancalendar. Second,datesand
timeswithin a singlecalendarhave many differentinter-
pretations.A commonexampleis thereversalof dayand
month fields betweenthe United Statesand the rest of
theworld. Third, dateliteralscanbeexpressedin a wide
variety of formats,e.g.,YYYYMMDD vs. DD-MON-
YYYY. Fourth,timesaresometimesgivensymbolically,
e.g.,Palm Sunday, 2000. Fifth, timesareoftenspecified
to a coarsegranularity, e.g., 2000. Given the richness
of languagefor time, encodingtransaction-timewithin a
URL necessarilyinvolvesextremesimplification.

Ourstrategy isverysimple:thetransaction-timequery
andrestructuringoperationareappendedto theresource
as queries [1] using ’?’ followed by the respective
queriesseparatedby a comma. The advantageof this
schemeis that requeststo non-transaction-timeservers
will functionexactly asbeforesincethequeryportionis
ignoredin HTTPrequestsfor staticresources(queriesfor
dynamicresourcesarenot-includedin thisstrategy). The
following exampleURLs illustratethestrategy.

� Retrieve thecurrentversionof sports.html .

sports.html?now,now

Sincethedefault timesliceandrestructuringqueries
arenow thefollowing URL hasthesameeffect.

sports.html

Hence, the scheme is completely backwards-
compatiblewith existingURLs.

� Resurrectthe previous versionof sports.html
asthoughit werethecurrentversion.

sports.html?pred,now

A non-transaction-timeweb server ignores the
query for static documents,so it will result in the
fetch of the current resource. A transaction-time
web server will fetch the predecessor, but will not
restructurelinks in thepredecessor.

� Retrieve theversionasof 26-Sep-2000 .

sports.html?26-Sep-2000,26-Sep-2000

XLink offersa muchrichermediumfor addingtrans-
action time to links [13]. The XLink recommendation
doesnot includetransactiontime, althougha transaction
timeelementmaybeaddedto thelink’scontentwith im-
punity.

4.3.ResourceVersions

� ���
associatesa transaction-timeinterval with each

resourceto recordthe lifetime of that resource.We as-
sumethat � ���

maintainsa table,calledtheresourcehis-
tory table, (*) . Each+-,.(*) is a tuple ��� 
���
 /	
 0��

where� is the URL for the resource,
�

is a pointer to the re-
sourcewhich is storedelsewhere(seeSection4.4 for a
discussionof storagealternatives),

/
is the transaction

starttime,and
0

is thetransactionstoptime. Thetransac-
tion time of theassociationbetweentheURL, � , andthe
resource,

�
, is the interval of time 1 /	
�0�� . Thetransaction

time of the associationis not quite the sameasthe life-
time of this version of the resource.Resourceversions
have to betrackedsinceuserscanretrieve thepredeces-
sorsandsuccessorsof resourcesfrom a transaction-time
webserver. Thedifficulty is thateachresourcemightde-
pendon otherresources.We stipulatethata new version
is createdeachtimearesourceor oneof its dependentsis
modified. A commondependency is an image. Whena
resourceis retrieved,theimagesthatit dependsuponcan
beincludedor excluded.

If aresourcehasnodependenciesthenthepredecessor
andsuccessorof aversionis well-definedanddirectlyre-
latedto thetransactiontime. Thepredecessorof aversion+ is 2 suchthat 23,4( )65 2 � 0 � + � / while thesuccessor
of + is 7 suchthat 78,9( ):5 + � 0 � 7 � /

. A resource
versionneednot havea successoror predecessor.

If dependentsare included, however, identifying
versions is more difficult. Basically, a new version
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is createdwhenever a resourceor one of its depen-
dents is updated. The predecessorof a version +�;
with included dependents+=< 

�
���

 +�> is 2 ; with in-
cluded dependents2�< 
��
���

 2?> such that 2A@ � +�@ un-
less 2A@ � 0 �CBED 2F�"2 ; � /	
 2�< � /	
��
����
 2?> � /
� in which case2A@ �HG�I J�K�J�L�JNM�M�OPI �"+�@ � . The successoris definedsimi-
larly.

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

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

If thetransaction-timequeryfor 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 predecessorof sports.htm is used(along
with thatof cathy.gif .

4.4. ResourceStorage

Software packagesfor the efficient storageand re-
trieval of resource(file) versionsarecommonplace,e.g.,
diff files andRCS.Any of thesepackagescanbe used
by a transaction-timewebserver. In theresourcehistory
table, eachtuple containsa ‘pointer’ to a version. We
assumethat this pointer hasall the necessaryinforma-
tion for retrieving the appropriateversionfrom the ver-
sion storagesystem. A full explorationof the tradeoffs
amongthe variouspackagesis beyond the scopeof this
paper.

4.5. A Lazy Transaction Protocol for Static Re-
sources

In this sectionwe developa transactionprotocolthat
maintainstheresourcehistorytable, ( ) .

An importantdifferencebetweenadatabaseserver(in
a client/server model) and a web server is the lack of
an updateprotocol. In a databasea user has to exe-
cute specific instructionsto modify data. For instance
in SQL a usermustexecutean UPDATETABLE state-
mentto modify theinformationin a table.Consequently,
a databasecanidentify whendatais beingchanged.In

contrasta web server is usually uninvolved whena re-
sourceauthormodifiesawebresource.Resourceauthors
canedit resourcesdirectly (e.g.,usingemacs),generate
resourcesusinga filter (e.g.,latex2html) or generatere-
sourcesfrom adatabase.Noneof theseresourcecreation
alternativesrequiresawebserver. As longastheresource
is locatedwherethe server canreadit (in a suitabledi-
rectorywith theproperprotections)theresourceis made
availablefrom theserver.

The remainingtask is to engineerthe web server to
archive pastversionsof resourceduringa readof there-
source.Figure1 is thelazy transactionprotocol.Theba-
sic ideais to updateresourcehistorytablewhile respond-
ing to the(transaction-time)HTTPrequest.Theresource
history tablemustbeupdatedif thethefile modification
time of a requestedresourceis differentfrom the infor-
mationstoredin ( ) , the resourcehasbeendeleted,or
theresourcehasjust beencreated.Eachof theseactions
createsa new versionof the resource.Note that

� ���
and! ���

default to the currenttransactiontime, now. Recall
that +Q,R( ) is a tuple �"� 
$��
S/	
�0��

where � is the URL
for the resource,

�
is a pointer to the resource,

/
is the

transactionstarttime,and
0

is thetransactionstoptime.
Onelimitation of thisstrategy is thatawebserverwill

missresourceversionsthatareneverread.Soif aversion
is createdandthendeletedwithoutbeingread,theserver
will notarchivethatversion.In effect,theversiondid not
exist for theserver. Resourceauthorscanforcea version
to bearchivedby readingit from thewebserver. This is
alreadycommonpracticesinceauthorscheckcorrectness
of an edit by examiningthe resultwith a browser. An-
otherstrategy to minimisetherisk of missinga resource
versionis to periodicallyrun a web robot to requestall
theresourcesfrom a siteandtherebyforcethearchiving
of resourceversions.

The lazy protocol incurs an additional overheadon
eachHTTP request:a lookup in ( ) . The cost of this
stepcanbe minimisedby eitherindexing ( ) appropri-
ately (on boththeURL andtransactiontime) or pinning
the setof currentURLs in memoryto avoid the lookup.
Additionally, if a resourcehasbeenmodified,a database
updateandinsertmaybeneeded.

4.6.Impr oving TransactionTimesliceBehaviour

The information in the resourcehistory tablecanbe
utilised and modified to improve responsesto requests
for resources.Considerthefollowing scenarios.

� Resource renaming- Often a resourceis movedor
renamedwithin a server file system. If a resource
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subroutineHTTPRequest(URL�?T , Query
� ���

, Query
! ���

)
-- Doestheresourceexist at thequeriedtime?
( := SELECT

�
FROM ( )

WHERE � T � � AND
� ��� � /�
�0��

-- If foundreturntherestructuredresource
if ( is not emptythen

returnHTTPRespond(200,
! ��� ��( �

)

-- Wasit a requestfor aninvalid version?
if

� ���
!= now then
returnHTTPRespond(404,’Versionnot found’)

-- Fetchthefile, U correspondingto theURLU := OperatingSystemReadFile(�?T )
if ReadFailedthen

-- Updatethelifetime of a deleted�?T
UPDATE ( ) SET

0 �RV	WYXZX�[�\Y]
WHERE � � ��T AND now IN 1 /	
 0��

-- CommittheDB changes
COMMIT
-- Sendtheerrorto theHTTP Client
returnHTTPRespond(404,’Pagenot found’)

-- Determinewhenthefile waslastmodified,
�

^
:= LastModifed(U )

-- DeterminewhethertheURL, ��T is current( := SELECT*
FROM ( )
WHERE �?T � � AND now IN 1 /	
�0��

if ( is emptythen
-- �?T hasyet to bearchived,insertanew version
INSERT INTO (_) VALUES ( ��T , U ,

^
,
�

)

-- Updatedatabasefor a recentlymodifiedresource
if ( �`/*a ^

then
-- Terminatethelifetime of thecurrentversion
UPDATE (_) SET

0 � ^
WHERE �?T � � AND now IN 1 /	
 0��

-- Insertanew version
INSERT INTO ( ) VALUES ( ��T , U ,

^
,
�

)
-- CommittheDB changes

-- Sendthefile to theHTTPClient
COMMIT
returnHTTPRespond(200,

! ��� ��U �
)

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

identifiedby the URL � is renamedto the URL ��T
thenthehistoryof resource� canbecopiedto cre-
atea history for resource��T . Transactiontimeslice
requestsfor both � and ��T will now have the same
behaviour.

� Resourceexpiration - Thestoptransactiontimeson
a resourcecanbe fixed to expire at a (future) time.
Whenthecurrenttime advancespastthestoptime,
theresourcewill no longerbecurrentasof now.

� Resourceextinction- Someresourceneedto beper-
manentlyremoved,e.g.,homework solutionsfrom a
previousyear’s subject.To forcetheextinction of a
resource,thehistoryof thatresourcecanbedeleted
from theresourcehistorytable.

� Fixing 404responses- A requestfor adeleted(or fu-
ture)resourcewill resultin a404response,meaning
thattheresourceis not found.A betterstrategy is to
automaticallyforwardtherequestto thepredecessor
(or successor)of theresource.Theforwardingpage
shouldstatethattherequestedversiondoesnotexist
andshouldincludealink to anearlier(later)version.
Hence,brokenlinks to deletedresourcescanbehan-
dledquiteeasilyby a transactiontimewebserver.

5. Summary

This paper proposesa strategy whereby individual
webserverscanbeseamlesslymigratedto a transaction-
time web. Onebenefitof transaction-timesupportis that
transactiontimeslice,versioning,and audit queriesare
supported.Anotherbenefitis that theproblemof broken
links canbemitigatedsincethemostrecentversionof a
resourcecanbe returnedwhena deletedresourceis re-
quested.Yet anotherbenefitis bettersupportfor XLink.
A non-mandatorygoal in theXLink requirementsspeci-
fication is that “it mustbe possibleto detectwhena re-
sourcea link pointsto is invalidatedor modified” [13]. A
transaction-timeweb server canmeetthis goal The key
problemin providing transaction-timesupportis thatweb
serverslacktheability to trackandmaintainresourcever-
sions.In thispaperweproposeda lazyprotocolwhereby
any server canbeeasilymodifiedto provide supportfor
transactiontime and a simple schemefor queryingre-
sourceversions.
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