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Abstract

Order-based elementlabeling for tree-structued XML
datais an importanttechniquein XML processinglt lies at
the core of manyfundamentaXML opeationssud as con-
tainmentjoin and twig matding. While labeling for static
XML documentsis well undestood, lessis known about
how to maintain accumate labeling for dynamicXML docu-
mentswhenelementsaind subteesare insertedand deleted.
Mostexisting approachesdo not work well for arbitrary up-
date patterns; they either produce unacceptablylong la-
belsor incur enormouselabelingcosts We presentwo novel
I/O-efcient data structues, W-BOX and B-BOX, that ef-

cientlymaintainlabelingfor large, dynamicXML documents.

We show analytically and experimentally that both, de-
spiteconsumingninimalamountof storage, gracefullyhan-
dle arbitrary updatepatternswithout sacri cing lookup ef-
ciency. Thetwo structuestogether provide a nice tradeof
betweenupdate and lookup costs: W-BOX has logarith-
mic amortizedupdatecost and constantworst-caselookup
cost, while B-BOX has constantamortizedupdatecostand
logarithmicworst-casdookupcost.We further proposetech-
niquesto eliminate the lookup cost for read-heavywork-
loads.

1. Intr oduction

XML hasbecomeawidely popularstandardor represent-
ing and exchangingdataover the Internet.Conceptuallyan
XML documentonsistsof an orderedhierarchyof properly
nestedtaggedelements Elementscan be labeledaccording
to the structureof the documenin waysthatfacilitatequery
processingMany labelingscheme$iave beernproposedn the
literature(seeSection2 for a suney). Amongthe mostpop-
ular andeffective of themis anorderbasedabelingscheme
thatassigns pair of numericlabelsto eachelementasecbn
the documentorderof its startandendtags.Figurel shavs
anexampleXML documentwith elementdabeledusingthis
schemeThis labeling schemdies at the core of mary fun-
damentaXML operationsuchascontainmenjoin [21] and
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Figure 1. XML tree with order-based labels.

twig matching[5], becauseét supportsef cient checkingof

ancestoidescendantelationshipsamongelements:An ele-

mente; is anancestoof anotherelement; if andonly if the

interval formedby e;'s labelscontainsthat of e,. Thereare
alternatve orderbasedabelingschemessuchasthosebased
onpre-andpost-ordetraversalof the XML tree,whichwork

in similar ways.Becauseof their vital role in queryprocess-
ing, theseorderbasedabelsareoftenusedaselementdenti-

ers andin variousindexes[13, 12].

An importantissuewith ary orderbasedabelingscheme
is the ability to handledynamic XML documentsWhen a
documenis updatede.g.,whenelementor subtreesf ele-
mentsareinsertedor deleted) how do we ensurethatthe or-
deringamonglabelsremainconsistentvith the documenor-
der?ldeally, we would want to keepall existing labels,but
in [7] a negative resultestablisheshat any immutablelabel-
ing schemeaequires( N) bits perlabel,whereN is thesize
of the document.Suchlong labelsnot only incur high stor
ageoverheadput arealsolessusefulin queryprocessinge-
causethey aremoreexpensve to proceson thanshorterla-
bels, especiallywhenthey cannotbe accommodatedy na-
tive machinewords.

Thealternatve is to usea dynamidabelingschemeavhere
existing labelscanchangewith documenupdatesMost sys-
temstake arathemaie approachwhichbasicallyleavesgaps
betweenadjacentlabelsin advance.Whenerer this scheme
runsout of valuesto assignto new labelsbecause gaphas
beenlled by previouslyinsertedabels,it relabelseverything
to leave equallysizedgapsbetweeradjacentabels.Unfortu-
nately this schemes easilybroken by an adwersarythat re-
peatedlyinsertsinto the currently smallestgap. Even if we
startwith a gapof length2¢, which requiresk bits extra to
encodesachlabel, it would only take theadwersaryk + 1in-
sertionsto trigger relabeling.This worst caseis perhapsot
uncommonsinceconsecutie insertionsinto an XML docu-



mentusuallyhappenn nearbylocations.Obviously, morero-
bustsolutionsareneeded.

Ourcontritutionis acollectionof datastructureandtech-
niguesfor maintainingorderbasedlabeling for a dynamic
tree-structuredML documentWe proposewo I/O-ef cient
datastructures\W-BOX (Weight-balance®-treefor Ordering
XML) and B-BOX (Back-linked B-tree for Ordering XML).
W-BOX reducegherelabelingcostby limiting eachrelabel-
ing operationto within a subrangejt usesa B-tree keyed
on labelsand piggybacksrelabelingon tree balancingoper
ations.B-BOX, ontheotherhand,avoidsstoring—andhere-
fore updating—aw label explicitly; it usesa keylessB-tree
with badk-links from childrento parentsallowing labelsto
be reconstructedjuickly on demand.The two structuresto-
getherprovide a nice tradeof betweenupdateand lookup
costs: W-BOX has logarithmic amortizedupdate cost and
constantworst-casdookup cost,while B-BOX hasconstant
amortized update cost and logarithmic worst-caselookup
cost.Both structuregake linear spaceanduseO(log N ) bits
perlabel. Both supportef cient bulk loadingandsubtreen-
sert/deleteoperationsWe experimentallyevaluatetheir per
formanceanddemonstrat¢heir advantageover the naive ap-
proach.

In addition,we shav how to adaptour datastructuresso
thatthey canalsoreturnthe ordinal labelsof anelement(de-
ned formally in Section3), which arethe exactordinal po-
sitions of its startand endtagswithin the documentLabels
shavnin Figurel happerto be ordinal;thereareno gapsbe-
tweenadjacentlabels. Ordinal labels containthe minimum
numberof bits per label, and are more ef cient than non-
ordinallabelsfor certainqueries However, they aremoreex-
pensve to maintain: Both lookup and updatecostsbecome

logarithmicfor bothW-BOX andB-BOX.

Finally, notethatwheneer a label changes/alue, all oc-
currencesof the value in the databasde.g.,in variousin-
dexes) mustbe updated resultingin potentially unbounded
updatecost. This problemis inherentfor ary dynamicla-
beling scheme(including the naive approach)and can be
solved by alevel of indirection.However, this solutionintro-
ducesan extra dereferencingostwhich hurts query perfor
mance We proposea combinationof cachingandnovel log-
ging techniqueghat canvery effectively reducethis derefer
encingcost.

2. RelatedWork

Many XML labelingschemesave beenproposedn re-
centyearsto supportef cient processingf pathexpression
queries,which are the basichuilding blocks of XPath[19].
Path-basedabeling schemesassigna codeto eachelement,
andthelabelof anelements simply the concatenationf the
codesassociatevith theelement®nits incomingpath.With
theselabels,ancestor/descendaand parent/childaxis steps
canbeprocessedyy pre x matching.The main adwantageof
suchpath-basedhbelingschemess thatthey canhandledy-
namicallychangingKXML documentsasily:Whena new el-
ementis added jts label canbe generateavithout modifying

ary of the existing labels.However, spaceoverheads a ma-
jor concern,especiallywhenthe XML treeis tall, sincethe
lengthof thelabel of anelements proportionalto thelength
of its incoming path,andthe majority of the elementsn an
XML treeareleaveswith longincomingpaths.Pre x match-
ing is also more costly with theselong labels. Examplesof

path-basethbelingscheme#cludethetwo proposedy Co-

henetal.[7] thatdonotuseclues:Neitherscheméiandlegall

XML treeswell becausdabellengthgrows linearly with tree
height; furthermore neitherschememaintainsdocumentor-

deringof siblings(only theinsertionorderof sibling canbe
recovered).Onenovel approacH20], which alsotriesto en-
codeanelementsincomingpath,is to assigraprimenumber
to eachelementandthelabelof anelemenis formedby mul-

tiplying togetherthe prime numbersassociateavith the ele-
mentson its incoming path. Ancestor/descendaixis steps
then can be processedy checkingif one label exactly di-

videsthe other However, this approactstill suffersfrom the
sameproblemof long labelsasotherpath-basedchemesas
theresultingproductsof primescanbecomequite big.

The other class of popular labeling schemesincludes
the orderbased intenal and pre- and post-order label-
ing schemes.e.g., [21, 14, 11, 13, 12]. These schemes
assigna pair of numeric start and end labelsto eachele-
ment, suchthat elemente; is elemente,'s ancestorif and
only if thestartlabelof e; precedeshatof e,, andtheendla-
bel of e; precedeshatof e;. Thesescheme$ave severalad-
vantagesver the path-basedchemesFirst, theseschemes
maintain document order Second, each label only re-
quires O(log N) bits, which is asymptotically minimum.
Third, comparing numeric labels can be faster than pre-
X matching.Finally, x ed-sizelabelsthat t in machine
words are ef cient and easyto implement.However, mak-
ing such orderbasedlabeling schemesdynamic remainsa
challengingproblem.In contrastto the path-basedchemes,
repeatednsertionswill inevitably Il upthegapsbetweerad-
jacentlabels,necessitating relabelingof part or all of the
elements.

Hybrid labeling schemeghat combine path- and order
basedapproachesare also possible.For example, Dewey-
orderencoding 18] labelseachelementy combiningthelo-
cal (sibling) orderof eachelementonits incomingpath.OR-
DPATH [15, 16] makes Dewey-orderencodingdynamicus-
ing aclever “careting-in” schemeo supportinsertions How-
ever, as an immutablelabeling scheme ORDRATH cannot
escapehe lower boundof ( N) bits per label established
in [7]. Even for shallov XML documentsgertaininsertion
sequencefsuchastheconcentatedsequenceve experiment
with in Section7) canresultin ( N )-bit labels.

The naive approachto order maintenancementionedin
Sectionl is to relabelall elementgo make equallyspaceda-
belswhenwerunoutof usabldabels.Thisapproacthasbeen
suggestedh mary existing systemse.g.,[13, 12]. However,
thisschemas easilybrokenby anadwersarythatcontinuously
insertsinto thesmallesgap.Thisworstcasemayindeedarise
when,for example,a large numberof elementgin an XML
fragment)areinsertednto onelocationin thedocumentUs-



ing oating-point numbersnsteadof integers(e.g.,[1]) does
notcircumwenttheproblem:Although oating-point numbers
have alargerrangeof values the numberof distinctvaluesis

still limited by the numberof bits usedin representation.

Maintainingall tagsin the desiredorderunderinsertions
and deletionsis an instanceof the well-knovn problem of
maintainingorderedists. Theclassicpapetby Dietz[8] gives
analgorithmthatrelabelsO(log N ) tagsperinsertion,amor
tized. With one extra level of indirection, the cost can be
broughtdown to O(1) [9]. The O(log N) costcanalsobe
madeworst-casealthoughthe techniquesarerathercompli-
catedand are primarily of theoreticalinterest.In [4], Ben-
deretal. give asimpli ed versionof the algorithmfrom [9],
whichis alsoeasierto implement.

The databasecommunity has recently begun applying
the above resultsto maintainingorderbasedXML labeling.
Fisheret al. [10] use Benders algorithm, and also provide
a randomizedalgorithmwhich in practiceperformsslightly
betterin their experiments,althoughthereis no theoretical
analysigo guarantedts performanceChenetal. [6] propose
L-tree which is parameterizedo allow performanceuning
andis alsoeasierto implementthanthe algorithmfrom [9].
However, noneof thesestructuresredisk-basedln contrast,
our BOXes aredesignedo be I/0-ef cient, andwe alsode-
velop techniguedor avoiding the extra level of indirection
necessitatetly dynamiclabelingschemes.

3. Preliminaries

Forthepurposeof thispaperwe assumehatanXML doc-
umentcanbe modeledasa treeof elementsEachelemente
hasa pair of startandendtags.In awell-formed XML docu-
ment,e's starttagalwaysprecedesil tagsof €' sdescendants,
while €' sendtagalwayssucceedall of them.An order-based
labeling scheme(or labeling for short)is a functionthatas-
signseachelemente a pair of integers(l< (€); - (€)), where
I< (e) is calledthestartlabel of e or thelabelof €'s starttag,
andls (e) is calledthe endlabel of e or the label of €'s end
tag.A valid labelingis onethatis consistenwith the docu-
mentorder;thatis, if atagt; precedesnothertagt, in the
XML documentthenthe label of t; is lessthanthat of t,.
Note that our proposedstructuresalso work for otherde -
nitions of order(e.g.,onebasedon pre-orderandpost-order
traversalsof the tree of elements)but for easeof presenta-
tion, we chooseo usetagorderingwithin thedocument.

The useof orderbasedlabelingin XML query process-
ing hasbeendiscussedxtensiely in literature,so we will
not elaborateit here;instead,we give an illustratve exam-
ple. To seeif elemente; is a descendantf e,, we cansim-
ply checkif I« (e2) < l<(e1) < I (&2). It is usuallymuch
cheapeto evaluatethis conditionthantraversingthe element
treeto checktheancestoidescendarrelationshipwhichmay
take mary steps.

The ordinal labelingis onethatassigndabeli to thei-th
occurringtagin thedocumentfor alli 0 (assumingheor-
dinal is 0-based).Sincethe ordinal labeling leaves no gaps
betweerconsecutie labels,it makesthe mostef cient useof

W-BOX or B-BOX leaf

lid: [LIDF recorg

LIDF

(Immutablelabel ID ®le)

Figure 2. Immutable label ID le .

BOX record

bitsto encoddabels.Furthermoresomequeriesareeasierto
answemwith the ordinallabeling.For example,to seeif e; is
e,'slastchild, we cansimply checkif |15 (e1) + 1= I (&).
With anon-ordinallabeling,we would needto checkif there
doesnotexist ary labelbetweerl (e;) andls (e1), whichis
moreexpensve to evaluate However, aswewill seetheordi-
nal labelingis moredif cult to maintainwhenthe document
changes.

From immutable LIDs to dynamic labels Both W-
BOX and B-BOX utilize a level of indirectionto associate
dynamiclabelswith immutablelabel IDs (or LID for short).
Again, asmotivatedin Sectionl, this indirectionallows la-
belsto be reassignedvithout disturbingreferencego them.
We usea simpleheap le calledtheimmutablelabel ID le
(or LIDF for short)to implementthis indirection.

When a nev XML elemente is insertedinto the docu-
ment, we allocatetwo new recordsin the LIDF: onefor €'s
startlabelandthe otherfor €'s endlabel. Thesearethe (start
andend)LIDF recodsof e. Their recordnumbersor phys-
ical disk locations)sene ase's LIDs, which allow directac-
cessto the LIDF records.OncelLIDs areassignedthey are
immutable sothey canbefreely usedin otherXML indexes
or evenasXML elementDs. Thereis no needto keepLIDs
in ary order(althoughan obvious optimizationis to allocate
startandendLIDF recordsnext to eachother sothata sin-
gle I/O retrievesboth records).Whenan elementis deleted,
its LIDF recordscanbereclaimedandallocatedo anew ele-
ment,allowing the LIDF to be storedcompactly

W-BOX and B-BOX both maintaintwo leaf entriesfor
eachXML elemente: onefor €'s startlabelandthe otherfor
€' sendlabel.We call themthe (startandend)BOX recods of
e. As illustratedin Figure2, €'s LIDF recordsstorepointers
to the blocks containingcorrespondind3OX records.Thus,
givenaLID, we canretrieve the correspondind.IDF record
with onel/O, andthenthe block containingthe correspond-
ing BOX recordwith anotherl/O. In Sections4 and5, we
will seehow to obtaintheactuallabelfrom theblock contain-
ing theBOX record.In Section, we discusshow to avoid the
dereferencingost.

Supported operations Herewe brie y outlinethe opera-
tionson LIDF andW-BOX/B-BOX. The element/labebper
ationsinclude:
lookup (lid ): Returnvalueof thelabelidenti ed by lid .
insert-element-be  for e(lid): Insertanew elementso
thatit immediatelyprecedesheelementagwhoseabelis
identi ed by lid ; returnthetwo LIDs assignedo the new
elements startandendlabels.If lid identi es anelement



€' sstartlabel,this operatioreffectively makesthenew el-
ementtheprevioussiblingof e. If lid identi es €' sendla-
bel, this operationeffectively malkesthe newv elementthe
lastchild of e. Thesetwo versionsaresufcient for insert-
ing arny atomicXML element.

This operationis implementedusing a low-level op-
eration insert-before  (lid pew ;lidoig ), which in-
serts a nev BOX record (identied by lid pew) be-
fore an existing one (identied by lidgg) and
writes the block addressof the new BOX record
to the corresponding LIDF record. We implement
insert-element-be fore(lid) by rst allocat-
ing two new LIDF recordsfor the new elementwith LIDs
(lid 1; lid ), andthencalling insert-before  (lid 2; lid)
andinsert-before  (lid 1;lid ) in order Thus, discus-
sion of insertionsin the restof this paperwill focuson
insert-before

delete (lid): Remove the labelidenti ed by lid . To re-
move anelement, we needto call delete with theLIDs
of both startandendlabelsof e. After the deletion,chil-
drenof g, if ary, effectively becomechildrenof €'s par
ent.

In additionto the element/labebperationsdescribecabove,
W-BOX and B-BOX also supportbulk loading and subtree
insertionanddeletionoperationsDetailsof theseoperations
will bediscussedn thenext two sections.

Notationsand metrics WeuseN to denotethetotalnum-
berof labels(includingbothstartandend),whichis twice the
numberof elementsWeassumé\ to beapower of 2 for sim-
plicity of presentationpur approachdoesnot have this re-
striction. The minimum length of a labelis thuslogN bits.
We de ne B, the sizeof anl/O block, asthe numberof bits
per block divided by logN, i.e., the numberof minimum-
sizedlabelsthata block canhold. We alsoassumeB to bea
power of 2 for simplicity of presentation.

We assumethat a block pointertakeslog N bits, which
shouldbe more than enoughbecausehe numberof blocks
we needaddresss far lessthanN . Assumingthatthe LIDF
is keptcompactwe canalsoencodea LID usinglogN bits;
thus,the spaceakenby the LIDF is O(N=B).

We evaluatethe performanceof a labeling schemeusing
threemetrics:(1) lengthof alabelin bits, (2) total spacaused
by all datastructures(3) numberof block I/Os requiredfor
eachoperation.Thelasttwo metricsarestandardn theanal-
ysis of I/O-efcient datastructuresThe rst metricis also
extremelyimportantbecauseshorterlabelsare fasterto op-
erateon by queries.In particular x ed-lengthinteger labels
that t in amachineword areeasyto implementandhave ef-

cient hardwaresupport.

4. W-BOX

TheideabehindW-BOX is to storethelabelsusinga bal-
ancedsearchtree,andleveragethetree-balancingperations
to redistritute labelswhenthey becomeoo densdor arange.
B-tree is one of the simplestl/O-efcient balancedsearch

trees.UnfortunatelyaregularB-treeresultsin too mary rela-
belingoperationsThus,we usea weight-balanced-tree[3]
asthebasisfor our W-BOX.

Background on weight-balancedB-tree In a normal
B-tree, eachinternal node must have betweendb=2e and b
children, where b is the maximum fan-outdictatedby the
block size.In a weight-balanced-tree, constraintsare im-
posedon the weightof eachnoderatherthanits fan-out.The
weightof anodeu, denotedw(u), is de ned to bethe num-
ber of leaf entriesstoredin the subtreerootedat u. Givena
brancing parametera and a leaf parameterk, we require
the following: (1) All leaves are at the samedepth.(2) A
nodeatleveli (assuminghatleavesareatlevel 0) hasweight
lessthan2a'k. (3) A nodeatlevel i (exceptfor theroot) has
weightgreatetthana'k 2a' k. (4) Theroothasmorethan
onechild. Thesepropertiesare slightly differentfrom those
in [3]; thechangesreintendedio make the weight-balanced
B-treemoreef cient for our purpose.

Lemma4.1 ! Thenumberof children of a non-oot internal
nodein a weight-balanced-treeis betweerbj c and 2a +
3+ d2se. 2

Let b be the maximum internal fan-outdictatedby the
block size.By Lemmad4.1, for the weight constraintsto be
consistenwith the maximumfan-outrequirementwe may
choosea to be the maximumvalue that satis es2a + 3 +
d%e b, orequivalentlya= b=2 2(assuminga 10).
Accordingly theminimumfan-outisbSc = b=4 1, which
is lower thanthe requirementmposedby a regular B-tree,
but is still ( b). We choosek suchthat2k 1 is the maxi-
mumnumberof leaf entriesthatcanbe storedin ablock.

If anodeu at level i violatesits weight constraintbe-
causew(u) = 2a'k, we split it into two nodesu; andu,
with roughly equalweights.More precisely u; getsthe left-
mostm childrenof u, andu; getstherestof the childrenof
u, wherem is thelargestvaluefor whichw(u;) a'k.

Next, we shav that a nodeu will not be split againun-
til thereare ( w(u)) new leaf entriesinsertedbelow u. This
low rateof splitsis crucialfor the W-BOX to achieve its low
amortizedupdatecost.As we will seelater, splittingu in the
worstcasecausesll leavesbelov u's parentto be rewritten,
whichinvolvesO(w(u)) 1/0s. Thelow rateof splitsimplies
thattheamortizedcostof splittingu will beonly O(1); there-
fore, overall, the amortizedupdatecostwill still be bounded
by the heightof thetree.

Lemma 4.2 After a split of nodeu onleveli into two nodes
u; anduy, morethana'k 2a' k insertionshaveto pass
throughus (or uz) tomale u; (or uy) splitagain. Aftera new
rootis createdin a treecontainingN recods, at least(a
1)N insertionshaveto be donebefoe therootis split again.
2

1 Becausef spaceconstraintwe omit the prooffor thislemmaaswell
asotherproofsin this paper;they canbe foundin thefull versionof
thispaper[17].
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Data structure W-BOX, as its name implies, is a
weight-balanced-tree of W-BOX recordswith label val-
ues as searchkeys. A W-BOX leaf containsan ordered
list of W-BOX records, each of which storesthe value
and the LID of a label. A non-leaf W-BOX node con-
tains a list of child pointers separatecby searchkey (la-
bel) values;eachchild pointeris associatedvith a weight
eld that storesthe weight of the child. Figure 3 illus-
tratethesetwo typesof W-BOX nodes.

Conceptuallyeachnodeof the W-BOX is associatedvith
arangeof permissiblevaluesfor labelsstoredin the subtree
rootedatthisnode. AssumingM is themaximumintegerthat
canbe usedfor all labels,the root of the W-BOX is associ-
atedwith thefull range[0; M ]. Thisrangeis thensubdvided
into b subrangesf equallength.Eachchild of therootis as-
signedoneof thesesubrangesWe ensuregheorderingamong
childrenis consistentvith the orderingof their assignedgub-
rangeshowever, it is acceptabléo skip somesubranged the
numberof childrenis lessthanb. Thisprocesss carriedonre-
cursively down thetree.We requiretherangeassociateavith
aleafto have lengthof atleast2k 1. We maintaintheinvari-
antthatall labelsstoredbelonv a nodeu arewithin therange
associatedvith u.

W-BOX inherits the spacecompleity of the weight-
balancedB-tree. Since eachindividual eld in a W-BOX
noderequiresO(log N ) bits, both the maximumfan-out(b)
and the minimum fan-out(b=4 1) are ( B). Therefore,
the W-BOX takes O(N=B) total spaceand hasa height of
O(logg N). Thenumberof bits requiredfor alabelis deter
minedby the sizeof thefull range[0; M ], which is bounded
roughly by B, whereh is the heightof the W-BOX. There-
fore, the numberof bits is roughly logh” = hlogb =
O(logg N logB) = O(logN). In fact, we shav be-
low thatlogN + 1+ dog(2+ 4=a) log,(N=k) + loghe
bits are enoughfor a labelin the W-BOX. For example, if
we use 32-bit integersas labels,assuminga = k = 64,
then the W-BOX can support at least 2:58 millon la-
bels.

Lemma 4.3 Theheightof a weight-balanced-treewith N
recodsis atmostl + dog, Je. 2

Theorem4.4 AW-BOX takesO(N=B) spaceanda W-BOX
label takes no more than logN + 1 + dog(2 + 4=a)
log, (N=k) + log be bits,where log(2 + 4=a) < 1:3 assum-
inga 10. 2

Lookup Thelookup operationof W-BOX, which returns
the label of a given LID, is very straightforvard. Following
the pointerin the LIDF recordidenti ed by the given LID,

we retrieve the W-BOX leaf u containingthe W-BOX record
we need Wethenscanu looking for the W-BOX recordwith

matchingLID, andreturnthecorrespondindabelvalue.

Theorem 4.5 GivenaLIDF recod, thecostof retrieving the
labelfroma W-BOX is onel/O. 2

Insert and delete To processinsert-before  (lid new ;
lid 514 ), we startwith the W-BOX leaf u pointedto by the
LIDF recordidenti ed by lid oig . We createa nev W-BOX
recordfor lid ney right beforethe W-BOX recordidenti ed
by lid oig , andwe recordthe addresof u in the new LIDF
record for lid hew . TO re ect the effect of this new inser
tion on nodeweights,we incrementheweight elds for all
child pointersthatdirectly orindirectly pointto u. Thesechild
pointerscanbe found by performinga regular B-treelookup
for ary label storedon u. If noweightconstraintis violated,
thentheremustbe someunusedabel valuein the rangeas-
sociatedwith u, which allows usto assigna labelto the nen
record(possiblyrequiringsomeexisting recordsn u to bere-
labeled).

However, if the weight constraintis violated at some
nodeswe mustsplit themto enforcethe constraintWe now
discusghestepsnvolvedin splitinganodeu. Let parent(u)
denoteu's parentlf u is theroot,anew rootis createdasu's
parent,andthe heightof the W-BOX grows by one.Thenew
rootextendsu’'srangeby afactorof b, andu'srangebecomes
its rst subrange.

First, we checkthetwo subrangesvithin parent(u) adja-
centto thesubrangeassociateavith u. If eitheroneis cur

rently unassignedye createa new sibling of u calledv

andassignit theunusedange We thenrelocatesomeen-
triesin u to v suchthatv's weightis roughly onehalf of

theoriginalweightof u. Thoseentriesthatremainin u re-

quirenofurtherprocessingHowever, therelocatecentries
mustbe further processedlf the entriesareleaf records,
werelabelthemwith valueswithin v'sassignedange and
updatetheir correspondind.IDF recordsto pointto v. If

theseentriespoint to W-BOX subtreeswe subdvide v's
rangeandassignthemto thesesubtreesThis procesgro-
ceedsrecursvely down the treeto the leaves, wherethe
recordsin eachleaf arerelabeledwith valueswithin the
leaf sassignedange.

In the worst case both subrangesdjacentto u's areun-
available.Then,to make spacefor v, we reassigrall chil-

drenof parent(u) with equallyspacedsubrangesandre-
label all recordsin the subtreerootedat parent(u). We
noteherethatby the propertieof the W-BOX, parent(u)

is guaranteedo ableto accommodate asan additional
child (seethefull version[17] for a detailedexplanation).

Recall that the weight-balancedB-tree has the following
property:As long aswe cansplit a nodeu using O(w(u))
I/Os, the amortizedupdatecost of the weight-balanced-
treewill be O(logg N). In the worst casedescribedabove,



relabelingthe entire subtreerooted at parent(u) requires
O(w(parent(u))=b = O(w(u) b=h = O(w(u)) I/Os,ex-
actlyasneededo establisithe O(logg N') bound.

We use the global rekuilding techniqueto handledele-
tions. To procesdelete (lid), we retrieve the W-BOX leaf
u pointedto by the LIDF recordidenti ed by lid, andsim-
ply markits W-BOX recordas “deleted. We do not decre-
mentthe weight elds of ary nodes.Whena future inser
tion comesto a leaf, we rst checkif theleaf hasary exist-
ing “deleted” W-BOX records.If so, onesuchrecordis re-
claimedto make roomfor the new label (we might alsoneed
to relabelotherlabelsin this leaf), againnot changingany of
theweight elds (henceno splitting). If the leaf hasno ex-
isting “deleted” W-BOX records,we handlethe insertionin
the normalway asdescribedpreviously. After we have col-
lectedN =2 deletionswe retuild thewhole structure As will
be shawn, bulk loadingthe W-BOX takesO(N=B) 1/Os, so
theamortizedcostof a deletionis O(1).

Theorem4.6 Theamortizedcostto insertanddeletea label
inaW-BOXis O(logg N) andO(1), respectively 2

Note herethat had we useda regular B-tree insteadof a
weight-balance@ne,we would have beenunableto provide
the samelow amortizedupdatebounds.In general aregular
B-treenodeu atlevel i cansplit every do=2€'*! insertions.
Ontheotherhand, therecanbecloseto to b*! leavesbelov
u's parentyielding anamortizedcostof 2'*1 1/0Os perinser
tion, which is exponentialin i. In contrast,sincea weight-
balance®-treeimposesconstraintson weights,the number
of leavesbelov a nodecannotvary by morethana constant
factor allowing usto boundthe amortizedrelabelingcostto
aconstant.

For ary algorithmdesignedo maintainorderedlists that
hasa logarithmic updatecost, thereis a well known tech-
nique[9] thatcanbring the updatecostdown to O(1), while
preservingheasymptoticstorageandlookup cost. Thistech-
niquecanalsobe appliedto W-BOX, thoughwe do not rec-
ommenddoing sofor reasonsve discussn [17].

Bulk loading and subtreeinsert/delete Bulk loading
aW-BOX from an XML documenis extremelyefcient be-
causet requiresno sorting.Simply scanninghe documenin

orderwould produceall W-BOX recordsin exactly their in-

tendedorder Thus,with a single scanof the documentwe
canconstructhe LIDF andall W-BOX leavesin parallel.As
eachW-BOX leafbecomedull, we insertit into the W-BOX.

When an internalnodebecomedull, insteadof splitting it,

we simply allocateaninitially emptynew sibling to its right;

this strat@y avoids the costof relabelingby never relocat-
ing ary entries.During the constructionprocesswe always
keeptherightmostnodeof eachlevel in memory sothatin-

sertionsof leaves canbe performedwithout additionall/Os.
At the endof this processwe areleft with a W-BOX whose
only under ow nodesarethoseon the rightmostroot-to-leaf
path.We repairtheseunder ow nodesby borroving from or
merging themwith their left siblings. Overall, bulk loading
costsO(N=B).

To insertanentiresubtreeof XML datawith N °tags,we
rst locatethe W-BOX leaf u containingthe insertionpoint.
Fori = 0; 1;2;:::, wecheckwhether;, theancestonodeof
u atheighti, hasenoughemptyspaceo accommodatél Ola-
bels,i.e.,a’b w(v;) > N9 If so,wesimplyretuild thesub-
treerootedatv; to incorporatehenew labels.Thereluilding
proceskeepsall existing leaf entriesin their original blocks,
exceptthosein u. Thistechniquaminimizesthecostof updat-
ing the LIDF for ary W-BOX recordthat hasrelocatedto a
differentblock. In theworstcaseall existing W-BOX records
may have to relabeledsothecostis O((N + N 9=B).

Deletingan entiresubtreeof XML datais similar. All N ©
labelsto be deletedare clusteredtogetherin onecontinuous
range.After deletingO(N %=B) leavesand modifying up to
two leaves,we look for the lowestcommonancestoof these
leaves with enoughremainingweight to satisfy the weight
constraintWe thenrehuild the subtreerootedat thiscommon
ancestgragaintrying to avoid relocatingleaf entries.In the
worst case,however, all existing W-BOX recordsmay have
to berelabeledsothe costis O(N=B). This boundalsocov-
ersthe costof deletingLIDF recordsof deletedlabelsfrom
theLIDF, whichis of sizeO(N=B).

Ordinal labeling support In orderto supportordinalla-
beling, eachnon-leafnodeentry needsto keeptrack of the
total numberof W-BOX recordsfound within the subtree
rootedatthis entry Theweight elds almostful Il this pur
pose exceptthatthey alsocountrecordsmarkedas“deleted”
sincewe usethe global rekuilding techniqueto handledele-
tions.Thereforefor aW-BOX with deletionsupportwe need
to augmenteachnon-leafnodeentry with a size eld that
recordsthe numberof valid recordsfound belov the entry
Thisadditional eld doesnotalterthe asymptoticspacecom-
plexity of the W-BOX.

To retrieve an ordinal label given a lid, we rst call
lookup (lid) to nd theregularlabel. We thenperformareg-
ular B-treelookup usingthe regular label. We usea running
counterinitialized to 0. For eachnon-leafnodevisitedin this
top-davn traversal,we addto the counterall size elds lo-
catedto the left of the child pointerleadingto lid . Finally,
in the leaf containinglid , we addto the counterthe number
of W-BOX recorddocatedto theleft of lid . Thevalueof the
counterat the endof the traversalis the ordinallabel. There-
fore, the costof looking up an ordinal label is dominatedoy
that of the regular B-treelookup, which is O(logg N). For
example,in Figure3, theordinallabelfor the non-ordinalla-
bel28is 20+ 0+ 2 = 22, assuminghatthesize elds in
this casehapperto be equalto theweight elds.

To insert (or delete)a single W-BOX record, the size
elds of all non-leafnodeentriesthatleadto the inserted(or
deleted)recordneedbe incrementedor decrementedby 1.
In the caseof split, appropriatesize elds mustbe updated
too (detailsare straightforvard and omitted). The I/O com-
plexity of insertionis unafected,but the amortizedcost of
deletionbecome®(logg N ), dominatedby the costof up-
datingsize elds. Bulk loadingandsubtrednsert/deletep-
erationscanbemadi ed in astraightforvardmanneto main-
tainthesize elds. The extra costdoesnot affect the com-



plexity of theseoperations.

Further optimization for start/end pairs The basic
W-BOX storesan elements startand endlabelsin two dif-
ferentW-BOX records possiblylocatedon differentleaves,
whichrequiretwo separaté/Osto retrieve. However, requests
for both startand end labelsof an elementoccur quite fre-
quentlyin queryprocessingWe proposeavariantof W-BOX,
calledW-BOX-O, thatis optimizedfor retrieving start/enda-
belsin pairs. The tree structureof W-BOX-O is identicalto
thatof the basicW-BOX. Their differencelies in the format
of leaf entries.In W-BOX-O, eachstartrecordmaintainsa
pointerto the block containingits correspondingndrecord,
andvice versa.Furthermorethe startrecordalsokeepsa lo-
cal copy of the value of the endlabel. Thus, both startand
endlabelsare obtainedfrom the startrecord,without an ex-
tral/O for theendrecord.

While W-BOX-O improves the lookup performancewe
have to paythe price of maintainingextra informationin the
leaf entries. Maintenances requiredin two casesln the rst
casewhenaleafsplits,half of its entriesmoveto anew block.
As aresult,pointersstoringtheseentries'block addressebe-
comeinvalid and needto be updated(throughthe pointers
in the reversedirection). TheseupdatesrequireO(B) 1/Os.
Sincethisleafcannotsplitagainuntil it recevesatleast ( B)
insertions,the amortizedcostfor updatingthesepointersis
O(1). In theseconctasewhena non-leafnodesplits,a con-
tinuousrangeR of labelsneedto relabeled.The costof re-
labelingis O(logg N) I/Os amortized,asdiscussedefore.
What remainsto be boundis the cost of updatingthe lo-
cal copiesof endlabelsstoredby thosestartrecordsoutside
R (startrecordsinsideR are updatedas part of the relabel-
ing process)At the rst glance,this costcanbe huge—up
to the total numberof labelsin R. Fortunatelythe hierarchi-
cal natureof XML playsinto our hands.Considerthe start
recordsthat needto be updatedj.e., thosestartrecordsout-
sideR thatarelinkedto the endrecordsinside R: Elements
with thesetagsmustform a sggmentof a pathin the element
tree, becausdheseelementsall containthe left endpointof
R. Hence,the numberof suchelementsis boundedby D,
thedepthof the XML tree.Therefore regardlesof thenum-
ber of recordsin R, the overall amortizedcost of insertion
into theW-BOX-O isO(D + logg N).

Theorem4.7 Theamortizedcostof insertinga labelinto the
W-BOX-Ois O(D + logg N), whee D is the depthof the
XML documentree Theamortizedcostof deletingan entry
isO(1). 2

5. B-BOX

Thedesignof B-BOX is motivatedby theobsenationthat
updatingabelsis costly Thereforejnsteadf physicallystor
ing theactuallabels,we ensurehatthey canbereconstructed
efciently from thedatastructurevheneerneededThus,B-
BOX goeseven furtherthan W-BOX in tradingreadperfor
mancefor fasterupdatesWith thetechniqueso bedescribed
in Section6 for enhancingeadperformanceye believe it is
reasonabléo make thistradeof.
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Figure 4. An example B-BOX.

Data structure B-BOX, asits nameimplies, is similar in
structureto a regular B-tree constructecdbn the labelswith
normalbalancingoropertiesUnlike B-tree,however, B-BOX
donotkeepary searctkey valuesin its nodesA B-BOX leaf
containsan orderedlist of B-BOX records,eachstoringthe
LID for the label. A non-leafB-BOX node containsan or-
deredlist of child pointers.Every nodeexceptthe root con-
tainsa badk-link that pointsto the parentnode.Figure 4 il-
lustrateshe structureof a B-BOX (ignorethe optionalsize
elds for naw).

The label of a B-BOX recordcan be constructedy the
pathfrom theroot to theleaf containingthis record.EachB-
BOX nodeon this path contritutesto one componenbf the
label. A non-leafnodecontritutesthe (0-based)rdinal po-
sition of the child pointerthat pointsto the next nodeon the
path.Theleaf atthe endof the pathcontributesthe (0-based)
ordinal position of the B-BOX record.For example,in Fig-
ure 4, the label of the B-BOX recordx is (1; 3; 2). We will
provide the detailson how to obtain a label given its LID
whendiscussinghelookup operation.

The multi-componentabelsof B-BOX somevhatresem-
bles the Dewey-order encodingproposedn [18]. However,
thecrucialdifferences thatourlabelsarede ned usingabal-
ancedB-BOX treeratherthanthe XML documentree,soour
labelshave a boundedengththatis independentf the docu-
mentstructure.

B-BOX is amorecompacstructurehanW-BOX. EachB-
BOX leaf ts uptoB 1 B-BOX recordsandeachnon-leaf
B-BOX nodehasa maximumfan-outof B 1. With stan-
dard B-tree analysis,it is easyto seethatthe B-BOX takes
O(N=B) totalspaceandhasaheightof O(logg N ). B-BOX
labelsarealsovery compactBecaus@achcomponenbf ala-
beltakesatmostlog B bits andthe numberof componentss
equalto theheightof thetree,thetotal numberof bitsin ala-
belis O(log N). In fact,we shav belav thata B-BOX label

logN 1 ;
nevertakesmorethanlogN + 1+ blog 51 C bits.

Theorem5.1 A B-BOX takesO(N=B) space and ead la-

logN 1 H
beltakesno morethanlogN + 1+ b,‘;g 5—C bits. 2

Lookup Thelookup operationwhich returnsthelabelfor
agivenLID, cannotbe performedin a top-davn fashionas
a regular B-tree, becausdhereare no searchkey valuesin
B-BOX nodesto guide the search.Even if there were, we
would not know whatkey to searchfor—it is preciselywhat
we are looking for in the rst place. Instead,lookup (lid)
proceedsottom-up,startingfrom the leaf u containingthe
B-BOX recordin question,which is obtainedby following



the pointerin the LIDF record.We scanu looking for the B-
BOX recordcontaininglid ; theordinalpositionof thisrecord
within u givesusthe last componenbf the label. Next, we
follow the back-linkto the parentof u. We thenscanthe par
ent looking for the entry that pointsto u; the ordinal posi-
tion of this entrywithin the parentgivesusthe second-to-last
componenbf thelabel. Theprocessontinueaup thetreeun-
til reachegheroot, wherethe rst componenbf the labelis
determined.

Besidesthe extra I/O to obtainthe pointerto the B-BOX
leaf, the numberof I/Os is equalto the the heightof the B-
BOX. Thereforewe have thefollowing theorem.

Theorem5.2 Givena LID, the costof retrieving the label
froma B-BOXis O(logg N). 2

Oneof the mostfrequentoperationsusedin XML query
processings the comparisonof two labels. This operation
canbe performedin a B-BOX with potentiallymuch fewer
I/Os, especiallyif the two labelsbeing comparedare close
to eachotherin documentorder To carry out the compari-
son,we traversethe treebottom-upin parallelstartingfrom
thetwo B-BOX recordsbeingcomparedWe stopassoonas
their lowestcommonancestonodeis reachedThe ordering
of thelabelsis determinedby the orderingof the two entries
thatleadto thecorrespondind3-BOX records.

Insert and delete Both insert-before  and delete
start with the B-BOX leaf pointedto by the LIDF record.
The restis similar to dynamicmanagemenof a regular B-
tree, but with someadditionalbooklkeepinginvolving LIDF
recordsandback-links.

Whenanew B-BOX recordis insertedbeforean existing
record,we recordthe addresof the leaf block in the corre-
spondingnew LIDF record.If theleafover owsasaresultof
this insertion,we split the leaf into two: The rst half of the
B-BOX recordsremainontheold leaf while therestmove to
anew leaf. For eachB-BOX recordrelocatedo the new leaf,
we useits LID to accesghe correspondind.IDF recordand
updateit to pointto thenew leaf. Finally, a pointerto the new
leafis addedo the parentnode,immediatelyafterthe pointer
to theold leaf.

If the additionof this new pointercauseghe parentu to
over ow, a split of non-leafnodeoccurs.A sibling of u is
created,and half of the entriesrelocateto this new sibling.
For eachrelocatedentry we needto updatethe nodethat it
pointsto, soits back-linkpointsto u's new sibling. Finally, a
pointerto the new sibling nodeis addedto u's parent.In the
worstcase the split canpropagateall theway up to theroot,
causinghetreeto grow.

If the deletionof a B-BOX recordcauses leaf u to un-
der ow, we rst attemptto borronv a recordfrom a sibling
of u. If this attemptsucceedsin additionto relocatingthe
borraved B-BOX record,we mustupdatethe corresponding
LIDF recordto re ect thenew block addres®f theborraved
record.If u'ssiblingsdo not have sparerecordswe meigea
siblinginto u by moving all recordsin thesiblingto u. Again,
correspondind.IDF recordsto be updatedo pointto u. Fi-
nally, thepointerto thesiblingis removedfrom u'sparentAn

under ow non-leafnodeis handledn away similarto anun-

der ow leaf, with the only differencebeing that we update
back-linksfor relocatedbointers(analogougo but insteadof

updatingLIDF recordsfor relocatedB-BOX records).

In the worst case,split and memge could occur at every
level of the tree; at eachlevel, the costis dominatedby that
of updatingB =2 back-linksor LIDF records.Therefore the
worst-caseipdatecostof B-BOX is O(B logg N ). However,
this worst-casescenarias extremelyrare. Most of thetime,
an updateaffects only the leaf, without causingary reomga-
nization acrossblocks or updatesof LIDF recordsor back-
links. In fact,theamortizedupdatecostof B-BOX over a se-
quenceof insertionscanbe shavn to be O(1): At worst, ev-
ery B=2 insertionswill Il up aleafandforceit to splitata
costof O(B) 1/0s; every (B=2)? insertionswill || upapar
entof aleaf, causingadditionalO(B) I/0Os,andsoon. There-
fore,theamortizedcostis O(1) + O(B) (g5 + ﬁz +
@7t )= 0Q).

It is alsopossibleto obtain O(1) amortizedupdatecost
over a sequenceof updatescontainingboth insertionsand
deletions but we will needto relaxthe minimum fan-outre-
quiremento B =4, which doesnot alterthe asymptoticspace
complity of theB-BOX. ThestandardB-treeminimumfan-
outof B =2is susceptibleo frequentsplitsandmemgescaused
by repeatedlynsertinganentryinto afull leafandthendelet-
ing thesameentry. However, with afan-outof B =4, bothsplit
(of anover ow nodewith B entries)andmeme (of anunder
ow nodewith B=4 1 entriesanda nodewith B=4 en-
tries) resultin nodeswith sizeof aboutB =2. Eachsuchnode
thenhasto gainatleastB =2 or loseat leastB =4 entriesbe-
fore it will be split or mergedagain.While this smallermin-
imum fan-outrequiremengllows us to boundthe amortized
updatecostfor bothinsertionsanddeletionsjt will resultin
atallertreeandlongerlabels(speci cally, alabelwill take at

mostlogN + 1+ b%c bits). Thereforethe standard

minimum fan-outrequiremenbf B =2 is still recommended
for workloadsconsistingof mostlyinsertions.

Theorem5.3 The worst-casecost of updatinga B-BOX is
O(B logg N); theamortizedupdatecostis O(1). 2

Bulk loading and subtreeinsert/delete Bulk loadinga
B-BOX from an XML documenis very similarto bulk load-
ing a W-BOX. Again, no sortingis required.With a single
scanof thedocumentwe constructhe LIDF andall B-BOX
leavesin parallel. As eachB-BOX leaf becomedull, we in-
sertit into the B-BOX. Whena non-leafnodebecomedull,
insteadof splitting it, we simply allocatean initially empty
new sibling to its right; this strateyy avoidsthe costof updat-
ing the back-linksby never relocatingary entries.Like bulk
loadingaW-BOX, we alwayskeeptherightmostnodeof each
levelin memoryto avoid additionall/Os. In theendwe areleft
with a B-BOX whoseonly under ow nodesarethoseon the
rightmostroot-to-leafpath.We repairtheseunder ow nodes
by borraving from or memging themwith their left siblings;
thenumberof additionall/Osis no morethanO(B) perlevel



(for updatingback-linksor LIDF records)Overall, bulk load-
ing costsO(N=B).

To insertan entire subtreeof XML datainto an existing
B-BOX T, we rst usebulk loadingto constructa separate
B-BOX TP?for the datato be inserted(but insteadof creat-
ing anew LIDF, we appendo thesameoneusedby T). Sup-
posethat T ®hashC®levels.We*rip” T fromtheinsertingpoint
asfollows. First, we split theleafnodeu of T containingthe
insertionpoint right at that point, into u; andu,. Then,we
split u's parentnodeinto two: Onenodecontainsall pointers
upto andincludingthe pointerto u;, andtheothernodecon-
tainsthe pointerto u, andthosefollowing it. “Ripping” con-
tinuesup T for atotal of h®levelsincludingtheleaf. There-
sultis agapin whichwe can t T°perfectly therebyproduc-
ing acombinedB-BOX with all root-to-leafpathshaving the
samelength. Finally, we repairunder ow nodes(on the two
sidesof thegap)andover ow node(wherewe inserttheroot
of T9. Overall, the costis O(N°%=B + B logg (N + N9),
whereN @ is total numberof tagsin the insertedXML sub-
tree.

Conceptuallydeletinga subtreeof XML datasimply re-
verseghestepsnvolvedin insertingit. Notethatall labelsto
bedeletedsay N °of them,areclusteredogethein onecon-
tinuousrange.We “rip” the B-BOX startingfrom both end-
pointsof the rangein parallel,until the two bottom-uppro-
cessesneetat the samenode.As a result, we have isolated
the labelsto be deletedinto a numberof subtreesn the B-
BOX. We canthenremove thesesubtreesandrepairary re-
maining under ow nodes.Overall, the costof updatingthe
B-BOX isO(B logg N).Ontheotherhand thecostof delet-
ing correspondind IDF recordscanbeupto O(N 9, aseach
deletionmayresultin arandoml/O if theserecordsarescat-
teredacrosgheLIDF. However, if the elementgo be deleted
wereinsertedat aroundthe sametime (eitherwith bulk load-
ing or subtreeinsertion),their LIDF recordswould be clus-
teredandthe costof deletingthemwould be O(N %=B).

Ordinal labeling support In orderto supportordinalla-
beling, we augmenteachnon-leafnode entry with a size
eld that keepstrack of the total number of the B-BOX
recordsfound within the subtreerooted at this entry (Fig-
ure 4). This additional eld doesnot alter the asymptotic
spacecompleity of the B-BOX.

Lookingupanordinallabelis similarto lookinguparegu-
lar label,but usesarunningcounter Thiscounteiis initialized
with the numberof B-BOX recordslocatedto the left of the
B-BOX recordin questioronthesameeaf. For eachnon-leaf
nodevisitedin thebottom-uptraversal,we addto thecounter
all size elds locatedto theleft of theentrythatleadsto the
B-BOX recordin question.The value of the counterat the
endof the traversalis the ordinal label. For example,the or-
dinallabelof x in Figuredis2+ (4+ 4+ 5)+ 20= 35.The
compleity of thelookupoperationremainsO(logg N).

To insert (or delete)a single B-BOX record, the size
elds of all non-leafnodeentriesthatleadto theinserted(or
deleted)recordneedbe incrementedor decrementedpy 1.
Thus, every updatemustgo all the way to the root. In the
caseof split, memge, or borrowing from sibling, appropriate

size elds mustbe updatedoo (detailsare straightforvard
and omitted). The worst-caseupdatecostis unafected,but
the amortizedcost becomesO(logg N), dominatedby the
costof updatingsize elds.

Bulk loading and subtreeinsert/deleteoperationscan be
modi ed in a straightforvard mannerto maintainthe size
elds. The extra costdoesnot affect the compleity of these
operations.

6. Reducingthe Costof Indir ection

As we have alreadypointedout in Sectionl, the level of
indirectionthatbridgesthe gapbetweerimmutableLIDs and
dynamiclabelsintroducesan extra dereferencingost. Both
W-BOX andB-BOX furthertradeoff lookupperformancdor
updateperformanceTheseadditionalcostscomein theform
of randoml/Os, which neutralizethe bene t of usingorder
basedabelingin query processingtherebymakingthis ap-
proachunsuitablefor a read-heway workload.In this section,
we addressthis issueusing a combinationof cachingand
logging techniqguesWe begin our discussiorwith the basic
cachingapproachandthenshav how logging canbe com-
binedto increaséts effectiveness.

Basiccachingapproach Insteadbf usingjustLIDs to re-
fer to dynamiclabelsindirectly, we augmenteachreference
with the cachedvalueof thelabelaswell asalast-cached
timestampindicating when the cachedvalue was obtained.
The systemalsomaintainsa last-modified  timestampfor
eachXML documenbeinglabeled which tracksthetime of
thelastmodi cation madeto the documenthatchangedary
existing labels.We assumehat the last-modified  times-
tampis keptin mainmemorymostof thetime.

Given an augmentedeference,a lookup operation rst
compareshe last-cached timestampstoredin the refer
encewith the last-modified timestampassociatedvith
the documentlf last-modified precededast-cached |,
the cachedlabel value in the referenceis valid and is im-
mediatelyreturnedwithout incurring ary additionall/O. If
last-modified  is more recentthan last-cached , the
lookup operationstartswith the LID and performsthe nor
mal stepsasdescribedn Sections4 and5. Then,it replaces
the cachedvalue with the label it obtained,and updateshe
last-cached timestamp.Here,the lookup operationpays
the full costof W-BOX or B-BOX lookup , but this cost,as
we have shawvn in previous sectionsjs boundedandreason-
ably small.

For workloadswith few updates this basic cachingap-
proachworks predictably well. Its lookup performanceis
practically as ef cient as an immutable labeling scheme,
while avoiding the problems of an immutable labeling
schemewhen updatesdo occur On the other hand, a sin-
gle last-modified timestamp may be insufcient to
mitigatethe effect of a steadyupdatestreamon readperfor
mancewe discussa moreeffective approachmext.

Caching and logging approach Instead of a sin-
gle last-modified timestampwe log the lastk modi ca-
tionsto thedocumentEachlog entry containghetimestamp



of the modi cation and a descriptionof its effect on exist-
ing labels. For ef ciency, the log should be kept in main
memory and maintainedas FIFO queue:when a new en-
try is loggedthe oldestentryis dropped.

This approachworks becausefortunately for our data
structures,effects of modi cations can be describedsuc-
cinctly andappliedto anexisting labelwithoutarny additional
information. For example,consideran ordinal labeling: The
effectof insertinganelementeforeanexisting elementwith
startlabel 142857is that all existing labelsgreaterthan or
equalto 142857areincrementecby 2. This effect canthus
beloggedasarangeupdate[1428571 ) : +2. Thefull de-
scription of logging techniqueswhich is more complicated
for non-ordinallabeling,is providedin thefull version[17].

A lookupoperatiorstartshy comparinghelast-cached
with the earliest modi cation timestamp logged. If
last-cached is earlier the cached label is unusable
andthefull costof lookup mustbe paid. Otherwise we “re-
play” the effects of all modi cations with timestampdater
than last-cached on the cachedlabel and return the re-
sult without additionall/Os. Finally, we replacethe cached
labelwith this resultandupdatelast-cached

A log with k entriesgivesroughlyak-fold boostin the ef-
fectivenessof cachingbecausét takesk subsequentnodi -
cationsinsteadof oneto make cachedabelsunusableOnthe
otherhand,a larger k alsoincreasesnemoryrequirements
andcomputationabverhead.

7. Experiments

Our experimentsvaluatethe nave relabelingschemdin-
troducedin Sectionl), W-BOX, B-BOX, andtheir variants
on their 1/0 performance We have implementedall algo-
rithmsin C++.W-BOX, B-BOX, andtheir variantsareimple-
mentedusingTPIE[2], alibrary thatprovidessupportfor im-
plementingand evaluatingl/O-ef cient algorithmsand data
structuresFor all experimentsthe block sizeis setto 8KB.
Performancés measuredy the numberof 1/0s. We present
resultsobtainedwith main-memonycachingturnedoff. Turn-
ing off cachingexposeghefull costsof I/O andmakesthere-
sultseasierto interpret.In practice,andaswe have obsered
in experimentswith cachingturnedon, our structuregperform
betterwith caching,especiallybecausehe root tendsto be
cachedatall times.

Our experimentscomparethe following dynamiclabeling
schemesW-BOX, W-BOX-O (the variant of W-BOX opti-
mizedfor readingstart/endabelsin pairs),B-BOX, B-BOX-
O (thevariantof B-BOX with ordinallabelingsupport),and
naivek (thenaie relabelingschemawith k bits of extra stor
ageper label). All schemeausethe LIDF describedn Sec-
tion 3 to mapimmutableLIDs to dynamiclabels.For BOXes,
LIDF recordspointto index leavescontainingBOX records.
For naivek, eachLIDF recorddirectly storesthelabelvalue
andthe length of the gap betweenthis andthe previous la-
belvalue.Ourimplementatiorof navek requiressortingthe
LIDF for relabeling.We assumehat thereis enoughmem-
ory devotedto naive relabelingsuchthatsortingcanbe done

entirelyin memorywithout extra I/O passesthis assumption
producesa lower boundon the cost of navek to compare
with our BOXes.We will seeshortlythat,evenwith this un-

fair advantage naive is still inferior to our BOXesin most
experiments.

Concentratedinsertion sequenceWe startwith a two-
level XML documentvith 2; 000, 000elementsaindbulk load
our datastructuresThen,we inserta two-level XML subtree
with 500, 000 elementspneelementat a time, into the base
documentSpeci cally, we inserttheroot elemenif the sub-
tree rst, asa child of theroot of the basedocument.Then,
we insertthe rst andthelastchildrenof thesubtreeoot, fol-
lowedby thesecondandthe second-to-lasthenthethird and
thethird-to-last,andsoon. In effect, eachsubsequenpair of
insertionsare“squeezed’into the centerof a growing list of
siblings.This insertionsequencdehaesin a similar way as
theadwersarydescribedn connectiorwith the naive labeling
schemean Sectionl, andit alsocreateghe (near)worstcase
for mary otherlabelingschemessuchasORDFATH [15]. We
have speci cally designecdthis insertionsequenceo stress-
testour dynamiclabelingschemes.

Figure 5 shavs the averagecost of elementinsertion
(whichinvolvesinsertingtwo labels)for variousdynamicla-
beling schemeover the entire insertion sequenceBasic B-
BOX, with its compactstructureand the advantageof not
having to materializeactuallabels,hasthe bestperformance,
con rming theamortizedO(1) boundpredictedby our anal-
ysis.B-BOX-0O, with supportfor ordinallabels,incurssome
additionall/Os (up to the heightof the tree)in maintaining
thesize elds, but still providesexcellentperformanceW-
BOX suffersalittle more,becaus¢éheworst-casénsertionse-
quencetriggersfrequentrelabelingwhich is unavoidablefor
ary labelingschemethat materializedabels.W-BOX-O, by
further trading updateperformanceor lookup performance,
understandabljasa higherupdatecost. On the otherhand,
all nave schemegerform extremely poorly comparedwith
BOXes. Even with 256 extra bits, eachinsertionstill costs
1001/Os. Furtherincreasinghenumberof extrabits givesdi-
minishingreturns becausehe spaceandmanipulationover
headof long labelsquickly becomesigni cant.

Figure6 shaws, for eachl/O cost,thefractionof insertions
in the sequencéhatincurredhigher thanthis cost.Note that
both axeshave logarithmicscale.This gure providesinfor-
mationaboutthe distribution of individual costs.The results
in this gure largely con rm our analysisand reafrms the
effectivenesof BOXes. The“steps”in the gure do provide
someinterestinginsightsinto the operationaldetails of the
datastructure.The drop in the B-BOX curve aroundl; 000
I/Os, for example,representghe fraction of insertionsthat
causesplitsof internalB-BOX nodes.

Scattered insertion sequenceThe next experimentis
designedo contrastwith the concentratedne.We startwith
thesamedocumenbf 2; 00G, 000elementaindinsertanother
500, 000. In this case though,the insertsare spreadevenly
throughoutthe document.As shavn in Figure 7, the naive
policies, as expected,particularly shinein this test. These
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policiesbankonnogapbeingoverwhelmedwith inserts;con-
sequentlyalmostall insertsaredonein constantime,andno

relabelings neededTheexceptionis naive-1, whosegapsize
istoosmallto accommodatevenasingleelementTherefore,
relabelings triggeredconstantly TheBOXeshandlethis case
just aswell. While they are designedo handlearbitraryin-

sertionsequencegracefully they toobene t from theevenly
spreadnserts.

XMark insertion sequenceThe next experimentis of
the same avor asthe previous two, but now usesa docu-
mentgeneratedrom the XMark benchmarkvith 336, 242el-
ementsWeinsertelementsn awaytore ect how suchadoc-
umentmightbuild up overtime: Elementsareaddedn docu-
mentorderof their starttags,oneby one.As anexample for
the documentin Figure 1, we would rst insertsite (both
its startandendtags),andthenregions , africa ,item, an-
otheritem , asia, etc.,in order Note that this sequence—
insertingall elementsn documenbrder—is not the sameas
insertingall labelsin documentorder (which would behae
like bulk loading), becauseend labelsare insertedtogether
with correspondingtartlabelswithoutknowing subtreesizes
in adwvance.

Our resultsrepresenthe insertionstaking placeafter the
rst 200, 000. This wasdoneto “prime” the structureswith
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Figure 8. Amor tized update cost, XMark.

3 1 ‘ : ‘
S , naive-2 B-BOX ——
Q .’ naive-4 W-BOX -
g OLlf |- “naive-8
= 3
S .
g 0.01
o
2
2 o001}
k]
c
S le-04}
Q
<
L B | -

1e-05 ‘ RIS T ‘

1 10 100 1000 10000 100000
1/0s
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aninitial size.Theresults,shavn in Figures8 and9, asex-
pected,fall somavhere betweenthe non-taxingscattertest
andtheadwersarialconcentrateest.No policiesescapeavith-
out doing ary splits or reorganizationsThe BOXes outper
form the naive policies. The naive versions relative to each
other performthe sameway they did in the concentratéest.

Query performance At the end of eachexperiment,W-
BOX andB-BOX heightswereusually3, but sometime2. As
with B-treesthenumberof elementsnustriseenormousliyto
forcethe BOXesto grow in height.It is easyto seethatwith
suchlow BOX heights,the logarithmiclookup costsfor reg-
ular B-BOX andits ordinalversionare,in practice quitelow
(34 countingtheindirectionthroughLIDF, without caching
theroot). W-BOX, onthe otherhand,alwayslooksup alabel
in two I/Os (againcountingtheindirectionthroughLIDF), re-
gardlesof thetreeheight.If startandendlabelsarelooked
uptogetheyW-BOX-O candosoin two I/Os total, two fewer
thanW-BOX. Finally, naivek mustalsoincur onel/O perla-
bellookupbecaus®f theindirectionthroughLIDF, whichis
unavoidablefor ary dynamiclabelingscheme.

Other ndings Thepreviousexperimentsall insertoneel-
ementat a time into the documentbut the concentrataest
in fact insertsa subtreeof elements.n practice,this sub-
tree,if known in adwvance,shouldbe insertedusingthe bulk
insertmethods.The element-at-a-timéest costs5; 401; 885
and 2; 000, 448total I/Os for W-BOX and B-BOX, respec-
tively. With bulk insertmethodscostsdramaticallydecreased
to 11; 374and492, respectiely.

It is an interestingexerciseto determinewhich policies
arehurt by the limit of machineword size,typically 32 bits.
Our experimentsuse datasizesof 2; 000, 000 elementsor
4,000, 000labelsoverall. Labelsfor thesekeys canbediffer-
entiatedwith only 12 bits, far belov machineword size.On



the otherhand,the navek schemeaequiresadditionalk bits
to maintainits gaps.In ourexperimentsthenaive-32 scheme
andthosewith even larger gapsizesall have labelsthat ex-
ceedmachineword size. Therefore asidefrom the I/O costs
shavn in the experimentsthe naive policiesalsorun slowver
becausef inef ciencies in processinguchlong labels.

8. Conclusion

We have presentedV-BOX andB-BOX, two novel struc-
turesfor maintainingorderbasedabelingof XML elements.
Most existing schemedall prey to adwersarialconditionsthat
resultin long labels or frequentexpensve relabeling.Our
structurestemperthe effects of ary possibleupdatepattern
by trading off the costsof updateandlookup, while provid-
ing goodboundsgor both.By basingheBOX schemesnfor-
mal, balancedreestructuresye areableto achieve provably
good performance Our experimentsshav that the BOXes
indeedprocessupdatesand especiallyadwersarialupdates,
more ef ciently thana naive gap-maintainingscheme Cur-
rently, we areworking on furtherimproving the effectiveness
of thecachingandloggingapproachn Section6, by usingan
ef cient datastructurefor storingthelog.
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