
L-Tree: a Dynamic Labeling Structure
for Ordered XML Data

Yi Chen
�
, GeorgeA. Mihaila

�
, RajeshBordawekar

�
, andSriramPadmanabhan

�
�

Universityof Pennsylvania,yicn@seas.upenn.edu�
IBM T.J.WatsonResearchCenter,

�
mihaila,srp,bordaw � @us.ibm.com

Abstract. With the ever growing useof XML asa datarepresentationformat,
we seean increasingneedfor robust,high performanceXML databasesystems.
While mostof therecentwork focusesonefficient XML queryprocessing,XML
databasesalsoneedto supportefficient updates.To speedup queryprocessing,
variouslabelingschemeshavebeenproposed.However, thevastmajorityof these
schemeshavepoorupdateperformance.In thispaper, weintroduceadynamicla-
beling structurefor XML data:L-Treeandits order-preservinglabelingscheme
with O(log n) amortizedupdatecostandO(log n) bits perlabel.L-Treehasgood
performanceon updateswithout compromisingthe performanceof query pro-
cessing.We presenttheupdatealgorithmfor L-Treeandanalyzeits complexity.

1 Introduction

With the advent of XML asa datarepresentationformat, we seean increasingneed
for robust, high performanceXML databasemanagementsystemswhich supportef-
ficient queriesandupdatesprocessing.Therehasbeengreatinterestin storingXML
datain RDBMS [11,14,1,15,3], in orderto leveragethe power of RDBMS for data
management.However, sinceXML datais fundamentallydifferentfrom relationaldata
encounteredin typical businessapplications,thereare several challengesfor storing
XML datainto relationaldatabase.

First, XML is thesuccessorof earlierdocumentmarkuplanguagessuchasSGML
andHTML, primarily a document format.Theimplicit orderamongdataelements,the
socalleddocument order, is important.An XML databaseneedsamechanismto record
therelative positionof dataelements.Recently[15] presentedhow to storeXML data
in RDBMS preservingthe documentorder. However, how to maintainthe orderupon
updatesis not clear.

Second,an XML databasemustbe ableto efficiently retrieve XML fragmentsby
someXML querylanguage,likeXPathor XQuery. Theedgetableapproach[11] treated
anXML documentasa tree,andgenerateda tuplefor every XML nodewith its parent
nodeidentifier in the relation.To processquerieswith structuralnavigation,oneself-
join is neededto obtaineachparent-childrelationship. [14,1] proposedto inline the
informationof leaf nodesinto thetuplefor their parents,suchthat thejoins betweena
nodeandits leaf childrenareeliminated.However, to answerdescendant-axis“//” or
ancestor-axisin XML query, many self-joinsareneeded.

One popularmethodfor maintainingthe documentorder, which assignsordered
labelsto dataitems,turnsout be very helpful to answerancestor-descendantqueries.
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Specifically, an XML document,treatedasan orderedtree,is traversedin depth-first
orderandorderedlabelsareassignedto elementnodes.Eachnode� receivestwo num-
bers,thefirst one, �	� , whenit is first visited,andthesecondone 
�� , whenit is exited.
For example,Figure1 shows an XML treewhereevery nodeis labeledby two num-
bers.Usingthisscheme,anavigationquerycanbeconvertedto aninterval containment
testby usingthe following observation: for any two nodes� and � , � is an ancestor
of � if andonly if theinterval 
�� ��� 
 ��� includestheinterval 
��	� � 
�� � , or equivalently
� ��� ��� and 
�� � 
 � . 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 ancestor-descendantrelationship.WhenXML datais stored
in RDBMS, theancestor-descendantqueriescanbeprocessedby exactly oneself-join
with labelcomparisonsaspredicates,which is asefficient aschild-axis.Theeffective-
nessandefficiency of XQueryprocessingwith thelabelingschemein comparisonwith
otherXQueryimplementationsis discussedin [7].

book(0,7)

chapter(1,4) title(5,6)

title(2,3)

Fig. 1. An exampleof anXML labelingscheme

While very advantageousfor queriesandpreservingthe documentorder, mostof
theproposedlabelingschemes[12,13,17,2] incur largerelabelingcosts.Considerthe
labelingschemein Figure1 whichassignslabelsfrom theintegerdomain,in sequential
order. This leadsto relabelingof half the nodeson average,even for a single node
insertion.Alternatively, onecanleave gapsin betweensuccessive labelsto reducethe
numberof relabelingsupon updates.As proved in [5], an order-preservinglabeling
schemewithout any relabelingsuponupdatesrequires��
�� � bits perlabel,which leads
to largespacerequirementsandcostlylabelcomparisonsduringqueryprocessing.It is
not clearhow to assignthegapsbetweenlabelssuchthatwe canfind a goodtrade-off
betweenthenumberof bitsusedto encodethelabelsandthenumberof noderelabelings
eachupdatewill cause.Thepaperaddressesthis problem.

Thecontributionsandthestructureof this paperare:

1. We introducea dynamicstructurecalledL-Tree to maintainan order-preserving
labelingschemefor XML datain thepresenceof updatesin 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 choosingdifferent tree parametersin various
applicationsettings.This is presentedin Section3.

3. We discusshow anL-TreecanaccommodateXML subtreeupdatesto achievebet-
ter performancecomparedto singlenodeupdatesaswell asa variantof the main
labelingschemein Section 4.

Relatedwork is discussedin Section5 andSection6 concludesthepaper.
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2 L-Tree and XML Labeling Scheme

WhendesigninganXML labelingscheme,we needto answerthefollowing two ques-
tions: 1) how to assignlabelsto elementsin an XML document� to reflectthe doc-
umentorder?and2) whena new nodeis inserted,what labelshouldbeassignedto it,
andwhich existing labelsneedto changeto preserve theorder?

For the purposeof the discussion,it is helpful to view the XML documentin its
textual representationasa linearorderedlist of begin tags,endtags,andtext sections,���! 
#" � � " � �%$&$%$'� ")( � . Our problemis similar to the maintenanceof an orderedlist.
A labelfrom anintegerinterval * + �-,.� is assignedto eachtagto reflectits orderin the
list. Intuitively, wewouldliketo distributethese� labelsoverthewholeinterval evenly.
However, randomupdateswill causesomeareasin the interval to becomemuchmore
densethanothers.If anew tagis insertedatapositionwherethedifferencebetweenthe
labelsof its neighborsis / , we have to redistribute somelabelsto make room for the
newly insertedtag.

Thebasicideaof ouralgorithmis thatwedividethewholeinterval * + �0,.� into many
intervalsof equalsize,eachof whicharefurtherdividedto smallerintervals,andsoon.
Thenwe seta limit on the numberof labelsin eachinterval suchthat we cancontrol
the densityof eachinterval. In this way relabelingsuponan updatearelocalized.The
nestedrelationshipof intervalsandsubintervalssuggestsa treestructure.Sowe build a
treeandassociateeachinterval to aninternalnodein thetreeto maintainthelabelsfor
XML data.This treeis calleda L-Tree (shortfrom label tree).

2.1 Labeling Scheme of the L-Tree

An L-Treeis an orderedbalancedtreewith � leaves.We attachthe tagsin the XML
documentto these� leavesin order, startingfrom the leftmostleaf. The shapeof the
L-Tree is determinedby two parameters1 and 2 , which control the numberof leaf
descendantsof internalnodes.Specifically, themaximalfanoutof any internalnodein
anL-Treeis 1435/ , andtheminimal fanoutis 17682 . We will discusshow to choosethe
valuesof theseparametersin Section3.

For any node� in theL-Tree,we assigna number9:
�� � , recursively in a top-down
fashionasfollows:

1. 9:
�;=<=<?> �  +
2. Let � bethe @BA�C � 
�+�DE@ � 1F3G/ � child of � , 9:
�� �  9:
�� �7H @JI)
#1K3E/ � C8L �NM

Heretheheight OP
�� � of any node� is definedasthenumberof edgeson thelongest
pathfrom � to any leaf nodein the subtreerootedin � (in particular, leaf nodeshave
height + ). Let us alsodenoteby O the heightof the L-Tree( O  OJ
�;?<=<?> � ). The num-
ber 9:
�� � is the smallestinteger in the interval correspondingto � , andthe difference
betweenthenumbersof two siblingsarethespacereservedfor futureinsertions.

Finally, the labelsof the XML tagsarethe labelsassignedto their corresponding
leavesin theL-Tree.It is easyto seethattheabovelabelingschemepreservestheorder
of theXML tags.

Proposition 1. Let � be a leaf in an L-Tree corresponds to an XML tag "RQ and � corre-
sponds to a "8S , "RQ appears before "8S in the XML document if and only if 9T
�� �U� 9:
�� � .



4 Y. Chen,G. Mihaila, R. Bordawekar,S.Padmanabhan

A(0,13)

B(1,9) D(10,12)

C(3,4)

0
A

1
B

3
C

10
D

12
/D

9
/B

4
/C

13
/A

0 9

0 3 9 12

0

XML tree Label tree (f=4,s=2)

4
/C

A(0,13)

B(1,9) D(10,12)

C(3,4)

0
A

1
B D

10
D

12
/D

9
/B

3
C

13
/A

0 9

0 3 9 12

0

XML tree Label tree (f=4,s=2)
(before insert D)

D

(a) Bulk loading (b) Beforeinsertion
A(0,13)

B(1,9) D(10,12)

D(3,

XML tree

0
A

1
B

3
D

10
D

12
/D

9
/B

4
C

13
/A

0 9

0 3 9 12

0

Label tree (f=4,s=2)

5
/C /D

C(4,5)

A(0,13)

B(1,9) D(10,12)

C(6,7)

0

0
A

1
B

3
D

10
D

12
/D

9
/B

6
C

13
/A

0 9

0 3 9 126

4
/D

D

7
/C

Label tree (f=4,s=2)XML tree

D(3,4)

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

Fig. 2. An exampleof L-Tree

Thelabelof anXML elementnodeis composedby apair: thenumbersof two leaves
in theL-Treewhichcorrespondto thatXML node’sbegin tagandendtag,respectively.
The order-preservingpropertyof this labelingschemeallows us to convert the XML
navigationqueriesinto interval containmenttestsasillustratedin Section1.

2.2 Bulk Loading

Initially, we build anL-Treefor someexisting XML documentin a bulk loadingmode.
To maximizethe capability to accommodatefurther insertions,we build a complete
176V2 -arytreeinitially (theheightof thistreeis thesmallestnumberO for which 
W176V2 � C�X
� ). Figure2(a)shows anXML treeandits correspondingL-Tree( 1  5Y

, 2  [Z
).

2.3 Incremental Maintenance

Now let usexaminehow to maintainthebalanceof anL-Treein thepresenceof 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 Figure2(a).We needto insert
two leavesinto L-Tree,correspondingto the begin tag andendtag of the XML node,
respectively. Next we illustratehow to inserttwo leavesinto L-Treeoneafteranother.

For every internalnode > in theL-Tree,denoteby \V
�> � thenumberof childrenof >
andby ]^
�> � the numberof leavesin the subtreerootedat > . In orderto keepthe labels
distributed in a balancedmanner, we imposea limit ]`_Ua � 
�> �  2bIc
W176V2 � C8LdA M on the
maximumnumberof leavesthateachinternalnode> mayhave in its subtree.

Whenwe inserta leaf � in theL-Tree, ]^
#e � increasesby onefor every ancestore of
� . We look for thehighestancestor> satisfying ]f
�> �  ]`_ga � 
�> � .

If no such > exists, we relabel � and its right siblings. In our insertionexample,
assumingthatwe maintainthelinks betweenanXML nodeto its correspondingleaves
in the L-Tree,we canget the label of the XML nodetaggedby “C”: (3,4). First we
insert a leaf to the L-Tree,correspondingto the begin tag “D”, beforethe leaf with
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Algorithm 1 LabelTreeIncrementalMaintenanceAlgorithm
1: function Q (8h^ikj A�l a'm A ikj L �8n � M2: oqpbr asj0ik( ABL � M3: insert � astheright sibling of �
4: while ogtpvu�wyxzx do
5: { L o MV|}|
6: if { L o M p h�~ L mN�0h M#�0�d��� then
7: A pvo8: end if
9: oqpbr a'j-ik( ABL o M10: end while
11: if A p�u�wyx�x then
12: let � bethe �s� � child of its parent
13: call { a'�Bi { L r a'j-ik( ABL �&Mkn u L r asj0ik( ABL �NM�MBn � M14: else
15: let A bethe �s� � child of its parent
16: split A into h completemN�0h -ary treeswith thesamesequenceof leaves
17: end if
18: if A p j0�f� A then
19: createa new root with the h top-level nodesaschildren;
20: call { a'�Bi { L j-�-� A nW�%n#�-M21: else
22: replacesubtreerootedat A with the h subtrees
23: call { a'�Bi { L r a'j-ik( ABLdA MBn u L r a'j-ik( ABLdA MBn � M24: end if
25: return
26: function { a'�Bi { L �Vn (V�?_ n � M27: u L �&M p (V�?_28: if � is not a leaf then
29: for Q pF� to � L �NM do
30: � p Q -th child of �
31: call { a'�Bi { L � n (V�?_ |�Q ~ L m l � M��s���k�B�Wn��0M32: end for
33: end if
34: return

number“3”. Figure2(b)shows theintendedinsertionsasdottedlines.TheL-Treeafter
theinsertionis shown in Figure2(c).

Otherwise,if sucha node > doesexist, we needto rebalancetheL-Tree.We split >
into 2 nodesandreplace> with 2 complete176V2 -ary subtreesof thesameleaf sequence.
Thiscausestherelabelingof thesubtreesof these2 nodesaswell astheir right siblings.

As an example,now we insertanotherL-Treeleaf, which correspondsto the end
tag “/D”, right after the leaf which correspondsto “D”. The intendedinsertionis rep-
resentedby dotted lines in Figure 2(c). This insertionresultsin a split of the node
numbered“3” of height1 asshown in Figure2(d).

Thekey ideabehindthe L-Treesplitting andsubsequentrelabelinguponan inser-
tion is the following: if the insertioncausesthe numberof leavesof somesubtreeto
increaseto a largenumber, this meansthatthelabelsof theseleaveshave becomevery
dense.To remedythesituationwe split thesubtreeandrelabelit to providemoreslack
for this portion,in orderto betteraccommodatefurtherinsertionsin this portion.Since
the numberof leavesof any subtreeis controlledandthe densityof the labelsis also
controlled,the numberof nodesinvolved in relabelingsamortizedover several inser-
tionswill alsobecontrolled.

In this paperwe focuson theXML insertionssincefor deletionswe canjust mark
asdeletedthecorrespondingleavesin theL-Treewithout any relabeling.
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2.4 Structure Properties

In this sectionwe examinethepropertiesof anL-Treeandcompareit with a � | -tree.

Proposition 2. For any internal node � , we have (1) 
#17682 � C8L �NM D�]^
�� ��� 2qIs
W176V2 � C8L �NM ;
(2) 17682�DE\V
�� �g� 1 ; and (3) All leaves are at the same level of the tree.

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

An L-Treeis similar to a � | -treein thatit guaranteescertainoccupancy of thetree
suchthatthetreeis balanceddynamicallyandtheheightis boundedby ��
����8��� � , where
� is thenumberof nodesin thetree.Thedifferencesare:

1. The goalsof a � | -treeandan L-Treearedifferent.The purposeof a � | -treeis
to enablefastlookupsgivenXML labels.Though � | -treecanadjustits structure
dynamicallyif the labelschangetheir values,it is not ableto determinehow the
labelsshouldbechanged.An L-Treeis built to maintainthelabelsfor XML nodes
in the presenceof updates.It helpsus to determinewhat labelsto be assignedto
newly-insertedXML nodesandhow thelabelsof existingnodesshouldbechanged.

2. The splitting criterion of an L-Treeis basedon the numberof leavesof a node,
ratherthanthenumberof children,thereforeit will not cascadesplit asa � | -tree.

3. For eachinternalnode� in L-Tree, 17682�DG\8
�� �U� 1 . For � | -trees,2  �Z
.

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-Treeparameters1 and 2 .
The queryandmaintenancecostof an L-Treeis measuredasthe numberof disk ac-
cesses.SincetheXML nodesarerecommendedto beclusteredby their tagsratherthan
labels[17], andwe don’t make any assumptionsaboutnodesbeingcached,thecostis
measuredin termsof thenumberof nodesaccessedfor searchingor relabeling.

For queries,an L-Treedoesnot incur any additionalcost.In fact, if we storethe
labelalongwith theXML nodeitself, we canretrievethelabelof a givennodefor free.

Now we analyzethe amortizedcost of maintainingan L-Tree upon an insertion
of leaf � usingthe accountingmethod.The costconsistsof threeparts:First, cost O
to update]^
#e � for every ancestore of � . Second,if thereareno nodessatisfyingthe
splitting criterion, we pay at most 1 to relabelthe right siblingsof � . Otherwise,we
split the highestone > into 2 nodesand relabel these 2 subtreesas well as > ’s right
siblings.The numberof nodesrelabeledis boundedby the numberof descendantsof
> ’s parent:

Z 2�Ic
W176V2 � C8L�� M . We charge the costof relabelingto the 
#2b3�/ � I�
#17682 � C8LdA M
insertions,which make ]^
�> � grow from 
W176V2 � C8LdA M to 2�I�
W176V2 � C8LdA M . So an insertionis
charged

Z 176�
#2�3v/ � for eachrelabeling,andcharged
Z 1�I`Oc6�
#2�3v/ � for all therelabelings.

Let � bethenumberof tagsin thecurrentXML tree,and , bethemaximalnum-
ber we useto label all the nodesin the correspondingL-Tree.SinceeachXML tag
correspondsto a leaf in theL-Tree,we have �  ]f
�;=<=<?> � X 
#17682 � C .
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Theamortizedcostfor aninsertionto anXML treeof size � is

\'<V2&>'
W1 � 2 � � � D 
�/ H Z 176�
#2g3G/ �f�
���8�c
#176V2 � I'���8�¡� H 1

Since , D�
#1K3E/ � C , themaximumnumberof bits to encodea labelis:

¢ @B>^2�
W1 � 2 � � �  ����� ,  ���8��
W1£3E/ �
���8�y
#17682 � I'�����¡�

Since 1 and 2 aresomeconstantparameters,we canmaintainthe labelsof XML
datawith ��
����8�¤� � bits and ��
����8�¤� � amortizedinsertioncost.

3.2 Tuning the L-Tree

As discussedin [10], ��
����8�¤� � is the tight worst caselower boundfor updatecost
to maintainan orderedlist, if the query cost is 1. Sincethe cost is measuredas the
numberof disk accesseseven a reductionby a constantfactoris helpful for a system
implementation.Hence,we areinterestedin minimizing thepreciseinsertioncost.We
approximatethecurrentXML treesizeasthe initial treesize ��� . We would like to set
thevaluesof parameter1 and 2 accordingto differentapplicationneedsto optimizethe
constantfactorsof thecostandbits.

Minimize the Update Cost.
In someapplications,our goal is to setthevaluesof parameters1 and 2 , suchthatthe

amortizedcostof insertionis minimal.This is anoptimizationproblem:

� ¢^¥�¦ \s>¤§V¨4@W�¡
#\'<V2&> �
We canfind thesolutionby solvingthefollowing equations:

© \'<V2&>© 1
 + and

© \'<V2&>© 2
 +

For a given ��� , we cansolve theaboveequationsto getthevaluesof 1=� and 2&� .
Minimize the Update Cost for Given Number of Bits.
If we areconstrainedon thenumberof bits we areallowedto useto encodea labelas
� , themathmodelwe build is thefollowing:

� ¢�¥)¦ \s>¤§8ª�«�¬P
#\'<V2&> � ­¯® ¢�¥)¦ \s>y>�<b§ ¢ @B>^2�DE�
This is a problemof optimizationunderinequalityconstraints.First we minimize

function \'<V2&> unconstrained.If theminimumpoint 
#1?� � 2&� � satisfiestheinequalitycon-
straints,it’s theminimumpoint in theinterior of theregion underconsideration.

We also investigatethe function on the boundaryof the region. That is, we con-
vert theoptimizationproblemunderinequalityconstraintsto theoptimizationproblem
underequalityconstraintsasfollows:

� ¢�¥)¦ \'>¤§Vª�«�¬J
�\%<V2%> � ­¯® ¢�¥)¦ \'>c>�<b§ ¢ @B>^2�3°�  +
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We solve this problemby introducinga Lagrangemultiplier ± andform:

² 
W1 � 2 � � � ± �  \'<V2&> H ±4I ¢ @W>^2
Thevaluesof 1 , 2 and ± which give the conditionalminima of \'<V2&> canbe found

by solvingthefollowing equations:

© ²
© 1

 + and

© ²
© 2

 + and
¢ @B>^2U3³�  +

Wecomparethesolutionsof theaboveequationswith 
#1 ��� 2 �N� to determinetheval-
uesof 1 and 2 which resultin minimal costgivenlabelsize � .

Minimize the Overall Cost of Query and Updates.
Whenthenumberof bits to encodea label is lessthanthemachineword size,thelabel
comparisonfor querycandoneby hardware,otherwiseit mustbedoneby software.In
this case,the querycostis proportionalto the numberof bits used.For this situation,
wewantto find optimal 1 and 2 to gettheminimal overallcostfor queriesandupdates.
To achieve it, we needto know thequery/updateworkloadandsomecharacteristicsof
thedocument.Duespacelimitation, we deferthedetailsto [4].

4 Discussion

4.1 Multiple Node Insertions

Usually, insertionsto XML documentsaresubtrees.Althoughasubtreeinsertioncanbe
implementedasa sequenceof leaf insertions,the questionis whetherwe canimprove
theupdatecostby insertingmultiple leavesto a L-Treeat thesametime.

Without lossof generality, let ´ bethenumberof leavesto beinsertedto theL-Tree.
To seehow the subtreeinsertionaffectsthe amortizedupdatecost,we noticethat the
updatecostconsistsof threeparts:

1. Thecost O for updating]^
#e � for all theancestorse of insertednodes.Thiscostnow
is chargedto ´ insertednodes.

2. The cost 1 for relabelingright siblings if no nodessatisfy the splitting criterion.
Now it is chargedto ´ insertednodes.

3. Theamortizedcost
Z 176�
#2�3µ/ � for eachinsertionto relabelthesubtreesrootedat

thesplitting nodeaswell asits right siblings.Sinceit is anamortizedcost,it makes
no differencethatnodesareinsertedoneafteranother, or at onetime. However, a
nodewhich is insertedby itself may needto pay this cost for up to O ancestors’
splits.Will this beaffectedif theinsertionsizeis ´ ?

For simplicity, assumé
 
W2�3¶/ � I7
#17682 � CN· , for some O��5X¸/ . Eachsubtree

insertioncausesthesplit of anancestor� whoseheight OJ
�� �  Oz� . Also, theseinserted
nodesmay later on pay for the splits of otherancestors� with OP
�� �F¹ O�� . The total
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amortizedcostfor all theancestors’splitsis boundedby
Z 1�IV
WO�3ºOz� H / � 6�
#2�3:/ � . So

theamortizedcostof eachinsertednodeis boundedby:

\'<V2&>'
#1 � 2 � � � ´ � D ���8�¡�
´vI%���8�c
 m h � H

1
´ H

Z 1
2U3G/ I�


�����¡�43º���8�c
 rh l � �������
 m h � H / �

To generalize,if the bulk insertionsize ´ is not exactly 
W2�35/ � I�
#17682 � CN· , we will
have similiar resultabove.Duespacelimitation, we deferthedetailsto [4].

As we cansee,the larger the sizeof insertingsubtreeis, the lower the amortized
costeachinsertednodeneedto pay for. However, the decreaseof the cost is roughly
logarithmicin theincreaseof insertionsize.

4.2 Virtual L-Tree

As analternative to storingthe L-Treeon disk, we canstoreonly the leaf labels(with
the XML nodes)becauseall the structuralinformationof the L-Treeis implicit in the
labelsthemselves.Indeed,if we examinecloselytheway labelsarecomputed,we see
thatany leaf labelis of theform:

9:
�� �  @B� H @ � I�
W1F3G/ � � H I%I%I H @ C8l � I)
#1K3E/ � C8l
�

where @W� is � ’s relative positionin its siblingslist, @ � is � ’s parent’s positionamongits
siblings,andsoon.In otherwords,thebase
W1	3»/ � digitsof 9T
�� � provideanencoding
of all theancestorsof � . Basedon this observation,we canrun theL-Treeincremental
maintenancealgorithmwithout theL-Tree.For example,in orderto checkif aninternal
node� satisfiesthesplittingcriterion,it sufficesto counthow many leaf labelsarein the
range * 9T
�� �s� 9:
�� �JH 
#1£3G/ � Cz
�� �f� . If theleaf labelsaremaintainedin a B-treewhose
internalnodesalsomaintaincounts,suchrangequeriescanbeexecutedefficiently (in
logarithmictime). Furthermore,oncea splitting (virtual) nodehasbeenidentified,the
leaf labelscorrespondingto the 2 complete 176V2 -ary (virtual) treescan be computed
easilyandupdatedin place,on thelabelsidentifiedby therangequery. Thereis clearly
a tradeoff betweentheextra computationrequiredby therangequeriesandthestorage
spacenecessaryfor materializingtheL-Tree.

5 Related Work

Theproblemof order-preservinglabelingof anorderedlist in thepresenceof random
updateshasbeenstudiedpreviously [8, 9,16]. Our work hasbeeninspiredby these
works,andextendsto parameterizetheproblem,andproposea solutionthatcanadjust
the parametersaccordingto differentapplicationrequirements.Furthermore,we sup-
port batchinsertionsin L-Treeto improvetheperformance.[6] proposeda multi-level
labelingscheme,which tradesquerycostto getbetterupdatecost.

RecentlyCohenet al. [5] addressedtheproblemof designingpersistentlabelsupon
updates,by studyingtheminimumnumberof bitsrequiredto encodesuchalabel,with-
out consideringtheorderof siblings.We approachtheproblemin a differentperspec-
tive: we minimizethenumberrelabelingsuponupdatesgivena labelsizeof ¼�
����8�¤� � .
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Recently, several researchershave investigatedvariousapproachesfor usinglabel-
ing schemesto facilitateXML queryprocessing[13,12,17,7]. Noneof theseschemes
considerlabelmaintenancein presenceof updates.

6 Conclusions

We have presenteda labeling schemefor maintainingthe order of dataitems of an
XML document.An L-Treeis introducedto assignandupdatelabelsof dataitems.An
L-Treecanautomaticallyadaptto uneveninsertionratesin differentareasof theXML
document:in theareaswith heavy insertionactivity, theL-Treeadjustsitself by creating
moreslackbetweenlabelsto betteraccommodatefuture insertions.We analyzedthe
amortizedcost of incrementalupdatesand derived a cost formula that enabledus to
tunethetreeparametersto achieveoptimalperformancein variousapplicationsettings.
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