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Abstract. With the ever growing useof XML asa datarepresentatiofiormat,
we seeanincreasingneedfor robust, high performanceXML databaseystems.
While mostof therecentwork focusesn efficient XML queryprocessingXML
databasesalsoneedto supportefficient updatesTo speedup queryprocessing,
variouslabelingschemesave beenproposedHowever, thevastmajority of these
scheme$ave poorupdateperformanceln this paperwe introducea dynamicla-
beling structurefor XML data:L-Treeandits orderpreservingabelingscheme
with O(log n) amortizedupdatecostandO(log n) bits perlabel.L-Treehasgood
performanceon updateswithout compromisingthe performanceof query pro-
cessingWe presenthe updatealgorithmfor L-Treeandanalyzeits compleity.

1 Introduction

With the adwent of XML asa datarepresentatioiormat, we seean increasingneed
for robust, high performanceXML databasenanagemensystemswhich supportef-
ficient queriesand updategprocessingTherehasbeengreatinterestin storing XML

datain RDBMS [11,14,1,15,3], in orderto leveragethe power of RDBMS for data
managementiowever, sinceXML datais fundamentallydifferentfrom relationaldata
encounteredn typical businessapplicationsthereare several challengedor storing
XML datainto relationaldatabase.

First, XML is the successoof earlierdocumenimarkuplanguagesuchasSGML
andHTML, primarily adocument format. Theimplicit orderamongdataelementsthe
socalleddocument order, isimportant.An XML databaseeedsamechanisnto record
therelative positionof dataelementsRecently[15] presentedhow to storeXML data
in RDBMS preservinghe documentorder However, how to maintainthe orderupon
updatess notcleat

Secondan XML databasenustbe ableto efficiently retrieve XML fragmentsby
someXML querylanguagelike XPathor XQuery. Theedgetableapproachl1] treated
an XML documentsatree,andgenerated tuplefor every XML nodewith its parent
nodeidentifierin the relation. To processquerieswith structuralnavigation, oneself-
join is neededo obtaineachparent-childrelationship. [14,1] proposedo inline the
informationof leaf nodesinto thetuplefor their parentssuchthatthejoins betweera
nodeandits leaf childrenareeliminated.However, to answerdescendant-axi§/” or
ancestoraxisin XML query mary self-joinsareneeded.

One popularmethodfor maintainingthe documentorder, which assignsordered
labelsto dataitems,turnsout be very helpful to answerancestoidescendangueries.
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Specifically an XML documenttreatedasan orderedtree, is traversedin depth-first
orderandorderedabelsareassignedo elemeninodes Eachnodex recevestwo num-
bers,thefirst one,B,, whenit is first visited,andthesecondone E,, whenit is exited.
For example,Figure1 shavs an XML treewhereevery nodeis labeledby two num-
bers.Usingthis schemeanavigationquerycanbecorvertedto aninterval containment
testby usingthe following obsenation: for ary two nodesz andy, z is an ancestor
of y if andonly if theinterval (B,, E,) includestheinterval (B,, E, ), or equivalently
B, < By andE, < E,. Now, to answera query“book//title” over the example,one
only needsto find the nodeswith tag “book” andthe nodeswith tag “title”, thentest
their labelsto checkthe ancestoidescendantelationship.When XML datais stored
in RDBMS, the ancestoidescendanjueriescanbe processedby exactly oneself-join
with labelcomparisonsspredicateswhich is asefficient aschild-axis. The effective-
nessandefficiency of XQueryprocessingvith thelabelingscheméan comparisorwith
otherXQueryimplementationss discussedn [7].

book(0,7)

chapter(14) title(5,6)
title(2,3

Fig. 1. An exampleof anXML labelingscheme

While very advantageougor queriesand preservingthe documentorder, mostof
theproposedabelingschemeg12,13,17,2] incurlargerelabelingcosts.Consideithe
labelingschemen Figurel which assigndabelsfrom theintegerdomain,in sequential
order This leadsto relabelingof half the nodeson average,even for a single node
insertion.Alternatively, onecanleave gapsin betweensuccessie labelsto reducethe
numberof relabelingsupon updatesAs provedin [5], an orderpreservinglabeling
schemewithoutary relabelingsuponupdatesequiresO(n) bits perlabel,whichleads
to largespacerequirement@andcostlylabelcomparisonsluringqueryprocessinglt is
not clearhow to assignthe gapsbetweerlabelssuchthatwe canfind a goodtrade-of
betweerthenumberof bitsusedto encodeahelabelsandthenumberof noderelabelings
eachupdatewill causeThe paperaddressethis problem.

The contributionsandthe structureof this paperare:

1. We introducea dynamicstructurecalled L-Treeto maintainan orderpreserving
labelingschemdor XML datain the presencef updatesn Section2.

2. We analyzethe amortizedupdatecostof an L-Treeandthe label size.We derive
exact functionsfor the updatecomplexity andthe label size,anddiscusshow the
optimal resultscan be achieved by choosingdifferenttree parametersn various
applicationsettingsThisis presentedn Section3.

3. Wediscusshow anL-TreecanaccommodatXML subtreeaupdatego achieve bet-
ter performancecomparedo singlenodeupdatesaswell asa variantof the main
labelingschemen Section 4.

Relatedwork is discussedn Section5 andSection6 concludeghe paper
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2 L-Treeand XML Labeling Scheme

Whendesigningan XML labelingschemewe needto answetthe following two ques-
tions: 1) how to assignlabelsto elementdgn an XML documentD to reflectthe doc-
umentorder?and?2) whena new nodeis inserted whatlabel shouldbe assignedo it,
andwhich existing labelsneedto changeto presere the order?

For the purposeof the discussionijt is helpful to view the XML documentin its
textual representatiomsa linearorderedist of begin tags,endtags,andtext sections,
Lp = (a1,as,...,ay). Our problemis similar to the maintenancef an orderedlist.
A labelfrom anintegerinterval [0, M) is assignedo eachtagto reflectits orderin the
list. Intuitively, we would lik e to distributethesen labelsoverthewholeinterval evenly.
However, randomupdateswill causesomeareasn the interval to becomemuchmore
densehanotherslIf anew tagis insertedata positionwherethe differencebetweerthe
labelsof its neighborss 1, we have to redistritute somelabelsto make room for the
newly insertedag.

Thebasicideaof ouralgorithmis thatwe dividethewholeinterval [0, A1) into mary
intervalsof equalsize,eachof which arefurtherdividedto smallerintervals,andsoon.
Thenwe seta limit on the numberof labelsin eachinterval suchthatwe cancontrol
the densityof eachinterval. In this way relabelingsuponan updatearelocalized.The
nestedelationshipof intervalsandsubintenalssuggests treestructure Sowe build a
treeandassociateachinterval to aninternalnodein the treeto maintainthe labelsfor
XML data.Thistreeis calledaL-Tree (shortfrom label tree).

2.1 Labeing Schemeof theL-Tree

An L-Treeis anorderedbalancedreewith n leaves.We attachthe tagsin the XML
documento thesen leavesin order, startingfrom the leftmostleaf. The shapeof the
L-Treeis determinedby two parametersf and s, which control the numberof leaf
descendantsf internalnodes.Specifically the maximalfanoutof ary internalnodein
anL-Treeis f — 1, andthe minimal fanoutis f/s. We will discusshow to choosethe
valuesof theseparameterin Section3.

For any nodez in the L-Tree,we assignanumberN (z), recursvely in atop-dovn
fashionasfollows:

1. N(root) =0
2. Letx betheit® (0 <i < f —1) childofy, N(z) = N(y) +i - (f — 1)*®

Heretheheighth(z) of any nodez is definedasthenumberof edgesonthelongest
pathfrom z to ary leaf nodein the subtreerootedin z (in particular leaf nodeshave
height0). Let usalsodenoteby h the heightof the L-Tree(h = h(root)). The num-
ber N(z) is the smallestintegerin theinterval correspondindo z, andthe difference
betweerthe numberof two siblingsarethe spaceresenedfor futureinsertions.

Finally, the labelsof the XML tagsarethe labelsassignedo their corresponding
leavesin theL-Tree.lt is easyto seethattheabove labelingschemepreseresthe order
of the XML tags.

Proposition 1. Let z bealeaf inan L-Tree corresponds to an XML tag a; and y corre-
spondsto aa;, a; appearshefore a; in the XML document if and only if N (z) < N(y).
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A(0,13;
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XML tree Label tree (f=4,s=2)
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XML tree Label tree (f=4,5=2) XML tree Label tree (f=4,5=2)

(c) After theinsertionof “D” (d) After theinsertionof “/D”

Fig.2. An exampleof L-Tree

Thelabelof anXML elemennodeis composedby apair:thenumberof two leaves
in theL-Treewhich correspondo that XML nodesbegintagandendtag,respectiely.
The orderpreservingpropertyof this labeling schemeallows usto convert the XML
navigationqueriesinto interval containmentestsasillustratedin Sectionl.

2.2 Bulk Loading

Initially, we build anL-Treefor someexisting XML documenin abulk loadingmode.
To maximizethe capability to accommodatdurther insertions,we build a complete
f/s-arytreeinitially (theheightof thistreeis thesmalleshumberh for which (f/s)"* >

n). Figure2(a)shavsan XML treeandits correspondind.-Tree(f =4, s = 2).

2.3 Incremental Maintenance

Now let usexaminehow to maintainthe balanceof anL-Treein the presencef inser
tionsandassignlabelsto theinsertedXML tags(seeAlgorithm 1).

For example,we would like to insertan XML nodewith tag“D” asthe preceding
sibling of the nodetaggedby “C” in the XML treein Figure 2(a). We needto insert
two leavesinto L-Tree,correspondindo the begin tag andendtag of the XML node,
respectiely. Next weillustratehow to inserttwo leavesinto L-Treeoneafteranother

For every internalnodet in the L-Tree,denoteby ¢(t) the numberof childrenof ¢
andby I(t) the numberof leavesin the subtreerootedat¢. In orderto keepthe labels
distributedin a balancedmanner we imposea limit I,,,,(t) = s - (f/5)*® onthe
maximumnumberof leavesthateachinternalnodet mayhavein its subtree.

Whenwe insertaleafz in theL-Tree,l(z) increasedy onefor every ancestor of
z. Welook for the highestancestot satisfyingl(t) = linq(t).

If no sucht exists, we relabelz andits right siblings. In our insertionexample,
assuminghatwe maintainthelinks betweeran XML nodeto its correspondindeaves
in the L-Tree,we canget the label of the XML nodetaggedby “C”: (3,4). First we
inserta leaf to the L-Tree, correspondingo the begin tag “D”, beforethe leaf with
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Algorithm 1 Label TreelncrementaMaintenanceilgorithm

. function insert — after(z,y)
. z = parent(y)
. insertz astheright sibling of y
. whilez # NULL do
I(z) ++
if 1(z) = s - (£/5)"*) then
t=z2
end if
z = parent(z)
10: end while
11:ift = NULL then
12: letz bethekt™ child of its parent
13: calllabel(parent(z), N(parent(z)), k)
14: dse
15:  lett bethe k'™ child of its parent
16: splittintos completef / s-ary treeswith thesamesequencef leaves
17: endif
18: if t = root then
19: createanew rootwith the s top-level nodesaschildren;
20: calllabel(root,0,0)
21: dse
22: replacesubtreerootedatt with the s subtrees
23:  calllabel(parent(t), N(parent(t), k)
24: end if
25: return
26: function label(x, num, k)
27: N(z) = num
28: if z isnotaleafthen
29: fori=ktoc(z)do
30:  y=ithchidofe
31: calllabel(y, num + i - (f — 1)), 0)
32:  endfor
33: end if
34: return

©ONO TAWNE

number‘3”. Figure2(b) shavstheintendednsertionsasdottedlines. TheL-Treeafter
theinsertionis shovn in Figure2(c).

Otherwisejf sucha nodet doesexist, we needto rebalancehe L-Tree.We split ¢
into s nodesandreplacet with s completef /s-ary subtree®f the sameleaf sequence.
This causesherelabelingof the subtree®f theses nodesaswell astheirright siblings.

As an example,now we insertanotherL-Treeleaf, which correspondso the end
tag“/D”, right afterthe leaf which corresponds$o “D”. Theintendedinsertionis rep-
resentedby dottedlines in Figure 2(c). This insertionresultsin a split of the node
numbered3” of heightl asshovn in Figure2(d).

The key ideabehindthe L-Treesplitting andsubsequentelabelinguponaninser
tion is the following: if the insertioncauseshe numberof leavesof somesubtreeto
increaseo alarge number this meanghatthe labelsof theseleaveshave becomevery
denseTo remedythe situationwe split the subtreeandrelabelit to provide moreslack
for this portion,in orderto betteraccommodatéurtherinsertionsin this portion.Since
the numberof leavesof ary subtreeis controlledandthe densityof the labelsis also
controlled,the numberof nodesinvolved in relabelingsamortizedover sereral inser
tionswill alsobecontrolled.

In this paperwe focuson the XML insertionssincefor deletionswe canjust mark
asdeletedthe correspondindeavesin the L-Treewithout ary relabeling.
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2.4  StructureProperties
In this sectionwe examinethe propertiesof anL-Treeandcomparet with a BT -tree.

Proposition 2. For any internal node z, we have (1) (f/s)*®) < I(z) < s-(f/s)"M®);
(2) f/s <c(z) < f; and (3) All leaves are at the same level of the tree.

Proposition 3. Cascade splitting in an L-Treeisnot possible, that is, one node splitting
will not cause another node split.

An L-Treeis similarto a Bt -treein thatit guaranteesertainoccupany of thetree
suchthatthetreeis balancedlynamicallyandtheheightis boundedy O(log n), where
n isthenumberof nodesn thetree. Thedifferencesre:

1. The goalsof a BT-treeandan L-Treearedifferent. The purposeof a BT -treeis
to enablefastlookupsgiven XML labels.ThoughB+-treecanadjustits structure
dynamicallyif the labelschangetheir values,it is not ableto determinehow the
labelsshouldbechangedAn L-Treeis built to maintainthelabelsfor XML nodes
in the presencef updateslt helpsusto determinewhatlabelsto be assignedo
newly-insertedXML nodesandhow thelabelsof existingnhodesshouldbechanged.

2. The splitting criterion of an L-Treeis basedon the numberof leaves of a node,
ratherthanthe numberof children,thereforeit will notcascadeplit asa Bt -tree.

3. For eachinternalnodez in L-Tree,f/s < ¢(x) < f. For Bt-trees,s = 2.

3 Complexity Analysis

3.1 Query and Maintenance Costs

In this sectionwe computean upperboundon the amortizedcostof queries/updates
andthe numberof bits usedper label asfunctionsof an L-Tree parametersf ands.
The query and maintenanceostof an L-Treeis measuredisthe numberof disk ac-
cessesSincethe XML nodesarerecommendetb beclusteredoy theirtagsratherthan
labels[17], andwe don't make ary assumptionsiboutnodesbeingcachedthe costis
measuredh termsof the numberof nodesaccessedbr searchingor relabeling.

For queries,an L-Treedoesnot incur ary additionalcost.In fact, if we storethe
labelalongwith the XML nodeitself, we canretrieve thelabel of agivennodefor free.

Now we analyzethe amortizedcost of maintainingan L-Tree upon an insertion
of leaf 2 usingthe accountingmethod.The costconsistsof threeparts:First, costh
to updatel(z) for every ancestorz of z. Secondif thereare no nodessatisfyingthe
splitting criterion, we pay at most f to relabelthe right siblings of z. Otherwise we
split the highestonet into s nodesandrelabeltheses subtreesaswell ast’s right
siblings. The numberof nodesrelabeleds boundedby the numberof descendantef
t's parent2s - (f/s)"*). We chage the costof relabelingto the (s — 1) - (f/s)"®
insertions,which male I(t) grow from (f/s)"® to s - (f/s)*®. So aninsertionis
chaged2f/(s—1) for eachrelabelingandchaged2f-h/(s—1) for all therelabelings.

Let n bethe numberof tagsin the currentXML tree,and M bethe maximalnum-
ber we useto label all the nodesin the correspondingd.-Tree. SinceeachXML tag
correspondso aleafin theL-Tree,we have n = [(root) > (f/s)".



L-Tree:aDynamicLabelingStructurefor OrderedXML Data 7

Theamortizedcostfor aninsertionto an XML treeof sizen is

(1+2f/(s=1))
log(f/s)

SinceM < (f — 1)*, themaximumnumberof bitsto encodealabelis:

1 -1
bits(f,s,n) =logM = log(f —1) -logn

log(f/s)

Since f ands aresomeconstantparametersywe can maintainthe labelsof XML
datawith O(log n) bits andO(log n) amortizednsertioncost.

cost(f,s,n) < -logn + f

3.2 Tuningthel-Tree

As discussedn [10], O(logn) is the tight worst caselower boundfor updatecost
to maintainan orderedlist, if the query costis 1. Sincethe costis measuredasthe
numberof disk accessesven a reductionby a constantfactoris helpful for a system
implementationHence we areinterestedn minimizing the preciseinsertioncost.We
approximatehe currentXML treesizeastheinitial treesizeny. We would like to set
thevaluesof parametelf ands accordingo differentapplicationneedso optimizethe
constanfactorsof the costandbits.

Minimize the Update Cost.
In someapplicationspur goalis to setthe valuesof parameterg ands, suchthatthe
amortizedcostof insertionis minimal. This is an optimizationproblem:

Object : min(cost)
We canfind the solutionby solvingthe following equations:

Ocost
=0and
of Js
For agivenng, we cansolve theabove equationgo getthevaluesof f, andsg.
Minimize the Update Cost for Given Number of Bits.
If we areconstrainedn the numberof bits we areallowedto useto encodealabelas
B, themathmodelwe build is thefollowing:

Ocost
cost _

Object : min(cost) Subject to : bits < B

This is a problemof optimizationunderinequality constraintsFirst we minimize
functioncost unconstrainedf the minimumpoint (fo, s¢) satisfiesheinequalitycon-
straints,it’s theminimum pointin theinterior of theregion underconsideration.

We alsoinvestigatethe function on the boundaryof the region. Thatis, we con-
vertthe optimizationproblemunderinequalityconstraintgo the optimizationproblem
underequalityconstraintsasfollows:

Object : min(cost) Subject to: bits — B =10
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We solve this problemby introducinga Lagrangemultiplier  andform:
9(f,s,n, 1) = cost + - bits

Thevaluesof f, s andpu which give the conditionalminima of cost canbe found
by solvingthefollowing equations:

dg dg .
7 — - — _B=
af 0and s 0 andbits 0

We comparethe solutionsof theabove equationswith ( fo, so) to determingheval-
uesof f ands whichresultin minimal costgivenlabelsize B.

Minimize the Overall Cost of Query and Updates.

Whenthe numberof bits to encodealabelis lessthanthe machineword size,the label
comparisorfor querycandoneby hardware,otherwiseit mustbe doneby software.In
this case the querycostis proportionalto the numberof bits used.For this situation,
we wantto find optimal f ands to gettheminimal overall costfor queriesandupdates.
To achieve it, we needto know the query/updatevorkloadandsomecharacteristicef
thedocumentDue spacdimitation, we deferthedetailsto [4].

4 Discussion

4.1 Multiple Node Insertions

Usually, insertiongo XML documentsresubtreesAlthoughasubtregnsertioncanbe
implementedasa sequencef leaf insertionsthe questionis whetherwe canimprove
theupdatecostby insertingmultiple leavesto a L-Treeatthe sametime.

Withoutlossof generalitylet p bethenumberof leavesto beinsertedo theL-Tree.
To seehow the subtreeinsertionaffectsthe amortizedupdatecost, we noticethatthe
updatecostconsistof threeparts:

1. Thecosth for updatingl(z) for all theancestors of insertechodes This costnow
is chagedto p insertednodes.

2. The cost f for relabelingright siblingsif no nodessatisfy the splitting criterion.
Now it is chaigedto p insertednodes.

3. Theamortizedcost2f /(s — 1) for eachinsertionto relabelthe subtreesootedat
thesplitting nodeaswell asits right siblings.Sinceit is anamortizedcost,it makes
no differencethatnodesareinsertedoneafter anotheror at onetime. However, a
nodewhich is insertedby itself may needto pay this costfor up to h ancestors’
splits.Will this beaffectedif theinsertionsizeis p?

For simplicity, assumep = (s — 1) - (f/s)"o, for somehy, > 1. Eachsubtree
insertioncauseshesplit of anancestor: whoseheighth(z) = hg. Also, theseinserted
nodesmay later on pay for the splits of otherancestorg with h(y) > hg. Thetotal
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amortizedcostfor all theancestorssplitsis boundedy 2f - (h — hg +1)/(s —1). So
theamortizedcostof eachinsertednodeis boundedby:

1 2 logn —log(-2+
COSt(f,S,’rL,p) S L’I’Lf + i + f . ) fg(s—l)
p-log(£) p s-—1 log(£)

+1)

To generalizejf the bulk insertionsizep is notexactly (s — 1) - (f/s)"0, we will
have similiar resultabore. Due spacdimitation, we deferthedetailsto [4].

As we cansee,the larger the size of insertingsubtreeis, the lower the amortized
costeachinsertednodeneedto pay for. However, the decreas®f the costis roughly
logarithmicin theincreaseof insertionsize.

4.2 Virtual L-Tree

As analternatve to storingthe L-Treeon disk, we canstoreonly the leaf labels(with

the XML nodes)becausall the structuralinformationof the L-Treeis implicit in the
labelsthemseles.Indeed,if we examinecloselytheway labelsarecomputedwe see
thatary leaflabelis of theform:

N(z)=do+ir- (f =)' +--+ip_y - (f =)

whereiy is 2’s relative positionin its siblingslist, ¢; is 2’s parents positionamongits
siblings,andsoon.n otherwords,thebase( f — 1) digits of N(z) provideanencoding
of all theancestor®sf z. Basedon this obsenation,we canruntheL-Treeincremental
maintenancealgorithmwithouttheL-Tree.For example,in orderto checkif aninternal
nodey satisfieghesplitting criterion, it sufficesto counthow mary leaflabelsarein the
range[N (y), N(y) + (f — 1)*(y)). If theleaflabelsaremaintainedn a B-treewhose
internalnodesalsomaintaincounts,suchrangequeriescanbe executedefficiently (in
logarithmictime). Furthermorepncea splitting (virtual) nodehasbeenidentified,the
leaf labelscorrespondingo the s completef/s-ary (virtual) treescan be computed
easilyandupdatedn place,onthelabelsidentifiedby therangequery Thereis clearly
atradeof betweerthe extracomputatiorrequiredby therangequeriesandthe storage
spacenecessaryor materializingthe L-Tree.

5 Redated Work

The problemof orderpreservindabelingof an orderedlist in the presencef random
updateshasbeenstudiedpreviously [8,9,16]. Our work hasbeeninspiredby these
works,andextendsto parameterizéhe problem,andproposea solutionthatcanadjust
the parametersccordingto differentapplicationrequirementsFurthermorewe sup-
port batchinsertionsn L-Treeto improve the performance.[6] proposeda multi-level
labelingschemewhich tradesquerycostto getbetterupdatecost.
RecentlyCohenetal. [5] addressethe problemof designingpersistentabelsupon
updatesby studyingthe minimumnumberof bits requiredto encodesuchalabel,with-
out consideringhe orderof siblings.We approachthe problemin a differentperspec-
tive: we minimizethe numberrelabelingsuponupdategjivenalabelsizeof ©(logn).
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Recently severalresearcherhave investigatedrariousapproachefor usinglabel-
ing schemedgo facilitate XML queryprocessing13,12,17,7]. Noneof theseschemes
considedabelmaintenancén presencef updates.

6 Conclusions

We have presentedh labeling schemefor maintainingthe order of dataitems of an
XML documentAn L-Treeis introducedo assignandupdatelabelsof dataitems.An
L-Treecanautomaticallyadaptto uneveninsertionratesin differentareasof the XML
documentin theareaswith heary insertionactiity, theL-Treeadjustdtself by creating
more slack betweenlabelsto betteraccommodatéuture insertions.We analyzedthe
amortizedcostof incrementalupdatesand derived a costformula that enabledus to
tunethetreeparameterso achiese optimalperformanceén variousapplicationsettings.
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