The Vagabond Temporal OID Index: An Index Structurefor OID Indexing in
Temporal Object Database Systems

Kjetil Ngrvag
Departmentf ComputerandinformationScience
NorwegianUniversity of ScienceandTechnology
7491 Trondheim Norway
noenaag@idi.ntnu.no

Abstract

In an object databasesystemusing logical OIDs, an
OID index (OIDX) is necessaryo map from logical OID
to the physicallocation of an object. In a tempoal ob-
ject databasesystem{TODB), this OIDX also containsthe
timestamp®f the objectversions. OIDX maintenancean
bevery costly and caneasybecomehe bottlene& of sud
a system.Themain reasonfor this, is thatin a TODB the
OIDX needdo be updatedevery time anobjectis updated.
In order to reducethe accesscosts, a new index struc-
ture, particularly suitableto TODB requirements,s nec-
essary In this paper we describean OIDX for TODBs,the
VagabondremporalOID Index (VTOIDX). Themaingoals
of the VTOIDX are 1) supportfor tempoal data,while still
having index performancecloseto a non-tempoal (one-
version) databasesystemp) efficient object-elational op-
eration, and 3) flexible tertiary storage migration of parti-
tions of theindex. In this paper we describethe physical
organizationandthe operationsof the VTOIDX.

1 Introduction

In a temporalobject databasesystem(TODB), object
updatesdo not make previous versionsinaccessible. On
the contrary previous versionsof objectscan still be ac-
cessedaindqueried. Temporaldatabasesaneithersupport
transactiontime, valid time, or both. In atransaction-time
TODB, which is the context of this paper a systemmain-
tainedtimestampis associatedvith every objectversion.
This timestampis the committime of the transactiorthat
createdthis versionof the object. In valid-time database
systemsatime interval is associatedavith every object,de-
notingthetimeinterval whichtheobjectis valid in themod-
eledworld.

An objectin anobjectdatabassystemis uniquelyiden-

tified by anobjectidentifier (OID), whichis alsousedasa
“key” whenretrieving an objectfrom disk. OIDs canbe
physical or logical. If physical OIDs are used,the disk
block where an object residesis given directly from the
OID, if logical OlIDs areused|t is necessaryo useanOID

index (OIDX) to mapfrom logical OID to thephysicalloca-
tion of theobject. Mostof theearlyODBsandstorageman-
agersusedphysicalOIDs becausef its performancéene-
fits, andmary of the commercialODBsstill do. However,

physicalOIDs have somemajordravbacks:relocationmi-

grationof objects,and schemachangesare more difficult.

In this paperwe assumehatlogical OlDs areused.

In aTODB, it is usuallyassumedhatmostaccessewill
be to the currentversions$ of the objectsin the database.
In order to keep theseaccessess efficient as possible,
and benefitfrom object clustering, the databases parti-
tioned. Thecurrentversionobjectsarestoredin thecurrent
database andthe historical (previous) versionsare stored
in the historical database When an objectis updatedin
a TODB, the previous currentversionis first movedto the
historicaldatabaseyeforethenew versionis storedn-place
in the currentdatabaseThe OIDX needgo be updatedav-
ery time an objectis updated(but notethataslong asthe
OlD/timestamp/locatiomecordsare written to the log be-
fore commit,we do not needto updatethe OIDX itself im-
mediately).

We have in a previous paper[10] studied OIDX per
formance,andhave shovn that OIDX maintenanceanbe
quite costly, especiallywhenupdatingobjects. Evenif the
useof index entrycachingin mainmemory[10] andon per
sistentstorag€g/8] canbe usedto reducethe accessost,a
new index structureis necessaryespeciallysuitableto the
TODB requirements.Suchan index structure,which has
beendevelopedin the context of the VagabondlrODB [9],
will bedescribedn this paper

1The currentversionof an objectis the mostrecentversionof a non-
deletedobject.



The organizationof the restof the paperis asfollows.
In Section2 we give an overview of relatedwork. In
Section3 we describehow multiversionindexing can be
doneefficiently in TODBs. In Section4 we describethe
VagabondlemporalOIDX (VTOIDX) in detail, including
an overview of the physical data organizationand algo-
rithms. Finally, in Section5, we concludethe paper

2 Redated work

OID indexing alternatvesin traditional, non-temporal,
ODBs hasbeenstudiedby Eickleretal. [1]. We havein a
previouspaperdevelopedacostmodelof OIDX lookupcost
in TODBs,andstudiedhow memorycanbebestutilized in
buffering of OIDX pagesandindex entries[10]. In this
case,atemporalOIDX which wasa simple extensionof a
traditionalOIDX wasassumed.

There have also beenmuch work on multiversionac-
cessmethodsandsecondaryndexing of temporaldata,for
exampleusinga TSB-tree[6], R-tree[5],% or LHAM [7].
However, aswill be shown later in this paper traditional
multiversionaccessnethodsare not suitablefor OID in-
dexing in TODBs. To our knowledge,the only otherpaper
discussingheissueof atemporalOIDX is the presentation
of the POST/C++temporalobjectstore[13].

3 Multiversion indexing

The entriesin the OIDX are called object descriptos
(OD). The ODs containthe necessarynformationto map
from OID to physicallocation. In Vagabondwe useone
objectdescriptor(OD) for ead version of an object and
anOD alsoincludesthetimestampof theactualobjectver-
sion. Theindex structurehasto supportaccesso ODs of
currentaswell ashistoricalversionsof the objects.Before
we presenbur solutionto multiversionindexing in thenext
sectionwe will describeheuseof physicalcontainerstake
alook onsomecharacteristicef OIDsandOID searchand
discusdifferentmultiversioningalternatves.

3.1 Physical object containers

Performanceanbe improved considerablyif index en-
tries from objectsthat are accessedogetherclosein time,
are clusteredtogetheron the sameindex nodes. In some
casestheaccesgatternwill becloseto the objectcreation
pattern.However, this cannotbereliedon.

In mary pagesener ODBs,theobjectsarestoredin con-
tainers(alsocalledfiles). Which containerto put anobject

2TheR-treeis aspatialaccessnethod but canalsobeusedasatempo-
ral index by indexing keys (OIDs in TODBSs)in onedimensionandtime
in the otherdimension.

into, is decidedwhenthe objectis createdand part of the
OID is usedto identify the containerwherethe objectis
stored.In mary systemsit is possibleto defineclustering
treesthatcanbe usedby the systemsasa basisfor theclus-
teringdecision for exampleclusteringtogetherbjectsthat
arelikely to beaccessetbgetherandmemberof a setthat
are later going to be accessedh scanoperations.A sim-
ilar approachs usedin our indexing structure. Similar to
objectclusteringin pageseners,whichreducegshenumber
of pagedo readandupdate clusteringtogetherelatedODs
will reducethecostof index accesses.

All objectsin a databaseare membersof one physical
container The containeran objectbelongsto is encoded
into the OID, and as a consequenceporwarding must be
usedif migrationis desired.Thiswill imply anextralookup
for eachaccesdo anobjectthathasbeenmigratedto anew
container

Givena certainsizeof an OID, usinga fixed partof the
OID as a containeridentifier reducesthe numberof bits
to representhe uniquenumberof an object. As a conse-
guencethe numberof objectsthatcanexist is reduced.To
avoid this problem,it is possibleto increasehe sizeof the
OID comparedto the size usedif index clusteringis not
employed. This imply an extra cost, but this costis cheap
comparedo the alternative of not usingthe containerap-
proach. A larger OID will make objectswith object ref-
erencedarger, but accessostcanbe reduced becausean
mostcasesa smallernumberof index nodesneedto bere-
trieved. The reducedOIDX updatecostwill significantly
increasehethroughput.

The containersanalsobe usedto realizelogical collec-
tions, for examplesets(relations),bagsor classextents®
Scanand query againstcollectionscan then be done effi-
ciently. It is importantto notethatin otherODBs,wherea
physicalOID is usedor the OIDX hasno supportfor con-
tainers,maintainingclassextentscanbe costly.

It is alsointerestingto note that the use of containers
givesusmoreflexibility in decidingthelengthof thesearch
pathfor objects.lIt is possibleto storehot spotobjectsinto
smallcontainergo geta shortsearchpath.

3.2 Characteristicsof OlDsand OID search

When consideringappropriateéndex structuresand op-
erationson theseindexes, it is importantto keepin mind
someof the propertiesof anOID:

e If we assumehe uniquepartof anOID to beaninte-
ger, new OIDs arein generalassignednonotonicin-
creasingvalues. In this case,therewill never bein-
sertsof new key (OID) valuesbetweenexisting keys
(OIDs).

3A classextentis a collectionof all the objectsof a certainclassin a
database.




e As aresult, the keys in the index, the OIDs, are not
uniformly distributedoveradomainaskeyscommonly
areassumedo be.

e If anobjectis deletedjts OID will neverbereused.

In anon-tempora(one-\ersion)OIDX, theentriesin the
OIDX areseldomupdated andremoval of entriesbelong-
ing to objectsthat have beendeletedcanbe donein batch
and/orasabackgroundactiity. If usingatreebaseddIDX,
new entrieswill be addedappend-only By combiningthe
knowledgeof the OIDX propertiesand using tuned split-
ting, anindex spaceutilization closeto 1.0 canbeachieved.
If somethingsimilar to containerclusteringis used,how-
ever, insertscould be neededand spaceutilization would
decreaseThis canbeavoidedby usingahierarchyof multi-
way treeindexes,aswill beshown later.

Index accessesvill mostly be for perfectmatch,there
will be no key range(in this casea rangeof OIDs) search.
(With containerclusteringwe will alsohave OID rangeac-
cessesHowever, accessingbjectsin acontainewill often
resultin additionalnavigationalaccesseto referencedb-
jects.)

It is importantto remembethattherewill in generabe
no correlationbetweerOID andobjectkey, sothatanordi-
nary objectkey rangesearchwill notimply an OID range
searchin the OIDX. If valuebasedangesearchesn keys
(or otherattributesin objects)arefrequent,additionalsec-
ondaryindexesshouldbe emplogyed, for exampleB+-trees
or temporalsecondaryndexes.

In a TODB, the existenceof objectversionsincreases
compleity. For example,we needto be ableto efficiently
retrieve ODs of historicalaswell ascurrentversionsof ob-
jects, and supporttime rangesearchj.e., retrieve all ODs
for objectsvalid in a certaintime interval. To do this, we
needa morecomplec index structurethanis sufficientfor a
non-temporaODB.

We will in thefollowing subsectionstudyseveralalter
nativewaysto organizethetemporalOID indexing, anddis-
cussadvantagesnddisadwantagesor eachof thefollowing
alternatves:

1. Oneindex structure,with all ODs, currentaswell as
historicalversions.

2. Oneindex structurefor currentODs, with links to the
historicalversions.

3. Nestedreeindex, oneindex with versionsubindees.

4. Two separatdndex structures,one for currentODs,
andonefor historicalODs.

3.3 Oneindex structure

If only oneindex is used,we have the choiceof using
a compositeindex, which is an extensionof the treebased
indexesusedin non-temporalODBs, andusing one of the
generamultiversionaccessnethods.

Composite index. With this alternatve, we usethe con-
catenatiorof OID andcommittime, OID|TIME asthe
index key, asillustratedto the left in Figurel. By doing
this, the ODs of the differentversionsof an objectwill be
clusteredogetheiin theleaf nodessortedon committime.
As aresult, searchfor the OD of the currentversionof a
particularobjectaswell asretrieval of ODsfor versionsof
oneparticularobjectcreatedduring a particulartime inter-
val canbedoneefficiently.

This is also a useful solutionif versioningis usedfor
multiversionconcurreng controlaswell. In thatcasepoth
currentandrecentobjectswill befrequentlyaccessedit is
alsopossiblehatmary of thefutureapplicationsof TODBs
will accesanore of the historical datathan have beenthe
caseuntil today somethinghatmight make this alternatie
usefulin the future. However, thereareseveral dravbacks
with this alternatve:

1. Evenin anindex organizedn physicalcontainersleaf
nodeswill containamix of currentandhistoricalODs.
TheODsof currentversionsarenotclusteredogether
somethingthat makesa scanover the ODs of current
versiongnefficient.

2. An OIDX is spaceconsuming,a sizein the order of
20% of the size of the databasétself not beingunrea-
sonableIn thecaseof migrationof old versionsof ob-
jectsto tertiary storageijt is desirable andin practice
necessanthatpartsof theOIDX itself canbemigrated
aswell. This is difficult when currentand historical
versiongresideon the sameeaf pages.

The compositeindex is usedin the POST/C++tempo-
ral objectstore[13] (basedon the Texasobjectstore[11]).
In POST/C++pbjectsareindexedwith physicalOIDs, and
a variantof the compositeindex structureis usedto index
historical versions. Becauseof the useof physicalOIDs,
whenan objectis updatedin POST/C++,a new objectis
createdo holdthepreviousversion.After thepreviousver-
sionhasbeencopiedinto the new object,the new versionis
storedwherethe previous objecthadpreviously resided.A
positive side effect of doingit this way;, is thatcurrentand
historicalobjectversionsareseparated.

Use of general multiversion accessmethods.  Usinggen-
eral multiversionaccesanethods for examplea TSB-tree



Figure 1. One-inde x structure .
commit time, as the inde x key, and to the right, an index using version linking.

[6], R-tree[5], or LHAM [7], is alsoan alternative. How-
ever, LHAM s of little usefor OID indexing, becauset
canhave a high lookup costwhenthe currentversionis to
be searchedor. As thiswill be avery frequentlyusedop-
eration,LHAM is not suitablefor our purpose.
TSB-treesandR-treeshave both goodsupportfor time-
key rangesearch,and make index partitioning possible.
However, whenindexing ODs, most querieswill be OID
lookups,andwhen OID is the key, supportfor key range
searchis of little use. Evenif the useof TSB- or R-trees
could give bettersupportfor temporaloperationswe be-
lieve efficientnon-temporabperationgo becrucial,asthey

will probablystill be the mostfrequentlyusedoperations.

Thesemultiversion accessmethodswill increasestorage
spaceandinsertcostconsiderablyandthis contradictsour

importantgoal of supportingtemporaldata,while still hav-

ing index performancecloseto a non-temporalODB. Sec-
ondaryindexes,onthe otherhand will typically berealized
from oneof theseaccessnethods.

3.4 Index with version linking

To avoid thedisadwantage®f thepreviousindex alterna-
tive, only the ODs of the currentversionsof the objectsare
keptin theindex. EachOD in theindex hasalist of ODs of
thehistoricalversionsasillustratedto theright in Figurel,
andthe ODsof thehistoricalversionsarekeptin this list.

To reduceaccessostsfor historicalversions,it is pos-
sible to link the objectversionsinsteadof the ODs. This
hassimilaritieswith theapproactusedn POSTGRES$12],
wherea link exists from oneversionof a tuple to the next
(in POSTGREShe list startedwith the oldestversion,so
thatin orderto retrieve the currentversionthe whole list
hadto betraversed).

A linkedlist approachwhetherit is the ODs or the ob-
jectsthatarelinked,hassomeserioudisadwantageskFor all
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Figure 2. Nested ST indexing [4].

operationson temporalversionsthe list mustbetraversed,
resultingin extradisk accesses.

3.5 Nested tree
subindexes

index: index with version

A betteralternatve thanusinga list, is to usea nested
treeindex, which indexescurrentversionsin a superinde,
andhistoricalversionsn subindees

An example of a nestedtree index is the Surrogate-
Time (ST) index [4], illustratedin Figure2. The surrogate
superind& indexesthe key valuesof the tuples,andis im-
plementedvith aB+-tree.Eachleaf nodeentryhasadirect



pointerto the currentdatatuple, aswell asa pointerto a
time subinde&. The time subinde is an append-onlytree,
with time asthe key value. Eachentryin the subinde has
a pointerto the datatuple with the timestampn thekey of
theentry.

3.6 Separate indexes for current and historical
versions

In orderto make readaccesseto currentversionaseffi-
cientaspossible,oneindex for ODs of currentversionsof
objectscanbe used,anda separaténdex for ODsof histor
ical versions.Theindex for the historicaldatacanbe orga-
nizedaseitherof thethreepreviousindex organizations.

The problemwith this approactin the context of logical
OIDs, is thatevery time a new versionis createdwe have
to updatetwo indexes. While this might at first seemto be
the casewith the previousalternatve aswell, keepin mind
that a subinde tree will in generalhave a much smaller
heightthananindex indexing all ODs. More important,the
sizeof theindex for currentversionswill bethesameasthe
superind& in the nestedndex tree. Also notethat evenif
the currentversionof an objectalwaysresidesn the same
physicallocation, the currentversionindex still hasto be
updatedat every objectupdatebecausehe timestamphas
changed.

4 VTOIDX: The Vagabond Temporal OIDX

In Vagabonda containeridentifieris includedin the ob-
jectidentifier, which is composef threeparts:

1. Senergroupidentifier (SGID), which is the identifier
of thesenerwheretheobjectwascreated Thisis only
usedin adistributedsystem.

2. Containerldentifier (CONTID), which identifies the
physicalcontainerthe objectbelongsto.

3. Uniqueserialnumber(USN. Eachobjectcreatecbna
particularsener SGID andto beincludedin container
CONTID getsa USNwhich is onelargerthanthe pre-
viousUSNallocated.

Our maingoalsin the designof the Vagabondremporal
OIDX (VTOIDX) was:

1. Supportfor temporaldata, while still having index
performanceclose to a non-temporal(one-\ersion)
databassystem.Evenif the useof otherindex struc-
turescouldgive bettersupportfor temporaloperations,
we believe efficientnon-temporabperationgo becru-
cial, asthey will still bethe mostfrequentoperations.

CONTIDX

CVOIDX CVOIDX

HVOIDX HVOIDX HVOIDX HVOIDX

Figure 3. The Vagabond temporal OIDX.

2. Efficient object-relationabperation. This is achieved
by the useof physicalcontainerswhich is described
below.

3. Flexible tertiary storagemigrationof partitionsof the
index.

We will now describeheindexing approachn morede-
tail, first the physicaldataorganizationandthenthe opera-
tionsontheindex.

4.1 VTOIDX physical data organization

Basedontheanalysisof thedifferentOIDX alternatves,
we have designedhe VTOIDX. The VTOIDX is an hier
archyof multi-way treeindexes,with threelevels, asillus-
tratedin Figure3:

1. Containelindex (CONTIDX), whichindexesthephys-
ical containersn adatabase.

2. CurrentversionOIDX (CVOIDX), which indexesall
ODsof thecurrentversionsof objectsin onecontainer

3. Historicalversionsubinde (HVOIDX), whichindexes
ODsof historicalversionsof objects.

The strict hierarchyin our index might at first look inef-
ficient, asit is likely to resultin a highernumberof index
levelsthanasolutionwith oneindex for all currentversions,
from all containers. However, several factorsdictatesthe
useof separaténdexesfor eachcontainer:

e By having separaténdexes for eachcontainer it is
easierto maintainhigh spaceutilization, becauseach
subinde index is append-only

e Containermigrationto tertiary storageis flexible and
canbedonetransparently

o With aseparaténdex for eachcontainerit is not nec-
essanyto storethe CONTIDfor eachentryin thenodes
(althoughsomeof the sameeffect canbe achieved by



using prefix compressiorof the OID in theindex en-
tries). This increase$an-outaswell asthe numberof
ODsin the leaf nodes.As long asthe upperlevels of
thetreearebuffered,thebenefitof moreODsin aleaf
nodeoutweightsheextra costof thehighernumberof
levels.

In therestof this sectionwe describehe mostimportant
detailsof the dataorganizationin the VTOIDX. We start
with a descriptionof thethreeindexesin the hierarchy de-
scribethe useof subinde caching, andcommentson some
additionaldetailsof theindex trees.

Container index. There is one CONTIDX for each
database,and it indexes the physical containersin the
databaseThe pointersin the leaf nodespointsto a current
versionOIDX, onefor eachcontainer Theentriesin inter-
nal nodesaswell asleaf nodesare( CONTI D, poi nt er)
tuples.

Note that the containersthemseles are not versioned,
only thecontentof thecontainersVersioningof the physi-
cal containeravould make index managementomplex and
costly, and alsooccupy more storage. The versionof the
containeris givenimplicit by which objectsarevalid at a
certaintime.

Current version OIDX. Thereis oneCVOIDX for each
containerandit indexesthe ODs of all the currentversions
of theobjectsin the container The CVOIDX andHVOIDX
combinations basedntheSTindex (seeSection3.5),and
the CVOIDX itself is similar to the surrogatesuperind& in
the ST index.

The entriesin the internal nodesin a CVOIDX are
(USN, poi nt er) tuples. Becausehereis a separaten-
dex for eachcontainer the CONTID is given implicitly.
This is alsothe casefor the SGID, aseachsener only in-
dexestheobjectsthatis createdon theactualsener.

The leaf nodesof the CVOIDX containthe ODs of the
currentversionsof the objectsin the container Similar to
theentriesin theinternalnodesof the CVOIDX, we do not
storethe SGID and CONTID part of the OID in the OD,
only the USN To furtherincreasehe numberof ODsin a
CVOIDX leaf node, prefix compressiorof the restof the
OD, in particularthe USN canbeused.

EachCVOIDX leaf nodecontainsa pointerto the cor
respondingHVOIDX, which indexesthe ODs of historical
versions.The CVOIDX leaf nodealsocontainghe number
of ODsandthesmallestandlargestUSNof ODsresidingin
theHVOIDX.

Historical version OIDX. For each leaf node in the
CVOIDX, thereis aseparatédVOIDX subinde tree,with
ODs of the non-currentversionsof objectsthat resideor

have residedin the actualleaf node. The HVOIDX is sim-

ilar to the subinde in the ST index (seeSection3.5), but

insteadof usingone subinde for eachkey valueasin the
original ST subindexes,several objectsshareonesubinde

in ourindex. The subinde usesthe concatenatiomf OID

andcommittime, OID||TIME, asthekey. In this case,
we have efficient accesgo the ODs of a particularobject,
whichwill beclusteredogetherandatthe sametime have
clusteredODsof currentversionsin acontainer

In the HVOIDX trees, the concatenatiorof USN and
committime, USN||TIM E, is usedasthe index key dur-
ing insertandsearctin thetree.Entriesin theinternalnodes
of aHVOIDX treeare( USN|TIME, poi nt er) tuples.
Theleafnodescontainthe ODsonly, becauseachOD con-
tainsUSNaswell asthetimestamp.

Whenindexing non-temporabbjects,deletinganobject
meansthat the objectand its OD canbe removed. With
temporalobjects,however, we needto keepthe ODs of an
objectevenwhenit hasbeendeleted. A tombstoneOD is
usedto representhe deleteaction,andto storethe commit
timestammf thetransactiorthatdeletedt. We couldeither
storethe tombstoneOD in the CVOIDX leaf nodewhere
the OD of the currentversionpreviously hasbeenstored,
or storeit in the HYOIDX subtree.To make scanover cur-
rent versionsof an containeras efficient as possible,it is
bestto storethetombstoneOD in the HVOIDX subtreeln
this way, CVOIDX leaf nodesonly containthe ODs of the
currentversionof objectsthat arealive. Note thatin this
casenotall OIDsrepresenteth the HVOIDX subtreesre
in the CVOIDX leaf nodes,only thoseof objectsthat are
still alive.

WheneachCVOIDX leaf nodehasone HVOIDX sub-
tree,it is possiblethatsomeHVOIDX subtree®nly have a
veryfew entries.To optimizespaceaisageseveral CVOIDX
leafnodescouldshareoneHVOIDX subtree However, this
would give eachHVOIDX root node more than one par
ent,andeachtime the HVOIDX wasupdatedeachof these
have to be updatedwhich increaseshe insertcost. We do
not think this will be beneficial. We believe the subinde
cachingintroducedbelowr will reducethe needfor shared
HVOIDXs, andit is alsovery likely thatmostmemberf
a containerwill have the sameversioningcharacteristics.
In generalwe expectthe spaceutilization to be acceptable
evenif sharingis notused.

Subindex caching. Whenatemporalobjectis updateda
new OD is created,andthe old one pusheddown into an
HVOIDX. As aresult,boththe leaf nodein the HYOIDX

aswell asa leaf nodein the CVOIDX hasto be updated
(plusinternalnodesin the caseof nodesplits). To reduce
thenumberof nodego rewrite, andacorrespondingumber
of installationreads,the ODs of the mostrecenthistorical
versionsare storedin the leaf nodesof the CVOIDX. We



call this techniquesubinde caching.

A certainnumberof slotsin the CVOIDX leaf nodesis
resened for ODs of historicalversions. In addition, other
emptyslotscanbeused.Emptyslotswill existwhentheac-
tualleafnodehasnotbeerfilled yet (it is therightmost/most
recentleaf nodeof the CVOIDX), andasa resultof object
deletions. Only whenthe CVOIDX leaf nodeis full, the
ODsof thehistoricalversionsare“pusheddown”, in batch,
into the HVOIDX tree. The subindex cachingshouldsig-
nificantly reducethe averageupdatecost.

Whenwe later discussoperationson the VTOIDX, we
will consideHVOIDX entriescachedn theVTOIDX asa
partof the HVOIDX, i.e., whenwe describeoperationson
theHVOIDX, thisalsoincludestheHVOIDX entriesstored
in the CVOIDX leafnodes.

Commentson the index trees. Many of theinsertoper
ationsin the VTOIDX will actuallybe appendoperations.
In the standardB*-treeinsertalgorithm,contentsn a split
node are distributed over the old and new node. If en-
tries are only appendedo the index, this would resultin
a tree with only 50% spaceutilization. To avoid this, we
usetunedsplitting, a techniquealsousedin the Monotonic
B*-tree[2] for the samepurpose.Whentunedsplitting is
used entriesarenot distributedevenly over the old andthe
new nodewhena nodeis split, only the new entryis stored
in thenew node.

For all the treesin the VTOIDX, we employ a no
meige/remwe on emptystratgy. With this strateyy, nodes
arenot memgedwhenthe spaceautilization in the nodesgets
undera certainthresholdbecausef deletedentries. Only
when a nodeis empty will it be removed. This is com-
monly usedin BT -tree-implementationdecause) merg-
ing is costly, 2) in generalthereis a certainrisk thata split
might happenagainin the nearfuture, and 3) in practice,
this stratgly doesnot resultin low spaceutilization [3]. In
the CONTIDX andCVOIDX we know that CONTIDs and
OIDs will not be reusedandthatwe will have no inserts.
Deleteoperationscanstill betoo costly, especiallybecause
they will involve subtreesaswell. For this reasonwe use
theno meme/remwe on emptystratgy in theseindexesas
well, andinsteadrely on backgroundeomanizationof the
indexesto compactindex pageswith low spaceutilization.

4.2 Operationson theVTOIDX

In this sectionwe describehemostimportantoperations
ontheVTOIDX, whicharedoneasaresultof containerand
objectoperations.

Creating or deleting containers. Creatinga newv con-
taineris doneby insertinga new entryinto the CONTIDX.

Thevalueof anew CONTIDwill alwaysbelargerthanex-
isting CONTIDs, so this will actuallybe anappendopera-
tion, andtunedsplitting is usedto achieve high spaceuti-
lization.

Physicallydeletinga containeris doneby deletingthe
containerentryin the CONTIDX. This operationshouldbe
done after the correspondingCVOIDX and HVOIDX in-
dexeshave beendeleted.

While physicallydeletinga containeris easy the conse-
guencesanbe moretroublesome.In the caseof deleting
a databasethereare no problems,thereshouldbe no ac-
cessedo objectsin a non-«isting databaset a latertime.
Deleting a containey on the other hand, is more trouble-
some.Therecanbe referenceso the objectsin thedeleted
containerfrom objectsin othercontainerslf a currentver-
sionof anobjectreferencesnobjectin adeletedcontainer
thatis probablyan error, but previous versionsof objects
might referenceobjectsin the deletedcontaineras well.
This leavesus with two alternatves. Which alternatvesto
chooseshouldbe up to the databas@dministrator:

1. Requirethe applicationcodeto do somekind of ex-
ceptionhandlingwhenatemporalquerytriesto access
adeletedcontainer

2. Keepthe CVOIDX and associatedHVOIDXs in the
systemput flag all updateattemptsaserrors.

Search for current object version. Searchor the OD of
the currentversionof an objectis doneby first usingthe
CONTID, whichis a partof the OID, to do a lookupin the
CONTIDX to getapointerto the CONTIDX wherethe OD
residesin. Whenthe CONTIDX root node hasbeenre-
trieved,the USNof the OID is usedto searcithe CVOIDX,
andif the objectwith the actualOID existsandis valid, it
will be foundin a CVOIDX leaf node. For both searches,
the standard3* -treesearchalgorithmis used.

Createnew object. Whenanew objectis createdtheap-
plicationthatcreatedheobjectdecidesvhich containeithe
object(andits OD) shouldresidein, andanew OID is allo-
cated.

If the transactiorcommits,the OD of the new objectis
insertedinto the VTOIDX. This is doneby first retrieving
the actual CVOIDX root nodein the sameway as when
searchingor an object. If thereis free spacein the right-
mostleaf node,the OD of the new objectis insertedthere.
If not,anew CVOIDX leaf nodeis allocated,andthe new
OD is storedthere.If thereis overflow in theparentnode,a
new nodeis allocatedat thatlevel aswell, andthis applies
recursvely to thetop.



Updatetemporal object. Whenanobjectis updatedthe
OD for thenew versionhasto beinsertednto thetree. The
first stepis to find the CVOIDX leaf nodewherethecurrent
versionof the OD is stored.

In the caseof a non-temporabbject,theold OD is sim-
ply replacedwith the new one. In the caseof a temporal
object,theold OD is replacedvith thenew OD, andtheold
OD is insertedinto the HYOIDX subinde wherethe his-
torical versionsarekept. While the useof the USNonly is
usedin key comparisoruntil this point, wheninsertsareto
be doneinto the HVYOIDX, the concatenatiorof USNand
committime, USN||TIME, is usedasthe HVOIDX in-
dex key. Notethatin this case,we have alsoinsertsinto
thetree,andnotonly appendperationsThereforewe use
the standardB+-treeinsertalgorithmin this case,without
employing tunedsplit. To reducethe averageupdatecost,
we alsoemploy subindex cachingasdescribedpreviously.
In this case whenwe pushdown ODsto the HVOIDX, we
have morethanone OD to insert,andthe averagecostfor
eachOD is reduced.

Delete object. In the caseof a non-temporabbject, the
OD is simply removedfrom the actualCVOIDX leaf node
whereit resides.

In thecaseof atemporalobject,thecurrentOD is moved
fromtheCVOIDX to theHVOIDX, andanadditionattomb-
stoneOD is insertednto theHVOIDX subinde (thetomb-
stoneOD is an OD wherephysicallocationis NULL, and
the timestampis the commit time of the transactionthat
deletedit).

As mentionedoreviously, we usea no meige, rema/eon
emptystratgyy, nodesarenotmeigedwhenthespacautiliza-
tion in the nodesgetsundera certainthreshold.Only when
anodeis empty will it beremoved. Whena CVOIDX node
is removed, the entriesin the HYOIDX subtreeis inserted
into the HVYOIDX of one of its two neighbornodes. The
USNrangeand HVOIDX counteris updatedto reflectthe
change.

Vacuuming. Eventhoughstoragecostis decreasingstor
ing anevergrowing databaseanstill betoo costlyfor mary
applicationareas A large databaseanalsoslow down the
speedf thedatabassystemby increasinghe heightof in-
dex trees(eventhoughthis canbe avoidedwith multi level
indexes,at the costof a more complex system).As a con-
sequencet is desirableto be ableto physicallydeletedata
which hasbeenlogically deleted andnon-currentersions
of datathatis not deleted. This is called vacuuming(but
notethatvacuumings alsosometimesisedasanotheterm
for the migrationof historicaldatafrom secondanstorage
to tertiary storage).
Whenobjectversionsarevacuumedtheir ODsresiding
in the HVOIDX will bedeleted.Thisis doneaccordingto

the standard3"-treedeletealgorithm.

Search for object version valid at timet;. First,asearch
is doneto find the CVOIDX leaf nodewherethe OD of the
currentversionof the objectresides. If the timestampof
this OD is lessthant;, this OD is theresultof thesearchlf
not, the HVOIDX is searchedo find the OD of this object
that have the largesttimestamdessthan¢;. Note thatthe
ODs of deletedobjectsonly residein the HVOIDX. Thus,
evenif an OD with the actualOID is not foundin anthe
CVOIDX leaf node,we still haveto searctthe HVOIDX if
we do notgeta matchin the CVOIDX leaf node.

Search for start or end time of an object. To find the
time anobjectwascreatedalookupis doneto find the OD
of thefirst versionof the object. Similarly, to find the end
time of anobject,alookupis doneto find the OD of thelast
versionof the object.

Search for current version of all objectsin a container.
This s thetraditionalscanoperation.ln the VTOIDX, this
is donein the sameway asin atraditionalB+-tree, by re-
turningtheentriesin the CVOIDX leafnodes.

Search for all versions of an object. This operationis
doneby first retrieving the CVOIDX leaf nodewherethe
OD of the currentversionof the objectresides,and then
retrieve the ODs of all versionsof this objectfrom the cor
respondingdVOIDX.

Search for objects in a container valid at time ¢;. In
this operationall CVOIDX leaf nodeshave to be searched
for matchingODs. Becausadeletedobjectsarenot repre-
sentedn theleafnode,all HYOIDX subindeeshaveto be
searchedas well, becausahey may have ODs of deleted
objectsvalid attime ¢;. Theonly casewherethe searchin
theHVOIDX subinde canbe avoidedis:

e If the USNof the ODsin the CVOIDX leaf noderep-
resenta contiguousarea. In that case ,we know there
will be no ODs of deletedobjectsin the HVOIDX
subinde.

e Andall ODsin the CVOIDX leaf nodehave a times-
tampolderthant;.

If this type of queryis expectedto befrequent,it would
be beneficialto keepthe tombstoneODs of deletedob-
jectsin the CVOIDX leaf nodes.If this is done,we could
avoid further searchesn the HVOIDX if all objectsrep-
resenteddy the particularCVOIDX leaf nodewasdeleted
beforetime ¢;. In thatcasewe know thatthey could notbe
valid attime¢;. As we do notknow for surethefrequencies



of differentquerytypesin future systemsit is difficult to
sayif this kind of querywill be frequentenoughto justify
keepingtombstone®f deletedobjectsin the CVOIDX leaf
nodes.

Update all objectsin a container. Only objectsthatare
still valid canbe updatedsothis operationis essentially:

1. RetrievetheODsof all currentobjectsin thecontainer

2. Eachobjectupdatecreatesa new OD to be inserted
into the VTOIDX. WheninsertingODs into the con-
tainerin thisway, it will bedonevery efficiently.

Migration to tertiary storage. Any subtree of the
VTOIDX canbe migratedto tertiary storage.All nodesin
all levelsof the VTOIDX areaddressetby a 64 bit logical
locationaddresswhichis usedto selectstoragedevice and
locationon the actualstoragedevice.

Lookupsin an index storedon tertiary storagewill be
costlycomparedo lookupsin anindex storedon disk. This
is especiallythe casefor single OD lookups. The costfor
scanoperationds relatively cheaperespeciallyin the case
of alargesubtree Whenaccessingertiarystoragethemain
costis usually the seektime. The datatransferitself can
usuallybe donewith arelatively high bandwidth. Whena
subtreeis migratedto tertiary storagejt shouldbe written
in away thatmake scanoperationson the subtreeascheap
aspossible.

4.3 Concurrency control aspects

Ordinarytreelocking algorithmscanbe usedto control
accesdo thetree. Note alsothatduringnormalprocessing,
only ODs of non-temporabbjectsare modified. Whena
new versionof a temporalobjectis created,a new OD is
createdandinsertednto thetree.

In traditional systemsJeaf nodesare usuallylinked to-
gether This can be usedto make someof the BT -tree
operationsmore efficient and improve concurreng in the
VTOIDX.

5 Conclusions

OID indexing in TODBs posesgreatchallenges. Be-
causeof the updatecosts,it caneasilybecomethe bottle-
neckin suchsystems.Previous studiesof OID indexing in
TODBshave shavn thatachieving acceptablgerformance
canbe difficult if mostof the OIDX doesnot fit in main
memory In this paper we have describedan index struc-
ture, the VTOIDX, that shouldperformwell, evenin sys-
temswhere the OIDX is much larger than the available

main memorybuffer. The VTOIDX shouldalsobe capa-
ble of fulfilling thegoalof OIDX lookupperformancelose
to corventionalsystemsn currentdata,goodperformance
on object-relationabperationsandflexible tertiary storage
migration,which will beimportantfor future TODBSs.

References

[1] A. Eickler, C. A. Gerlhof,andD. Kossmann.Performance
evaluationof OID mappingtechniques.In Proceedingof
the21stVLDB Confeence 1995.

[2] R. Elmasri,G. T. J. Wuu, and V. Kouramajian. The time
index andthe monotonicB™-tree. In A. U. Tansel,J. Clif-
ford, S. K. Gadia,S. Jajodia,A. Segev, andR. Snodgrass,
editors,Tempoal databasestheory designandimplemen-
tation. The Benjamin/Cumming®ublishingCompau, Inc.,
1993.

[3] J.GrayandA. Reuter TransactionProcessing:Concepts
andTedniques MorganKaufmannPublishers1993.

[4] H. GunadhiandA. Segev. Efficient indexing methodsfor
temporalrelations. IEEE Transactionson Knowled@ and
Data Engineering 5(3),1993.

[5] A. Guttman.R-trees:A dynamicindex structurefor spatial
searchingln ACM SIGMOD Junel984.

[6] D.LometandB. Salzbeg. Accesamethoddor multiversion
data.In Proceeding®fthe 1989ACM SIGMOD 1989.

[7] P. Muth, P. O'Neil, A. Pick, andG. Weikum. Design,im-
plementationandperformancef theLHAM log-structured
history data accessmethod. In Proceedingsof the 24th
VLDB Confeence 1998.

[8] K. Ngnag. ThePersistenCache:lmproving OID indexing
in temporalobject-orienteddatabasesystems.In Proceed-
ingsof the 25thVVLDB Confeence 1999.

[9] K. Ngrvag and K. Bratbegsengen. Log-only temporal
object storage. In Proceedingsof the 8th International
Workshopon Databaseand Expert SystemsApplications,
DEXA97, 1997.

[10] K. NgnagandK. Bratbegsengen Optimizing OID index-
ing costin temporalobject-orienteddatabasesystems. In
Proceedingsf the 5th International Confeenceon Foun-
dationsof Data Organization FODQ’98, 1998.

[11] V. Singhal,S. Kakkad,andP. Wilson. Texas: An efficient,
portablepersistenstore. In Proceedingof the Fifth Inter-
national\Wbrkshopon PersistentObjectSystemgsl992.

[12] M. Stonebrakr. Thedesignof the POSTGREStoragesys-
tem. In Proceeding®f the 13thVLDB Confeence 1987.

[13] T. SuzukiandH. Kitagava. Developmentandperformance
analysisof atemporalpersistenbbjectstorePOST/C++.In
Proceeding®f the 7th Australasian DatabaseConfeence
1996.



