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SUMMAR Y

Programmers are increasingly interested in developing applications that can be used internationally.
Part of the internationalization effort is the ability to engineer applications to use dates and times that
conform to local calendars yet can inter-operate with dates and times in other calendars, for instance
betweenthe Gregorian and Islamic calendars.� ZAMAN is a systemthat providesa natural language-and
calendar-independentframework for integrating multiple calendars.� ZAMAN performs“runtime-binding”
of calendarsand languagesupport. A running � ZAMAN systemdynamically loadscalendarsand language
support tables fr om XML-f ormatted �les. Loading a calendar integrates it with other, already loaded
calendars, enabling users of � ZAMAN to add, compare, and convert times betweenmultiple calendars.
� ZAMAN also provides a �exible, calendar-independentframework for parsing temporal literals. Literals
can be input and output in XML or plain text, using user-de�ned formats, and in differ ent languagesand
character sets.Finally, � ZAMAN is a client/server system,enablingsharedaccessto calendarserversspread
thr oughout the web. This paper describesthe architecture of � ZAMAN and experimentally quanti�es the
costof usinga calendarserver to translate and manipulate dates.

KEY WORDS: Time; multiple calendars;calendricsystems;temporaldatatypes;datetimerepresentation

1. Intr oduction

Thereis aneedfor asystemthatcansupportmultiplecalendars.Temporaldatais presentin someform
in mostapplications.Einstein's theoryof relativity positsthatanobserver measurestime relative to a
frameof reference.For mostobservers,especiallythosetravelingat a (small!) fractionof thespeedof
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2 URGUN ET AL.

light, the frameof referenceis in�uenced mostby theobserver's culturalandlinguistic background.
Diversebackgroundshaveproducedmany differentwaysto measuretime.Accordingto Fraser, about
forty majorcalendarsarein daily use[Fra87]. Eventhoughtime is measured,represented,andusedin
many differentways,mostapplicationsimposeasingleinterpretationfor timeandtemporaloperations.
For instance,theSQL-92standarddatabasequerylanguagerequiresdatesto berepresentedsolely in
theGregoriancalendar[MS93].

This paperpresents� ZAMAN, a systemthat providestemporalfunctionality for applicationsthat
needto calculate,format,parse,and/orcomparetimeswithin eitherasinglecalendaror acrossmultiple
calendars.The projectnameis composedof the Turkish word for time, Zaman, (pronounced“Zah-
mon”), andtheGreekletter, � (pronouncedtau), which denotesthat it is partof theTemporalAccess
for Users(tau)projectstartedat theUniversityof Arizona.y

The intendeduse of � ZAMAN is as a calendarserver for multiple calendars.� ZAMAN takes
a “runtime-binding” approachto integrating multiple calendars.In runtime binding, calendarsand
supportingtablesaredevelopedin isolationatdifferentlocationsandaresubsequentlyloadedasneeded
intoarunning� ZAMAN system.For instance,adeveloperin FrancecouldspecifyaGregoriancalendar,
anotherin Australiacouldwrite tablesfor monthnamesin English,a third developerin SaudiArabia
couldbuild an Islamiccalendar, anda fourth in Japancouldwrite Islamicmonthnamesin Japanese.
Eachdeveloperworks independently. When�nished, a developerplacesa descriptionof his or her
work on the web formattedin the ExtensibleMarkup Language(XML) [W3C00]. Then a user in
Canadacouldspecifya calendricsystemutilizing all of theseresourcesthougha simplespeci�cation
(againin XML). � ZAMAN integratesthe calendarsonly whenthe calendricsystemis loaded.Users
of thesystemcaninput andoutputtimesin differentlanguagesandcalendars,performinter-calendar
conversions,andcompareandmodify timesasdesired.� ZAMAN alsoprovidesa rangeof arithmetic
and comparisonoperationson times; for examplethereis an operationto addan interval (e.g., “1
week”) to aninstant(e.g.,“January1, 2006”).

� ZAMAN is acalendar-independentframework thatincorporatesseveralnovel featuresfor enabling
therapidintegrationof multiplecalendars.

� � ZAMAN is aclient/serversystem.Calendarscanbecomplicatedandcostlyto develop,whichis
onereasonwhyapplicationsusuallyhavelimited supportfor time.Whenacalendaris developed,
it is useful to sharethe calendaramongmany applicationsand users.A client/server system
enablesthecreationof “calendarservers” thatcanprovidecalendar-relatedservicesto multiple
clients. We anticipatethat therewill be � ZAMAN servers, or more precisely� ZAMAN web
services,runningonwell-known sites,especiallyfor themajorcalendars.

� A key partof thedesignof � ZAMAN is theability to addcalendarsandinput-outputformatson
the�y , atrun-time.New calendarsandotheruser-de�ned information,suchasnaturallanguages
or input-outputformats for temporalliterals, can be integratedinto a multi-calendarsystem
without recompiling� ZAMAN or evenstoppingandrestartinga � ZAMAN server.

� � ZAMAN makes extensive use of XML. XML is becoming increasinglypopular in web
applicationsfor exchangingdata and describingservices.In � ZAMAN, all calendar-related
speci�cations are XML documents.Using XML also helps to improve the parsingof the

y http://www.cs.arizona.edu/tau
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INTEGRATING MULTIPLE CALENDARSUSING � ZAMAN 3

�les for specifying� ZAMAN components,makingit easierto developcalendars.For instance,
a speci�cation �le in XML can be validated with an XML schemalanguage,like XML
Schema[Fal01]. (XML schemasexist for all the � ZAMAN speci�cations.) � ZAMAN also
supportstheconstructionanduseof XML-sensitiveformatsto inputandoutputtemporalliterals,
sinceweanticipatea futuregrowth in theuseof XML to representtimesanddates.

This paperis organizedas follows. The next sectionpresentsseveral examplescenariosshowing
how � ZAMAN canbeused.Section3 introducesthemajortime-relatedconceptsthatareimplemented
in � ZAMAN. The architectureis describedin Section4, which consistsof an overview of the major
packagesandadetaileddiscussionof therolesof individualclasses.Weshow how developersandusers
createandusecalendarsin � ZAMAN. We performedseveralexperimentsto measuretheef�ciency of
� ZAMAN. Theresultsarereportedin Section5. Section6 presentsa prototypeend-userandcalendar
developertool, with a GraphicalUserInterface(GUI), thatuses� ZAMAN to translateandmanipulate
dates.Thelast two sectionsdiscussrelatedresearchandlist thecontributionsandfuturedirectionsof
this research.

2. UsageScenarios

This sectionpresentsseveral examplesto motivate the utility and functionality of � ZAMAN. Each
exampleis aseparatescenario.Thescenariosbecomeincreasinglymoresophisticated.

In the �rst scenarioa user, let's call her Leslie, hasa long list of bankingrecordstimestamped
with Gregoriancalendardates.Thedatesareformattedusinga stylecommonin theUnitedStatesof
America(mm/dd/yyyy ). Leslieis sendingtherecordsto Paris,soshewould like to convert thedates
to a formatusedin Europe(dd/mm/yyyy ). Figure1 showsaconcreteexampleof sucha conversion.
Thisconversionis verysimple.Onecouldimaginewriting aPerlscript,or aprogramin anotherstring
processinglanguage,to performthe conversion.� ZAMAN canalso convert timesbetweenformats.
To do a format conversion,Leslie would �rst connectto a Gregorian calendar� ZAMAN server,
pushan Instant input propertywith the USA format, andpushan Instantoutput propertywith the
Europeanformat.Next, for eachdate,Leslie would constructan instant(e.g.,by calling the Instant
classconstructor)andsubsequentlyhave that instantoutput itself. The instantwould be constructed
usingtheGregoriancalendarandtheUSA format,but outputin theEuropeanformat.

Thesecondscenariois similar to the �rst, but insteadof anunstructuredtext document,Lesliehas
an XML document.The datesin the documentare encodedwithin <date> elements.Shewould
like to do the samekind of conversion,from USA to Europeanformat, as illustratedin Figure 2.
� ZAMAN canalsoperformXML-sensitiveconversions.Theconversionusesthesameprocessesasthe
previous scenario;only the Instantinput propertyandInstantoutputpropertywould have to change
to usetheXML-basedformats(I/O formatscanbespeci�edby users).We anticipatethatXML-based
conversionswill becomemorecommonthanunstructuredtext conversionsin thefuture.

The third scenarioconcernschangingthe languagein which a calendardateis represented.Leslie
hasa friend in India. She'd like to translateGregoriancalendardatesthat includean Englishmonth
nameinto a datewith the monthnamegiven in Hindi, without changingthe format as illustratedin
Figure3. � ZAMAN supportsusingdifferentlanguagesanddifferentcharactersetsfor �elds in formats,
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4 URGUN ET AL.

04/08/2003 ! 08/04/2003

Figure1. Convertinga datefrom a USA to a Europeanformat

<date> <date>
<month value = "04" /> <day>08</day>
<day value = "08" /> ! <month>04</month>
<year value = "2003" /> <year>2003</year>

</date> </date>

Figure2. An XML-basedconversionfrom USA to Europeandateformat

<date> <date>
<month value = "January" /> <month value = "Magha" />
<day value = "08" /> ! <day value = "08" />
<year value = "2003" /> <year value = "2003" />

</date> </date>

Figure3. A time valueis translatedfrom Englishto Hindi

suchasthenameof themonth.New tablesfor languagesupport,encodedasXML documents,canbe
dynamicallyloadedasneeded.

Thefourthscenarioconcernsconvertingtimesbetweencalendars.Lesliecontactsabusinessin Cairo
to integrateherbankinginformationwith Egyptianpurchasedata.ThebusinessasksLeslieto translate
eachGregoriancalendardateto thecorrespondingdatein theIslamiccalendar. Figure4 illustratesthe
desiredconversionfrom theGregorianto theIslamiccalendar. The�gure rendersthe Islamicdatein
Englishfor expositorypurposes;the languagecouldbe translatedto Arabic, usingthatcharacterset,
duringtheconversionin amannersimilar to thethird scenario.

The �fth scenariofeaturesa calendarserver to convert a time from a Gregorian to an Islamic
calendar. A single � ZAMAN systemcan load several calendarsat once and apply inter-calendar
conversions.� ZAMAN could alsobe deployed in a distributedsystemasillustratedin Figure5. The
�gure showsa “local” user(in this scenario,thelocal useris thebusinessin Cairo)running� ZAMAN

thathasa reliableimplementationof theIslamiccalendar. Leslierunsa “remote” � ZAMAN server for
the Gregoriancalendar. The “client” API for � ZAMAN is the samefor local andremoteservers,so
clientsdo not have to bespecializedto managelocal andremoteservicesdifferently. Froma client's
perspective theonly differencebetweenlocal andremoteservers,otherthanperformance,is that the
servershave differentnames.The �gure shows a client in contactwith a singleremoteserver, but in
general,a � ZAMAN client cansimultaneouslycommunicatewith multiple � ZAMAN servers.
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INTEGRATING MULTIPLE CALENDARSUSING � ZAMAN 5

<date> <date>
<month value = "January"/> <month value = "Safar"/>
<day value = "08"/> ! <day value = "06"/>
<year value = "2003"/> <year value = "1424"/>

</date> </date>

Figure4. A Gregoriancalendarto Islamiccalendarconversion

Thesixthscenarioexaminesatimegranularityconversion.SupposeLesliewantsto know how much
shespendseachmonth.In orderto calculatetheamountpermonth,sheneedsto convert thedateof
eachbankingrecordfrom a granularityof Gregorian calendardays to a granularityof Gregorian
months , so that she knows which recordsare in eachmonth. Figure 6(a) illustratesthis simple
granularityconversion.A lessstraightforward conversionwould be from days to a granularityof
Gregorianweeks (assumingLeslie would like to do a weekly analysisof her spending).An even
more complicatedconversionwould be converting a time at a granularityof months to one at a
granularityof days (or weeks ). For example,supposeLeslie knows sheboughtan item in March
2003,but doesnot know theexactdaywhensheboughttheitem.Generally, conversionsfrom coarse
to �ne granularitiesresult in indeterminatetimes [DS98]. An indeterminatetime is a time that is
not preciselyspeci�ed, suchas“sometimein March” or “last week”. Figure6(b) shows an example
conversion.The dateon the right half of the �gure indicatesthat the time is someday in the range
of daysbetweenthe �rst andlastday in themonth.� ZAMAN supportsboth intra- andinter-calendar
granularityconversions.Additionally, � ZAMAN providesclassesthat model indeterminatetimes,so
theindeterminacy canbeaccountedfor (or discardedif desired)in theconversion.

The seventh scenariois aboutsupportingarithmeticand comparisonoperationsfor time values.
Leslie wants to sendher banking recordsto Sydney to be integratedwith data from Australian
consumers.LeslieobservesthatSydney is onedayaheadof theUSA. To properlyintegratethedata
sheneedsto convert the datato local conditionsin Australia.For the temporalinformation in her
records,shebasicallyneedsto addoneday to eachdate.Sinceher datesarerepresentedin theUSA
format(mm/dd/yyyy ), it is morecomplicatedthatincreasingthe“day” numberby one;for instance,
a daythatendsamonthwould have to increasethemonth(andpossiblytheyear)andsetthedayto 1.
Increasinga dateby oneday is just oneexampleof the many arithmeticandcomparisonoperations
that applicationsneedto perform on times. An example comparisonis illustrated in Figure 7(a)
andan examplearithmeticoperationis depictedin Figure7(b). The �gures show relatively simple
operations.In general,theseoperationscanbecomplicatedbecausetheoperandsmaybeat different
granularities,from different calendars,in different languages,and involve different formats. The
times in an operationcould also be indeterminateor might even involve specialtimes,suchas the
variabletime callednowthatrepresentstheever-changingcurrenttime [CDI+ 97]. � ZAMAN provides
a completesetof temporalcomparisonoperationsanda usefulsetof arithmeticoperations.� ZAMAN

alsosupportsasemanticsinterfacethatpermitsusersto imposespecial-purposesemanticsfor temporal
operations,suchasconvertingoperandsin binaryoperationsto thegranularityof theleft operandprior
to performingtheoperation.

Copyright c
 2006JohnWiley & Sons,Ltd. Softw. Pract.Exper. 2006;00:1–7
Preparedusingspeauth.cls



6 URGUN ET AL.
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Figure5. Convertingbetweenlocalandremote� ZAMAN servers

April 13, 2003 ! April 2003
(a)days to months

April 2003 ! April 1, 2003 � April 30, 2003
(b) months to days

Figure6. Granularityconversions

In sum,many usersandapplicationsneedtemporalfunctionality. Unfortunately, applicationsare
often limited in their supportfor time becauseit is costly to developthecodeneededto fully support
input andoutputin a wide rangeof formats,languages,andcalendars,correctlyperformgranularity
conversions,and implementa completeset of temporaloperations.What is neededis a �e xible,
extensiblesystemthat supportsthe modularde�nition of calendarsandgranularities,can load new
calendarswhenneeded,andcanhandleall thecomplexities of parsingandformattinga wide variety
of times.Theremainderof this paperdescribesonesuchsystem.
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INTEGRATING MULTIPLE CALENDARSUSING � ZAMAN 7

April 13, 2003 � April 14, 2003 ! true
(a)An “earlier than”predicate

April 13, 2003 + 5 days ! April 18, 2003
(b) Addinganinterval to aninstant

Figure7. Evaluatingtemporaloperations

3. � Zaman Concepts

This sectionintroducesconceptsthatareof utility to usersof � ZAMAN, namelycalendars, calendric
systems, andvarioustemporal datatypes. A calendaris ahumanabstractionof time.Readersarelikely
to bemostfamiliarwith theGregoriancalendar, but many othercalendarsarealsoin daily use.Related
calendarsaregroupedinto larger structurescalledcalendricsystems.A calendricsystemfacilitates
interactionamongagroupof calendars.� ZAMAN supportstemporaloperationsonthreetemporaldata
types:instants, periods, andintervals[JC98]. An instantrepresentsapointonanunderlyingtime-line,
a period is the time betweentwo instants,andan interval is an unanchoreddurationof time. In the
remainderof this sectionwe explain eachconceptin moredetail. Section4 presentsthe � ZAMAN

architectureto supporttheconcepts.

3.1. Calendars

A calendaris ahumanabstractionof time[JC98]. Calendarsde�ne thetimevaluesof interestto auser,
usuallyoveraspeci�c segmentof thephysicaltime-line.A calendarfamiliar to many is theGregorian
calendar, basedontherotationof theEarthon its axisandits revolutionaroundtheSun.Somewestern
cultureshave usedtheGregoriancalendarsincethe late16thcenturyto measurethepassageof time.
As anotherexample,the Islamic calendaris a lunar calendar, basedon the amountof time required
for the Moon to revolve aroundthe Earth.Yearsin the Islamic calendararecountedsincethe Hijr a
(Mohammed's�ight to Medina),whichcorrespondsto theGregoriancalendaryear622C.E.

The Gregorianandlunar calendarsareexamplesof daily andmonthly calendars,but, in general,
a calendarcanmeasuretime usingany well-de�ned time unit. For example,an employeetime card
canbe regardedasa calendarwhich measurestime in eight-hourincrementsandis only de�ned for
� ve daysof eachweek.We notethatmany differentcalendarsexist, andthatnocalendaris inherently
“better” thananother;the valueof a particularcalendaris wholly determinedby the populationthat
usesit. TableI listsseveralprominently-usedcalendars.

It is important to also support“one-off ” or special-purposecalendars.The usageof a calendar
dependson the cultural, legal, and even businessorientationof the user. For example,businesses
generallyperformaccountingrelative to some�scal year. However, thede�nition of �scal yearvaries
dependingon the business.Universitiesmay have their �scal calendarcoincidewith the academic
yearin orderto simplify accounting.Otherinstitutionsusethemorecommonhalf-yearlyor quarterly
de�nitions of �scal year.
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8 URGUN ET AL.

Calendar Description
UTC2 Reviseduniversalcoordinatedtime
Gregorian Commonwesternsolarwith months
Lunar Commoneasternlunar
Julian Westernsolarwith yearsanddays
Meso-american 260daycycles
Academic Yearconsistsof semesters
CommonFiscal Financialyearbeginsat New Year
AcademicFiscal Financialyearstartsin Fall
FederalFiscal Financialyearstartsin October
Timecard 8 hourdaysand5 dayweeks
3-shiftWork Day 24hourdaydividedinto threeshiftsof 8 hours
Carbon-14 Timebasedon radioactivedecay
Geologic Timebasedongeologicprocesses

TableI. Commoncalendars

To enablecalendarsto be developedin isolation yet be rapidly integratedinto a multi-calendar
application,a modularde�nition of a calendaris essential.We envision thata calendardeveloperwill
developa calendarby specifyingtheintrinsic characteristicsof a calendar, whichde�ne theuniversal
qualitiesof thecalendar, andits extrinsic characteristics, which de�ne theuser-dependentor varying
qualitiesof thecalendar[SS92, Soo93].

Theintrinsiccharacteristicsof acalendarde�ne thesemanticsof thecalendarandof its components
thatdependdirectlyonsuchsemantics.For example,thedurationof timeunits(e.g.,week,month)and
their interrelationshipsareintrinsic componentsof a calendar. Functionsperformingcalendar-de�ned
computationsarealsointrinsic.An exampleof sucha functionwould be,isLeapYear(year) , for
theGregoriancalendar, whichreturnsaBooleanvalueindicatingwhetherthegivenyearis a leapyear.

The intrinsic characteristicsof a calendarinclude a collection of temporal granularities. A
granularityis a systemof measurementfor a temporaldatum[BDE+ 98, JC98]. For instance,in the
Gregoriancalendar, birth datesaretypically measuredin thegranularityof days andtrain schedules
arespeci�ed to that of minutes . Sincemeasurementsarediscrete,a granularitycreatesa discrete
imageof a time-line.Moreprecisely, theunderlyingtime-linecanbethoughtof asbeingchoppedinto
segmentscalledgranules. Timesaremeasuredto a granulewithin a granularity.

It is important for calendardevelopersto de�ne their own granularities;any �x ed systemof
granularities,suchasthosesupportedby SQL from the Gregoriancalendar, will not meetthe needs
of all users.In thatsense,a calendarcanbede�ned asa collectionof relatedgranularities[WBBJ97,
DELS00, BJW00,NWJ02].Granularitiesarerelatedin thesensethat thegranulesin onegranularity
maybefurtheraggregatedto form largergranulesbelongingto a coarsergranularity[BDE+ 98]. For
example,asevery Gregorianyear is an aggregationof 365 or 366 days,it follows that years is a
coarsergranularitythandays . Similarly, days is a �ner granularitythanyears .

We assumethat the granularitiesandconversionbetweenthemcanbe expressedalgorithmically.
As onevery comprehensive example,ReingoldandDershowitz have intricately de�ned in Common
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INTEGRATING MULTIPLE CALENDARSUSING � ZAMAN 9

Lisp some25 calendarsand how they relatedto one another, including “the presentcivil calendar
(Gregorian);therecentISO commercialcalendar;theold civil calendar(Julian);theancientEgyptian
calendar(andits Armenianequivalent);theCopticandthe(virtually identical)Ethiopiccalendars;the
Islamic (Muslim) calendar(both thearithmeticalversionandonebasedon calculatedobservability);
...”, in their book [RD01], which is a modernclassic.Sincewe useJava codeto expressthe more
complex mappingsbetweengranularities,� ZAMAN cansupportboth gap granularities(which have
gap(s)within individual granules,an examplebeing business-months , which will not include
weekenddayswithin a month)andholes(which aretime periodsbetweencontiguousgranules,such
asthetwo-dayholebetweengranulesrepresentinga Fridayanda Mondayin thebusiness-days
granularity).

Theextrinsic characteristicsof a calendarcapturethepropertiesof a calendarthatvary depending
on the orientationof the user. As an exampleof this type of characteristic,considerthe samedate
expressedin differentlanguages,sayEnglishandHindi. TheGregoriancalendardatemaybewritten
as“January/1/1999”in English,but in Hindi it would be“Magha/1/1999”.A singledatemayalsobe
expressedin several formats,e.g., it could be a string like “August20 2003” or an XML-formatted
stringsuchas“< date> August,20 2003< /date> ”. Both of the formatsarein English;however, they
arestructurallyverydifferent.Yetanotherexampleis thedifferencebetweenthemm/dd/yyyy format
preferredin the United Statesand the dd/mm/yyyy format usedin many other countries.Often,
internationalstandardsandlanguagesimposeasinglerepresentation.For example,boththeISO8601
internationalformat[Int00] andtheSQL92standardformat[MS93] representdatesonly in thecontext
of theGregoriancalendarandhasarigid setof de�nedformats.In contrast,� ZAMAN providessupport
for user-de�ned extrinsic characteristicsof calendars,andhencecansupportmultiple languagesand
differentformatsfor dates.

We have identi�ed a set of fourteencalendarpropertiesapplicableto many calendars.Table II
providesan illustrative list. Calendarsfor which a particularpropertydoesnot apply canignorethe
valueof theproperty, if it is de�ned. A completedescriptionin XML of thepropertiesin TableII can
befoundat theproject'swebsite.z

3.2. Calendric Systems

Calendricsystemsare collectionsof calendarswhereeachcalendarcovers a contiguousand non-
overlappingportionof thetime-line,calledanepoch [JC98].It is possiblethat therearetimeson the
time-linethatarenotcoveredby any epochfor acalendarin acalendricsystem.Figure8 illustratesthe
Russiancalendricsystem.It capturestheuseof calendarsover time in theareaof theworld called(in
English)“Russia”.In the�gure, thetime-lineis notshown to scale.In prehistoricepochs,theGeologic
calendarand Carbon-14dating (anotherform of a calendar)are usedto measuretime. During the
Romanempirethelunarcalendardevelopedby theRomanrepublicwasused.PopeJulius,in the�rst
CenturyB.C.E., introduceda solarcalendar, known asthe Juliancalendar. This calendarwasin use
until the 1917Bolshevik revolution whenthe Gregoriancalendar, �rst introducedby PopeGregory
XIII in 1572,wasadopted.In 1929,the Soviets introduceda continuousschedulework weekbased

z ExampleXML documentsareavailableat http://www.cs.arizona.edu/tau/tauZaman .
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10 URGUN ET AL.

Property Description
Locale Locationfor timezonedisplacement
Instantinput format Input formatstringfor instants;therearealsoformats

for now-relativeandindeterminateinstants.
Instantoutputformat Output format string for instants; there are also

formatsfor now-relativeandindeterminateinstants.
Interval input format Input formatstringfor interval; thereis alsoa format

for indeterminateintervals
Interval outputformat Outputformatstringfor interval; thereisalsoaformat

for indeterminateintervals
Periodinput format Input formatstringfor periods
Periodoutputformat Outputformatstringfor periods

TableII. Calendarproperties

Roman
Calendar

Geologic
Calendar

Carbon-14
Calendar

Julian
Calendar

Gregorian
Calendar

Communist
Calendar

Gregorian
Calendar

600 B.C.E. 100 B.C.E. 1929 C.E. 1931 C.E.1917 C.E.70,000 B.C.E.

Figure8. TheRussiancalendricsystem

on four daysof work followedby onedayof rest,in anattemptto breaktraditionwith theseven-day
week.Thisnew calendar, theCommunistcalendar, hadthefailing thatonly eightypercentof thework
forcewasactiveonany day, andwasabandonedafteronly two yearsin favor of theGregoriancalendar,
which is still in usetodayin thatcountry.

� ZAMAN is the only systemthat we know of that supportsmultiple calendarswithin a single
calendricsystem.Most systemsthatsupporttime have only a single,pre-de�nedcalendarovera very
smallepoch.For example,a DBMS thatimplementstheSQL92standardsupportsonly theGregorian
calendarandonly over theepochfrom 1 C. E. to 9999C. E. [Dat88, MS93]. This is inadequatefor
applicationsthatmanipulatetime valuesthatfall outsideof this epoch,suchasdevelopinga historical
recordof ancientEgypt. Also, applicationsthat usetime valuesthat arewithin this epoch,but in a
differentcalendar, cannotbe adequatelysupported.By allowing multiple calendricsystemsto exist
within an application,andsupportingcalendricsystemswith multiple calendars,we offer a general
notionof expressingtime thatis ableto capturetheentirehistoryof anenterprise.
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INTEGRATING MULTIPLE CALENDARS USING� ZAMAN 11

DataType Scenario
instant “Whendid Alice starttherace?”
period “WhenwasAlice running?”
interval “How longdid Alice run?”

TableIII. Examplesof temporaldatatypes

3.3. Temporal Data Types

� ZAMAN hasthreetemporaldatatypeswith rich semanticsthat capturethe intuitive and familiar
conceptsof time: instants, periods, andintervals. Thedatatypesareexplainedin detail in therestof
this section;TableIII givesanexampleusagefor eachtype.

An instant modelsa single point in time [JC98]. On a continuoustime-line, it is generallynot
possibleto preciselyidentify a single time point becauseour ability to measuretime is inherently
imprecise[CR87].For example,if a wristwatchreportsthat thecurrenttime is 3:45:23P.M., thetime
is actually sometimeduring that second,but it is unknown exactly when.The wristwatch canonly
measureto the accuracy of the granularityof seconds . Usually, an instantis modeledby a single
granule.� ZAMAN usesgranulesthroughout;eachgranuleis representedby an integral index. But
moregenerally, an instantis representedby a sequenceof granules,calledthesupport, togetherwith
anoptionalprobabilitydistributionon thesupport[DS98]. Thesupportindicatesthepossiblegranules
to which thetime is known while thedistribution recordstheprobabilitythattheinstantis a particular
granule.The supportextendsfrom a lower supportgranule,l , to an uppersupportgranule,u in a
granularity, G, andin this paperwill bedesignatedusingthefollowing notation,

l � u � f g 2 G j l � g � ug:

It is possiblethat the lower anduppersupportsarethesame,indicatingthat the instantis modeled
by a singlegranule.In this case,the instantis calleda determinateinstant.Otherwise,it is calledan
indeterminateinstant.

While it is importantto recognizethat instantsarespeci�ed only to the precisionof a particular
granularity, it is equally important to choosethe correct granularity. Sometimes,for reasonsof
linguisticconvenience,humansunder-specifya time,thatis, they specifya time in acoarsegranularity
whenthetime thatit signi�es is actuallyknown or intendedto beat a �ne granularity. For example,if
a shipschedulestatesthata shipdepartsat 3 P.M., thenthe time of theshipdepartureis givenin the
granularityof hours , but “3 P.M.” is (probably)accurateto a much�ner granularity, speci�cally to
thegranularityof minutes .

A periodis a segmentof thetime-line[JC98]. A periodcanberepresentedwith a pair of granules.
A periodthat extendsfrom granuleg1 to granuleg2 is the setof granulesin G betweeng1 andg2,
undertheconstraintthatg1 � g2. Periodliteralscanbegivenaseitheropenor closed; anopenperiod
excludesthe boundinggranulefrom the period.For example,in the Gregoriancalendarthe closed
period“[1/1/1776– 12/31/1776]”representsall thedaysin theyear1776.We will assumethatboth
thestartingandterminatinggranulesarein thesamegranularity. Instantsandperiodsarerelatedin the
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12 URGUN ET AL.

Operand1 Operator Operand2 Yields
- interval interval

interval + interval interval
interval - interval interval
instant + interval instant
instant - interval instant
interval + instant instant
instant - instant interval
interval * numeric interval
numeric * interval interval
interval / numeric interval
interval / interval numeric
interval + period period
period + interval period
period - interval period
TableIV. Valid arithmeticexpressionsandresults

sensethat two instantscanuniquelydeterminea period,anda period's boundinginstantscanalways
bedetermined.

An interval is anunanchoreddurationof time, thatis, anamountof time with known lengthbut no
speci�c startingor endinginstants[JC98]. For example,the interval “one week” is known to have a
durationof sevendays,but oneweekcanreferto any durationof sevenconsecutivedays.An interval
canbeeitherpositive,denotingforwardmotionin time,or negative,denotingbackwardmotionin time.

It is importantto notethatintervalsdonotnecessarilyhavea�x edduration.For example,thelength
of theinterval “onemonth” in theGregoriancalendarchangesfrom monthto monthwhenobservedat
thegranularityof days . In Februarythedurationof amonthmightbe28days,but in Juneit becomes
31days.

Finally, therearesomeinstantsthathavespecialsemantics.Beginningandforeverarespecialinstants
representingtheearliestandlatestpossibletimes,respectively, that is, minimal andmaximalinstants.
The instantnow representsthe constantlychangingcurrenttime. A now-relative instantincludesa
displacementfrom thecurrenttime, e.g.,now+ 1 day[CDI+ 97]. Thespecialinstantscanbeusedin
periods,andsomespecialintervalsalsoexist. For instance,theinterval all of timeis thedurationfrom
beginningto forever.

� ZAMAN supportsa basicsetof arithmeticoperationsinvolving instancesof the instant,period,
and interval datatypes.For example,one may wish to determinethe arrival time of a train given
its departuretime and the durationof its trip by addingan interval to an instant,e.g., “March 28,
2003” + “1 day” givesthearrival instant,which is “March 29, 2003”. TableIV shows thesupported
operationsandoperands.̀/ ', `* ', and`+' arebinaryoperatorsimplementingtheoperationsof division,
multiplication, and addition, respectively. `- ' implementsbinary subtractionin addition to interval
valuenegation,a unaryoperation.
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INTEGRATING MULTIPLE CALENDARS USING� ZAMAN 13

Operand1 Operator Operand2
interval equals interval
interval precedes interval
instant equals instant
instant precedes instant
instant precedes period
instant overlaps period
period precedes instant
period overlaps instant
period precedes period
period equals period
period meets period
period overlaps period
period contains period

TableV. A partial list of comparisonoperators

Notethatnotall combinationsof operationsarede�ned.For example,instant* instantis unde�ned
sincenoreasonablesemanticsfor thatexpressionexists.Notealsothatsince� ZAMAN employsintegral
indexesto representgranules,the resultof any operationmustbe integral, eithera determinatevalue
or anindeterminatevalue.

� ZAMAN hasa completesetof temporalcomparisonoperations.Determininga temporalordering
relationshipbetweena pair of objectsis central to many applications.For example,one might be
interestedin which employeeswere hired during a particular year, or given two employees,who
hasmoreseniority. Allen de�ned a completesetof relationshipsbetweenperiods[All83]. � ZAMAN

extendsAllen's operatorswith an analogoussetof operatorsfor the instantandinterval datatypes.
Table V lists someof operationsavailable in � ZAMAN. The full set was shown to be complete
elsewhere[SJS95].

Thearithmeticandcomparisonoperationsdiscussedaboveassumethattheoperandsarein thesame
granularity. In orderto haveasystematicwayof handlingoperandsatdifferentgranularities,� ZAMAN

allowsusersto de�ne their own semanticsfor operationson temporaldatatypes.Usuallythis involves
convertingoneoperandto thegranularityof theotheroperand.For example,supposethataninterval,
say“1 day” known to Gregoriandays is to be addedto an instant,say“12:00, March 1, 2003” at
Gregorianhours . Below arefour reasonablesemanticsfor evaluatingtheoperation.

Mismatch Givea mismatchedgranularityerror[AQdO85].

Left-operand semantics Perform the operation at the granularity of the �rst operand.This is
reminiscentof theassignmentoperatorin many stronglytypedlanguages,whichcaststhevalue
of theright handsideto thetypeof theleft handside.

Right-operand semantics Performthe operationat the granularityof the secondoperand.This is
reminiscentof someexpressionsin C++,e.g.,7/2.0 , whichconvertsthevalueof theleft hand
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14 URGUN ET AL.

sideof thedivision operatorto the �oating point type,becausetheright handsideis a �oating
pointnumber.

Finer semantics Performthe operationto the �ner granularity[CR87, Sar93, WJL91]. If the two
granularitiesareincomparable(neitheris �ner thantheother),thenperformtheoperationto a
granularity�ner thanbotharguments;if noneexists,giveanerror.

Coarsersemantics Perform the operation to the coarser granularity [BP85, MMCR92]. For
incomparablegranularities,performtheoperationto agranularitythatis minimally coarser.

4. � Zaman Ar chitecture

In this sectionwe presentthe architectureof � ZAMAN, andoutline how to usethe system.The key
designfeaturesof the architectureare extensibility and service.� ZAMAN provides extensibility in
two ways.First, it supportsmultiple calendars,multiple languages,anda wide rangeof formatsfor
time input andoutput.Second,� ZAMAN canby dynamicallyrecon�gured.Calendarsandcalendric
systemscanbedynamicallyloadedor reloadedwith new speci�cations.� ZAMAN providesserviceby
implementinga client/serverarchitecture.A calendarservercanbeaccessedby many remoteclients.

We implemented � ZAMAN in Java. While the architecture is independentof a particular
programminglanguage,the designwas in�uenced by the availability in Java of certain language
features.Below we list the six reasonswhy we choseto implementusingJava. First, portability is
a big concern.We'd like � ZAMAN to operateon mosthardwareandoperatingsystemplatforms,even
PDAs.TheJavaVirtual Machine(JVM) providesastable,platform-independentenvironmentin which
� ZAMAN canbe run. Second,Java is “network-friendly” in the sensethat it hasstrongsupportfor
network communicationandbuilding client/server systems.We madeextensive useof Java's Remote
MethodInvocation(RMI) classes.� ZAMAN canrunasacalendarserver, providing anetwork resource
for handlingtimesin aspeci�c calendar, suchastheGregorianor Juliancalendar. Third, weanticipate
thatcalendar-relateddata,suchascalendarspeci�cations�les in XML, will bemadeaccessibleon the
web. Java classesareavailableto fetch datausingthe Hypertext TransferProtocol(HTTP). Fourth,
we anticipatethat XML will becomepopularfor representingdatesandtimes.So mostof the data
that is input andoutputin � ZAMAN, suchastemporalconstantsandcalendarde�nition �les, will be
formattedin XML. � ZAMAN bene�ts from thewidely-usedandreliableXML parsingandprocessing
packagesof Sun's Java 2 platform, StandardEdition (J2SE)[Mic03]. Fifth, Java supportsdynamic
classloading.Dynamicclassloadingcanbe usedto extenda calendarserver with new calendarsat
run-time.Sixth and�nally , Java providessupportfor Unicode.We anticipatethattimesanddateswill
begivenin a widevarietyof charactersets.

Theremainderof thissectionpresentsthearchitecturefor � ZAMAN. We �rst givea broadoverview
of the major Java packagesand how they are related.Next, � ZAMAN is describedfrom a user's
perspective.We illustratehow to createa server andclient,andhow to constructinstancesof instants,
intervals,andperiods.Finally, eachof themajorarchitecturalcomponentsis presentedin greaterdetail.
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INTEGRATING MULTIPLE CALENDARS USING� ZAMAN 15

4.1. Overview

Figure9 showsthemajorcomponentsof thearchitecture.x In the�gure, eachboxrepresentsagroupof
relatedpackages,eachcomprisedof a numberof Java classes,60 in total. Usersarerepresentedwith
ovals.Therearetwo distinctcategoriesof users:administratorsandend-users. An administratorloads
calendars,calendricsystems,andlanguagesupporttables,while anend-userinteractswith � ZAMAN

to manipulatetemporalliterals.A directededgein the�gure indicatesthattheJava codein thesource
packagemakesuseof the methodsin someclassin the target package.Since� ZAMAN is an API
theend-userandadministratorrolesareassumedby anapplicationprogram;in many casesthesame
programwill assumebothroles.Therearethreemainoperational�o ws.

1. Con�guration — This �o w is for con�guring � ZAMAN, such as loading calendarsand
properties,andsettingup � ZAMAN services.Con�guration canbe performeddynamically, so
a con�guration �o w couldhappenmany timesduring execution.In Figure9 thecon�guration
�o w is representedby a dashedline.

2. Input/Output— Thesecond�o w of operationis relatedto granularityconversionsandinputand
outputof temporalliterals. Input callsa temporaldatatypeconstructorfor an instant,interval,
or period.Theinputandoutput�o w is denotedwith a solid line in Figure9.

3. Operations— The third and �nal �o w is for temporaloperationsthat involve no granularity
conversions.� ZAMAN providesa setof operationsthatuserscanperformon instants,intervals,
andperiods.Thetemporaloperations�o w is denotedwith adottedline in Figure9.

There are � ve groupsof packages:low-level, calendar-independentaspects(TemporalData Type
and Time-stamp),calendar-relatedaspects(Calendar, CalendricSystem,Propertyand Field), the
bridgebetweenthecalendar-relatedandcalendar-independentaspects(Input/Output),andthesystem
con�gurationinterface(TauZamanSystemandClient/Server).

The Timestampand TemporalData Type packagesencapsulatethe componentsfor the instant,
period,andinterval datatypes.Thepackagesareindependentof thecalendar, althoughthecalendars
areusedduring input (construction)andoutputof timesvia theTauZamanSystemandClient/Server
packages.A userwho wantsto createa temporaldatatype from a stringwill interactwith Temporal
DataTypepackageasshown in Figure9. Notethat� ZAMAN doesnotactuallymeasure time; rather, it
dealswith representing,manipulating,andperforminginput andoutputwith alreadymeasuredtimes.
Forexample,aninstantcanbeconstructedby convertingastringsuchas“March 20,2003”to agranule
representingtheappropriatedayin somecalendar;possiblyit is day736,004in thedays granularity.
Or it might get that datefrom the computer's clock asan integral numberof secondsor jif �es (with
60 jif �es persecond)from a speci�eddate(for Unix, thatdateis usuallyJanuary1, 1970.In any case,
� ZAMAN caneffect the conversionfrom that representationto (andfrom) day 736,004in the days
granularity. On output,the instantis convertedfrom a granuleto a string by againusinga particular
calendarand its services.But the temporaldatatypesinteractonly with the TauZamanSystemand
Client/Serverpackagesfor inputandoutputasshown in Figure9.

The CalendricSystem,Calendar, Property, andField packagesmanageaccessto calendar-related
services.The TauZamanSystemandClient/Server packagesinvoke methodsin thesepackageswhen

x Theclassstructurein JavaDoccanbeviewedathttp://www.cs.arizona.edu/tau/tauZaman .
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Administrator

Temporal Data Type
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Timestamp
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Input/Output
Package

TauZamanSystem and
Client/Server Packages

Calendar, Calendric System,
Property and Field Packages

End-user

Configuration

Input and output

Operations

Legend

Figure9. An overview of the� ZAMAN systemarchitecture

users load calendarsand calendric systems.Extensibility of calendric systemsand calendarsis
one of � ZAMAN's main designfeatures.Calendarscan be developedin isolation and then loaded,
dynamically, into a runningsystem.Additionally, new formatsfor input andoutputof time valuescan
becreatedanddynamicallyloaded.Thenew formatsarede�ned in propertyspeci�cation�les. Each
new formatcouldhaveanew languageor anew namefor afeaturein aformat(e.g.,abbreviatedmonth
names).

Figure9 showsthattheInput/Outputpackagebridgesthecalendar-dependentandindependentparts
of � ZAMAN. Whenatemporaldatatypeis parsedor formatted,relatedcalendarservicesarecalledvia
TauZamanSystemandClient/Servicepackages.Input is calledwhenanew instanceof a temporaldata
type is constructedfrom a string.The string is parsedinto individual �elds usinga format speci�ed
by a calendarproperty. The�elds arethenpassedto a calendar, whichconvertstheminto oneor more
granules.Thegranule(s)formsthetime in thenew instance.For output,theprocessis reversed.First
the granuleor granulesareconvertedinto individual �elds by calling a calendar. Next the string is
constructedby usingtheformatspeci�edby anoutputproperty.

The TauZamanSystemand Client/Server packagesmake � ZAMAN available to end users.
TauZamanSystemis usedto performinputandoutputoperationsfor theTemporalDataTypepackage.
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INTEGRATING MULTIPLE CALENDARS USING� ZAMAN 17

Additionally, a usercanuseTauZamanSystemto con�gure calendar-relatedcomponents,for instance
by loadingnew calendricsystems,properties,andcalendars.

TheClient/Server packagelets � ZAMAN berun aseithera server, a client, or both,asdescribedin
moredetail in thenext section.

4.2. Using � Zaman

Thissectiondescribeseachof the�o ws in moredetail,giving codeexamplesof using� ZAMAN.

4.2.1. Connectingto � ZAMAN

� ZAMAN canberunasa server, client,or a singlesystemthatis botha clientandaserver.

Server � ZAMAN canbesetasa (remote)server. Theserverprovidescalendarresourcesto clientson
anetwork.Theservermanagesall thecalendar-relatedinformation.Clientscommunicatewith a
serverusingremoteprocedurecall (RPC).A servercansupportmultipleclients.Eachclienthas
a separateinformationspace,managedby the server. � ZAMAN wasdesignedto minimize the
information�o w from clientsto serversto improve theef�ciency of RPC.Typically, eachcall
will passeitheraURL, asinglegranule,or ashortlist of granules;sotheamountof datashipped
is small.

Client A clientconnectsto a� ZAMAN serveroveranetwork.A clientcanconnectto multipleservers.
Clients individually manageeachserver connectionas a separateobject. A client maintains
all instancesof the temporaldatatypes,so Instant,Interval, andPeriodobjectsresideon the
client ratherthan the server. This meansthat temporalarithmeticand comparisonoperations
canbe performedat theclient, without involving theserver. Theserver is involvedonly in the
constructionof a temporaldatatypeobject,input,output,andgranularityconversions.

Local � ZAMAN canalsoberun asa singlesystemthat is botha client andserver. In this setup,the
client andserver areon thesamemachine,andRPCis not usedfor communication.Only one
local servicecanbe run within a process(but the systemcanstill connectasa client to other
remoteservers).

Finally, we shouldnotethat when � ZAMAN runsasa server, it canconnectasa client to yet other
� ZAMAN servers,creatinga network of � ZAMAN servers.

4.2.2. Runninga � ZAMAN server

Running� ZAMAN asa server is veryeasy. First, theusermustcreatea TauZamanSystem object.

TauZamanSystem tzs = new TauZamanSystem();

Next, theobjectis setto bea server.

tzs.setRemoteService();

Theserverneeddonothingelse;it is now readyto processincomingrequestsfrom clients.
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18 URGUN ET AL.

4.2.3. Runninga � ZAMAN client

Making a connectionas a client to a server is also straightforward. First a client createsa
TauZamanSystem object.

TauZamanSystem tzs = new TauZamanSystem();

Next theconnectionto theserver is established.Below weshow thecallsto createbotha local service
andaremoteservice.Theremoteserviceis identi�ed by anIP number. Duringthecreation,theservice
is requestedto load the “UofACalendricSystem”andusethe properties(for formattingtime values)
speci�edby the“properties.xml”�le. Bothspeci�cationsareXML documents.

TauZamanRemoteService tzrs = tzs.getRemoteService(
"186.24.12.1", // IP of the server
"TauZaman", // Name of service
null, // Use default RPC port
"UofA", // Server-side name of calendric system to load initially
new URL("http://www.cs.arizona.edu/tau/tauzaman /arizon aCalSy s.xml") ,
new URL("http://www.cs.arizona.edu/tau/tauzaman /proper ties.x ml"));

TauZamanLocalService tzls = tzs.getLocalService(
"UofA", // Server-side name of calendric system to load initially
new URL("http://www.cs.arizona.edu/tau/tauzaman /arizon aCalSy s.xml") ,
new URL("http://www.cs.arizona.edu/tau/tauzaman /proper ties.x ml"));

A problem in making a connection,e.g., a bad URL, will throw a TauZamanException . We
emphasizethataclientwill useexactly thesameinterfacefor all servicesprovidedby a localor remote
service;theonly distinctionis in creatingtheservice.Also observe that theXML speci�cationsneed
not be local to a server, a server will loadeachXML documentfrom theHTTP server namedin the
URL.

4.2.4. Administrator activities

Oncethe connectionto a local or remoteserver hasbeenestablished,a client canaskthe server to
load a calendricsystemanda default setof propertiesfor that system.Below is an exampleof an
administratorrequestingthata local server (tzls ) loada calendricsystem.

tzls.loadCalendricSystem(
"UofA clone", // Server-side name of calendric system
new URL("http://www.cs.arizona.edu/tau/tauzaman /arizon aCalSy s.xml") ,
new URL("http://www.cs.arizona.edu/tau/tauzaman /proper ties.x ml"));

Currently, � ZAMAN doesnot implementlevelsof securityon loading,i.e.,anyonecanloadandname
calendricsystems.We planto addsecurityin thefuture.

4.2.5. End-useractivities

It is also easyfor a client to createand manipulateinstants,periods,and intervals. In the design
of � ZAMAN, we choseto simplify the syntax for creatingand manipulatingdata type instances
by adoptingthe notion of an active � ZAMAN serviceand calendricsystem.Observe that a client
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could have multiple connections,and eachserver could have loadedseveral calendricsystems.We
let the client establishan implicitly active serviceand system,to avoid having to specify eachin
every � ZAMAN method.For example,supposethe client hasopeneda remoteservice(tzrs ) and
a local service(tzls ). Furthermore,supposethe local servicehastwo calendricsystems:“UofA”
and“UofA clone”. To make the local serviceand“UofA” calendricsystemactive in thecontext of a
TauZamanSystem object(tzs ), theuserwould do thefollowing.

tzs.setActiveService(tzls);
tzls.setActiveCalendricSystem("UofA");

Once the active serviceand systemhave beenestablished,a client can constructand manipulate
instancesof � ZAMAN temporaldatatypeswithout having to pass� ZAMAN speci�c information to
theconstructors.Below is anexampleof callsto theInstant andInterval constructors.

Instant instnt = new Instant("<instant> <year value = "2003"/> </instant>");
Interval intrvl = new Interval("<interval> <year value = "3"/> </interval>");
// An instant is output according to the instant output property
System.out.println(instnt.toString());

Thepermissibleformatfor theXML in eachstringis speci�edby thecorrespondinginstantor interval
inputpropertyin theactiveservice,if speci�ed,or thedefaultpropertiesin theactivecalendricsystem.

Within a calendricsystem,the Instant objectcanbe converted(castor scaled:the �rst always
yieldsa determinatevaluewhile the lattermayresultin anindeterminatevalue)to a new granularity.
In theexamplebelow, theconversionis from Gregorianyearsto Gregoriandays.

Instant dayInstnt = instnt.cast(days); // days is a Granularity object

Thecastproducesa new instant.A castfrom yearsto dayswill producethe instantcorrespondingto
the�rst dayin theyear, i.e.,“January1, 2003”.Alternatively, theinstantcanbecastto agranularityin
a differentcalendar(but within thesamecalendricsystem).An exampleof an intra-calendricsystem
conversionis given below. Assumethat the active calendricsystemhasGregorian and Astronomy
calendars.

// astronomyDays is a Granularity object in the Astronomy calendar
Instant astroDayInstnt = instnt.cast(astronomyDays);

Inter-servicesystemconversionsarealsosupported,indirectly. In theexamplebelow, theoutputof an
instantin onecalendricsystemis pipedinto theInstant constructorfor thenew calendricsystem.

// Use the local service
tzs.setActiveService(tzls);
Instant instnt = new Instant("<instant> <year value = '2003'/> </instant>");
// Switch to using the remote service, also changing the calendric system
tzs.setActiveService(tzrs);
Instant another = new Instant(instnt.toString());

Notethataconversionmight throw anexceptionwhenthetimedoesnotexist in thetargetgranularity.
For examplea Gregoriancalendaryearof 200 B.C.E.,cannotbe convertedto a UofA calendarday,
sincetheUofA calendaris de�ned only from whentheuniversitywasfounded.

Onceaninstant,interval, or periodhasbeenconstructed,it canbecompared,added,subtracted,etc.
in thecontext of a Semantics object.Left operandsemanticscastsoperandsin binaryoperationsto
thegranularityof theleft operand,andthenperformsthedesiredoperation.
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Semantics Ops = new LeftOperandSemantics();
// Add the interval to the instant
Instant result = Ops.add(instnt, intrvl);
// Is instnt earlier on the time-line than result?
if (Ops.precedes(instnt,result)) ...

We useda Semanticsobject to encapsulatetemporaloperationsso that a usercould easily switch
betweendifferentsemantics,andde�ne new semanticsasdesired.For instance,in an indeterminate
semantics,a precedesoperationcouldproducea resultin a three-valuedlogic (true, false,or maybe)
while thesameoperationin a determinatesemanticswouldyield a booleanresult(trueor false).

The restof this sectionprovidesa discussionof individual componentsin eachgroupof related
packages.We �rst presentthe low-level building blocks in � ZAMAN, such as componentsfor
supportingoperationson temporaldata types. Next, the high-level componentsare described,in
particular, the TauZamanSystemand Client/Server packages.� ZAMAN is implementedin Java;
howeverthedesigncouldbeimplementedusingany languageor systemthatsupportsremoteprocedure
calls,dynamicloadingof classes(or functions),andXML parsingandprocessing.

4.3. Supporting Operationson Temporal Data Types

Theclassesfor theTemporalDataTypeandTimestamppackagesform thecalendar-independentpart
of � ZAMAN. Theseclassesandinteractionsareshown in Figure10.In the�gure, asolidboxrepresents
aclass,while adashedboxrepresentsapackage.A directededgeindicatesthatthesourceclassmakes
useof the target.Dasheddirectededgesshow the interactionbetweenclassesin the samepackage,
whereassolid directededgesrepresentthe interactionbetweenclassesin different packages.The
temporaldatatypeclassesuseservicesprovidedby theTauZamanSystemandClient/Serverpackages
asshown in Figure9.

The TimeValue class is the foundation of the calendar-independentpart of � ZAMAN.
TimeValue encapsulatesthesemanticsof theunderlyingtimedomain.Many semanticsarepossible.
Time can be modeledas discrete,dense,or continuous;and the domain could be boundedor
in�nite [JS99]. TheTimeValue classimplementsa speci�c time domainandprovidesmethodsfor
arithmeticandcomparisonoperationswithin thatdomain.Only onetimedomaincanbeimplemented;
wechoseto implementadiscrete,boundedtimedomain.Theboundsarethespecialvalues,beginning
andforever, representingtheearliestandlatestpossibletimes,respectively. We usedJava's long data
type for a time (recall that we utilize integral indexesfor granules,even in indeterminatevalues),so
264 differenttimescanberepresented.In sixty-four bits it is possibleto representcurrentestimatesof
thelifetime of theuniverse,approximatelythirteenbillion years,to thegranularityof seconds.

Eachgranularitycreatesa discreteimageof thetime-lineasa sequenceof granules.TheGranule
class associatesa TimeValue object with a granularity to form a granule. For instance,the
TimeValue with a valueof 3 is associatedwith thegranularityof Gregoriandays to representthe
third granulein thatgranularity. Granulesarefurtherclassi�edasdeterminate,indeterminate,or now-
relative.Theclassi�cationprovidesadditionalmodelingcapabilities.A determinategranuleis asingle
TimeValue indicatingthatthelocationof thetimeis knownto asinglegranulein thatgranularity. An
indeterminategranule,however, is a time thatis sometimebetweenanlowerandupperTimeValue ,
i.e., a setof granules.A ProbabilityMassFunction objectdescribesthe probability of each
indeterminatealternative. Commonmassfunctions,suchas uniform andPoisson,canbe provided.
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Figure10.Classesin theTemporalDataTypeandTimestamppackages

Finally, a NowRelativeGranule instanceis a granulethat moveswith the currenttime. A now-
relativegranulemayincludeaninterval thatdisplacesthegranulea�x eddistancefrom now. Arithmetic
andcomparisonoperationsaresupportedfor eachtypeof granule.

Granulesarepart of the datastructurein eachof the threetemporaldatatype classes:Instant ,
Period , and Interval . Eachof the classescan representdeterminate,indeterminate,andnow-
relative times. String constructorsare also provided for each.For example the Instant string
constructorwould createan instantwith a determinategranulewhen given “March 28, 2003”, an
instantwith anindeterminategranulefrom “March 28,2003� March29,2003”,andaninstantwith a
now-relativegranulefrom “now + 5 days”.

Thearithmeticandcomparisonoperationsdiscussedin Section3.3aredescribedby aSemantics
interface. For instance,a Semantics provides an operationto add an interval to an instant,but
not to add two Instants.Semantics is an interfacerather than a classbecausethereare several
reasonablesemanticsfor performingan operation.For instanceone semantics,called left operand
semantics, converts the right operandto the granularityof the left operandprior to performingthe
operation.A designerwould implementan interfacewith whatever semanticsis desiredby the user.
The Semantics interfaceis further subclassedinto a DeterminateSemantics interfaceand
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an IndeterminateSemantics interface.Onedifferencebetweenthe two kinds of semanticsis
thatthedeterminatesemanticsreturnsbooleanvaluesfor comparisonoperations,but theindeterminate
semanticsreturnsan ExtendedBoolean value.ExtendedBoolean implementsa three-valued
logic on the values true , false , and maybe. The indeterminatesemanticsalso permits two
controlson the indeterminacy in an operation,called the plausibility andcredibility. Thesecontrols
arepresentedin detailelsewhere[DS98].

4.4. Calendar Support

The Calendar, CalendricSystem,Property and Field packagesimplement the calendar-dependent
componentsof � ZAMAN. Users can load, activate and de-activate calendric systems,calendars,
propertiesand �eld values, convert temporal constantsto timestamps,and perform granularity
conversions.Figure11 shows the individual componentsthat comprisethecalendarsupport.Classes
in calendarsupportdo not useany othermajor componentof � ZAMAN asshown in Figure9. Solid
directededgesrepresentintra-packageinteractions,whereas,dasheddirectededgesrepresentinter-
packageinteractionsbetweenclasses.

4.4.1. Calendar

The Calendarpackageencapsulatesa singlecalendar. We choseto representan individual calendar
as a combinationof two different information sets.The �rst information set consistsof the XML
speci�cation�les for thecalendar, granularities,andgranularitymappings.Each�le is createdaspart
of a calendardevelopmentprocessby a calendardeveloper. Oneof the key featuresof � ZAMAN is
that it candynamicallyloadcalendars.It doesthis by readingtheXML speci�cationsfor a calendar.
Sooncea developercreatesa calendar, it canbemadeavailablefor loadinginto a calendarserver by
simplymakingthespeci�cationsavailableon theweb.

The secondinformation set is the location of Java classesthat provide the codeto do irregular
intra-calendargranularity mappings.There are two mapping classes:RegularMapping and
IrregularMapping . Most granularityconversionsareregular [BDE+ 98]. A regularmappingcan
bedescribedcompletelyin theXML speci�cationbyasimpleformula,equivalentto Ning etal.'sgroup
operation[NWJ02]. For example,therelationshipbetweenGregoriandays andGregorianweeks is
regularsinceregularperiodsof sevendaysgroupinto a week.Codefor performingregularmappings
is built into � ZAMAN. An irregular mappingis a specialkind of conversionthat is not reducibleto
a simpleformula.Oneexampleof an irregularmappingis the relationshipbetweenGregoriandays
andGregorianmonths . Thenumberof daysin a monthvariesfrom monthto month,andbecauseof
leapdaysthesamemonthmayhave a differentnumberof daysfrom yearto year. Irregularmappings
needspecialcode.A calendardeveloperhasto provide a Java class,which is dynamicallyloaded,to
performanirregularmapping.

With thetwo informationsets,� ZAMAN canloadeverythingit needsaboutanew calendar, provided
thecalendarspeci�cation�le is valid. A validatingparsercanensurethata speci�cation�le is a legal
instancethatconformsto anXML Schemadescriptionof thecalendarspeci�cation.An exceptionis
thrown if thespeci�cationis invalid or otherproblemsaredetectedduringloading.

� ZAMAN usesa calendarrepositoryto sharecalendarsamongmultiple users,implementedby
the CalendarRepository class.To prevent duplicate loading of calendarsand increasethe
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Figure11.Classesfor calendar-dependentcomponents

performanceof � ZAMAN, whenacalendaris loadedit is addedto acalendarrepository. Userrequests
to subsequentlyload the samecalendarwill fetch the alreadyloadedcalendarfrom the repository.
However, � ZAMAN provides a calendar“refresh” operationto force reloadingof a calendarwhen
desired,for instance,if the speci�cation �le hasbeenupdated.In responseto a load request,the
calendarrepository�rst determinesif the calendarhasalreadybeenloaded.If found, the repository
simply returnsthe found calendarobject,otherwise,it startsto load the calendarfrom the location
identi�ed by thecalendar'sURL. TheURL is usedasaprimarykey in thecalendarrepository.

4.4.2. CalendricSystem

The CalendricSystempackageimplementsa calendricsystem.A calendricsystemis a collectionof
multiple calendars.Like calendars,calendricsystemsarealsodescribedby XML speci�cation �les.
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The calendricsystemspeci�cation providesde�nitions for epochs,calendars,a descriptionof how
to integratemultiple calendars,default properties(seeSection4.4.3), the location of Java classes
to perform irregular inter-calendarmappings,and default regular expressionsfor dateparsing.The
project'swebsiteincludesanexamplecalendricsystemspeci�cation�le, whichimportstheGregorian
andUniversityof Arizonacalendars.

The most importantrole of a calendricsystemis to integratethe calendarsthat it imports.In the
calendricsystemspeci�cation eachcalendaris identi�ed by a URL, which locatesthe calendar's
speci�cation�le. Thecalendarsareloadedwhenthecalendricsystemis loaded.To simplify thewriting
and handlingof calendricsystemspeci�cation �les, importedcalendarscan be given local names,
valid within thecontext of that calendricsystem.The calendarsareintegratedby mappingsbetween
granularitiesin differentimportedcalendars.The inter-calendargranularitymappingscanberegular,
in which casetheformulafor mappingis givenin thespeci�cation�le, or irregular, in which casethe
speci�cation �le includesa URL to a compiledJava classthatperformsthe mapping.The compiled
classis loadedduring loading of the calendricsystem.The calendricsystemusesthe mappingsto
facilitategranularityconversions[DELS00].

Calendricsystemsare sharedin a repository. To prevent duplicateloading of calendricsystems,
� ZAMAN hasa calendricsystemrepository. Whena calendricsystemis initially loaded,it is addedto
the repository. Subsequentattemptsto load the samecalendricsystemwill fetch the alreadyloaded
systemfrom the repository. A refreshoperationis available to force reloading.The URL of the
calendricsystemspeci�cation�le is theprimarykey in therepository.

4.4.3. Property

TheProperty classimplementstheextrinsiccharacteristicsof eachcalendar. We identi�ed fourteen
kinds of properties,someof which are listed in Table II. Thesepropertiesspecify user-dependent
aspectsof a calendar. Thereare propertiesthat de�ne the internal mechanismsof how a temporal
literal shouldbe convertedto an underlyingtimestamp.Therearealsopropertiesthat provide other
importantinformation,suchasa timezonespeci�cation,to beusedin theinputandoutputof temporal
literals.

Propertiesare de�ned in an XML speci�cation �le. A property speci�cation �le can contain
several properties.A property is identi�ed by the URL of the speci�cation �le that de�nes it and
a propertyname.A propertyrepository, similar in functionality to thecalendarandcalendricsystem
repositories,managespropertyloadingandunloading.Havingarepositoryhelpsto improvethesharing
of propertieswithoutduplication.

Propertyvalues,unlikecalendarsandcalendricsystems,aredifferentfor eachindividualapplication.
To supportuser-speci�c properties,� ZAMAN allocatesprivatepropertystacksto eachuser. Sincethe
propertieshave calendar-relatedcomponents,thestacksaremaintainedon theserver-side,ratherthan
by a � ZAMAN client.Whena new propertyis desired,theuserasksa � ZAMAN server to activatethe
property. Thepropertyis parsedfrom a speci�cation�le (or retrievedfrom therepository)andpushed
ontothestackfor thatproperty. Subsequently, userscande-activatetheproperty, causingtheproperty
to bepoppedfrom thestack.

Propertiesprovide formats for input and output of temporal literals. To illustrate this, assume
that a user�rst wantsinstantsto be parsedaccordingto a “mm/dd/yyyy ” format.The userwould
activatea new instantinput propertywith that format.Later theuserdecidesto changethe format to
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“dd/mm/yyyy ”. Theuserwould thenactivatea differentinstantinput propertywith thenew format.
Theusercouldalsochangeotherformattingfeatures.

Within � ZAMAN the PropertyManager classhandlesthe managementof propertiesvia the
PropertyStackService class.

4.4.4. Field

A �eld is an atomic date/timefeatureof a temporalliteral. To illustrate �elds, assumewe want to
constructthe instantfor the temporalliteral “3/20/2003”.The literal will be parsedinto three�elds
usingthe Input instantformat property:the month�eld valueis 3, the day �eld is 20, andthe year
is 2003.A �eld generallyrepresentsa calendargranularity, but can include other features,suchas
the nameof a timezone.As anotherexample,let's assumewe want to constructa period from the
literal “[March 20, 2003 - March 21, 2003)”. The following structureof �elds is producedby the
parserusingthePeriodinput formatproperty:f delimiter=“[”, f month=`3”, day=“20”,year=“2003”g,
f month=“3”,day=“21”,year=“2003”g, delimiter=“)”g. This �eld structurecontainstwo �eld lists,one
for eachboundinginstant,andtwo �elds for delimiters,whichareneededto identify whethertheperiod
is closedor open, oneitherside.

Fieldsarealsorelatedto languagesupport.Whena temporalliteral is parsedinto �elds, each�eld
canbe further interpretedby languagesupporttables,called�eld valuetablesor fv tables,that map
stringsto �eld values.Considerthe literal “Mar/20/2003”.After parsing,themonth�eld would have
the value“Mar”. A �eld valuetablewould be usedto mapthestring to the value3 representingthe
monthof March.Duringoutputthe�eld valuetablesareusedto replace�eld values(integers)with the
appropriateoutputstring.We'll show wherethese�eld valuescomefrom in thenext section.

Field valuetablesaredescribedin �eld valuespeci�cationXML documents,which areloadedas
partof activatinga property. A �eld valuetablecouldbe implementedasa Java class.Thetablesare
cachedin a repositoryto facilitatesharingandreuse.

4.5. Input and Output

Input refers to the parsingof a temporal literal during constructionof an instanceof a temporal
datatype. Outputconvertsthe instanceto a formattedstring. Figure12 shows the classesandtheir
interactionsin theInput/Outputpackage.In addition,it alsoshowsinter-packageinteractionsin parallel
with Figure9. Sinceoutputis largely thereverseof input,wewill presentonly theprocessfor input in
detail.

Although input canbe somewhatcomplicateddueto the possibleexistenceof multiple calendars,
languagesandavarietyof formatproperties,theinputprocesscanbesummarizedin thefollowing � ve
majorsteps.Therestof this sectionexplainsthesestepsin detail.

1. Parsetheformat(anXML document)andbuild a DocumentObjectModel (DOM).
2. Parsetheliteral andbuild a DOM.
3. Matchtheliteral'sDOM with theformat'sDOM.
4. Extract�eld valuesfrom theliteral'sDOM usingregularexpressions.
5. Createa �eld list structure from the�eld values.
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Input Output

Calendar, CalendricSystem,
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FieldsBuilder

FormatParser

Figure12.Thearchitectureof theInput/Outputpackage

The�rst stepis to parsetheappropriateinputpropertyandbuild aDOM for theformatit contains.A
formatspeci�esanacceptableskeletonor structurefor a temporalliteral. Figure13showsanexample
instantinput formatpropertywith theformatenclosedin a <format> element.Theexampleformat
stipulatesthatonly literalsconsistingof one<instant> elementwith threeattributes,month , day ,
andyear , areacceptable.The format further identi�es �elds within the literal to extract for further
processing.Thepresenceof a �eld is indicatedby a �eld variable, which startswith a “$” character.
Therearethreevariablesin theexampleformat:$month , $day and$year .

The secondstepis to apply theXML parserto the input temporalliteral, building a DOM for the
literal. Assumethattheliteral to parseis givenbelow.

<instant month="March" day="20" year="2003"/>

Whenparsed,the literal will createa DOM with oneelementnode(<instant> ) andthreeattribute
nodes(month , day , andyear ).

The third stepmatchesthe DOM for the literal againsteachDOM for a format.The DOMs must
matchexactly, but variablesmustmatchat leastpartially to anattributevalueor text value.Sovariables
canonly appearwheresometext is expected.In the examplegiven above, the DOM for the literal
matchesthe exampleformat DOM, with the following variableassignments:$month ="March" ,
$day ="20" , and$year ="2003" . A formatcanoptionallyspecifywhetherwhitespacein text nodes
or attributevaluesis to beignoredduringmatching.

Thefourth stepusesregularexpressionsto extracta valuefor eachvariable.Theregularexpression
is built asfollows.Each�eld variableis describedby a<fieldInfo> element.The�eld information
elementidenti�es a �eld value table that has all of the possiblelegal �eld values.For example
the $month �eld usesthe EnglishMonthName �eld value table,which is a list of legal month
namesin English.The table also hasa regular expressionfor recognizingvaluesin the table.For
EnglishMonthName , the regular expressionwould specify a non-zerosequenceof alphabetic
charactersfrom the Westerncharacterset.The string “March ” matchesthe third entry in this table
(seetheproject's web site for a completeexampleof a �eld valuespeci�cation),so the valueof the
$month �eld is 3.

The�fth stepputstheintegersmatchedby each�eld variableinto a �eld list structure(theFields
class).The �eld list is a collectionof informationextractedfrom a temporalliteral. A calendarwill
convert the�eld list into a granule.For theGregoriancalendar, the�eld list structurewith a $month
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<property name = "InstantInputFormat">
<value>

<format>
<instant month="$month" day="$day" year="$year"/>

</format>
<fieldInfo variable="month" name="monthOfYear" using="englishMonthNames"/>
<fieldInfo variable="day" name="dayOfMonth" using="arabicNumeral"/>
<fieldInfo variable="year" name="year" using="arabicNumeral"/>

</value>
</property>

Figure13.An exampleof aninstantinput formatproperty

Input/Output
Packages Property and Field Packages

Calendar, CalendricSystem,

TauZamanService

TauZamanSystem

TauZamanLocal TauZamanRemote
ServiceHandlerService

TauZamanRemote
Service

Figure14.Theclassesin theTauZamanSystemandClient/Serverpackages

of 3, a $day of 20, anda $year of 2003,thedaygranule736004will be returned(consistentwith
the origin of the day granularityof January1, 1 C.E., andutilizing the knowledgethat day is the
“�nest”—least coarse—�eld).

Indeterminateinstants,now-relative instants,and determinateand indeterminateperiodsall have
“bounding” instants.The instantinput andoutputformat propertiescanbe importedinto the format
propertiesfor othertemporaldatatypes.

4.6. The TauZamanSystemand Client/Server Package

The TauZamanSystem classis the managerfor accessto � ZAMAN. Figure 14 shows the class
interactionswithin TauZamanSystemandClient/Server package.In thesame�gure, interactionswith
Input/Output,TemporalDataTypes,andTimestamppackagesarealsoshown.
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Figure15.Theclient/server architectureof � ZAMAN

Thereweretwo maindesigncriteria thatguidedthedevelopmentof theserver/clientfunctionality
in � ZAMAN.

1. From a client's perspective, thereshouldbe no codingdifferencebetweenusinga remoteand
local service,except identifying the serviceas local or remote,as shown in Section4.2.3.
Our goal wasto make thedistinctionbetweenlocal andremoteobjectstransparentto a client.
However, full transparency canbe disconcertingin somedistributedsystemapplicationssince
there can be profound differencesin performancebetweenusing local or remote objects.
Therefore,in � ZAMAN, a usermustsimply identify the serviceas local or remote.Knowing
theservicetypewill inform usersof potentialperformancedifferences.

2. All instancesof temporaldata types are local. Our goal was to minimize the amountand
frequency of client/server communication.Ideally, a � ZAMAN client will have all local
resources.Remoteserviceswill be invoked only whennecessary, primarily for input, output,
andgranularityconversions.Relatively few kindsof objectscanbepassedfrom client to server;
only theGranule classis serializable(andtheclassesit references,namelyGranularity
andTimeValue ).

Figure 15 depicts the client/server structure. In the �gure a TauZamanSystem at the
client side creates a local TauZamanRemoteService object. The object connects to a
TauZamanRemoteServiceHandler residing on a server, which provides a connectionto a
TauZamanSystem objecton the server's side.Note that the client canconnectto multiple remote
TauZamanService objectsthroughdifferentTauZamanRemoteService objects.Client/server
communicationin � ZAMAN usesRPCin Java'sRemoteMethodInvocation(RMI) package.

A user, whetherit is a client or a server, createsa single TauZamanSystem instance.When
� ZAMAN is run asa server, the TauZamanSystem object is responsiblefor communicatingwith
clientsandmanagingthe four repositories.Therepositoriesarepopulatedover time asa client loads
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calendricsystems,calendars,properties,and �eld value tables.The choiceof settinga systemasa
clientor a server is application-dependent.

A TauZamanSystem objectalsoprovidesTauZamanService , which is the client's API for
interactingwith calendar-relatedcomponents.A TauZamanService offers all of the calendar-
relatedmethodsto end users.This includesmethodsto load calendricsystems,and calendars,to
activateandde-activateproperties,andto inputandoutputtemporalliterals.To increasethe�e xibility
of thesystemfor theusers,a usermayhave severalservices,connectingtheclient to a local system
andmultipleremoteservers.TheTauZamanSystem objectstoresthecurrentlyactiveservice; clients
switchamongthemany servicesby designatingthedesiredserviceasactive.

TheTauZamanService classis subclassedinto two services,TauZamanLocalService and
TauZamanRemoteService .A remoteserviceis designedto bearemoteobject,thatis, it shouldbe
registeredwith theobjectregistryandreferencedby a client system.To setup a TauZamanSystem
asa server, theusershould�rst registerthenameof theserver andpublicizetheURL of the listener.
Any TauZamanSystem knowing theURL andregisterednamecanconnectto theserverasaclient.

Eachservicehasanactivestatethatstoresthecurrentsetof activecomponents.Thestateconsistsof
acalendricsystemandanoperationalsemantics.A servicemayhaveloadedseveralcalendricsystems.
For example,a client may needthe Americancalendricsystem,which includesthe Astronomyand
Gregoriancalendars,andin thesameservicealsoloadtheRussiancalendricsystem,which manages
theGregorianandCommunistcalendars.Theactivecalendricsystemandpropertiesareusedonly for
inputandoutput.Operationsof constructedtimevaluesusethegranularityhierarchy, which � ZAMAN

builds from all thecalendricsystemsthathave beenloaded.Note thatonly onecalendricsystemcan
beactive at any time. Theclient switchesbetweenthecalendricsystemswithin theserviceby setting
theactivecalendricsystemto thedesiredcalendricsystem.

Maintaining a “per-application” active serviceand active statewithin that service reducesthe
overheadon temporaldatatype operations.For instance,consideran Instantconstructor. Insteadof
having to passtheactive serviceandactive calendricsystemto theconstructor, theactive serviceand
stateareretrievedwithin theconstructorusingclassmethodsin the TauZamanSystem class.This
minimizesthe length of parameterlists in methods.Furthermore,two of our designgoalswere to
supportclient/server servicesandbe able to utilize multiple calendricsystems.Temporaldatatype
operationsin � ZAMAN, even with the additional functionality, needonly a reasonablenumberof
parameters,e.g.,the operationto addan interval to an instantis invoked with only the interval and
theinstant.In � ZAMAN, theactive serviceis cachedin eachcreatedinstanceof a temporaldatatype,
alongwith theactivestateof theservicesothattheinstancecanbelateroutputusingthesameservice
andcalendricsystem.If the remoteservicebecomesunavailable,an exceptionwill be thrown when
operationson thosetemporaldatatypesareinvoked.

5. Coding Statisticsand Experimental Results

This section reports on the size and performanceof � ZAMAN. Statisticsabout the � ZAMAN's
implementationaregiven�rst, followedby resultsof severalperformanceexperiments.We measured
theperformanceof local andremote� ZAMAN servicesin con�guring a systemandinput andoutput
of temporalliterals.
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5.1. Coding Statistics

Thecurrentversionof � ZAMAN consistsof approximately12,500linesof Javacode,not includingthe
codein systemor third-partysuppliedclasses.� ZAMAN has60 classesorganizedinto 8 packages.
We developed� ZAMAN using Sun's j2sdk1.4.102 environment.We did not attemptto optimize
performancewith a native-codeJava compileror by tuning the codewith a Java pro�ler. � ZAMAN

hasseveralpackagedependencies.Thedependenciesarelistedbelow alongwith the tasksfor which
eachis needed.

� java.rmi is usedto implementRPCbehavior.
� java.net.URLClassLoader is used for dynamic loading of methodsand classesfor

irregularmappings.
� javax.xml.parser andorg.w3c.dom areusedto parseandprocesstheXML-formatted

speci�cation�les, andduringinputandoutputof temporalliterals.
� java.util.regex is usedfor to matchregularexpressionsfor �eld valuesduringparsingof

temporalliterals.
� java.util.Hashtable is usedextensively for implementingtherepositories.

5.2. Experiment Envir onment

Weconductedtheexperimentsin adistributedsystemenvironmentbecause� ZAMAN is aclient/server
system.Figure 16 shows the network architecturefor the machinesin the experiment.The two
primary machinesin the environment are burgun and dyreson . burgun is a Windows box,
while dyreson runsLinux. We measuredthe roundtrip time betweenburgun anddyreson at
approximatelyeightmillisecondsfor adummyJavaRMI call. Bothmachinesareservedby a network
�le server calledzeus , so loadingandunloadingof propertiesinvolve fetching�les from zeus . We
usedJava2 SDK, version1.4.1.

5.3. Experimentson TauZamanService Initialization

A client accesses� ZAMAN by constructinga TauZamanService object,whichcouldberemoteor
local. Theserviceis startedby providing theURL of a calendricsystemspeci�cationanda property
speci�cation.Thespeci�cation�les arefetchedfrom zeus via HTTP, parsed,andprocessedto form
thedefaultcomponentsof theservice.In processingthecalendricsystemspeci�cation,furtherfetches
are donefor eachcalendarmanagedby the calendricsystem.Startinga servicealso initializes the
repositories.

The�rst experimentmeasurestheperformanceof creatinga localservice.Weusedthespeci�cation
�les available from the project's web site. We starteda local serviceon burgun by providing the
URLs of a calendricsystemandpropertyspeci�cation locatedon zeus . We subsequentlyrecreated
the samelocal serviceto test the performanceof reloadingthe system(with objectscachedin the
repository).TableVI givesthemeasuredtimes.All timesareroundedup to themillisecond.All times
in thisandsubsequent�gures representasingleroundtrip, unlessnotedotherwise.Sincetheserviceis
local, thereis no network coston thecreation,or recreationof theservice.Theinitial loadingtime is,
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Figure16.A diagramof theenvironmentfor theexperiments

Total CalendricSystem PropertyTable
Initial loading 633 518 115
Subsequentloads 1 1 1

TableVI. Averageloadingtimes(in milliseconds)of a TauZamanLocalService

not surprisingly, muchlongerthansubsequentloadingtimesbecause� ZAMAN providesrepositories
to cachereusedobjects.Notethattheinitial loadingtime is a “one-time”cost.

Thesecondexperimentmeasurestheperformanceof creatinga remoteservice.In this experiment
the client is located at dyreson . The client createsa remote TauZamanRemoteService ,
identifying burgun as the remoteserver. burgun loadsthe calendricsystemand property table
speci�cation�les from zeus via HTTP in responseto therequest.Theresultsaregivenin TableVII.
We averagedthe times over � ve teststo smooththe effects of network congestion,which lead to
variationsof up to 40 millisecondsper round-trip.We separatedthe total time (client side)from the
load time (server side).As with the local serviceperformance,the time of the initial load is longer
thansubsequentloadsdueto cachingin the repositories.Note alsothat the initial load time on the
client side time is longer than that for the local service.The reasonis that there is overheadon
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Client Side ServerSide
Total Total CalendricSystem PropertyTable

Initial loading 720 686 499 187
Subsequentloads 30 1 1 1
TableVII. Averageloadingtimes(in milliseconds)of a TauZamanRemoteService

establishingcommunicationbetweenthe client and the remoteserver that is only incurredwith a
remoteservice.In addition to the overheadof network, round-trip time thereis an additionalcost
becausea TauZamanRemoteService object is marshaledand unmarshaledduring the call. As
statedpreviously, this is one of the reasonsthat we did not pursuea fully transparentdistributed
architecture,sinceresponsetimesarelongerwith remoteservices.

Thethird experimentteststheperformanceof input andoutputof temporalliterals.Theoperations
performeffectively the sameamountof work, just in a differentsequence.So we will measurethe
totalcostof performinganinput followedimmediatelyby anoutput.Theexperimenttestssix different
kindsof temporalliteral: determinateinstant,now-relativeinstant,indeterminateinstant,(determinate)
interval, determinateperiod,and indeterminateperiod.period,and interval, and their indeterminate
andnow-relative formats.The format propertiesusedin the experimentsfor eachkind of temporal
literal areavailablefrom the project's web site.Theseformatsareof normalcomplexity ratherthan
worst-casecomplexity. More complex formatswill incur a slightly highercost.Theliterals testedare
availablefrom theproject'swebsite.

We �rst experimenton a local service;thenext experimentis for a remoteservice.As before,the
local test is performedon both burgun (a Windows box) anddyreson (a Linux box). burgun
hasmore memoryand a fasterCPU. A TauZamanLocalService is createdon eachmachine,
with speci�cation�les fetchedfrom zeus . TableVIII reportsthe resultsof theexperiment.Like the
otherexperimentsit is separatedinto two differentmeasurements:aninitial loading(for the�rst input
andoutput)anda consecutive loadingtime. The timesaregiven in milliseconds.The initial cost is
higherthansubsequentI/O becauseinitially theformatis parsedandthe�eld valuetablesarefetched
from zeus ; on subsequentconversions,theparsedformatand�eld valuetablesareretrievedfrom a
repository.

Theconversiontimesdiffer for thedifferentkindsof literals.Theindeterminateperiodis theslowest,
while thedeterminateinterval is thefastest.Thedifferencesin thetimingsarebecauseanindeterminate
period is composedof four instants,so we would expect it to take a bit longer thanI/O of a single
instant.The determinateinterval is the fastestbecauseit hasthesimplestformat.burgun performs
betterthandyreson dueto betterhardwareonburgun .

Wenext testedinputandoutputin a remoteservice.Weusedexactly thesameexperimentasfor the
localservice,exceptthatweusedaremoteservicefrom aclientondyreson to aserveronburgun .
This testincludestheoverheadon thenetwork communicationandmarshalingof parameters,so the
overall costshouldbegreaterthanthatof thelocal service.

Table IX shows the resultsof this experiment.The cost of the initial loading includesthe time
spentfetching�eld valuetables.Consecutive I/O costsaremuchlower. Whencomparedto the local
servicetest,we canobserve theoverheadin the remotecommunication.The timesin TableVIII are
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dyreson burgun
Initial I/O SubsequentI/O Initial I/O SubsequentI/O

Instant 199 8 130 7
Now-relativeInstant 226 12 150 8
IndeterminateInstant 249 17 155 13
Period 278 14 175 10
IndeterminatePeriod 330 19 220 14
Interval 159 6 100 5

TableVIII. Averageinput andoutputtimes(in milliseconds)for differentkindsof temporalliterals
usinga local service

dyreson
Initial Subsequent
I/O I/O

Instant 287 29
Now-relative Instant 383 41
IndeterminateInstant 390 53
Period 365 35
IndeterminatePeriod 402 37
Interval 258 28

TableIX. Averageinput andoutput times(in milliseconds)for differentkinds of temporalliterals
usinga remoteservice

lower than thosein Table IX. The last observation to make about the resultsis that now-relative
and indeterminateinstantsare even more expensive. The reasonis that there is a single Instant
constructor, ratherthanseparateconstructorsfor determinate,now-relative,andindeterminateinstants.
During constructionof an instant, the (determinate)InstantInputFormat property is usedto parse
the instant.If the parsefails then the the NowRelativeInstantIntputFormatis tried, followed by the
IndeterminateInstantInputFormat.Eachparsefailureresultsin anotherroundof RPCbetweentheclient
andtheserveruntil theappropriatekind of instantis �nally constructed.(Wecouldhavehadtheserver
try eachkind of propertyin succession.This would improve the timesslightly, sinceit saveson one
or two network round-trips.But overall the cost is dominatedby the parsing,so sucha re�nement
wouldn't havea largeimpacton theperformance.Cachingof parsedvalues,on eithertheclientor the
serversides,or both,couldalsoimproveperformance.)

6. The TAUZAMANTESTER- A Graphical User Interface (GUI) for I/O

� ZAMAN provides both an Application ProgrammingInterface (API) for programmersand a
(prototype)GUI-basedtestingtool calledtheTAUZAMANTESTER. TheTAUZAMANTESTER is auser-
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friendly tool for two usergroups:applicationdeveloperswho want to see� ZAMAN in actionbefore
writing code,and speci�cation developerswho want to test and debug their speci�cations.More
speci�cally, thetool wasdesignedto meetthefollowing goals.

� To providea niceinterfacefor demonstrating� ZAMAN.
� To createa platform for testing the input and output of temporalliterals. Rapid testingcan

decreasethetimeneededto developformatpropertiesandotherXML speci�cations.Thetesting
includescheckingthespeci�cationsfor syntacticcorrectnessandcompleteness.

� To simplify � ZAMAN's con�gurationandsetupfor a naiveuser. Userscanactivatea serviceby
selectingit from a combo-boxinsteadof by writing code.Differentservicecon�gurationscan
beloadedusingthetool.

� To facilitate the testingof temporaloperations.Userscan compareor perform arithmeticon
createdtimevalues.

� To provideperformancemeasures.Thetool reportstheprocessingtimeof eachoperation.

When the TAUZAMANTESTER is started,a main window is opened.A screenshot of the main
window is shown in Figure17.Thewindow includesatoprow of four ' tab' buttons.Choosingabutton
putstheTAUZAMANTESTER into oneof thefollowing four modes.

1. ServiceCon�guration- A userwouldselectthistabto testandloadnew con�gurationsfor alocal
or remoteservice.Successfullyloadedcon�gurationsbecomeavailablein theothermodes.

2. PropertyManagement- Allowsauserto testpropertyspeci�cationsandloadnew properties(for
testingin theothermodes).

3. Input/Output- Convertsa time literal, asdescribedin moredetailbelow.
4. TemporalOperations- Provides an interface for performing arithmetic and comparisonof

temporalliterals.

When the 'Input/Output' mode is selected, the TAUZAMANTESTER creates an instance
of TauZamanLocalService and TauZamanRemoteService . All of the con�guration
information,suchastheURLsof thecalendricsystem,propertytable,andcalendarspeci�cation�les,
aswell astheURL of theremote� ZAMAN serverarespeci�edin anXML-formattedinitialization �le
for thetool. After initializing theservices,theTAUZAMANTESTER opensthemainwindow andwaits
for userinstructions.In `Input/Output'mode,therearethreepanels.

1. An input panelhasa scrollabletext areain which usercaninput a temporalliteral. The input
panelis theleft-mostareain thescreenshotin Figure17.

2. A con�guration panelprovidesa setof GUI componentsthat allow the userto con�gure the
TauZamanSystem object.Thecon�guration panelis the list of buttonsandcombo-boxesin
the middle of the screenin Figure 17. For example,a usercan activate the remoteor local
� ZAMAN serviceby selectingthe appropriateonefrom a combo-box.Or a usercould choose
from amongseveralpropertiesto activeonefor inputandoutputformatting.Theusermustselect
oneof thetemporaldatatypesto parseandoutputthetime literal enteredin theinputpanel.

3. An outputpanelhasa scrollabletext areathatdisplaystheoutputof the temporalliteral. Note
that the input andoutputusedifferent formats.The outputpanelis the right-mostareain the
screenshotin Figure17.
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Figure17.A snapshotof theTAUZAMANTESTER processinganindeterminateinstant

Generallyauserwill enteratemporalliteral into theinputpanel,con�gure thesettingsasdesired,press
the “PROCESS”button in the con�guration panel,andthe outputwill appearin the outputpanel.If
any exceptionsoccursduringprocessing,for instancetheinput did notparsecorrectly, anerrordialog
boxwill popup.TheGUI alsodisplaystheprocessingtimeof theentireoperation.

Two snapshotsof the TAUZAMANTESTER in action are shown in Figure 17 and Figure 18. In
Figure17,anindeterminateinstantis enteredin theinputsub-panel,TauZamanSystem is con�gured
using the componentsin the con�guration sub-panel,and the instant is output. In Figure 18, a
determinateperiodis processed.

7. RelatedWork

While work on temporaldatatypes(includingby thatof theauthorsof thepresentpaper)goesback
two decades,in the last � ve yearstherehasbeena �urry of activity. Relatedresearchcanbebroadly
classi�ed into two categories:modelingandimplementation.Themodelingcategory coversresearch
in temporaldatamodels,and in particular, it establishesdesirableoperationson temporaldataand
calendars.The secondcategory is researchinto implementationsof the �rst category. Although this
paperconcernsimplementation,in this sectionwe tracethe in�uences on this researchfrom both
categories.
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Figure18.A snapshotof TAUZAMANTESTER processinga determinateperiod

Allen motivatedtheinterval (which we call a period) asa fundamentaltemporalentity [All83]. He
formalizedthesetof possiblerelationshipswhich couldhold betweentwo intervalsanddevelopedan
inferencealgorithmto maintainthesetof temporalrelationshipsbetweenentities.

Andersondescribeda formal framework to support conceptualtime spacesusing inheritance
hierarchies[And82, And83]. Her model also supportsmultiple conceptualtimes. � ZAMAN can be
consideredasa practicalrealizationandextensionof someof theconceptsdevelopedby Anderson.

Clifford andRaodevelopedaframework for describingtemporaldomainsusingnaivesettheoryand
algebra[CR87]. Their framework allows a hierarchyof calendarindependentdomainsto bebuilt and
temporaloperatorsto bede�ned betweenobjectsof a singledomainandbetweenobjectsof different
domains.Theframework is powerful but lackstheability to describetimedomainsthatarenot integral
multiples of �ner granularity time domains.For example,months are not an integral numberof
weeks sincea whole numberof weeksdo not ordinarily correspondto a singlemonth.Our work
removesthis limitation by makingthesemanticsof any conceptualtime unit user-de�nable.Theuser
is not tied to any prede�nednotionof timeor time domain.

Navrat andBielikova arguedfor declarative, ratherthanalgorithmic,calendarde�nitions [NB95].
Algorithmic de�nitions sometimeslead to oversimpli�cation of predictionsfor future times and
unnecessaryapproximationsof pasttimes.For example,in the Islamic calendar, the �rst day of the
month of Ramadancannotbe predictedby an algorithm,althoughan approximationexists and is
usedby somecultures.Navrat andBielikova addressedthis problemby usingfactualpastknowledge
combinedwith Prolog to betterde�ne the start of Ramadan.Their framework also provides some
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supportfor multiple calendars,and inter-calendarcalculations.But accountingfor the semanticsof
granularityin operationis missing.

Bettini, Wang, and Jajodia developed a formal foundation for reasoning about temporal
granularities[BJW00]. Ning, Wang and Jajodiaextendedthis work with an algebraicapproachto
de�ne granularitiesandcalendars[NWJ02]. They arguedthatirregulargranularityconversionscanbe
donein a declarative way without the needof a specializedpieceof code,althoughthe declarative
speci�cation canbe complicated.In contrast,� ZAMAN usesspecializedcode.We are investigating
usingtheir approachto supportirregularmappingsby compiling(automatically, behindthescenes,in
� ZAMAN) declarative irregularmappingsprovidedby calendardesignersexpressedin XML into code
snippets,which canthenbeloadedinto a running� ZAMAN server. As such,� ZAMAN canbeviewed
astheunderlyinginfrastructureeventuallysupportingseveraldifferentcalendricformalisms.

Kraus,Sagiv andSubrahmanianproposeda formal de�nition of calendarsandtemporaldatatypes
in termsof constraints,asopposedto our representation,which aregranules(asintegers)at different
granularities[KSS96]. They alsoshowedhow to supportmultiplecalendarsandarguedthatspecifying
a time point asintegersor realnumbersis cumbersomefor humanbeings.We agree:� ZAMAN uses
familiar stringrepresentationsfor temporalliterals.

KakoudakisandTheodoulidisimplementedasinglecalendarsystemthatsupportsoperationsin only
theGregoriancalendar, with a limited numberof granularities[KT96].

Chandra,Segev andStonebraker[CSS94] presentedadesignfor set-basedspeci�cationof calendars.
They gaveanalgorithmfor parsingthespeci�cationsanddescribedhow to extendthetemporalsupport
in thePostgresdatabasemanagementsystemwith new calendars.Chandraetal. comparedtheirproject
to MULTICAL [SSD+ 92], whichis aprecursorprojectto � ZAMAN (asdescribedin moredetailbelow).

In thesecondcategory, implementedsystems,thereexist severalsystemsthatsupporttemporaldata
types,temporaloperations,datetimecalculationsandconversions.Most of the systemsthat perform
datetimecalculationsandconversions,includingAPIs for conventionalprogramminglanguages,e.g.,
Date , Time , Calendar classesin Java,arelimited in scope,having staticcalendarsupport,with at
mostfour or � ve differentcalendars,andlimited kinds of formats.On the otherhand,therearealso
applicationsthatsupportmultiple calendarsandtemporaldatatypeoperations.

� ZAMAN is anenhancementof twoearliersystems:MULTICAL [SSD+ 92] andTIMEADT [KLS99].
MULTICAL addssupportfor time andmultiple calendarsto relationaldatabasemanagementsystems.
MULTICAL has a core systemof calendar-independenttemporal operations,but allows usersto
modularly de�ne calendarsfor formatting times in different calendarsand languages.MULTICAL

doesnot have a prede�nedsetof calendars;rathernew calendarscanbe de�ned andcompiledinto
thesystem.TIMEADT is a successorto MULTICAL. It re�nes thetemporaloperationsin MULTICAL

by addingsupportfor granularityandtemporalindeterminacy andsupportfor C++. � ZAMAN inherits
many designfeaturesfrom bothMULTICAL andTIMEADT, but is differentbecauseit candynamically
loadcalendars,canparsetemporalliteralsformattedin XML, providesaclient/serversystem,supports
calendars,etc.,asXML documentsaccessibleon theInternet,andis implementedin Java.

Boost[Sof02] is a date-timelibrary in C++, which supportsthreebasictemporaldatatypes:point,
durationandinterval. Oneof its designmaingoalsis to supportISO 8601compliantinput andoutput
representation.It provides arithmeticand comparisonoperationsfor eachtype, althoughnot with
differentsemanticsfor granularityconversions.It alsohasiteratorson time anddateranges,which
helpsa useriterateover thedaysof a week,for example.Boostsupportsmultiple calendars,but not
thedynamicloadingof calendars.It alsolacksinter-calendarconversionsandcalculations.
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InternationalComponentsfor Unicode(ICU) [Cor02] is a setof librariesdevelopedby theUnicode
group in IBM GlobalizationCenterof Competency. The main goal of theselibraries is to hide the
culturalandgeographicaldifferencesin internationalsoftwaredevelopment.Oneof theproblemsthat
ICU addressesis themulti-culturalaspectof representingtime by supportingmultiple calendarsand
timezones.CurrentlyICU only supportstheGregoriancalendarbut with its abstractcalendarstructure
it is claimedto handlemultiplecalendars,againin astaticcontext asin Boost.Additionally it supports
only a limited numberof granularities,anddoesnothandleinter-calendarconversions.

The Joda project includes a re-implementationof Sun Java's built-in date and calendar
classes[Col02]. Its mainaim is to providedateandtime implementationto theJava community. Joda
supportsmultiple calendars,but not dynamicloadingof calendars.It providesISO 8601compatible
input andoutput.Additionally it providesan API that includesmethodsto createinput andoutput
formats.Theformatcanbecheckingfor correctnessbeforeit is tried in input or output.In our project
formatscanbeproducedin XML documentsandthuscanbesharedandexaminedeasily. In Joda,to
relateaninstanceof a temporaldatatype,like aninstant,to a calendar, a userhasto passthecalendar
objectto theinstantconstructor. � ZAMAN globally cachestheactive TauZamanServiceandcalendric
systemto keeptheparameterlists short.Jodasupportsperiodandinterval temporaldatatypesunder
thenameof TimePeriod,which we believe confusesthis distinction.Jodaarguesthe immutability of
temporaldatatypesfor beingsafein threadenvironments;� ZAMAN alsohasimmutabletemporaldata
types.And lastly Jodadoesnot includetemporalconversionsbetweendifferenttemporaldatatypes.

WebCal [Ohl03b], a calendarserver producedby OhlBach, is a client/server architecturefor
providing temporalsupport.WebCalis a part of the WebTNSS[Ohl03a] project,which is a support
systemfor temporalnotions.WebCalprovidescalendar-independenttimerepresentationsandtemporal
operationalsupportin WebTNSS.Although � ZAMAN andWebCalaresimilar in that they areboth
client/serversystems,therearealsoseveraldifferences.

� � ZAMAN's speci�cation �les simplify the production, understandingand publishing of
calendars,calendricsystems,properties,and�eld valuetables.An applicationthatusesWebCal
mustcodethesefeaturesinto theapplication.

� In WebCalthesmallestgranularityis seconds . � ZAMAN cansupportmuch�ner granularities.
� In WebCal, all temporal operationsare built on top of an interval data type. � ZAMAN

differentiates between instant, interval, and period data types. � ZAMAN also supports
indeterminacy andnow-relativevalues.

� For performancereasons,� ZAMAN canbesetupto run in a singleprocesswith a local service,
but WebCalis only a server.

� WebCal does have languagesupport, partly becauseit is designedto provide calendar-
independenttimerepresentationfor theWebTNSSproject.Ontheotherhand,� ZAMAN supports
language-dependentformatsin timevalues.

GSTP[Bet03] is a client/server systemthatprovidesgranularityconversionsandmulti-granularity
constraintsatisfaction.� ZAMAN providestheformer(aswell asmany otherservices)but not thelatter.
GSTPonly runsasaserver; � ZAMAN canbesetupasa server, aclient,or both.

Thereareseveralpapersdevotedstrictly to theparsingof dates.
Karttunenetal. [KCGS96] proposedaregularexpressioncalculusfor naturallanguageapplications.

And asoneof its illustrations,they describeda �nite stategrammarfor dates.For a completelynew
dateinput,a new grammarshouldbeemployed.On theotherhand,in our approachuserscancreatea
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formatby writing anXML fragmentanddynamicallyaddit into thesystemto handleanew dateinput.
But obviously this context is application-speci�candtheextentof Kartunnenet al.'s proposalis very
broad.

Sperberg-McQueen[SM99] arguedthatrecognitionof datesis possibleby regularexpressionsand
gave lex codethatrecognizesandvalidatesISO 8601complaintdates.

Cameron[Cam99] provided a set of shallow parsingregular expressions,which can be usedto
parsean XML documentinto individual items,suchasattribute andtext values.He arguedthat this
styleof parsingis relatively fasterthanoff-the-shelfXML parsingandprocessingtools.We choseto
implementa differentapproachin � ZAMAN. � ZAMAN usesanoff-the-shelfXML parserto matchthe
XML skeletonin a format againstthat of a literal, and locatedthe text andattribute values.Parsing
in � ZAMAN thenisolatesthe�elds within text nodesor attributevalueswith regularexpressions.One
problemwith usingregularexpressionsfor anentireXML fragmentis that they canbevery complex
andhardto understandwhencombinedwith theregularexpressionsfetchedfrom the�eld valuetables
for individual �elds. We choseto makeour formatpropertieseasyto specify.

Finally, Kolko hasdemonstratedthat technologythat usesnon-localinfrastructurecanbe a major
hurdleto adoptingtechnology[Kol02]. Our work in � ZAMAN providesan infrastructurethat allows
designersto bridgethis gapwithout designingoutof their own context.

8. Conclusionsand Futur eWork

� ZAMAN is a systemwritten in Java for formatting and manipulatingtimes and datesin multiple
calendarsandlanguages.� ZAMAN hasa dynamicandextensiblearchitecturethatseparatescalendar-
dependentfrom calendar-independentaspectsof processingtime values.From a designperspective,
� ZAMAN redesignsand extends all of the basic mechanismspreviously employed. From an
implementationperspective, � ZAMAN achieves full dynamic support for calendarsand related
componentsin a client/server system,andbringsa new, XML-basedinformationrepresentationand
processingstyle.Theprimarycontributionsincludethefollowing.

� � ZAMAN supportsdynamic and distributed handling of calendarsand other services.We
take advantageof Java's dynamic class loadersto provide dynamic support for extending
serverson the�y with new calendarsandcalendar-relatedcomponents.� ZAMAN implementsa
client/servermodelthatmakescalendar-relatedservicesavailableonanetwork.

� XML technology is used to representand processcritical data. � ZAMAN improves the
representationandprocessingof thesystemspeci�cation�les by formattingthe�les in theXML.
This alsoimprovestheprocessingof thespeci�cation�les andallows themto besharedon the
web. Finally, � ZAMAN integratesXML into theparsingandoutputof temporalliterals,to meet
thefuturegrowth of timesformattedin XML.

� Repositoriesallow effective sharing of components.� ZAMAN usesrepositoriesto enable
sharingof critical data,suchascalendars,calendricsystems,granularitymappings,formats(as
properties)andlanguages(as�eld values)for parsingtemporalliterals.Repositoriesreducethe
responsetime for users,especiallywhenparsingtemporalliterals andperforminggranularity
conversions,by cachingcomponentsthatarereused.
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In the futurewe plan to extendthis researchin severaldirections.The �rst directionis improving
the speedof � ZAMAN. Thereare several optimizationtechniquesthat could be implemented.One
optimizationis to batchinput,output,andgranularityconversionrequeststo remoteserversto amortize
turnaroundtime. A secondoptimizationis to cachegranularitymappingson theclient side,to avoid
anRPCcall to castor scaleaninstanceof a temporaldatatype,or to cacheon theserverside.A third
optimizationis to skip theexpensive,uselessstepof parsinganon-XML temporalliteral with anXML
parser. We'd alsolike to optimizetheperformanceof � ZAMAN by usinga native-codeJava compiler
andtuningthecodewith aJava pro�ler.

Anotherdirectionof futurework is studyinghow to craft userinterfacesto easethetaskof calendar
speci�cationandreducethepossibilityof mistakesby calendardevelopers.As mentionedin Section7,
we areworking to alsoincorporatean algebraicspeci�cationof calendarsinto � ZAMAN. While the
speci�cationof granularitiesasirregularmappingsassociatedwith Java codeis highly expressive,an
algebraicspeci�cation languagewould for somebe easierto use.We are developing an algebraic
compiler that translatesalgebraicexpressionsin an XML documentinto the calendricspeci�cation
describedin this paper(a lower-level XML document)andJava sourcecode.We alsowant to extend
theTAUZAMANTESTER with supportfor calendarandcalendricsystemdebuggingandcon�guration.
Thetool couldalsobeextendedto visualizegranularitiesenablingdevelopersto graphicallyconstruct
granularitymappings,to createanduseprobability massfunctionsfor indeterminatetemporaldata
types,andto have a point-and-clickinterfacefor creatinginput andoutputformats.All of thesetools
wouldwork seamlesslywith thearchitecturedescribedhere.

A third direction for future work is to re�ne and extend the classof regular mappingsbetween
granularitiesto includegranularitieswith “holes,” e.g.,therearesomedaysthataremissingbetween
granulesin holidays . In this context, detailedexperimentson temporaloperationsandconversions
betweendifferentgranularitieswill beperformed.

A fourthdirectionis to integrate� ZAMAN with Xalan[Pro03]. Xalanis anXPathevaluationengine.
Theideais to engineerXalanto coordinatewith acalendarserverto provide“temporalviews” of XML
fragmentsthatcorrespondto time literalsin anXML document.So,givenanXML documentthathas
time literalsin ISOformat,ausercouldquerythedocumentusingaview of thosetimesin any desired
calendarandformat, for instance,in the Islamiccalendar. We would alsolike to de�ne abstractdata
typesfor extensibledatabases(e.g.,Oracledatacartridges,DB2 extenders,andMySQL ADTs) with
� ZAMAN astheunderlyinginfrastructure.

A �fth direction is to describethe client API as a web service.This would allow web bots and
shoppingagentsto make direct useof � ZAMAN's functionality. The idea is to implementfor time
a servicelike Microsoft Money for currency. A TauZamanweb servicecould thenbe usedin other
applicationssuchasGMail or Outlook.For instance,a usercouldsearchfor email from a partnersent
sometimein the“previousquarter”.A sixthdirectionis to add“pull” technologyfor calendar, property,
languagesupport,andcalendricsystemspeci�cations.Currently, whena speci�cation changes,the
speci�cationhasto bemanuallyreloadedinto a running� ZAMAN server. By automaticallyreloading
such�les whenthey aremodi�ed, calendarsandothercomponentscanbe kept up-to-date.Finally,
we'd like to re-implementJava's currentcalendarsupportin � ZAMAN. This will helpto demonstrate
theextensibilityof � ZAMAN.
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