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Abstract

This masterthesisproposesthe useof a relationaldatabaseas specialquery processor
for theXML querylanguageXQuery. We choseMonetDB,anextensibleRDBMS, to be-
comeour relationalback-end.Its low level interpreterlanguageMIL, which combinesa
relationalalgebraanda procedurallanguage,becameour target languagefor theXQuery
compilation. The thesis�rst sketchesconceptsof the two languagesaswell asgeneral
ideasof the MonetDB DBMS andthe Path�nder compiler. The overview is followed by
thedescriptionof storagestructuresfor XML documentsandXQueryitemsequences.

Themappingfrom normalizedXQueryCoreto relationalalgebraby meansof inference
rulesformalizesthecompilationschemeandservesasbasisfor explainingtheconceptsof
thetransformation.Fromtheinferenceruleswe alsoderive themappingfrom normalized
XQueryCoreto ourtargetlanguageMIL. Differentoptimizationsincreasetheperformance
of the semanticallycorrectbut sometimesinef�cient translation.Amongstothers,an ex-
tensionof the staircasejoin algorithm,which ef�ciently evaluatesXPath locationsteps,
enablesus to exploit its techniquesin the domainof XQuery. Another importantopti-
mizationis the join recognitionthat, basedon normalizedXQueryCorepatterns,detects
relationaljoinsandemitsappropriatejoin plans.

Experimentsnot only justify the optimizations,but alsodemonstratethe outstanding
scalingof ourapproach.An extensiveperformancecomparisonwith otherXQueryproces-
sors(usingthe XMark benchmark)furthermoremarksthe effectivenessof the approach.
Finally, aconclusionsumsuptheideasdevelopedin this thesisandprovidesanoutlookfor
thefuturetopicsin thecourseof thePath�nder project.



Chapter 1

Intr oduction

Path�nder is a researchprototypewhosetaskis to compileXQueryinto a target language
that canbe interpretedby a relationaldatabasesystem.Its main focuslies on the devel-
opmentof ideas,which allow theef�cient executionof theemittedqueryplans.Sincethe
projectwasstartedat theUniversityof Konstanz,Germany, in 2001,not only theXQuery
languageevolved,but alsoPath�nder — researchersfrom the University of Twente,The
Netherlands,andtheCenterfor MathematicsandComputerScience(CWI) in Amsterdam,
TheNetherlands,joinedtheeffort. Togethermany new ideasweredeveloped(e.g., XPath
Accelerator [13], staircasejoin [17], andXQueryonSQLHosts[15, 16]).

The work, on which this thesisis based,is a full implementationof theseideas,thus
proving their signi�cance in practice. The result is MonetDB/XQuery — a prototype
system,which usesthe MonetDB RDBMS [2] as its relationalback-endto query large
(multi-gigabyte)documentsin interactive time. MonetDB/XQuery is available in open
source[22].

1.1 Outline

Theintroductionproceedswith overviews of theXQuerylanguage,MonetDBandits low
level interpreterlanguage,whichis thetargetlanguageof theapproachexplainedin thefol-
lowing, aswell asthePath�nder compilerandits integrationinto theMonetDBRDBMS.
Thesecondchapterprovidesinsight into therelationalstorageof bothshreddedandgen-
eratedXML documentsandexplainshow thebasicdatamodelin XQuery,namelyordered
sequencesof itemsareencoded.Chapter3 presentsthemappingfrom normalizedXQuery
Coreto relationalalgebra.It closelyfollows themappingdescribedin [15, 16] andthere-
fore repeatsthe ideas,beforeapplyingthemon the relationalalgebrausedin MonetDB.
Earlyversionsof Path�nder/MonetDBstruggledwith largeoverheadaswell ashugemem-
ory andtime consumption.Orderawareness,join recognition,andexploiting moreprop-
ertiesin pathstepsarethe optimizations,which allowed us to overcometheseproblems.
They areexplainedin Chapter4. Severalexperimentsdemonstratetheimpactof theseop-
timizationsin Chapter5. Furthermore,a completesystemcomparisonagainst the latest
versionsof Galax[11] andX-Hive [26] usingtheXMark benchmarkshows our unprece-
dentedperformanceon largerdocuments.Thelastchapterconcludesthis thesisandgives
anoutlookof theongoingwork.

1.2 The XML Query Language:XQuery

As increasingamountsof informationarestored,exchanged,andpresentedusingXML, the
ability to intelligently queryXML databecomesincreasinglyimportant. XQuerysatis�es
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that needand allows �e xible accessto a broadspectrumof XML information sources.
XQueryis derived from anXML querylanguagecalledQuilt [6], which in turn borrowed
featuresfrom several other languages,including XPath 1.0, XQL, XML-QL, SQL, and
OQL.

Thebasicbuilding block of XQueryis theexpression, which maybeconstructedfrom
keywords,symbols,andoperands.In general,theoperandsof anexpressionareotherex-
pressions.XQueryis a functionallanguage,which meansthat expressionscanbe nested
with full generality. PathexpressionsandFLWORexpressionsaretwo of themostimpor-
tantconstructsin XQueryandthey arethereforeexplainedin moredetail. Thediscussion
of otherconcepts,like atomictypes,comparisons,computations,casting,type checking,
conditionals,variables,andXML constructionarebeyondthescopeof thiswork andthere-
fore omittedhere.To follow this work it is, however, reasonableto befamiliar with these
constructs.To understandsomedecisionsin thesequelit maybeevennecessaryto know
somebasicsaboutthe XQuerysemantics(e.g., nodeidentity, documentorder, or subtree
copy). For a full reference,pleasereferto [5].

Path Expressions

Pathexpressionscanbeusedto locatenodeswithin XML documents.A pathexpression
consistsof a seriesof oneor moresteps,separatedby ” / ”. A pathstepreturnsa sequence
of nodesthat arereachablefrom a given element(the context node)via a speci�ed axis.
Sucha stephastwo parts: anaxis,which de�nes thedirectionof movementfor thestep,
anda nodetest,which selectsnodesbasedon their kind, name,and/ortype annotation.
For example,thestepchild::book selectsthebook elementchildrenof thecontext node:
child is thenameof theaxis,andbook is thenameof theelementnodesto beselectedon
thisaxis.All togetherthereare12axesin XQuery,whicharelistedwith their semanticsin
Table1.1.As apathstepmaycontainseveralcontext nodes,it retrievestheresultingnodes
for every context node,combinesthem,andreturnsthemwith duplicatesremoved in the
orderthey appearin thedocument.

Axis Resultnodes
v/child child nodesof v
v/descendant all nodesin thesubtreeof v
v/descendant-or-self v itself andits descendants
v/parent parentof v
v/ancestor recursive closureof parentaxis
v/ancestor-or-self v itself andits ancestors
v/following nodesfollowing v in documentorder
v/preceding nodesprecedingv in documentorder
v/following-sibling followingswith thesameparentasv
v/preceding-sibling precedingswith thesameparentasv
v/self v
v/attribute attributenodesof v

Table1.1: Overview of axissemanticsoriginatedin context nodev.

FLWOR Expressions

A FLWORexpressionis afeatureof XQuerythatsupportsiterationandbindingof variables
to intermediateresults.It is oftenusefulto computejoinsbetweentwo or moredocuments
andto restructuredata. The nameFLWOR, pronounced�ower, is suggestedby the key-
wordsfor , let , where, order by, andreturn . Thefor clausein a FLWOR expression
consecutively bindseachitem in an input sequenceto a variable,calledthe tuplestream.
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The let allows binding variablesto additionalsequencesof items. The optionalwhere
clauseservesto �lter the tuple stream,retainingsometuplesanddiscardingothers. The
optionalorder by clausecanbe usedto reorderthe tuple stream. The return clause
constructstheresultof theFLWOR expression.It is evaluatedoncefor every retainedtu-
ple in the tuple streamusingthe respective variablebindings. The resultof the FLWOR
expressionis anorderedsequencecontainingtheresultsof theseevaluations.

QueryQ1 is suchaFLWOR expression,whosefor loopconsistsof 5 iterations:

for $a in (8, 15, 12, 4, 9)
let $b := (string( $a), "even")
where ( $a mod 2 = 0)
order by $a ascending
return string-join( $b, " is ")

: (Q1)

In every iteration$a getsboundto onevaluein theinput sequenceanda sequenceof two
strings(thestringvalueof $a and"even" ) is assignedto $b. Thewhere clause�lters all
iterationswhere$a is boundto an even valueandorder by sortsthe remainingvalues
by their value.Thereturn valueis a concatenationof thestringsin $b usingthestring"
is " asdelimiter. Theresultof thequeryis the item sequence:("4 is even", "8 is
even", "12 is even") .

1.3 MonetDB

We choseto usetheMonetDBRDBMS asour relationalback-endfor thePath�nder com-
piler. MonetDB is anextensiblemainmemorydatabasesystemdevelopedat theCWI in
Amsterdam.Its aim to supportmultiple domainsandto get the bestperformanceout of
modernCPU andmemoryhardwareespeciallysuitsour demand.To reachthesegoals,
MonetDBcomeswith somenon-standardfacilities.

Oneof thesefacilitiesis full verticalfragmentation,meaningthatMonetDBonly knows
binarytables.The�rst columnin sucha tableis calledhead, thesecondtail, andthecom-
pletetableis namedBinary AssociationTable(BAT). To avoid the lossof information,a
fully vertically fragmentedrelationneedsto saveauniquekey in eachbinaryrelation.This
is shown in Figure1.1(b),which introducesa new pre key column,aftersplitting relation
r in Figure1.1(a).Theobviousperformancepenalty, which comeswith thenecessarykey
joins, is avoidedin MonetDBby introducingvirtual objectidenti�ers (void ) askeys. The
columnsof relationsaresavedin arraysallowing thevoid valuesto correspondto theoff-
setsin the array (+ a given number). The storageof relation r in MonetDB consistsof
two arrays.Thekey columnpre is not materializedanymore,becauseit matchesthevoid
column. To combinethecolumnsin relationr, a positionallookup is used,which makes
thekey join almostanocostoperation.

pre size level
0 4 0
1 0 1
2 2 1
3 0 2
4 0 2

(a)Relationr

pre size
0 4
1 0
2 2
3 0
4 0

pre level
0 0
1 1
2 1
3 2
4 2

(b) Vertically fragmented
relationr

void size
0 4
1 0
2 2
3 0
4 0

void size
0 0
1 1
2 1
3 2
4 2

(c) Relationr in MonetDB

Figure1.1: Full verticalfragmentationin MonetDB.

MonetDB strictly follows a front-end/back-endarchitecture,which is introducedto
reachthe designgoal of extensibility andto supportmultiple logical datamodels. A re-
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lational front-endmaps,e.g., SQL queriesinto MonetDB requests— Path�nder follows
thesameapproach.Theinterface,to communicatewith theunderlyingdatabasekernel,is
the low level interpreterlanguageMIL 1. Its tablemanipulationoperationsform a closed
algebraon the binary model. Additionally, it is a computationallycompleteprocedural
languageand allows extensionswith new primitives, data types,and associatedsearch
acceleratorstructures.This extensionmechanismwill beusedin Section4.2 to addanef-
�cient implementationof thestaircasejoin algorithmin theprogramminglanguageC. The
remainingpartof this chapteris usedto shortlyreview someMIL operators.

MonetDB Inter preter Language(MIL)

Theoperatorsin MIL canbedivided into two groups:tablemanipulationoperationsand
programminglanguageoperators.Thelatteronesareinspiredby theC programminglan-
guageandcontain,e.g., variables,assignments,computations,comparisons,conditionals,
loops,andfunctions.Theformeronesarebasicdatabaseoperations(e.g., join , project ,
select , unique , diff , union , intersect , aggregates,. . . ) aswell asadditionaloper-
ators,to supportthebinarydatamodel. Thebasicdatabaseoperators,which expectmore
thanoneBAT asinput (like join ), returnagain a binary relation,to ful�ll theneedfor a
closedalgebraontheBAT type. In caseof a join, this is achievedby projectingout thetwo
join columns,retainingtheothertwo columns.

reverse , mirror , andmark arespeci�c operatorsimplied by thebinarytablemodel.
reverse switcheshead (the �rst column)and tail (thesecondcolumn)of a BAT. This is
necessary, becausemostoperations(e.g., select , project , aggregates)only work on the
tail column.To combinemultiple columnsit is sometimesnecessaryto copy thekey. This
canbedoneusingmirror , which copiesthevaluesof the head into the tail. mark is the
operator, whichcreatesanew key column.It consecutively assignsobjectidenti�ers (oid ),
whicharenumberssyntacticallymarkedby ”@0”, startingatagivenoffset.This is alsothe
mechanismto createvoid columns.

Thesethreeoperatorsarefor freeasthey modify only thedescriptorsof theBAT. For
reverse the referencesto the arraysstoringthe valuesareswitchedandfor mirror the
referencesare copied. The mark operatoronly storesthe offset in the BAT descriptor
withoutmaterializingtheenumeratedcolumn.

Figure1.2 shows how relationr from Figure1.1 canbegenerated:bat(void, int)
createsa new BAT with the head type void andthe tail type integer. nil standsfor an
unde�nedvalue; the dot concatenatesmultiple operations,andthe semicolon�nishes an
expression. Becausemark only works on tail values,a reverse is necessarytwice, to
createnew numbersin thehead columnstartingatoffset0.

> var r_size := bat(void,int);
> var r_level := bat(void,int);
> r_size .insert(nil, 4).insert(nil, 0).insert(nil, 2).insert(nil, 0).insert(nil, 0);
> r_level.insert(nil, 0).insert(nil, 1).insert(nil, 1).insert(nil, 2).insert(nil, 2);
> r_size := r_size .reverse().mark(0@0).reverse();
> r_level := r_level.reverse().mark(0@0).reverse();

Figure1.2: Creationof relationr (seeFigure1.1) in MIL.

A specialoperatoris the multiplex ([f] ), which bridgesthe gap betweenthe table
manipulationandtheproceduraloperators.[f] mapsanoperatorf likee.g., + to eachrow
of aBAT. If suchanoperatorexpectsmorethanoneoperandandinput to themultiplex are
multipleBATs,animplicit equi-joinon theheads is performed.

Figure1.3 continuesthe MIL examplestartedin Figure1.2. First we selectthe rows
with sizeequalto 0 (discardingthe �rst andthe third row), copy the pre valuesinto the
tail andcastevery row in the tail to an integer. Thesecondrow calculatesthepost values

1MIL standsfor MonetDBInterpreterLanguage.
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(pre/post encodingwill beexplainedin thefollowing chapter)usingthemultiplex operator.
The implicit joins of [+] and[-] returnonly threerows, becauseof r_pre . Theprint
performsan implicit join on thehead valuesaswell andthereforeprintsonly threerows.
Thecommonhead is printedas�rst columnandthethreeremainingcolumnscorrespond
to the tails.

> var r_pre := r_size.select(0).mirror().[int]();
> var r_post := r_pre.[+](r_size).[-](r_level);
> print (r_size, r_level, r_post);
#---------------------------------#
# t tmp_214 tmp_190 tmp_241 # name
# void int int int # type
#---------------------------------#
[ 1@0, 0, 1, 0 ]
[ 3@0, 0, 2, 1 ]
[ 4@0, 0, 2, 2 ]

Figure1.3: Calculatepost valueof all leafnodesin relationr

A completeoverview of MIL goesbeyondthescopeof this thesis.Most unexplained
operatorsusedin the next chapters,however, shouldbe known either from relationalal-
gebraor from programminglanguages.For interestedreaders,[2, 21] will provide more
details.

1.4 Path�nder

Server
MonetDB

- Core Optimization
- Type Checking
- Core Simplification
- Core Generation

XML

XQuery
Client XQuery

MIL

Compiler Module

- Normalization
- XQuery Parsing

- MIL Generation

Runtime Module

- XML Schema Import

MonetDB Kernel

- (Loop-lifted) Staircase Join

- XML Serialization
- multijoin

Figure1.4: Systemarchitecture.

The Path�nder XQuery compiler can be used as
new front-endto the MonetDB RDBMS (sketched
in Figure 1.4). It consumesan XQuery expres-
sion, which is parsed,normalized,and translated
into XQueryCore.TheCoreexpressionis thensim-
pli�ed, typecheckedandoptimized.Thelaststepof
thecompilationis theMIL codegeneration,which
is also the focusof this thesis. Otherapproaches,
whichtranslateXQueryCoreto relationalalgebraor
SQLinstead,arecurrentlyinvestigatedin thecourse
of thePath�nder researchproject.

TheMIL codegeneratedby thePath�nder com-
piler relieson someextensionsaddedto the Mon-
etDB back-end. The mostprominentonesare the
resultserializationandthe intelligent pathstepevaluation(staircasejoin). Others,how-
ever, will bementionedin thecourseof this thesis.
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Chapter 2

Relational Storage

A relationalevaluationrequiresthe tabular encodingof two principaldatamodels.XML
documents(or fragmentsthereof)form ordered, unranked treesof nodes. XQuery's pro-
cessingmodelin turn is basedon ordered, �nite sequencesof items. The �rst datamodel
canbemappedusingthepre/post encodingdevelopedin [13]. It will beshortlysummarized
in Section2.1,wherewe compareit with thepre/size encoding.Thepre/size encodingis
themapping,which underliesour XML documentstorageandwill beexplainedin detail
in Section2.2. Themappingof item sequencesto relationsaswell asits actualstorageis
subjectof Section2.3andSection2.4,respectively.

2.1 pre/post Encoding

Thepre/post encodingis aschema-independentmappingof XML documentsinto relations.
It is a true isomorphismwith respectto thetreestructure.Theencodingcanbegenerated
by countingthenumberof openingtagsaspre valuesandtheclosingtagsaspost values
during a sequentialscanover the document.The pre andpost valuesare thenstoredin
a 2-columnrelation,whereeachrow representsonenode. The pre valuesalonealready
re�ect thedocumentorder aswell thenodeidentity, whicharetwo characteristicsrequired
in XQuery.Figure2.1(a)shows thedocumenttreeof exampledocumentDoc:

<a><b>c</b><d><e/><f/></d><g a="42"/></a> : (Doc)

Figure2.1(b)shows thenodesplottedinto a two-dimensionalplaneusingthepre andpost
valuesto de�ne their position. Noded for exampleresidesat a pre valueof 4 anda post
valueof 3. This treeencodingallows a highly ef�cient XPath processing.The staircase
join [17] evaluatesXPath locationstepsfor a givensequenceof context nodesin a single
sequentialscanover the treeencodingtable. It worksbasedon rangeson thepre/post re-
lation visible in 2.1(b),wherecontext noded dividestheplaneinto four quadrants,which
correspondto thefour majorXPathaxes(ancestor , descendant, following , andpre-
ceding ). Staircasejoin furthermoreprunesthe context nodesequenceto avoid overlap,
partitionsthedocumentto completelyavoid duplicateresultnodes,andspeedsup thepro-
cessingby skippingconsiderablepartsof theencodedtree,which do not contributeto the
result.

The pre/post mappingrecordsonemoreattribute (level), which storesthe distanceof
a nodeto the root node. This additionalcolumnspeedsup the processingof the child ,
parent , following-sibling , andpreceding-sibling axes,which rely on the node
depthof thecontext node.

In this work we usea differentencodingvariantby saving thepre valuesandthesize
of the subtreefor eachnode. It is equivalent to the pre/post encoding,due to the fact
that the post valuecanbe recoveredusingthe simpleequation:post = pre + size - level.
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Figure2.1: Graphicalrepresentationsof documentDoc

The pre/size mappingcomeswith similar characteristicslike the pre/post mapping. Fig-
ure2.1(c)shows Doc plottedon a pre/pre+size plan,whereresultnodesof thefour major
axesarestill visible. But thepre/size encodinghasevenmoreadvantages.To evaluatean
XPathstep,thepre/size encodingworkswith asmallnumberof lookups(only lowerbound-
arypreandupperboundarypre+size), whereasthepre/post encodingrequiresapost value
comparisonfor eachmatchingnodeto testthenodecontainment.XPath locationstepsof
the forward axes relying on the level information(child and following-sibling ) in
additionrequireonly pre andsize andthereforeallow skipping. With thepre/post encod-
ing, theseaxesrequirelevel, whichprohibitsskipping.To illustrate,for thechild axis,we
have that:

v∈ c/child ⇔
v1:pre= c:pre+ 1 ∧ v1:pre6 c:pre+ c:size∪

vi+ 1:pre= vi :pre+ vi :size+ 1 ∧ vi+ 1:pre6 c:pre+ c:size :

The last but perhapsmost importantadvantageof the pre/size encodingis that element
subtreecopies,necessaryfor everyelementconstruction,areselfcontainingin thepre/size
encoding. The reasonis that size is invariant with respectto copying and moving. In
comparison,post valuesrequireupdatesfor eachsubtreecopy, becausethenew pre values
automaticallyeffect thepost values.

2.2 XML DocumentStorage

Theencodingdescribedin thelastsectiononly savestheXML documentstructure.In this
sectionthetreeskeletonis enrichedwith thetextual contentof thedocument.Furthermore
weexplain thestorageof multiple fragmentsandtransientnodescreatedduringquerying.

SingleDocumentStorage

Thestraightforwardstoragemodelwould beonebig relationholdingall valuesof the� ve
nodekinds(document, element, text, comment, or processing-instruction):

pre size level kind prefix uri loc text comment pi target
2@0 0 2 text null null null c null null null

Sinceevery nodehasexactly onenodekind, the recordsareheterogeneous.A fully de-
composedstoragemodelasdescribedby CopelandandKhosha�anthereforeseemsto be
amuchbetter�t [8]. MonetDBinternallyalreadystorestherelationscolumnwiseandnow
additionallydiscardsthe large numberof null tuples. In the following alignedcolumns
like e.g., prefix, uri, and loc aregroupedto logical relations(e.g., qn) whereasthe under-
lying storageremainsfully decomposed.Themaintable,in thefollowing namedpre|size
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relation,holdsthecommonvalues(pre, size, level, kind) anda foreignkey ref, which to-
getherwith kind refersto the valuesof the nodes.In addition,duplicaterecordsin these
alignedrelationsareeliminatedto save storagespaceandto allow referencecomparisons
insteadof stringcomparisons.

attributes attribute values

text comments

qualified names
(attributes + elements)

instructions
processing

size level ref kind

text

elem

elem
elem

elem
elem
elem

2

1

0
1

1
2
2

0

0

6
1

2
0
0

2@0

6@0

0@0
1@0

3@0
4@0
5@0

""

""
""

""
""
""

"d"

"a"
"b"

"e"
"f"
"g"

""

""
""

""
""
""

0@0

5@0

0@0
1@0

2@0
3@0
4@0

propqnpre val

val val val targetlocuri

pre|size table

6@00@0 0@0 0@0 0@0 "42"

prefix

2@0
1@0

3@0
4@0
5@0

0@00@0 "c"

pre

'kind' determines to which table 'ref' refers

attr prop

text com insqn

Figure2.2: Relationalstorageof documentDoc in MonetDB.

Figure2.2 shows our relationalstorage,which storesdocumentDoc. It containstwo
morerelations(attr andprop), saving attributesandtheir content.Themainreasonbehind
this decisionis the differencebetweenattributesandothernodekinds. Attributesdo not
follow a �x edorderandhave to beomittedduringpathsteps.Thecolumnpre in relation
attr savestheownershipof attributesasforeignkeys. Thenamesof attributesaresavedin
the qn relationstogetherwith the elementnamesandreferencedvia the columnqn. The
relationprop savesthetext contentof theattributes(againkeptunique).

Shallow Copying

Onemorereason,to usemultiple relationsinsteadof onebig relation,is thecopying effort
necessaryfor a subtreecopy of a node. With this storagescheme,we only have to copy
slicesof the shallow pre|size and attr relations. The copiedrows containonly a small
numberof �x edsizevaluesandweavoid any stringcopying.

Multiple Documentsand Transient Nodes

An XQueryexpressionmayreferenceseveraldocumentsin onequery. Sincewe usea re-
lationaldatabase,we do not want to shreda documentfor eachquerybut usea persistent
versionof its shreddedrepresentation(seeFigure2.2).Multiple documentscouldbestored
in onesuchsetof documentrelations(in thefollowing alsocalledcontainer),if a column
frag wasaddedto the pre|size relationto distinguishdifferentdocuments.Thedrawback
of thisapproachbecomesclearimmediately. For everyXQueryexpressionall storeddocu-
mentsareloaded,evenif only onesmalldocumentis referenced.Eachqueryfurthermore
hasto copy or to lock thecompletecontainerduringevaluationto addtransientnodes.The
sameappliesfor storingadditionalXML documents.
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attributes

text commentsqualified names
(attributes + elements) instructions

processing

attribute values

size reflevel

qnpre

prefix targetval val val

name containerheight

contkind frag

prop valcont

locuri

pre|size table

X.xml
Y.xml

7
9
2

D

attr

pre

com ins

doc

text

prop

qn

� each query creates a transient container
  (transient node properties generally

refer to persistent containers)

XML Storage Schema
� doc container = instance of schema
� each doc is a persistent container

'kind' determines to which table 'ref' refers

For each query, there is a 'loaded document' table:

transient container (for transient nodes)

Figure2.3: HorizontallypartitionedXML storagein documentcontainers.

Thecompletecopying andloadingoverheadaswell asthelossof concurrency canbe
avoided,if eachshreddeddocumentresideson thediskseparatelyaccordingto thestorage
schemesketchedabove. Thesedocumentcontainerscanbeloadedseparatelyduringquery
evaluationandallow concurrentreadoperationsaswell. A transientdocumentnodecon-
tainer, whichsavesall nodescreatedduringaquery, also�ts into thissetup.Theconnection
betweenthesedocumentcontainersbuildsarelationdoc, whichsavesthedocument'sname
andexistsfor everyqueryseparately. With multiplereferenceddocumentsandeachhaving
pre valuesstartingat0, we loosethenodeidentity. Weovercomethisproblemby usingthe
combinationof doc andpre asournodeidenti�er.

Figure2.3displayssuchanXML storageschemefor anexamplequerywith two loaded
documents(X:xml andY:xml). For eachXQueryexpressionanadditionalsetof document
tables(called∆ in Figure2.3)is created,whichsavesthetransientnodesconstructedduring
query evaluation. In comparisonto other containers,which encodealways exactly one
document,the transientdocumentnodecontainermay containmultiple XML fragments.
Theadditionalfrag columnis usedto markthedifferentfragments.

Multijoin

The shallow copying describedin the last paragraphmakes it necessaryto add the cont
columnin theattr andthepre|size relation. It savesthedocument(or container)id, where
the valuesof the nodesreside.This is the reasonwhy the key of a nodevaluelookup in
the transientdocumentnodecontainernow consistsof ref, kind, andcont. To gatherthe
nodevaluesof asetof nodesweaddedanew primitivemultijoin to MonetDB,whichdoes
thelookupof thehorizontallyfragmentedvaluetablesef�ciently . It groupsthelookupsby
thedocumentcontainerandcopeswith thedifferencebetweenthetransientdocumentnode
containerandtheotherdocumentcontainers.A moredetaileddescriptionof multijoin will
follow in Section3.4.11.

Thefollowing XQueryexpressionQ2 constructsnew XML fragments,which generate
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new nodesaswell asasubtreecopy of partsof Doc:

(<h> doc("Doc")//d </h>, <i/>) : (Q2)

Figure2.4 illustratestheresultingpre|size tableof thetransientdocumentnodecontainer.

pre size level ref kind frag cont
0@0 3 0 0@0elem 0 ∆
1@0 2 1 2@0elem 0 Doc
2@0 0 2 3@0elem 0 Doc
3@0 0 2 4@0elem 0 Doc
4@0 0 0 1@0elem 1 ∆

Figure2.4: pre|size tableof thetran-
sientdocumentnodecontainerof Q2

Thenamesof thenew nodesh andi aresaved in the
qn relationof the transientdocumentnodecontainer.
The entriesfor elementd and its descendantsin the
pre|size relationof thedocumentcontainerof Docare
copiedto the transientdocumentnodecontainerand
updatedin thecolumnspre and level only. Theother
values(e.g., the names)still residein the document
containerof Doc (seecolumncont). Thelastrow (el-
ementi ) is in adifferentfragmentandthereforehasa
differentfrag value.

2.3 Item SequenceEncoding

After �xing theencodingfor the�rst datatype,thissectionnow focusesonthesecondprin-
ciple datatypeof XQuery: ordered,�nite sequencesof zero or more items. Assumingthe
underlyingRDBMSprovidespolymorphiccolumns,asequenceof itemscanbeeasilysaved
in singlecolumn.Theemptysequencethencorrespondsto anemptytableandasingleitem

pos item
1 2
2 "x"
3 <a/>

mapsto a relationwith only onerow. With suchanencoding,we support�nite
sequencesof zeroor moreitems,but cannotrely on their order. [15, 16] suggest
addingasecondcolumnpos, whichstoresthepositionof anitemin thesequence.
pos is a densenumberingstartingat 1 for every sequenceto supportpositional
predicates(e.g., //d[2] ). The relationon the right encodessucha sequence
(2,"x",<a/>) .

2.4 Item Storage

MonetDBdoesnot offer polymorphiccolumnsper se. We thusintroducea relationwith
theappropriatetail typefor eachtype(andquery).For attributes,othernodes,andQNames
theserelationsare the documentstorageintroducedin Section2.2. An item is then im-
plementedusinga combinationof referenceandits type. Like in thedocumentstorage,a
referencepointsto avaluein its respectivevaluerelation.Theentriesof thevaluerelations
arekeptuniqueto avoid multiple copies.E.g., thequeryfor $a in 1 to 100 return

ref value
0@0"x"

"x" saves"x" only onceinsteadof 100 times. The relationon the right shows
thecorrespondingstring relation. Thetype(or valuerelation)a referencepoints
to is encodedin anew columnkind. Furthermoretheattribute,node,andQName
kinds areoverloadedwith the documentid they refer to, thereforeallowing to testnode
identityusingitem andkind.

pos item kind
1 0@0integer
2 0@0string
3 0@0node(∆)

The examplesequencefrom above ((2,"x",<a/>) ) resultsin the
relationdepictedon the left. 2 is saved in the integer relationat offset
0@0, "x" in thestring relationat offset0@0, andthenode<a/> is saved
as�rst nodein thetransientdocumentcontainer∆ (againatoffset0@0).
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Chapter 3

Core to MIL Translation

The relationalstoragestructureexplainedin the previous chapteris suitableto supporta
fully relationalXQueryevaluationengine. The following mapping,which relieson this
storagescheme,is basedon thecompilationtechniquesdescribedin [15, 16]. Thestarting
pointof thecompilationis anormalized,simpli�ed XQueryCoreexpression.Expressions,
which arereplacedduring normalizationaree.g., the where clauseandthe comparisons
operatorswith existentialsemantics(=, != , <,. . . ). Their replacementsareadditionalfor
expressions,if then else constructs,functionslike e.g., fn:empty , andexplicit com-
parisons(eq, ne, lt ,. . . ).

Themappingfrom normalized,simpli�ed XQueryCoreexpressionto a standardrela-
tional algebrais the subjectof Section3.4. The rulesthat describethe mappingprocess
aswell astheaccompanying ideaswereoriginally developedin [15, 16]. Theloop-lifting
concept,which builds thebasisof thetransformation,therelationaloperators,andthe in-
ferencerulenotationarerecappedin Section3.1,3.2,and3.3,respectively.

The inferencerulesin Section3.4 arean extensionof the rulesin [15, 16] andserve
asplatform to illustratethe mappingprocess.Section3.5 explainsthe applicationof the
mappingusingMIL astherelationaltargetlanguage.

3.1 Loop-Lifting

The iterative natureof the for expressionin XQueryanda bulk-orientedrelationalpro-
cessingappearto becontradictory. HoweverasXQueryis side-effect freeit is semantically
soundto evaluatetheloop bodye for all iterationsin parallel.This worksby replacingall
freeoccurrencesof variable$v for all bindingsin eby xi (e[xi=$v] denotesthatsubstitution):

for $v in ( x1, x2, : : : , xn) return e≡
( e[x1=$v], e[x2=$v], : : : , e[xn=$v])

With sucha replacement,the iterationsareavoidedcompletelyanda bulk-orientedpro-
cessingis possible.In the following we describea transformation,which implementsthe
substitution.To distinguishseparatelogical iterations,we extendthe pos|item 1 relation
with a column iter, which storesthe iterationnumber. Figure3.1(a)shows theadditional
columniter attachedto theencodedsequenceexpression(2,"x",<a/>) . The iter column
containsthe integer1 in all threerows, statingthatall itemsarein thesameiteration(the
initial iteration1).

Thevariablebindingof a for loop takessucha sequenceasinput andreplacesthe iter
valueswith a new densenumbering,which respectstheordergivenby thecombinationof

1Note: The itemjkind representationis replacedby a polymorphicitem column,again, for easeof readability.
Themappingitself is not in¯uencedby thischange.
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iter pos item
1 1 2
1 2 "x"
1 3 <a/>

(a) Input sequence
(2,"x",<a/>)

iter pos item
1 1 2
2 1 "x"
3 1 <a/>

(b) Loop-lifted se-
quence($a)

outer inner
1 1
1 2
1 3

(c) Mapping re-
lation

iter pos item
1 1 42
2 1 42
3 1 42

(d) Loop-lifted
constant42

iter pos item
1 1 42
1 2 42
1 3 42

(e) Backmapped
bodyof for loop

Figure3.1: Loop-lifting of $a and42 in thequeryfor $a in (2, "x", <a/>) return
42

old iter andpos column,startingat 1. Thevaluesin thepos columnarethenreplacedby a
1,becauseeveryitemis now asingletonsequencewithin its iteration.Thismappingwill be
calledlifting or loop-lifting in thefollowing. It perfectlymatchesthesemanticsof thefor
expression:eachitem is boundin exactlyoneiteration.Figure3.1(b)shows thebindingof
variable$a in thequeryfor $a in (2,"x",<a/>) return 42. In the�rst iteration$a
is boundto 2, in thesecondto "x" andto <a/> in thelast.

All other variablebindings(e.g., boundin a let clauseor anotherfor expression)
andconstantsareloop-lifted usinga map relation(outer|inner). This tablerecordsthejust
explainedchangeof the iter valuesin the loop input sequence,whereouter storesthe iter
beforeandinner the iter columnafterrenumbering.A tuple〈o; i〉 in this relationindicates
thatduringtheith iterationof theinnerloopbodytheouterloopbodyis in its oth iteration.
The lifting proceedsin threesteps:�rst anequi-join join betweenmap and iter|pos|item,
on thecolumnsouter anditer, is performed.Thentheouter anditer columnsareremoved
andthirdly thecolumninner is renamedto iter. Figure3.1(d)shows thelifted constant42,
whichconsistedof onetuple〈1;1;42〉 beforethejoin.

A similar mappingstepis neededaftertheevaluationof thefor loop body. Theresult
hasto betransformedinto a sequenceagain. An equi-joinof iter with the inner columnof
themap relationandtherenamingof theouter columnto iter performsthebackmapping.
Additionally a renumberingof thepos valuesis necessary. It takestheorderof theold iter
(inner) andpos columnsinto accountandstartsat 1 for eachgroupde�ned by thenew iter
column(outer). Figure3.1(e)shows theresultof this backmappingstep— thethreeitem
sequence(42, 42, 42) , whoseiter columnis mappedbackto 1 andthepos columnto a
denseenumeration.

NestedScopesand ConstantExpressions

Theloop-lifting conceptalsoworksfor nestedfor expressions.This is achievedby com-
piling eachsubexpressionin dependenceof all enclosingfor loops. In examplequeryQ3
theloopbodyof theformerexampleis replacedby anestedfor loop:

s

8
<

:

for $a in (2, "x", <a/>) return

sa

½
for $b in (10, 20) return

sa¢b
©

( $a, 100)
: (Q3)

Themap relationof theouterfor loopstaysthesame(seeFigure3.1(c)andFigure3.2(a)).
It is usedto lift thetwo constants(10 and20), which form theinput sequenceof theinner
for loop illustratedin Figure3.2(b).Thissequenceis thebasisfor thenew map relationof
thesecondloopin Figure3.2(c).To keepthetwo map relationsapartweintroduceanotion
of scopes.For eachloop bodya new scopesv1¢¢¢¢¢vn¢vn+ 1 is created,whosesubscriptis the
subscriptof theenclosingscopev1 : : :vn andthenameof thefor loopvariablevn+ 1 (e.g., s,
sa, sa¢b in Q3). Now themap relationscanbeidenti�ed by attachingthescopeinformation
of thetwo scopesthey connect.Themap relationof theouterfor expressionin queryQ3
is thencalledmaps;sa andtheothermapsa;sa¢b

. Notethatmapsa;sa¢b
is theCartesianproduct
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outer inner
1 1
1 2
1 3

(a) maps;sa

iter pos item
1 1 10
1 2 20
2 1 10
2 2 20
3 1 10
3 2 20

(b) (10, 20) in
scopesa

outer inner
1 1
1 2
2 3
2 4
3 5
3 6

(c) mapsa;sa·b

iter pos item
1 1 2
2 1 2
3 1 "x"
4 1 "x"
5 1 <a/>
6 1 <a/>

(d) $a in scopesa¢b

iter pos item
1 1 100
2 1 100
3 1 100
4 1 100
5 1 100
6 1 100

(e)100 in sa¢b

Figure3.2: map relationsandintermediateloop-lifted resultsof Q3

of bothloops,which is aconsequenceof thiscompilationschemeaswell asof theXQuery
semantics.Section4.4will describehow to avoid thiscrossproductin certaincases.

Variable$a in queryQ3 is de�ned in scopesa, but alsovisible in scopesa¢b. To lift
$a to scopesa¢b a join with mapsa;sa¢b

is necessary— Figure3.2(d)shows the result. For
the secondargumentof the loop body, the constant100, the samemapping(join with
both map relations)can be avoided. Becauseconstantsare always de�ned in the outer
mostscopes, it is valid to directly loop-lift themto the requiredscopeby applying the
Cartesianproductof their pos|item tuple anda loop relation,which is the inner column
of the respective map relation. In queryQ3 the currentloop relationloopsa¢b

is the inner
columnof mapsa;sa¢b

andtheevaluationof thecrossproductwith theconstant100 results
in its loop-lifted representationdisplayedin Figure3.2(e).

3.2 Relational Operators

In this sectiona shortsummaryof therelationaloperators,which form thetargetlanguage
of themappingin Section3.4, is provided. Figure3.3 lists theavailableoperators,which

πa1:b1;:::;an:bn projection(andrenaming)
σa selection
:
∪ disjointunion
× cartesianproduct
on a= b equi-join
\a1;:::;an difference
max; sumb:hai =p aggregates
a b literal table
ρb:ha1;:::;ani =p;s row numbering
~ b:ha1;:::;ani n-aryarithmetic/comparisonoperator∗

a;n XPathaxisjoin (axisα, nodetestn)

Figure3.3: Operatorsof therelationalalgebra(a andb arecolumnnames).

aremostlyvariantsof operatorsfoundin standardrelationalalgebra[7, 10, 20]. While the
projectionoperatorπ alsosupportsrenaming(a1 : b1 renamescolumnb1 to a1), the join
operatoron is restrictedto equi-joinsandtheunionoperator

:
∪ doesnot have to copewith

duplicates.Thedifferenceoperatorreturnsall rowsfrom the�rst argument,whosecolumns
a1; : : : ;an havenomatchingtuplesin thesecondargument.In additionto thenormalaggre-
gates(e.g., max), which returna singlevalue,we alsosupportenhancedaggregates(e.g.,
sumb:hai =p) thatpartitiona relationby a column p andevaluatewithin thesepartitionsthe
aggregateson thecolumna. A binary relation,which storesfor eachpartition theaggre-
gatedvalue(in columnb), holdsthe result. The row numberingoperatorρ is similar to
theDENSERANKoperatorin SQL:1999. It is oneof themostimportantoperatorsin the
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algebra,becauseXQueryheavily relieson order. ρb:ha1;:::;ani =p;s(q) assignseachtuple in q
a consecutive number, which is saved in columnb. Theconstraintfor theenumerationis
theimplicit orderof q by thecolumnsa1; : : : ;an. Numbersstartatoffsets in eachpartition
de�nedby theoptionalgroupingcolumnp. Operator~ b:ha1;:::;ani appliesthen-aryoperator
∗ to columnsa1; : : : ;an andextendstheinput tupleswith theresultcolumnb. Thestaircase
join algorithm a;n supportstheXPathaxes.It calculatestheresultnodesfor eachiteration
andreturnsthemasan iter|item|kind relation,whereall duplicatesareremoved.

3.3 Infer enceRule Notation

To formally describethe mappingof XQuery Core to relationalalgebrawe introducea
notationof inferencerules.Theseinferencerulesareof theform:

Γ; loop;∆ ` eZ⇒ (q;∆0) :

The �rst argumentof an inferencerule denotesthe variableenvironmentΓ, which holds
all visible variablesandtheir algebraicexpression.The secondargumentloop savesthe
currentloop relation,to supportef�cient constanttranslation.The third argumentstands
for the container∆, which is the transientdocumentnodecontainer(seethe relationsin
Figure2.3)extendedwith thevaluerelations(onefor eachkind). Onespeci�c characteristic
of thiscontaineris thatthevaluerelationsstring anduntypedAtomic aswell asthedocument
relationsprop (attributevalues),text (text content),andcom (contentof comments)areall
representedby the samerelation. The sameholdsfor the valuerelationQName andthe
documentrelationqn. In both cases,this helpsto minimize the copying effort necessary
for nodeconstructionwhile still beingableto referencethe relationsseparately. Because
thecontainer∆ canbemodi�ed duringevaluation(e.g., by insertingvaluesor by creating
elements),it is alsoa returnvalueof theinferencerule (∆0). Thewholeinferencerule can
be readas: Given Γ, loop, and ∆, the XQueryexpressione compilesinto the algebraic
expressionq with the(possibly)modi�ed container∆0.

EachXQuerycompilationstartswith anemptyvariableenvironmentΓ = /0, asingleton
loop relation(loop= iter

1 ), emptyrelationsin thecontainer∆, andtheXQueryexpression.
All inferencerulespassΓ, loop, and∆ top-down, while theresultingalgebraexpressionis
synthesizedbottom-up.The result is a singlealgebraquerythat operateson the treeand
sequenceencodingssketchedin Section2.

All documents,whicharereferencedin thequeryareaccessedreadonly andarethere-
fore combinedin a separatecontainerdoc2. doc and∆ both representa setof tables.To
referenceoneof their relationsdirectlywe introducethenotationcont[name], which refer-
encesthenametableof thecontainercont. E.g., ∆ [pre|size] referencesthe pre|size table
of thecontainer∆.

Additionally, inferencerulesusea notationto inspectstatic type informationduring
compiletime. Operator:: teststhestatictypeof anexpressionduringcompiletime. e:: kind
meansthatXQueryexpressionehasthestatictypekind. Wedenote,

∆0≡ ∆ [: : : ;name7→ q; : : : ] ;

to make the modi�cation of a relation in the container∆ andthusthe modi�cation of ∆
explicit. It assignstherelationnameof ∆ thenew relationalrepresentationq. Themodi�ed
container∆0recordsthissideeffect. All otherrelationsof thecontainerremainunaffected.
Adding rows to an already�lled relationcanbe doneby union the representationbefore
thereplacementandthenew tuples(e.g., q≡ ∆ [name]

:
∪ tuplesnew).

2doc maycontainmultiple documentsandthusrepresentmultiple containersitself. This however is ignored,
becausetherelationsof doc areusedonly by specialoperatorsthatareawareof this representation(staircasejoin
andmultijoin).
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Thirdly thewrapperfunctionref is a shorthandfor a muchmorespaceconsumingal-
gebraexpression.ref modi�es acontainer(�rst argument)by extendingoneof its relations
with thevaluesfrom thesecondargument.Thenit extendsthesecondargumentwith the
referencesof themodi�ed relationin thecontainer. Dependingon its subscriptref chooses
adifferentimplementation.Thefollowing equivalencerule illustratestheextendedexpres-
sionof ref with subscriptinteger:

valuesnew≡ unique(∆ [integer]\valueq)

offset≡max(∆ [integer]) + 1

tuplesnew≡ πref;value
¡
ρref;offset(valuesnew)

¢

∆0≡ ∆
h
: : : ; integer 7→ ∆ [integer]

:
∪ tuplesnew; : : :

i

q0≡ ∆0[integer] on value= valueq
¡
∆0;q0¢≡ refinteger (∆;q)

:

Thetwo input argumentsarethecontainer∆ anda relationq thatrequiresa columnvalue.
Theresultis amodi�ed container∆0andarelationq0thatcontainsanadditionalcolumnref.
Becausethesubscriptof ref is integer, the integer relationof ∆ getsextendedby thevalues
in the value columnof q. This is donein the �rst four rows. The �rst rule determines
the uniquelist of valuesthat arenot storedin the integer relationyet. The secondrule
determinesthe�rst freeoffsetof the integer relationin ∆ andthethird enumeratesthenew
valuesstartingfrom thisoffset.Line four updatesthe integer relationasexplainedaboveto
extendit with new values.Thejoin in thelastrule extendsthesecondargumentq with the
referencesto the valuesin themodi�ed container∆0. With the wrapperfunction refname,
we thushave a simpleandelegantway to look up thereferencesin thecontainerrelation
namewithoutpayingattentionto thenecessaryvalueinsertion.

An exampleis the call of refinteger with container∆ whoseinteger relation is empty.
It resultsin a new tuple in the integer relation,whosereferenceis 0@0, andthe extended
secondinput relation:

³
∆0; ref value

0@0 2

´
≡ refinteger

³
∆; value

2

´
:

3.4 Algebraic Translation Rules

Now all prerequisitesaresetup to translateXQueryto relationalalgebra.Everysubsection
in thesequelexplainsthetransformationof oneXQueryconstructby meansof aninference
rule. Everyrulecompilesinto arelationalexpression,whichresultsin an iter|pos|item|kind
relation3. While the inferencerulesexactly constitutethe compilationscheme,the cor-
respondingexplanationswill sometimesmix compiletime andruntime. To motivatethe
relationalexpressionswedescribetheir roleduringtheevaluation.Themapping,however,
compilesthecompletequerybeforeevaluatingthe�rst operator. Notethat thechangesof
thevariableenvironmentΓ only extendrelationalexpressions.Theseexpressionssubstitute
thevariablesat compiletime. ThevariableenvironmentΓ thereforeonly helpsto manage
therelationalexpressionsrepresentingvariablesandis availableat compiletimeonly.

QueryQ4 combinesconstants,sequenceconstruction,variablelookups,let , andfor
expressions.It will betheexample,whichhelpsto demonstratethe�rst mappingrules:

s

8
<

:

let $a := (10, 20) return
for $b in (1, 2, 3) return

sb
©

( $a, $b)
: (Q4)

3For certainscenariosanotherkind of interfacemay performbetter. Thesealternativeswill be the focusof
Section4.3.
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Q4 �rst bindsthesequence(10, 20) to thevariable$a andtheniteratesoverthesequence
(1, 2, 3) (boundto $b). It returnstheconcatenationof $a and$b, whichis thesequence
(10, 20, 1, 10, 20, 2, 10, 20, 3) .

3.4.1 Constants

Thetranslationof constantsis depictedin inferenceRuleCONST andstartswith retrieval of
thetypeinformationof constantc, followedby thegenerationof therelationalexpression
that looks up the referenceof c in the value relation kind (seeextensionof ref in the
previoussection).Thesecondequivalencerule usesa crossproductto attachthecolumns
pos and kind to the returnedreference.The compilationis completedby introducinga
crossproductbetweenthe relationalexpressionin qres andthe loop relation. During the
evaluationof sucha relationalexpressionthe iter columnlifts theconstantc to thecurrent
scope.In additionto thecompiledexpression,the CONST rule alsoreturnsthe(possibly)
modi�ed container∆1.

c :: kind

(∆1;q) ≡ refkind(∆; valuec )

qres≡
pos kind
1 kind ×

¡
πitem:ref q

¢

Γ; loop;∆ ` c Z⇒ (loop×qres;∆1)
(CONST)

ref value
0@0 10
1@0 20
2@0 1
3@0 2
4@0 3

If we pick theconstant3 from queryQ4, thentheretrievedtypeis integer. The
refinteger functioncall adds3 to theinteger relationof container∆ andreturnsthe

referenceq≡ ref value
4@0 3 (seeinteger tableon the right). The extensionof the

referenceq with pos andkind resultsin pos item kind
1 4@0integer andthecrossproduct

with loop ( iter
1 ) producesiter pos item kind

1 1 4@0integer . Herethecontainer∆ hasbeen

modi�ed by theinsertionof thetuple〈4@0;3〉 into the integer relation.

3.4.2 Sequences

The SEQ rule concatenatesexactly two sequences.Sequenceswith morethantwo items
have to becompiledby applyingRule SEQ multiple times. Themapping�rst generatesa
relationalrepresentationof the �rst argumentandthentakesthemodi�ed container∆1 as
input for thetransformationof thesecondXQueryexpression.Theresultingalgebraplans
(q1 andq2) aremergedwith adisjointunion

:
∪ afteraddingacolumnord, whichmarksthe

differencebetweenthetwo expressions.Theord columnandthepos1 columnaretheorder
constraintsfor the row numberingoperator, which assignsnew positions(pos) startingat
1 for eachdistinct iteration(iter). Therole of theord columnis to ensurethatevery tuple
of the �rst argumentcomesbeforethe �rst tupleof thesecondargumentwithin thesame
iteration. Thepos columnis usedto maintaintheoriginal sequenceorder. Theprojection
at theendremovestheold pos andtheord column.

Γ; loop;∆ ` e1 Z⇒ (q1;∆1) Γ; loop;∆1 ` e2 Z⇒ (q2;∆2)

Γ; loop;∆ ` ( e1, e2) Z⇒³
πiter;pos:pos1;item;kind

³
ρpos1:hord;posi =iter;1

³³
ord
1 ×q1

´ :
∪

³
ord
2 ×q2

´´´
;∆2

´
(SEQ)

Thesequenceconstructionof 10 and20 is straightforward. Therelationalrepresentations
arepre�xedwith anord columnandconcatenatedwith aunion:

ord iter pos item kind
1 1 1 0@0integer

:
[

ord iter pos item kind
2 1 1 1@0integer

´
ord iter pos item kind
1 1 1 0@0integer
2 1 1 1@0integer
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Therow numberingoperatorcreatesa new positioncolumncontainingthevalues1 and2
andtheprojectionremovestheord column.

Themoreinterestingsequenceconstructionhappensin the for loop body, wherethe
loop-liftedrepresentationsof $a and$b areconcatenated.Thedisjointunionjustcombines
both extendeditem representation(seeFigure 3.4). The row numberingstartsfor each
iterationaconsecutivesequencewith theposition1. Becauseord is the�rst orderargument,
all tuplesfrom $a get the lower pos numbers(matchingtheorderof theold pos column)
andthetuplesin $b thenfollow asthird sequenceitemfor all iterations(seethelastcolumn
pos1 in Figure3.4).

$a :

ord iter pos item kind
1 1 1 0@0integer
1 1 2 1@0integer
1 2 1 0@0integer
1 2 2 1@0integer
1 3 1 0@0integer
1 3 2 1@0integer

:
[

$b :

ord iter pos item kind
2 1 1 2@0integer
2 2 1 3@0integer
2 3 1 4@0integer

´

ord iter pos item kind
1 1 1 0@0integer
1 1 2 1@0integer
1 2 1 0@0integer
1 2 2 1@0integer
1 3 1 0@0integer
1 3 2 1@0integer
2 1 1 2@0integer
2 2 1 3@0integer
2 3 1 4@0integer

pos1
1
2
1
2
1
2
3
3
3

Figure3.4: Sequenceconstructionin loopbodyof queryQ4

3.4.3 Variable References

Thesequenceconstructionin Figure3.4 just usestherelationalrepresentationof thevari-
ables$a and$b. They, however, areonly availablebecausethe Rule VAR doesproduce
thecode. Rule VAR compilesa variablereferenceinto a lookupof thevariable$v in the
environmentΓ. This integratestherelationalexpressionof $v storedin thevariableenvi-
ronmentΓ into theoverall queryplan.Thecorrectloop-lifting of thevariable$v is already
encodedin its relationalrepresentation.A description,how variablesareloop-lifted, will
follow in Section3.4.5.

{: : : ;$v 7→ qv; : : :} ; loop;∆ ` $v Z⇒ (qv;∆)
(VAR)

3.4.4 Let Bindings

ThepreviousinferenceRuleVAR looksup variablerepresentationin thevariableenviron-
mentΓ. TheenvironmentΓ containstheserepresentationsbecauseevery variableassign-
ment in XQueryaddsa new binding to Γ. The let expressionis oneXQueryconstruct,
which introducesvariablebindings.

Rule LET �rst compilesthe let bindinge1 into its relationalrepresentation(q1). For
thecompilationof thelet bodyit extendsthevariableenvironmentwith thebinding($v 7→
q1). During the compilationof e2 the relationalexpressionrepresentingvariable$v is
thereforeavailable. At runtime, thereare no variablebindingsanymore, becauseevery
referencewasreplacedby its relationalexpression(seealsoRuleVAR).

Γ; loop;∆ ` e1 Z⇒ (q1;∆1)
Γ + {$v 7→ q1} ; loop;∆1 ` e2 Z⇒ (q2;∆2)

Γ; loop;∆ ` let $v := e1 return e2 Z⇒ (q2;∆2)
(LET)

In queryQ4 the let expressioncompilesthe two item sequence(10, 20) andaddsits
relationalrepresentationinto the variableenvironmentΓ. During the compilationof the
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let body variable$a is looked up andits relationalexpressionis includedin the query
plan(seeRuleVAR).

3.4.5 For Expressions

Themappingof a for loopwasalreadyexplainedinformally in Section3.1. In thissection
thetransformationis describedagain in moredetail,addingalsoconcepts,which werenot
discussedbefore.TheinferenceRuleFOR mapstheXQueryconstruct

for $v at $p in e1 return e2

to its relationalrepresentation.The optionalpart ' at $p' introducesvariable$p, which
encodesthepositionof thecurrentitem (boundin $v) in theinput sequence(startingwith
thenumber1).

The mappingstartswith the compilationof the for loop binding e1 that resultsin
the relationalexpressionq1 (seeline (1) in Rule FOR). Theexpressionin thesecondline
generatesthe loop numberingof the nestedscope. The next equivalencerule usesthis
enumerationto encodetheloop-lifted itemrepresentationof $v (onevalueperiteration).

Therulesin line (4) and(5) translatetheoptionalat $p partof thefor expression.The
positionvaluesof thecompiledinput expressione1, q1 matchtherequirednumbers.The
pos valuesarethereforeaddedto the integer relationof container∆ andtheir references
togetherwith thecorrespondingkind integer areassignedto qp. Like the relationalex-
pressionin qv thatrepresentsthelifted variable$v, qp alsoencodesonetupleperiteration
(pos = 1).

(1) {: : : ;$vi 7→ qvi ; : : :}; loop;∆ ` e1 Z⇒ (q1;∆1)

(2) extv≡ ρinner:hiter;posi ;1(q1)

(3) qv≡
pos
1 ×πiter:inner;item;kind (extv)

(4) (∆2; refp) ≡ refinteger

¡
∆1;πiter:inner;value:pos(extv)

¢

(5) qp≡
pos kind
1 integer ×πiter;item:ref (refp)

(6) map≡ πouter:iter;inner(extv)

(7) loopv≡ πiter:inner(extv)

(8)

©
:: : ;$vi 7→ πiter:inner;pos;item;kind (qvi on iter= outer map) ; : : :

ª

+ {$v 7→ qv}+ {$p 7→ qp} ; loopv;∆2 ` e2 Z⇒ (q2;∆3)

{: : : ;$vi 7→ qvi ; : : :}; loop;∆ ` for $v at $p in e1 return e2 Z⇒¡
πiter:outer;pos:pos1;item;kind

¡
ρpos1:hiter;posi =outer;1 (q2 on iter= inner map)

¢
;∆3

¢
(FOR)

The map relationin line (6) relatesthe iterationof the currentscope(outer) with the
iterationsof thenew scope(inner) andtheexpressionin line (7) preparesthenew current
loop relation. Thetransformationof the loop bodye2 canbeseenin line (8). All variable
representationsin variableenvironmentΓ arelifted to the next scopeby addingan equi-
join with themaprelationgeneratedin line (6). Theloop-lifting at this placeensures,that
all visible variablesaremappedcorrectly. Thenthe relationalrepresentationsof the for
loop variables$v and$p areaddedto thevariableenvironmentΓ to enabletheir reference
lookups.loopv becomesthenew currentlooprelationandthe(possibly)modi�ed container
∆1 completestheinput for thecompilationof theloopbodye2.

Therelationalrepresentationof theloopbodyq2 is mappedbackto theenclosingscope
by meansof a join with therelationmap(on iter andinner). Thefollowing row numbering
ensuresthateachiterationin theouterscopehasaconsecutivepos valuewithoutchanging
theorderof theinnerscope(orderby iter andpos).

ExamplequeryQ4 startsthe for loop evaluationwith the translationof the input se-
quencee1 resultingin q1 depictedin Figure3.5(a).Therow numberingappliedin line (2)
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iter pos item kind
1 1 2@0integer
1 2 3@0integer
1 3 4@0integer

(a)q1

iter pos item kind
1 1 2@0integer
2 1 3@0integer
3 1 4@0integer

(b) qv

iter pos item kind
1 1 0@0integer
1 2 1@0integer
2 1 0@0integer
2 2 1@0integer
3 1 0@0integer
3 2 1@0integer

(c) $a in scopesb

outer iter pos item kind pos1
1 1 1 0@0integer 1
1 1 2 1@0integer 2
1 2 1 0@0integer 4
1 2 2 1@0integer 5
1 3 1 0@0integer 7
1 3 2 1@0integer 8
1 1 3 2@0integer 3
1 2 3 3@0integer 6
1 3 3 4@0integer 9

(d) Backmappingof loopbodyq2

Figure 3.5: for loop mappingof
queryQ4

addsa new inner column,which matchesthepos col-
umn of q1 in Figure 3.5(a). qv takes this inner col-
umn asnew iter columnandsetsthe positions(pos)
to 1 (seeFigure3.5(b)). BecausequeryQ4 hasno at
clause,line (4) and (5) areomitted. The map relation
is thecombinationof the iter columnsof Figure3.5(a)
andFigure3.5(b). The codegeneratedfor the loop-
lifting in line (8) atruntimelifts therelationalrepresen-
tationof variable$a from scopes to sb (shown in Fig-
ure3.5(c)).Similar to thelet expressionof queryQ4,
the for expressionextendsthe environmentΓ with
variable$b andits bindingqv atcompiletime. There-
lationalrepresentationis integratedinto thequeryplan
by thevariablereferencein the loop body. Theeval-
uationof the for loop bodyprocessestheexpression
andreturnstheintermediateresult(seeFigure3.4).

The backmappingjoin with map resultsin Fig-
ure 3.5(d) whereall rows have an outer value of 1.
Therow numberingthereforeinterpretsall rowsasone
partitionandgeneratesthenew pos1 valuesusingthe
orderof iter andpos. Theprojectionbuildstheubiqui-
tousiter|pos|item|kind relationandcompletesthefor
loopevaluation.

3.4.6 If-Then-Else

The expressionif ( e1) then e2 else e3 is the only
conditional in normalizedXQuery Core. Amongst
othersit e.g., substitutesthe where clause. Expres-
sion e1 is evaluated�rst andreturnsa booleanvalue.
If it holdstruee2 is evaluatedotherwisee3 is theresult
of the if expression.In this compilationschemewe
copewith multiple if clauses(onefor eachiteration)
at thesametime.

Rule IF startswith thecompilationof theboolean
expressione1. The result is split into two new loop
relations(loop2 andloop3), which selectall true and
false valuesrespectively. loop2 is usedas current
loop relation for the compilationof e2 and loop3 as
loop relationfor themappingof e3. To ensurethecorrectrepresentationof thevariablesin
Γ ajoin with thecorrespondinglooprelationis performed,which�lters outall unnecessary
iterations.Theresultis theunionof bothbranchescombiningtheiterationsagain.

(1) {: : : ;$vi 7→ qvi ; : : :}; loop;∆ ` e1 Z⇒ (q1;∆1)

(2) loop2≡ πiter (σitem= TRUE (q1))

(3)

©
:: : ;$vi 7→ πiter;pos;item;kind (qvi on iter= iter1 (πiter1:iter (loop2))) ; : : :

ª
;

loop2;∆1 ` e2 Z⇒ (q2;∆2)
(4) loop3≡ πiter (σitem= FALSE (q1))

(5)

©
:: : ;$vi 7→ πiter;pos;item;kind (qvi on iter= iter1 (πiter1:iter (loop3))) ; : : :

ª
;

loop3;∆2 ` e3 Z⇒ (q3;∆3)

{: : : ;$vi 7→ qvi ; : : :}; loop;∆ ` if ( e1) then e2 else e3 Z⇒³³
q2

:
∪q3

´
;∆3

´
(IF)
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QueryQ5 shows a modi�cation of queryQ4, wherean if expressionis used.Instead
of theconcatenationof bothvariables$a is returnedif its valueis evenand$b otherwise:

s

8
<

:

let $a := (10, 20) return
for $b in (1, 2, 3) return

sb {if ( $b mod 2 eq 0) then $a else $b
: (Q5)

Theresultof theif clauseis depictedin Figure3.6(a),wherethe�rst andthethird iteration
returnFALSE. loop2 in line (2) of theIF rulecontainsonly thetuple〈2〉. It is usedto discard
all other iterationsof the variablesin line (3). Thereforethe result in q2 is the two item
sequenceshown in Figure3.6(b). Theevaluationof lines (4) and(5) returnsthe relational
representationof iteration1 and3 accordingly(seeFigure3.6(c)).

iter pos item kind
1 1 FALSEboolean
2 1 TRUEboolean
3 1 FALSEboolean

(a) Mappingof $a mod 2 eq 0:
q1

iter pos item kind
2 1 0@0integer
2 2 1@0integer

(b) Mapping of $a in then
clause:q2

iter pos item kind
1 1 2@0integer
3 1 4@0integer

(c) Mapping of $b in else
clause:q3

Figure3.6: if expressionof queryQ5

3.4.7 Typeswitch

While mostof thetypeswitch eswereremovedduringthesimpli�cation phase,someof
themstill remain. Thesearetheones,whosesequencetypety hasto bedecideddynam-
ically at runtime. The typeknowledgeis wrappedin anoperatorinstanceofrepresenting
somelogic, which makes the runtimedecisionpossible. It takesan item representation
of theform iter|pos|item|kind andreplacesthe item valuesby theresultof thecomparison
betweentype ty andthe valuesin columnkind. Having sucha booleanmappingfor the
differentiterationsallows to applythesamecompilationschemeasin RuleIF. Theequiv-
alencerulesin lines(3)–(6) of RuleTYPESWITCH perfectlymatchtheonesin lines(2)-(5) of
theinferenceRuleIF in Section3.4.6.

(1) {: : : ;$vi 7→ qvi ; : : :}; loop;∆ ` e1 Z⇒ (q1;∆1)
(2) inst1≡ instanceofty (q1)

(3) loop2≡ πiter (σitem= TRUE (inst1))

(4)

©
:: : ;$vi 7→ πiter;pos;item;kind (qvi on iter= iter1 (πiter1:iter (loop2))) ; : : :

ª
;

loop2;∆1 ` e2 Z⇒ (q2;∆2)
(5) loop3≡ πiter (σitem= FALSE (inst1))

(6)

©
:: : ;$vi 7→ πiter;pos;item;kind (qvi on iter= iter1 (πiter1:iter (loop3))) ; : : :

ª
;

loop3;∆2 ` e3 Z⇒ (q3;∆3)

{: : : ;$vi 7→ qvi ; : : :}; loop;∆ `
typeswitch ( e1) case ty return e2 default return e3 Z⇒³³

q2
:
∪q3

´
;∆3

´

(TYPESWITCH)

3.4.8 Path Steps

Theevaluationof pathstepsis encapsulatedin thestaircasejoin operator , which takes
aniter|item|kind relationasinput,evaluatesthepathstepfor all iterations,andreturnsagain
an iter|item|kind relation.Section4.2providesmoredetailson theunderlyingalgorithms.
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Rule STEP startswith the compilationof the context sete. Its result is usedasone
input of thestaircasejoin operator. additionallyusestheaxisandnodetestinformation
asinput argumentsaswell asall availableXML fragments.Thesefragmentscanbeeither
documents(storedin doc) or transientnodesin thecontainer∆. Sincetheevaluationof an
XPathstepneverescapesthefragmentof its context node,it is possibleto evaluatethestep
for eachdocumentin separation.

Theresultof thepathsteprespectstheXPathsemanticsandorderstheresultingnodes
accordingto theirdocumentorder(depictedin thegenerationof columnpos). Thelikewise
requiredduplicateeliminationis alreadyappliedinsidethe operator.

Γ; loop;∆ ` eZ⇒ (qe;∆1)

Γ; loop;∆ ` e/ α:: n Z⇒³
ρpos:hkind;itemi =iter;1

³
(πiter;item;kindqe) a;n (doc

:
∪∆1)

´
;∆1

´
(STEP)

3.4.9 Text Constructor

In XQuerythereexists the possibility to createnew XML fragmentswith so callednode
constructors.Thesecanbeeitherdirectconstructorsor computedones.The�rst areXML
nodes(e.g., <a/>), while the latter onesuseXQuerykeywords. During normalizationto
XQueryCoreall constructorsaretransformedinto computedones.

Thenext threesectionswill describethemappingof text , attribute , andelement
constructors,respectively. Themappingof all otherconstructorsis almostidenticalto the
explainedtransformationsandis thereforeomitted.

The text constructortranslatesa string into a text node. In inferenceRule TEXT

the �rst stepis the transformationof the strings(onein eachiteration)to their relational
representationq1. Sincethestring relationandthe text relationof container∆ bothreferto
thesametable,q1 automaticallystoresthecorrectreferencesto thestringrepresentationsof
thetext nodes.Theequivalencerulesin lines(2) and(3) emitthecode,whichdeterminesthe
�rst freepre andthe�rst free frag value.Thefollowing algebraexpressionin line (4) uses
theresultsasstartingpointsof therow numberings,whichgeneratenew pre andfrag values
for eachtext node.Thefrag valuesareincrementedin parallelto thepre values,becausethe
fragmentsof text nodesalwaysconsistsof asinglenode(size= 0). Thesize informationas
well asthelevel, kind, andcont valuesareattachedto thepre|ref|frag relation.Togetherthey
form thenew entriesfor thepre|size relationof thecontainer∆ representingthenew text
nodes(nodesnew in line (5)). The insertioninto thepre|size relationof ∆ in line (6) makes
themretrievablefor laterreferences.Theresultof RuleTEXT is thelist of references(item)
to thetext nodesin thetransientdocumentnodecontainer∆ (kind) with onereferenceper
iteration(pos = 1) aswell asthemodi�ed container∆2.

(1) Γ; loop;∆ ` eZ⇒ (q1;∆1)

(2) offsetpre≡max(πpre(∆1 [pre|size])) + 1

(3) offsetfrag≡max
¡
πfrag (∆1 [pre|size])

¢
+ 1

(4) q3≡ ρpre:hiteri ;offsetpre

³
ρfrag:hiteri ;offsetfrag

(q2)
´

(5) nodesnew≡
size level kind cont
0 0 text ∆ ×πpre;ref:item;frag (q3)

(6) ∆2≡ ∆1

h
: : : ;pre|size 7→ ∆1 [pre|size]

:
∪nodesnew; : : :

i

Γ; loop;∆ ` text{ e} Z⇒³
pos kind
1 node(∆) ×πiter;item:pre(q3) ;∆2

´
(TEXT)

QueryQ6 shows anexample,whereantext constructoris applied.Thevariable$a is
boundto thesequence("one", "two", "three") andfor eachitem in this sequencea
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text nodewith therespective textual representationis created:

for $a in ("one", "two", "three") return
text { $a}

: (Q6)

ref value
0@0 "one"
1@0 "two"
2@0"three"

The stringsare storedin the string (text) relationusing the references
shown on the right. offsetpre andoffsetfrag both hold the value1, since
thepre|size relationin ∆1 is emptyandthenew pre andfrag valuesare
1,2,3for bothcolumns.Thecrossproductwith thecolumnssize, level,
kind, andcont is illustratedin Figure3.7(a).Theresultof thetext node
construction,whichholdsthereferencesto thenew nodescanbeseenin Figure3.7(b).

pre size level ref kind cont frag
1 0 0 0@0text ∆ 1
2 0 0 1@0text ∆ 2
3 0 0 2@0text ∆ 3

(a) prejsize relationafterinsertionin D3

iter pos item kind
1 1 1 node(∆)
2 1 2 node(∆)
3 1 3 node(∆)

(b) Resultingrelation

Figure3.7: Resultof thetext constructorin queryQ6

3.4.10 Attrib ute Constructor

Theattributeconstructionhastwo inputarguments:theattributenameandits value.After
transformingboth arguments(depictedin lines (1) and (2)), the relationalrepresentations
implicitly — similar to the text construction— storereferencesto the namesin the qn
relationandaccordinglyto thevaluesin theprop relationsof ∆. Thedeterminationof the
�rst freeattr valuein theequivalencerule of line (3) is alsosimilar to thetext construction.
The next stepin the transformationis the combinationof the nameandvaluereferences
in onerelation(line (4)) followedby thegenerationof new attributekeys (attr) startingat
offsetattr (line (5)). Theresultingrelation�rst getsextendedby a cont anda pre columnto
matchtheschemaof theattr relationandis thenaddedto theattr tableof thecontainer∆.
Sincetheattributesarenot ownedby elements,thepre columnis empty. Thecont column
contains∆, becausethe textual content(prop andqn) is storedin the transientdocument
nodecontainer. The overall resultof the attribute constructoris the iter|pos|item|kind
relationholdingthereferencesto thenew attributesandtheextendedcontainer∆3 (saving
theattributes).

(1) Γ;map;∆ ` eZ⇒ (q1;∆1)

(2) Γ;map;∆1 ` eZ⇒ (q2;∆2)

(3) offsetattr ≡max(πattr (∆2 [attr])) + 1

(4) qqn¢prop≡ (πiter;prop:item(qprop)) on iter= iter1 (πiter1:iter;qn:item(qqn))

(5) qattr ≡ ρattr:hiteri ;offsetattr
(qqn¢prop)

(6) ∆3≡ ∆2

h
: : : ;attr 7→ ∆2 [attr]

:
∪

³
pre cont

null ∆ ×πattr;prop;qn(qattr)
´

; : : :
i

Γ;map;∆ ` attribute e1 { e2 } Z⇒
³

pos kind
1 attr( ∆) ×πiter;item:attr (qattr) ;∆3

´ (ATTR)

ExamplequeryQ7 is amodi�cation of queryQ6 thatreplacesthetext constructorwith
anattribute constructor. Thenameof theattributesis numberfor all threeiterations:

s
½

for $a in ("one", "two", "three") return
sa {attribute number { $a}

: (Q7)

22



qn pre®x uri loc
0@0 "" "" "number"

(a) qn relation

prop val
0@0 "one"
1@0 "two"
2@0"three"

(b) prop relation

attr pre qn prop cont
1 null 0@00@0 ∆
2 null 0@01@0 ∆
3 null 0@02@0 ∆

(c) attr relation

Figure3.8: Transientdocumentnodecontainer∆5 afterevaluationof queryQ7

The evaluationof the attribute constructorbegins with the evaluationof the attribute
names.Sincethe constanttranslationof numberappliesduplicateelimination,the name
is addedonly once(seeFigure3.8(a)). Thesameis donewith thevaluesof theattributes
usingtheprop relationastheir storage(shown in Figure3.8(b)).Thejoin on iter combines
thereferencesto namesandvalues.Therow numberingstartingfrom offsetattr, which is 1,
createsthenew attributekey. An extensionwith thecolumnspre andcont completesthe
new attributeentries.Theseareappendedto relationattr (seeFigure3.8(c))andcomplete
themodi�cation of the transientdocumentnodecontainer∆. Theresultingrelationholds
thereferenceto thenew attributesin theubiquitousiter|pos|item|kind representation.

3.4.11 ElementConstructor

Similar to theattribute constructor, theelement constructorspeci�esthenameof the
new elementin its �rst argumentand the contentin the second. Unlike the text and
attribute constructor, theelement constructorbuilds not only a singlenode,but hasto
copewith structuralinformationaswell. It hastocombinezeroormorenodefragmentsand
is enrichedwith zeroor moreattributes.TheXQuerysemanticsfurthermoreexpectthese
attributesandothernodes(togetherwith their subtrees)to be a new copy of the existing
ones(theinputof theelementcontent).

Sinceelementscan containelementsand attributescan be either attributesassigned
to the new nodesor in the subtreeof a contentnode,somenamingconfusionmay arise.
Thereforewe will call nodeslisted in theelementcontent”context root nodes”in thefol-
lowing. Togetherwith all their subtreenodesthey will benamed”context nodes”andthe
attributesof thiscontext nodeswill betitled ”context attributes”accordingly. Theelements,
which arecreatedby theelementconstruction,will benamedroot nodes.Their attributes
(listedin theelementcontent)will becalledrootattributes.

With thedocumentencodingexplainedin Section2, thecompilationof theelement
constructorcanbegroupedinto 5 phases.The �rst phaseretrievesall context nodeswith
a pathstepstartingfrom the context root nodesandmodi�es the level information. The
secondphasebuilds the relationalencodingof the root nodes.The third mergesroot and
context nodes,createsnew pre valueskeepingthecorrectorder, andinsertsthecopiesinto
thepre|size relationof thecontainer∆. The last two phasescreatecopiesof the root and
context attributes,updatetheir foreignkey pre, andappendthemto theattr tableof ∆.

Theelement constructorusesthefunctionmultijoin mentionedin Section2.2. It has
threearguments,wherethe�rst argumentis asetof relations(e.g., thepre|size relationsof
all documents)andthe secondis the nameof the join columnof the �rst argument(e.g.,
pre). Thelastargumentis thesecondjoin relation,whichcontainsat leastanitem andadoc
column.Thetaskof thesetwo columnsis to identify theequalentries(item) in thecorrect
relationdoc (e.g., item refersto pre valuesin the pre|size relationof documentdoc). It
returnsa relationwhoseschemacontainsthecolumnsof therelationsgroupedin the �rst
argumentandthecolumnsof thesecondjoin relation(like in anormaljoin).

The inferenceRule ELEM startswith the compilationof the secondargumentto its
relationalrepresentationq2. q2 is split into attributes(line (21)) andothernodes(line (2)).
The latter onesarethe context root nodes.Theseareextendedin line (2) with a column
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(1) Γ; loop;∆ ` e2 Z⇒ (q2;∆1)

ContextNodes

(2) ctxroot ≡ ρkey:hiter;posi ;1 (σkind= node q2)

(3) ctxnodes≡
¡
πiter:key;item;kind (ctxroot )

¢
descendant-or-self;node()

³
∆1

:
∪doc

´

(4) nodes≡ ∆1 [pre|size]
:
∪doc[pre|size]

(5) ctxroot¢extended≡multijoin
¡
nodes;pre;πkey;iter;item;doc:kind (ctxroot )

¢

(6) ctxroot¢level≡ πkey;iterin:iter;levroot:level(ctxroot¢extended)

(7) ctxnodes¢level≡ πiter:iterin;item;doc:kind;levroot;key
¡
ctxnodeson iter= key ctxroot¢level

¢

(8)

ctx≡ πiter;pre;size;level:levnew;ref;kind;cont;doc;key

³
⊕levnew:hlevdiff ;onei

³
one
1 ×³

ªlevdiff :hlevel;levrooti (multijoin(nodes;pre;ctxnodes¢level))
´´´

RootNodes

(9) Γ; loop;∆1 ` eZ⇒ (q1;∆2)

(10) ctxcount ≡ countsize:hiteri =iter (ctx)

(11) rootsize≡ πiter1:iter;size

³³
size
0 × (loop \iter ctxcount )

´ :
∪ ctxcount

´

(12) root ≡ pre level kind cont doc key
nil 0 elem ∆ − −1 ×πiter;size;ref:item(rootsizeon iter1= iter qqn)

NodeInsertion

(13) offsetpre≡max(πpre(∆2 [pre|size])) + 1

(14) res≡ ρprenew:hiter;ord;key;prei ;offsetpre

³³
ord
1 × root

´ :
∪

³
ord
2 ×ctx

´´

(15) offsetfrag≡max
¡
πfrag (∆2 [pre|size])

¢
+ 1

(16) frag≡ πiter1:iter;frag

³
ρfrag:hiteri ;offsetfrag

(loop)
´

(17) nodesnew≡ πpre:prenew;size;level;ref;kind;frag;cont(frag on iter1= iter res)

(18) ∆3≡ ∆2

h
: : : ;pre|size 7→ ∆2 [pre|size]

:
∪nodesnew; : : :

i

RootAttributes

(19) attrs≡ ∆3 [attr]
:
∪doc(attr)

(20) offsetattr ≡max(πattr (∆3 [attr])) + 1

(21) attrroot¢extended≡multijoin(attrs;attr;πiter;item;doc:kind (σkind= attr q2))

(22) attrroot ≡ (πiter1:iter;prenew (σlevel= 0 res)) on iter1= iter attrroot¢extended

(23) attrroot¢new≡ πattr:attrnew;pre:prenew;qn;prop;cont
¡
ρattrnew:hattri ;offsetattr

(attrroot)
¢

(24) ∆4≡ ∆3

h
: : : ;attr 7→ ∆3 [attr]

:
∪attrroot¢new; : : :

i

ContextAttributes

(25) attrctx¢extended≡multijoin
¡
attrs;pre;πitem:pre;prenew;doc

¡
σlevel6= 0 res

¢¢

(26) offsetattr¢2≡ offsetattr + count(attrroot)

(27) attrctx≡ ρattrnew:hattri ;offsetattr¢2
(attrctx¢extended)

(28) ∆5≡ ∆4

h
: : : ;attr 7→ ∆4 [attr]

:
∪ (πattr:attrnew;pre:prenew;qn;prop;cont(attrctx)) ; : : :

i

Γ; loop;∆ ` element e1 { e2 } Z⇒
³

pos kind
1 node(∆) ×πiter;item:prenew (σlevel= 0 res) ;∆5

´

(ELEM)

key thatstoreskeys generatedfrom theuniquecombinationof iter andpos values.Using
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this columnkey asnew iter columnensuresthat no duplicatesareremoved within the
operatorin line (3). Thestaircasejoin operatorwith theaxisdescendant-or-self returns
all context nodes.Thesoletaskof thenext � veequivalencerules(line (4)–(8)) is theupdate
of the level column. Sincethe level of context nodesis arbitraryandthe direct child of
a new elementis always in level 1, the level of all context nodeshasto be changedin
dependenceof their context rootnode.Thatmeansthe level of eachcontext nodehasto be
subtractedby the level of its context root nodeandaddedby 1. Thealgebraexpressionin
line (5) looksup the level for all thecontext root nodesusinga multijoin with thepre|size
relationsof all nodes.A join of thecontext rootnodeswith thecontext nodeson key maps
theoriginal iter valueaswell asthe level of thecontext root nodes(levroot ) to all subtree
nodes.Themultijoin in line (8) enhancesthecontext nodeswith theirnodeinformationand
theª aswell asthe⊕ operationupdatethe level information.

Thenext phaseof RuleELEM createsthenew elementnodesspeci�edin theelement
constructor(root nodes).The�rst taskis thecompilationof thetagnamesandthesecond
taskis theretrieval of thesize values,whicharethenumberof subtreenodes.Countingthe
context nodeswithin eachiterationprovidestheanswer(seeline (10)). Thisworksbecause
every iterationconstructsexactly oneelement.Sinceall iterations,which have no context
nodes,arenot listed in ctx (rememberthat an emptysequencecorrespondsto an empty
relation),theexpressionin line (11) is needed.It determinesall emptyiterationsusingthe
differenceof thecurrentloop relationandthecountediterations(ctxcount ) andaddsthem
with an size of zero to ctxcount . The join on iter in line (12) and the extensionwith the
columnspre, level, kind, cont, doc, andkey collectstheremainingattributesandalignsthe
root noderepresentations(root) with the relationalrepresentationsof the context nodes
(ctx).

Oneof themissingattributesis thenew pre column,which hasto containnew unique
preorderranksrepresentingthe documentorderof the nodes.The expressionin line (13)

looks up the �rst availablepre valuein the transientdocumentnodecontainer∆ andthe
union in line (14) mergescontext androot nodes.The resultingrelationis the input for a
row numbering,whichcreatesthenew pre valuesstartingat offsetpre. Theorderof thepre
valuesis chosenin sucha way, thatall nodesin a fragmentarein thesamerange(iter), all
rootnodesoccurbeforetheircontext nodes(ord), everycontext subtreeis within onegroup
(key) andthe old pre order is retainedin thesesubtreefragments.Note that the dummy
valuesof the root nodesin pre andkey do not matterfor the generationof the new pre
values,sincethe order is alreadyde�ned using iter andord. The last necessarycolumn
for theinsertionof thenew nodesinto thepre|size relationof thetransientdocumentnode
containeris the column frag, which hasto be a new available fragmentid for eachnew
root node(iteration). Thefollowing equivalencerules(lines (15)–(17)) computetheoffset,
generatethe new numbers,and map thesenumbersto their correspondingnodes. The
algebraexpressionin line (17) furthermoreaddsa projectionwith a renamingthatprepares
the nodesfor their insertioninto the container∆. The equivalencerule in line (18) then
extendsthecurrentpre|size relationwith thenew nodes.

Without context androot attributestheinferenceRuleELEM would concludewith the
generationof thenodereferencessimilar to theotherconstructors.Theonly differencefor
thecompilationof theintermediateresultsis thatonly thereferencesto theroot nodesare
returned(level = 0).

With attributes,two morephaseshave to beaddedto thecompilationprocess.The�rst
onegeneratescodethataddscopiesof theroot attributesto theattr relationof ∆. It starts
with thecomputationof the�rst freeattr valueandthenlooksup theattributeinformation
usinga multijoin betweenthesetof attr relationsandthereferencesof theroot attributes.
The foreign key relationshipstoredin columnpre is updatedby applyinga join on iter
betweenthe resultingnodes(res) and the attributes. A row numberingupdatesthe attr
valuesandan insertioninto the attr relationof the transientdocumentnodecontainer∆
completesthemappingfor therootattributes.

The relationalexpressiongeneratedin the last phasecopiesall the attributesowned
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by context nodes.Thereforeall the attributesof the context nodes(level 6= 0) arelooked
up usinga multijoin on the columnpre in all attr relations.Herethe reasonwhy the doc
column was retainedduring the merge of the context and root nodesbecomesobvious.
Another observation is that the multijoin in line (25) is a real join in comparisonto the
previous invocationswhereit appliesonly a positionallookup. Exactly like the context
attributesbeforea new attr valuesareintroducedby the row numberingoperator, theold
pre valuesarereplacedby the new ones, andthe updatedattributesareaddedto the attr
relationof ∆.

let $ctx := doc(" Doc")/a/* return
for $a at $pos in ("one", "two", "three") return

element { $a} { $ctx[position() mod 2 + 1 = $pos ]}
(Q8)

QueryQ8 iteratesover the samethree-itemsequenceasqueryQ6 andusesthe stringsof
this sequenceitemsasnew elementnames($a). The variable$ctx savesthe three-item
sequencecontainingthe nodesb, d, andg from the documentDoc. Thesenodesarethe
contentof the new elements,wherethe rathercomplicatedpredicate[position() mod
2 + 1 = $pos] assignsiteration1 noded (with thereference3@0), iteration2 thenodes
b andg (references1@0and6@0, respectively), anditeration3 no content.Theserialized
resultof queryQ8 is thefollowing sequence:

<one><d><e/><f/></d></one>,
<two><b>c</b><g a="42"/></two>,
<three></three>

:

iter pos item kind
1 1 3@0node(Doc)
2 1 1@0node(Doc)
2 2 6@0node(Doc)

The startingpoint of the elementconstructionis the con-
tainer∆, whoseonly non-emptytableis thestring relationwith
thestringsof thefor loopinputandthecontainerdoc thatcon-
tainsthedocumentDoc(seeFigure2.2).Theevaluationof line
(1) resultsin the relationq2 depictedon the right. It is the input for the row numbering,
which addsa new key column.This key ensuresthatno duplicatenodesareremoveddur-
ing thedescendant-or-self pathstep.Figure3.9(a)shows theresultof thepathstepin
line (3) (ctxnodes). Thealgebraexpressionin line (4) retrievesthenodeinformationof the
context root nodes.The level for all context root nodesis 1. Togetherwith theoriginal iter
columnthey aremappedto the context nodes,which is displayedin Figure3.9(b). The
multijoin followedby theadditionandthesubtractionin line (4) thenprovidestheupdated
level values.

Theevaluationof theelementnamesin line (9) looksup thevariable$a. Thecountin
line (10) takestheresultingcontext nodesandcountsthemfor eachiteration.Theresultis
a relationwhereiteration1 and2 both have a countedsizeof 3. Iteration3 is not listed
in ctxcount andthereforeaddedusinga differenceandanunionoperation.Thealgebraex-
pressionin line (12) combinesnamesandsizeinformationandextendstheresultingrelation
with themissingvalues(shown in Figure3.9(c)).

Becausethe pre|size relationof ∆ is empty, offsetpre andoffsetfrag in the third phase
bothhold thevalue1. Figure3.9(d)shows res, which is theconcatenationof context and
root nodesenhancedwith new pre values. The generatedfrag columnis identical to the
iter columnand,after its mapping,completesthenew entriesfor thepre|size relation(see
Figure3.9(e)).

For queryQ8 the fourth phaseworks on emptyrelations,sinceno root attributesare
present.The subtreecopy of the context attributeson the otherhandhasto copy the at-
tribute of nodeg. The multijoin with the pre valuesin the attr relationsandthe context
elements(σlevel6= 0res) in line (25) providestheattributea="42" :

ctxattr¢extended≡
attr pre qn prop cont item prenew doc
0@06@00@00@0Doc 6@0 8@0 node(Doc)
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iter item kind
1 3@0node(Doc)
1 4@0node(Doc)
1 5@0node(Doc)
2 1@0node(Doc)
2 2@0node(Doc)
3 6@0node(Doc)

(a) ctxnodes

iter item doc levroot key
1 3@0node(Doc) 1 1
1 4@0node(Doc) 1 1
1 5@0node(Doc) 1 1
2 1@0node(Doc) 1 2
2 2@0node(Doc) 1 2
2 6@0node(Doc) 1 3

(b) ctxnodes¢level

pre size level ref kind cont iter key doc
nil 3 0 0@0elem ∆ 1 ¡ 1 ¡
nil 3 0 1@0elem ∆ 2 ¡ 1 ¡
nil 0 0 2@0elem ∆ 3 ¡ 1 ¡

(c) root

prenew ord pre size level ref kind cont iter key doc
1 1 nil 3 0 0@0elem ∆ 1 ¡ 1 ¡
5 1 nil 3 0 1@0elem ∆ 2 ¡ 1 ¡
9 1 nil 0 0 2@0elem ∆ 3 ¡ 1 ¡
2 2 3@0 2 1 2@0elem Doc 1 1 node(Doc)
3 2 4@0 0 2 3@0elem Doc 1 1 node(Doc)
4 2 5@0 0 2 4@0elem Doc 1 1 node(Doc)
6 2 1@0 1 1 1@0elem Doc 2 2 node(Doc)
7 2 2@0 0 2 0@0text Doc 2 2 node(Doc)
8 2 6@0 0 1 5@0elem Doc 2 3 node(Doc)

(d) res

pre size level ref kind frag cont
1@0 3 0 0@0elem 1 ∆
5@0 3 0 1@0elem 2 ∆
9@0 0 0 2@0elem 3 ∆
2@0 2 1 2@0elem 1 Doc
3@0 0 2 3@0elem 1 Doc
4@0 0 2 4@0elem 1 Doc
6@0 1 1 1@0elem 2 Doc
7@0 0 2 0@0text 2 Doc
8@0 0 1 5@0elem 2 Doc

(e)nodesnew

Figure3.9: Intermediateresultsof theelementconstructionin queryQ8
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Theinsertioninto theattr relationof thetransientdocumentnodecontainer∆ with updated
pre valuesconcludestheelementconstruction.

Theresultis theiter|pos|item|kind representationstoringthereferencesto therootnodes
(1@0, 5@0, and9@0with thekind node(∆) ).

3.4.12 Count

Thecountingof sequencesin RuleCOUNT is similarto thesizedeterminationof rootnodes
(lines (10) and (11)) in Rule ELEM. After the compilationof the subexpressione into q a
countpartitionedby the iter valuescreatestherelationqcount . Similar to theelementcon-
struction,emptyiterationsareaddedusinga differenceanda union. The integersstoring
the count informationareaddedto the integer relationof ∆ andtheir referenceform the
overall result.

Thecompilationof thefunctionfn:count canbeeasilymodi�ed to supporttheother
aggregatefunctions(e.g., min, max,andsum).Thesefunctionsonly requireanadditional
join with avaluerelationto retrieve thevalues.

(1) Γ; loop;∆ ` eZ⇒ (q;∆1)

(2) qcount ≡ countvalue:hiteri =iter (q)

(3) res≡
³

value
0 × (loop \iter qcount )

´ :
∪ qcount

(4) (∆2;qres) ≡ refinteger (∆1; res)

Γ; loop;∆ ` count( e) Z⇒
³

pos kind
1 integer ×πiter;item:ref (qres) ;∆2

´ (COUNT)

If we oncemoremodify queryQ6 andcount the looping variable$a this will of course
resultin thesequence(1,1,1) (seequeryQ9):

for $a in ("one", "two", "three") return
count ( $a)

: (Q9)

The most interestingobservation in query Q9 is that the expressionin line (4) addsthe
tuple〈0@0;1〉 only once.Withoutduplicateeliminationthis would resultin a muchbigger
integer relation.

3.4.13 Arithmetic and ComparisonOperators

Thecompilationof comparisonandarithmeticoperatorsisverysimilar. HeretherulesPLUS

andLESS representall othercalculationsandcomparisons.Both rules�rst compiletheir
subexpressionse1 ande2. The next stepis a join with the value relationsto gatherthe
values.Thetestin line (1) thereforedecides,usingthestatictypeof e1, whichkind relation
hasto bechosen.A join on the iter valuescombinesbothrelationalrepresentations.Note
that this join in line (6) perfectlymatchestheXQuerysemantics:If eitherargumentis the
emptysequencethe join �nds no matchingtuple andreturnsan emptysequenceaswell.
Then-aryoperator(here⊕ and4 ) generatestheresultfor all iterations.

(1) e1 :: kind

(2) Γ; loop;∆ ` e1 Z⇒ (q1;∆1)

(3) q1¢extended≡ πiter1:iter;value1:value
¡
q1 on item= ref ∆1 [kind]

¢

(4) Γ; loop;∆1 ` e2 Z⇒ (q2;∆2)

(5) q2¢extended≡ πiter2:iter;value2:value
¡
q2 on item= ref ∆2 [kind]

¢

(6) res≡⊕value:hvalue1;value2i (q1¢extended on iter1= iter2 q2¢extended)

(7) (∆3;qres) ≡ refkind (∆2; res)

Γ; loop;∆ ` e1 + e2 Z⇒
³

pos kind
1 kind ×πiter:iter1;item:ref (qres) ;∆3

´ (PLUS)
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(1) e1 :: kind

(2) Γ; loop;∆ ` e1 Z⇒ (q1;∆1)

(3) q1¢extended≡ πiter1:iter;value1:value
¡
q1 on item= ref ∆1 [kind]

¢

(4) Γ; loop;∆1 ` e2 Z⇒ (q2;∆2)

(5) q2¢extended≡ πiter2:iter;value2:value
¡
q2 on item= ref ∆2 [kind]

¢

(6) res≡ 4 value:hvalue1;value2i (q1¢extended on iter1= iter2 q2¢extended)

Γ; loop;∆ ` e1 lt e2 Z⇒
³

pos kind
1 boolean ×πiter:iter1;item:value(res) ;∆2

´ (LESS)

The only differencebetweenarithmeticandcomparisonoperatorsis the result type.
Comparisonoperatorshave a boolean type and encodetheir result directly in the item
value. In comparison,the arithmeticoperatorshave the sameresult type (kind) as their
inputandneedto storethevaluesin thevaluerelationkind beforereturningthereferences.

for $a in (10, 20, 30) return
$a + 30

(Q10)

for $a in (10, 20, 30) return
$a < 30

(Q11)

The only differencebetweenQueryQ10 andQ11 is the operatorin the for body. Both
operationshave the input kind integer andthe join relationin line (6) is the sameaswell
(seeFigure3.10(a)). The n-ary operatorsaddandaccordinglycomparethe valuesin the
two value columnsfor eachrow. The resultcolumnvalue for Rule PLUS canbe seenin
Figure3.10(b)andtheonefor RuleLESS in Figure3.10(c).

iter1 value1 iter2 value2
1 10 1 30
2 20 2 30
3 30 3 30

(a) q1¢extended on iter1= iter2
q2¢extended

value
40
50
60

(b) ©

value
TRUE
TRUE
FALSE

(c) 4

Figure3.10: Intermediateresultsof thequeriesQ10 andQ11

3.4.14 Order by Expression

The order by clausecanbe understoodasan optionalextensionof the for expression
similar to theat clause(seeXQuerypatternof RuleORDER BY). Its expressionse1; : : : ;en
storefor eachiterationa singletonsequence,whosevaluesareusedto changetheorderof
theresultingsequenceereturn. Theorderis determined�rst by thevaluesof e1 andthenthe
secondaryorderingsin e2; : : : ;en.

Becausethe XQuerypatternin Rule ORDER BY includesa for loop, large partsof
the inferencerule are identical to the Rule FOR (seelines (1)–(9)). The explanationsof
theseinferencerulesarethereforeomittedhere.Thecompilationof theorder by clause
startswith the currentmap relationmap0. Eachexpressionek (1≤ k ≤ n) is compiled
andintegratedapplyingtheequivalencerulesin lines (12)–(15). Every expressione1; : : : ;en
is compiledin dependenceof the inner-mostscope. Its input argumentsarethe mapped
variableenvironmentΓ0 aswell as the loop relation loopv. The kind lookup in line (13)

determinesfor eachexpressionek the value relationwhosevaluesare looked up in line
(14). For eachexpressionek the relationalexpressionin line (15) thenextendsthe current
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maprelationmapk¡ 1 with thevaluecolumnretrievedin thepreviousequivalencerule. In
comparisonto theFOR rule, theRuleORDER BY appliesthebackmappingjoin of thefor
loop on the extendedmap relationmapn and the resultof the return clause. The row
numberingusesthe additionalcolumnsof the map relationmapn to createthe positions
within aniteration(outer) accordingto thevaluesof theorder by expression(c1; : : : ;cn),
thusimplicitly realizingthenew order.

Insteadof thekeyword ascending in RuleORDER BY, descending canbeused.Its
compilationrequiresa reversesortingor a reverserow numberingoperator. Additionally
theorder by copeswith sortingcriterions,whichcontainvaluesonly for someiterations.
The iterationsstoring the emptysequenceare treatedas if they eitherhold the smallest
(keywordsempty least ) or thebiggest(empty greatest ) values.For thesecases,the
mappingproceedssimilar to the compilationof missingvaluesin the Rule COUNT. The
differenceoperatorretrievestheiterationswith emptysequencesandcombinesthemwith
the existing iterations,usingeither the minimum or maximumvalueof their domainas
sortingcriterion.

(1) {: : : ;$vi 7→ qvi ; : : :}; loop;∆ ` ein Z⇒ (qin;∆0)

(2) extv≡ ρinner:hiter;posi ;1(qin)

(3) qv≡
pos
1 ×πiter:inner;item;kind (extv)

(4)

¡
∆00; refp

¢
≡ refinteger

¡
∆0;πiter:inner;value:pos(extv)

¢

(5) qp≡
pos kind
1 integer ×πiter;item:ref (refp)

(6) map≡ πouter:iter;inner(extv)

(7) loopv≡ πiter:inner(extv)

(8)

Γv≡
©

:: : ;$vi 7→ πiter:inner;pos;item;kind (qvi on iter= outer map) ; : : :
ª

+ {$v 7→ qv}+ {$p 7→ qp}

(9) Γv; loopv;∆00̀ ereturn Z⇒ (qreturn;∆000)

orderby

(10) map0≡map

(11) ∆0≡ ∆000

for each
ek in

e1,. . . ,en

2

6
6
6
4

(12) Γv; loopv;∆k¡ 1 ` ek Z⇒ (qk;∆k)

(13) ek :: kindk

(14) resk ≡ πiter;ck:value
¡
qk on item= ref ∆k [kindk]

¢

(15) mapk ≡ πinner;outer;c1;:::;ck (mapk¡ 1 on inner= iter resk)

{: : : ;$vi 7→ qvi ; : : :}; loop;∆ ` for $v at $p in ein order by
e1; : : : ;en ascending return ereturn Z⇒

¡
πiter:outer;pos:pos1;item;kind¡

ρpos1:hc1;:::;cn;posi =outer;1 (qreturn on iter= inner mapn)
¢

;∆n
¢

(ORDER BY)

QueryQ12 containsanorder by patternin theloopbodyof the�rst for loop:

s

8
>>>><

>>>>:

for $a in (30, 20) return

sa

8
>><

>>:

for $b in (2, 3, 1)

sa¢b

8
<

:

let $c := $a + $b
order by $c ascending
return $c

: (Q12)

The Rule ORDER BY compilesthe inner for loop, beforemappingthe expressionsof
the order by clause. Because$c is the only expressionin the order by clause,the
equivalencerulesof lines (12)–(15) areappliedonly once. Becausee1 andereturn areboth
compiledin dependenceof the inner-mostscopesa¢b andboth containthe sameXQuery
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iter pos item kind
1 1 5@0integer
2 1 6@0integer
3 1 7@0integer
4 1 8@0integer
5 1 9@0integer
6 1 10@0integer

(a) $c in scopesa¢b (qreturn
andq1)

ref value
5@0 32
6@0 33
7@0 31
8@0 22
9@0 23
10@0 21

(b) Partof the inte-
ger relation

outer inner c1
1 1 32
1 2 33
1 3 31
2 4 22
2 5 23
2 6 21

(c) map1

iter pos item kind
1 1 7@0integer
1 2 5@0integer
1 3 6@0integer
2 1 10@0integer
2 2 8@0integer
2 3 9@0integer

(d) Resultof Rule ORDER

BY

Figure3.11: Intermediateresultsof thequeryQ12

expression,their relationalrepresentations(qreturn andq1) areidenticalat runtimeaswell
(seeFigure3.11(a)).Thejoin of thealgebraexpressionin line (14) with the integer relation
depictedin Figure3.11(b)preparesthenew ordercolumnc1. In theequivalenceruleof line
(15) this columnthenextendsthemaprelation(seeFigure3.11(c)).During thebackmap-
ping stepthis extendedmaprelationis joinedwith thereturn clause.Thefollowing row
numberingthenimplicitly sortseachresultingitem sequenceaccordingto the columnc1
by assigningnew positionvalues.Theouter columnfurthermoreensuresthat theorderof
theouterfor loop is notmodi�ed. Figure3.11(d)showstheresultof theRuleORDER BY,
whichencodesthetwo itemsequences(31, 32, 33) and(21, 22, 23) in the�rst and
accordinglyseconditeration.

3.4.15 Functions

Therearetwo differentkindsof functionsin XQuery: built-in functionsanduser-de�ned
functions(UDF). Thebuilt-in functionsextendXQuerywith new functionalities.For many
of thesefunctions,thereexistsa relationalrepresentation(see,e.g., functionfn:count in
Section3.4.12). Othersrely on operators,which evaluatea simpleoperationin a loop-
lifted manner, like the⊕ operator. Thefew remainingones,whichdonot �t into thesetwo
groups,requireaspecialtreatment.Themismatchoccursbecauseof theXQuerysemantics,
which,e.g., introducedependenciesbetweensuccessive sequenceitems.

The user-de�ned functionscan be compiledby replacingthe function call with the
function body beforethe algebracodegetsgenerated.This replacementgoesalongwith
thereplacementof thefunctionvariablesandsomeadditionalcasts.While thisonly works
for non-recursive UDFs,thecompilationof recursive user-de�ned functionsis possiblein
MonetDBandwill betopicof Section3.5.12.

3.4.16 Casts

cast is thelastkeyword in XQuery,which is missingin thiscompilationscheme.Because
castsrely on the static input type aswell as the target type, a large variety of relational
expressionscanbegenerated.Thebasicideais to usethecastoperatorsof theunderlying
databaseback-endto evaluateacast expression.Usingaselectionσ for eachdistinctkind
valuesplitsup thedifferenttypes.For eachkind thevaluesareretrievedandthencastedto
thetargettype.A concatenationof thenew referencesthencompletesthecast.

3.5 Translation to MIL

With the inferencerulesdescribedin theprevioussection,theXQueryCoreto MIL map-
ping can be adoptedalmostwithout further changes.The compilationcreatesfor each
XQueryconstructa block of MIL code,resultingin onelargeMIL script,which thencan
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be evaluatedsequentially. As relationsin MonetDB are fully vertically fragmented,the
mappingto MIL dedicateslarge partsof the MIL codeto managementpurposes(e.g.,
alignmentof relations).Anotherfeatureof MonetDB is thematerializationof intermedi-
ateresults.This enablesus to bind theseintermediateresultsto MIL variablesandreuse
the bindings(similar to the namesin the equivalencerules). We thusavoid the repeated
evaluationof algebraexpressions.For frequentlyusedexpressions,like e.g., loop this sig-
ni�cantly increasesthe performance.The four variablesiter , pos, item , andkind are
usedas interfacebetweenthe differentblocksby assigningthe resultof every evaluated
XQueryconstructto them. The iter aswell asthepos columnuseoid values,becausein
MIL the type oid is morecarefully tunedthanthe integer type (e.g., void , mark,. . . ).
Thesameholdsfor theloop andmaprelations,whicharegeneratedby markoperations.

With eachnew scopenew loop and map relationsare introduced. Becausethe old
onesmay be requiredat a later point (e.g., to mapbackthe results),new variablenames
arerequired.A distinctnumberfor eachscopesolvesthis problem.Thesenumbers(e.g.,
num1 and num2) are generatedat compile time and then usedas suf�x es for variables
names.Intermediateresultsarestoredin suchsuf�x edvariablesaswell to avoid loosing
their informationduringtheevaluationof asecondnestedexpression(e.g., duringsequence
construction).

In the following we describethecompilationof thesingleXQueryconstructsto MIL.
As thegeneratedMIL programsdescribetheir taskin a very explicit, assemblystyleman-
ner, theresultingMIL codegetsprettylarge.Thecompilationof theelementconstruction,
which requiresa pagein RuleELEM, e.g., mapsto about300operationsin MIL. Most of
theoperationsarenocostoperations,likee.g., reverse , mark, or positionaljoinsonvoid
columnsthat areusedonly to align the binary relations. A detailedlisting of this code
would thusnot give any new insight into thematter. We thereforerestrictourselvesin the
following to theexplanationof themoreinterestingMIL fragmentsandrefertheinterested
readerto thePath�nder implementation.

3.5.1 Constants

Constantsarecompiledalmostidenticalto RuleCONST in Section3.4.1.The�rst two lines
in Figure3.12correspondto thewrapperfunctionref of RuleCONST. The�rst assignment
insertstheconstant10into theinteger valuerelation.For otherkindsthecompilationwould
choosea different relation. Setting the seqbase to nil beforeand to 0@0afterwards
ensuresthatthehead columnis notmaterializedduringtheinsertion.Thenext line assigns
therow containingthevalue10 andits key to thevariableref . Theusedselectionreturns
exactly onerow, becausethekey propertyof theint_relation (setduringinitialization)
implicitly removesduplicates.

In comparisonto Rule CONST, we avoid building the literal table,but usethecurrent
loop relationasnew iter column.Theotherthreecolumnspos, item, andkind aregenerated
usingtheproject operator, which createsa copy of thehead column(in our casea void
columnwith the key) and insertsthe respective secondargumentin all rows of the tail.
Thereforewealsolookedup theitemID (seerow threein Figure3.12)insteadof building
thecrossproduct.

1 int_relation := int_relation.seqbase(nil).insert(nil,10).seqbase(0@0);
2 var ref := int_relation.select(10);
3 var itemID := ref.reverse().fetch(0);
4 iter := loop;
5 pos := iter.project(1@0);
6 item := iter.project(itemID);
7 kind := iter.project(integer);

Figure3.12:MIL codegeneratedfor theintegerconstant10.
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3.5.2 Sequences

Thecompilationof a sequenceconstructionto MIL is shown in Figure3.13.Themapping
generatesalmost50 commandsto translatetheoperationsin RuleSEQ to MIL. Themain
reasonsarethe managementoverheadaswell asthe explicit ordernecessaryfor the row
numberingoperator. The compilationstartswith the mappingof the �rst argumente1
(depictedin line 1 of Figure3.13). During evaluation,its resultwill bestoredin the four
BATs assignedto iter , pos, item , and kind . Becausethe compilationof the second
argumentoverwritesthesebindings,the assignmentsin lines 2–5 save the intermediate
resultin a new uniquevariablesetbeforethesecondargumente2 is mappedto MIL (see
row 6).

1 { .... } # code generated for first argument e1
2 var iter_ num := iter;
3 var pos_num := pos;
4 var item_ num := item;
5 var kind_ num := kind;
6 { .... } # code generated for second argument e2
7 if (iter.count() = 0) {
8 iter := iter_ num;
9 pos := pos_num;

10 item := item_ num;
11 kind := kind_ num;
12 } else if (iter_ num.count() != 0) {
13 var seqb := int(max(iter_ num.reverse())) + 1;
14 iter := iter.reverse().[int]().[+](seqb).[oid]().reverse();
15 pos := pos.reverse().[int]().[+](seqb).[oid]().reverse();
16 item := item.reverse().[int]().[+](seqb).[oid]().reverse();
17 kind := kind.reverse().[int]().[+](seqb).[oid]().reverse();
18 var iter_new := iter.append(iter_ num);
19 var pos_new := pos.append(pos_ num);
20 var item_new := item.append(item_ num);
21 var kind_new := kind.append(kind_ num);
22 var ord_new := iter.project(1).append(iter_ num.project(2));
23 var order := ord_new.reverse().sort().reverse();
24 order := order.CTrefine(pos_new);
25 order := order.mark(0@0).reverse();
26 iter := order.join(iter_new);
27 pos := iter.sort().mark_grp(iter.tunique().project(1@0));
28 item := order.join(item_new);
29 kind := order.join(kind_new);
30 }

Figure3.13:MIL codegeneratedfor thesequenceoperator.

The following 6 rows (lines 7–12)make useof the programminglanguageconcepts
in MIL. If at runtimeone intermediateresult is empty (meaningall iterationsreturnan
emptysequence)thesequenceconstructionis avoidedcompletely. Otherwisethesequence
constructionproceedswith theconcatenationof both intermediateresults.Thegenerated
codein row 13 looksup the�rst unusedkey of the�rst argumentandaddsits valueto all
keys in thesecondargument(row 14–17),thuscreatingoverall uniquekeys. Rows 18–21
combinebothargumentsandrow 22createsthenew columnord.

The remainingrows generatethe MIL codeto supportthe row numberingoperator
(ρpos1:hord;posi =iter;1) of the SEQ rule. The MIL equivalentof the groupedrow numbering
operatorρ is theoperatormark_grp. This operatorhowever relieson theinternalorderof
its input BAT. Henceexplicit sortingof the iter BAT is neededbeforethe mark_grp can
be applied. Primarysorting in MonetDB is doneusingthe sort operator, which works
on thevaluesin thehead (seeline 23). TheCTrefine operatorin MIL appliessecondary
orderingswithout violating the primary order. It usesthe valuesof the secondargument
to re-sortthe groupsof tuplesin the �rst argumentwhosetail valuesareequal(seeline
24). After sortingwe adda new void key (in line 25) andreplacetheold one(line 26,28,
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and29). Thenew iter BAT (with its orderensured)is the �rst argumentof themark_grp
command.Thesecondargumentis anuniquelist of iterations,whichencodesin thetail the
�rst valuesof thenumberingwithin eachgroup— 1@0.

3.5.3 Let Bindings and Variable References

Thestraightforwardway to implementthevariablemappingwould beto pastethegener-
atedMIL codefor avariablebindingwherever thevariableis used.Sincethiswould result
in evaluatingeachbindingmultiple times,we decidedto storethevariablerepresentations
like intermediateresults.To avoid a largenumberof smallBATs (four for every variable),
which have to belifted for every for loop translation,we decidedto interpretthevariable
environmentΓ describedin the inferencerules in a literal way. We introducea variable
environmentΓ, which storesthe evaluatedrelationalrepresentationsof the variablesat
runtimeusingan vid|iter|pos|item|kind relation (in MIL the � ve respective BATs). New
variablesareaddedby insertingtheir evaluatedrelationalrepresentationextendedwith a
uniquevariableidenti�er vid (seealsoFigure3.14).

1 { .... } # code generated for variable binding e1
2 var vid := iter.project( vid);
3 varenv_vid_ num := varenv_vid_ num.seqbase(nil).insert(vid).seqbase(0@0);
4 varenv_iter_ num := varenv_iter_ num.seqbase(nil).insert(iter).seqbase(0@0);
5 varenv_pos_num := varenv_pos_num.seqbase(nil).insert(pos).seqbase(0@0);
6 varenv_item_ num := varenv_item_ num.seqbase(nil).insert(item).seqbase(0@0);
7 varenv_kind_ num := varenv_kind_ num.seqbase(nil).insert(kind).seqbase(0@0);
8 { .... } # code generated for return expression e2

Figure3.14:MIL codegeneratedfor thelet expression.

Thevariablereferenceis solvedby a simpleselectionon thevid columnusinga given
variableidenti�er (seerow 1 of Figure3.15). TheMIL code” .mark(0@0).reverse() ”
in line 2 createsa new virtual key andthe join with theothervariableenvironmentBATs
producesthealignediter|pos|item|kind representation.

1 var vid := varenv_vid_ num.select( vid);
2 vid := vid.mark(0@0).reverse();
3 iter := vid.join(varenv_iter_ num);
4 pos := vid.join(varenv_pos_ num);
5 item := vid.join(varenv_item_ num);
6 kind := vid.join(varenv_kind_ num);

Figure3.15:MIL codegeneratedfor thevariablelookup.

A singlejoin betweenthe map relationandthe currentvariableenvironmentlifts all
variables. Note that similar to the relationsmap or loop we createa new variableenvi-
ronmentfor eachscope.Thesedifferentrepresentationsof Γ canbe usedto additionally
�lter out the variables,which arenot usedin a nestedscope,thusavoiding unnecessary
loop-lifting. The�lter relation,which storesthepairsof scopeandvariableidenti�er, can
begeneratedat compiletime. Figure3.16shows the loop-lifting from a scopenum1 to a
scopenum2. Lines3 and4 createthe �lter , by looking up all vids in var_mapping using
a givenfor loop identi�er ( f orid), androws 5–9applythe�lter , storingits resultin a new
setof variableenvironmentBATs. Lines11–13lift thekey to thenext scopeandlines14
to 18createtheexpanded(lifted) representationusinga join on theold keys.

3.5.4 For Expressions

for expressionsaremappedanalogouslyto thetransformationsin thepreviousthreesec-
tions(3.5.1-3.5.3).Like thesequenceconstructionit prunespartsof theunnecessaryMIL
codeatruntime.Thusthelifting aswell astheevaluationof thereturnvaluecanbeskipped
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1 # filtering out the variables not used in a deeper nesting
2 # (var_mapping stores relation between variable and nesting)
3 var vid_map := var_mapping.select( f orid ).mirror();
4 vid_map := varenv_vid_ num1.join(vid_map).mark(0@0).reverse();
5 var varenv_vid_ num2 := vid_map.join(varenv_vid_ num1);
6 var varenv_iter_ num2 := vid_map.join(varenv_iter_ num1);
7 var varenv_pos_num2 := vid_map.join(varenv_pos_ num1);
8 var varenv_item_ num2 := vid_map.join(varenv_item_ num1);
9 var varenv_kind_ num2 := vid_map.join(varenv_kind_ num1);

10 # loop-lifting of the filtered variables
11 var outer_inner := outer_ num2.reverse().join(inner_ num2);
12 var iter_map := varenv_iter_ num2.join(outer_inner);
13 iter_map := iter_map.mark().reverse();
14 varenv_vid_ num2 := iter_map.join(varenv_vid_ num2);
15 varenv_iter_ num2 := iter_map.join(varenv_iter_ num2);
16 varenv_pos_num2 := iter_map.join(varenv_pos_ num2);
17 varenv_item_ num2 := iter_map.join(varenv_item_ num2);
18 varenv_kind_ num2 := iter_map.join(varenv_kind_ num2);

Figure3.16:MIL codegeneratedfor lifting thevariablesfrom scopenum1 to num2.

completely, if the loop binding containsonly empty sequences.Furthermore,we map
Cartesianproductsusing the MIL primitive project aswell as the explicit sorting fol-
lowedby themarkor mark_grp to evaluatetherow numberingρ. Thelifting of variables
andtheinsertionof theloopvariablesinto thevariableenvironmentfollowsthedescription
givenin previoussection.

1 var values := iter_values.reverse().mark(nil).reverse();
2 int_relation := int_relation.seqbase(nil).insert(values).seqbase(0@0);
3 var ref := iter_values.join(int_relation.reverse());
4 iter := loop;
5 pos := iter.project(1@0);
6 item := loop.join(ref);
7 kind := iter.project(integer);

Figure3.17:MIL codegeneratedfor thewrapperfunctionref integer in a for loop.

Theonly unmentionedconceptusedin thefor loopmappingis thefunctionapplication
of thewrapperfunctionrefinteger. In comparisonto thefunctioncall in theconstantmapping
(seeFigure3.12),it addsa wholerelationinsteadof a singlevalueto the integer relation.
This canbeseenin line 1 of Figure3.17,whereiter_values correspondsto thesecond
argumentof refinteger. In the int_values BAT the key propertyin the tail is set,which
implicitly triggerstheduplicateeliminationduringtheinsertion.A singlejoin onthevalues
obtainsthereferences(seeline 3).

3.5.5 If-Then-Else

For themappingof anif expressionwearealmostdoneif were-usepartsof theMIL code
producedfor a for expression.The most interestingpart hereis the additionalpruning,
which canbeappliedusingMIL conditionals.After evaluatingtheconditionalexpression
e1 we checkwhetherwe have no trueor no falsevalues.This allows usto pruneeitherthe
completethen or thecompleteelse branchevaluation.In Figure3.18thesetestsareeval-
uatedin lines6 and7 andtheir resultis usedto skip lines11–18and20–25,respectively.
Furthermorethevariablemapping(lines11–12and21–22)aswell astheevaluationof the
unionof bothintermediateresultsin row 28canbeskippedif eitherbranchis empty.

3.5.6 Typeswitch

The typeswitch expressionis compiledinto almostthe sameplan asthe If-Then-Else.
Theonly modi�cation of Figure3.18is anadditionalinstanceoftestin line 2. Depending
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1 { ... } # code generated for conditional expression e1
2

3 var falses := kind.select(FALSE);
4 var trues := kind.select(TRUE);
5

6 var skip_then := trues.count() = 0;
7 var skip_else := falses.count() = 0;
8

9 if (not(skip_then))
10 {
11 if (not(skip_else))
12 { ... } # code generated for filtering out false iterations in G
13

14 { ... } # code generated for then expression e2
15

16 if (not(skip_else))
17 { ... } # store intermediate result in new variable set ( num)
18 }
19 if (not(skip_else))
20 {
21 if (not(skip_then))
22 { ... } # code generated for filtering out true iterations in G
23

24 { ... } # code generated for else expression e3
25 }
26

27 if (not(skip_then) and not(skip_else))
28 { ... } # union both intermediate result into overall result

Figure3.18:MIL codegeneratedfor theIf-Then-Elseexpression.

on thestaticinput typety instanceofcompilesinto differentMIL code.
Figure3.19shows thecodeemittedfor the instanceofcall with the type integer. The

groupedcount({count} ) in line 1 returnsall iterationsannotatedwith thenumberof oc-
currencesin iter andthefollowing equivalencetestreplacesthenumbersby booleanvalues,
which aretruefor thevalue1 only. Line 3 selectsthematchingiterations,line 4 prepares
themto bea �lter on thekind columnandrow 5 evaluatestheconditionon thekind inte-
ger for the iterationswith exactly oneitem. Togetherwith themissingiterationsstoredin
iter_false they build theresultof theconditionalexpression.

1 var iter_bool := iter.reverse().{count}(loop.reverse())[=](1);
2 var iter_false := iter_bool.select(false);
3 var iter_true := iter_bool.select(true);
4 var iter_true_key := iter.join(iter_true.mirror()).reverse();
5 var iter_kind_bool := iter_true_key.join(kind).[=](integer);
6 var iter_item := iter_kind_bool.union(iter_false);
7 iter := iter_item.mark(0@0).reverse();
8 pos := iter.project(1@0);
9 item := iter_item.[oid]().reverse.mark(0@0).reverse;

10 kind := iter.project(boolean);

Figure3.19:MIL codegeneratedfor thefunctioncall instanceofinteger(e1).

3.5.7 Path Stepsand Constructors

Thecompilationof pathstepsandconstructorsto MIL strictly follows themappingrules
providedin Sections3.4.8–3.4.11.Pathsteps,multijoins,andmaxaremappedto their cor-
respondingprimitivesin MIL andwill notbeexplainedin moredetail.Thefew remaining
operatorslike⊕,ª, and\ will bedescribedin thefollowing sections.
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3.5.8 Count

For themappingof thebuilt-in functionfn:count MIL offersspecialsupport.Therather
complicatedcompilationusinga groupedcountfollowedby a differenceanda union(see
lines (2) and(3) of Rule COUNT) matchesa singleoperatorin MIL. Line 2 of Figure3.20
shows this groupedcountoperator. {count} usesa copy of thesecondargumentasresult
relationandrecordsin thetail thenumberof correspondingtuplesin thehead of the �rst
argument.With the iter columnas�rst argumentandtheloop relationassecondargument,
we evenhandleemptyiterationscorrectly. Theremainingoperations(lines3-9) applythe
refinteger functionandpreparetheresultfor any following XQueryexpression.

1 { .... } # code generated for the argument e
2 var iter_count := {count}(iter.reverse(), loop.reverse());
3 var values := iter_count.reverse().mark(nil).reverse();
4 int_relation := int_relation.seqbase(nil).insert(values).seqbase(0@0);
5 var ref := iter_count.join(int_relation.reverse());
6 iter := loop;
7 pos := iter.project(1@0);
8 item := loop.join(ref);
9 kind := iter.project(integer);

Figure3.20:MIL codegeneratedfor thebuilt-in functionfn:count .

3.5.9 Arithmetic and ComparisonOperators

The arithmeticandthe comparisonoperatorsrely on MonetDB's multiplex operator(see
Section1.3), which evaluatessingle item operationson a completerelation. It perfectly
supportsthe loop-lifting of MIL functionslike arithmeticandcomparisonoperators.Its
implicit equi-joinbetweenrelationsfurthermoresimpli�es themappingprocess.

Theless-thancomparisonoperationin Figure3.21comparestwo integervaluesin mul-
tiple iterations.Line 2 and3 storethenecessaryinformationof theevaluated�rst argument.
Line 6 createsaBAT for the�rst argument,whichholdsthe iter valuesin thehead andthe
integer valuesin the tail. Row 7 doesthe samefor the secondargument. The multiplex
operator([<] ) aloneperformsthe join andthe n-ary comparisonoperationof line (6) in
RuleLESS.

1 { .... } # code generated for first argument e1
2 var iter_ num := iter;
3 var item_ num := item;
4 { .... } # code generated for second argument e2
5

6 var fst_arg := iter_ num.reverse().join(item_ num).join(int_relation);
7 var snd_arg := iter.reverse().join(item).join(int_relation);
8 var iter_item := [<](fst_arg, snd_arg).[oid]();
9 iter := iter_item.mark(0@0).reverse();

10 pos := iter.project(1@0);
11 item := iter_item.reverse().mark(0@0).reverse();
12 kind := iter.project(boolean);

Figure3.21:MIL codegeneratedfor 4 comparisonon integers.

3.5.10 Order by Expressions

The compilationof an order by expressionfollows the ideasdescribedin Rule ORDER

BY. The main differencebetweenthe algebraandthe MIL mappingis the re�nementof
theorderaftereachof then stepsusingtheCTrefine operator4. This allows to prunethe

4Thefunctionalityof CTrefine wasalreadyexplainedin Section3.5.2.
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evaluationof the remainingargumentlist (ek+ 1; : : : ;en) assoonasthereis a clear— and
thusnotmodi�able — ordering.

3.5.11 Built-In Functions

Many of the built-in functionsas well as the basiccastsperform typical programming
languageoperations.Thesearelifted with thehelpof themultiplex operator. Theaggregate
functions(e.g., min, max,andsum)useagroupedaggregatelike the{count} operatorfor
theircompilation.Mostof theotherbuilt-in functions(e.g., fn:name, fn:string ,. . . ) can
bemappedto MIL equallywell. Thefew remainingones,whicharehardto translateusing
MIL, aresolvedusingnew primitives,written in C.

3.5.12 User-De�ned Functions

Section3.4.15alreadysuggestsreplacingthe function call of user-de�ned functionsby
their body. However, for recursive user-de�ned functions,this would leadto an in�nite
recursionat compiletime. We thusmapuser-de�ned functionsinto MonetDB functions
(usingtheMIL primitive proc ) thathappilydealwith recursive invocations.We compile
thebodyof anuser-de�ned function in XQuerylike every otherXQueryexpression.The
main differenceis that the compiledexpressionis a standaloneMIL script in the proc
body, which returnsan iter|pos|item|kind relation.To evaluatethefunctionbodyin depen-
denceof thecurrentscopethecurrentloopandmaprelationsareargumentsof thefunction.
Furthermoretherelationalrepresentationof theXQueryfunctionargumentsandtheglobal
variablesarecollectedin a new variableenvironment. This environmentis passedto the
functionbodyasanotherargumentof theproc . It makestherelationalrepresentationsof
all visiblevariablesavailablein thefunctionbody.
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Chapter 4

Optimizations

Following thecompilationschemedescribedin Chapter3webuilt a�rst workingversionof
ourXQuerycompiler. It enabledusto generateandevaluateMIL codefor largepartsof the
XQueryUseCases[1] aswell asall XMark benchmarkqueries[25]. While thecompilation
provideduswith a semanticallycorrecttranslation,it did not avoid obviousperformance
bottlenecks.The moderateperformancewascon�rmed by the executiontimesresulting
from the evaluationof the XMark benchmarkon mediumsizeddocuments(11MB and
110MB). Themostimportantbottleneckbecameobviousin XMark Queries8–12,whose
evaluationtook minuteson the 11MB documentanddid not �nish on the 110MB �le.
These� ve queriescompilenestedfor loopsinto Cartesianproducts(dueto thenecessary
loop-lifting) beforeapplyinga comparisonthat discardsmostof the tuples(muchlike a
relationaljoin). But evenquerieswithout implicit joins failedto scalelinearly. Onereason
wasthelargesetof sortoperationseachquerycontained.Theotherobviousproblemwere
thepathsteps,whichscaledabove linear.

In thischapterwediscussfour differentoptimizations,whichhelpsusto overcomethis
performanceproblemsandenabletheimplementationto exploit thescalabilityof therela-
tionalbackendMonetDB.Theoptimizationin Section4.1providesasolutionto thesorting
overheadintroducedby theexplicit orderingnecessaryfor therow numberingoperator. It
describestheideaof anorderawareimplementation,which keepsall resultssortedby iter
andpos. Thehigh costsfor XPath locationstepson increasingdocumentsizesweretrig-
geredby the iterative evaluationof the pathalgorithms. A pathstepand thereforealso
a scanover the documentwasnecessaryfor eachiteration. The loop-lifted staircasejoin
discussedin Section4.2allowsto evaluateapathsteponall iterationswithin onescanover
thedocument.Thethird optimizationin Section4.3avoidsthestorageof intermediatere-
sultsin theirvaluerelations,whenever their valuesareusedby thenext expression(e.g., in
theconstructionof nestedelementsor input valuesof a functioncall). In Section4.4 our
fourth optimizationdetectsa largenumberof implicit relationaljoins in theXQueryCore
expressionandovercomesthe emerging performancebottleneckwith a more intelligent
MIL translation.

4.1 Order Awareness

Themappingof XQueryinto relationalqueryplans,asdescribedin Chapter3, maintains
orderinformationin therelationsthatencodetheinput XML documentsandin the(inter-
mediate)resultsof XQueryexpressions.Documentorderis re�ectedby thenodesurrogates
(preorderranks).Likewise,sequenceorderis maintainedin the iter andpos columnsof the
intermediaterelationalresults.Themappingwould allow keepingtrackof orderinforma-
tion without theneedfor explicit sortingin thephysical relationalqueryplans.However,
it turnsout thatall conceivableimplementationsof therow numberingoperatorρ impose

39



someorderingon their input relation as a precondition. This may thus lead to a large
numberof sortoperatorsin thephysicalplans.

We decidedto minimize the numberof sort operationsby keepingthe intermediate
resultssortedon iter andpos. This is doneby introducingnew logical MIL operatorsfor
selections,joins,anddistinctunions.Theirunderlyingphysicalalgorithmsall preserve the
order. All otheroperatorsin MonetDBalreadymaintainorder.

In caseof a selection,we limit ourselves to the useof the ScanSelect implemen-
tation. This is no limitation sinceindicesareonly createdfor persistentrelations. XML
documents,which arestoredin suchrelations,areonly accessedover thepathstepalgo-
rithms.But thesecanmakeuseof all selectimplementationandthusexploit theindices,as
long astheresultis sortedon iter andpos again. Joinsarerestrictedto NestedLoopJoin,
SortMergeJoin , andHashJoin implementations,which all maintainthe orderof their
left argument.Someimplementations(e.g., NestedLoopJoin) evenkeeptheorderof the
innerrelationasminorordering.

4.1.1 MergedUnion

Thedistinct union is the only operationthat requiresa new implementation.Thenormal
AppendUnionimplementationjustconcatenatestwo relations,whicharesortedon iter and
pos, resultingin arelation,which is only sortedonpos givenagroupingby iter. While this
is enoughfor thenext row numbering,anexplicit sortingis requiredfor therow numbering
in theback-mappingphaseof thefor loopor theresultserialization.

Figure4.1(a)shows theboth input relations($a and$b) of thesequenceconstruction
in QueryQ13:

let $a := (100, 200) return
for $b in (10, 20) return

( $a, $b)
: (Q13)

Figure4.1(b)displaysthe resultof the AppendUnion. The following mark_grp in Fig-
ure4.1(c)canbeappliedwithoutsorting.For thebackmapping,however, asortis required
becausethephysicalorder(100,200,100,200,10,20) doesnot matchthesequenceorder
(100,200,10,100,200,20)andthereforethemark_grp would returnawrongresult.

Thenew MergedUnionalgorithmwe will now introduceusesonecolumnasmerging
criterion. It scansboth input relationsandmergestheminto a new resultrelation. Tuples
with smallervaluesin themergecolumnappearbeforetupleswith largervalues.If tuples
with equalmerge valuesappearboth in the �rst andthe secondrelation,the tuplesfrom
the�rst relationarealwaysgenerated�rst in theresult. For thesequenceconstructionwe
usethe iter columnasmergecriterion.Becauseof theprecedenceof the�rst argument,we
canactuallyomit the introductionof theord columnaltogether, whoseonly purposeis to
enforceleft-before-rightunionorder.

Figure4.1(d)shows the resultof the MergedUnionoperation.Herethe iter columns
arethe merge columns. The smallestiterationin both relationsis 1 andall tuplesof the
�rst argument$a in this iteration(seethe �rst two rows in Figure4.1(d))appearbefore
the tuplesof $b (seethird tuple 〈1;1;10〉). The sameappliesfor the following iterations
(hereonly iteration2). After themark_grp operationin Figure4.1(e)we onceagain have
a result,which is sortedon iter andpos.

The new MergedUnionimplementationallows us to avoid moreexplicit sortingop-
erationsat the price of a sequentialscanof both input relations.Onescenariowherethe
MergedUnionimplementationclearlypaysoff is theunionof rootnodesandcontentnodes
in the elementconstruction.The mark operation,which createsnew pre values(seeline
(16) in RuleELEM), requirestheresultof theunionto besorted.This is thecaseif weapply
MergedUnion.
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$a

iter pos item
1 1 100
1 2 200
2 1 100
2 2 200

$b
iter pos item
1 1 10
2 1 20

(a) Input relations

iter pos item
1 1 100
1 2 200
2 1 100
2 2 200
1 1 10
2 1 20

(b) Result of
AppendUnion

iter pos item
1 1 100
1 2 200
2 1 100
2 2 200
1 3 10
2 3 20

(c) Result of
sequence con-
struction with
AppendUnion

iter pos item
1 1 100
1 2 200
1 1 10
2 1 100
2 2 200
2 1 20

(d) Result of
MergedUnion

iter pos item
1 1 100
1 2 200
1 3 10
2 1 100
2 2 200
2 3 20

(e) Result of
sequence con-
struction with
MergedUnion

Figure4.1: SequenceconstructionusingdifferentphysicalUnion implementations

4.1.2 Conclusion

Replacingthe logical operatorsallowed us to maintainthe orderon iter and pos for all
iter|pos|item|kind representations.This leadsto theminimizationof thesortoperations.A

:
[ AppendUnion
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πiter;pos1:pos;item

(a) sequenceconstruction
withoutorderpreservation

:
[ MergedUnion
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q1
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(b) sequenceconstruction
with orderpreservation

secondandeven more importantresult is that this physical
orderalreadyencodesthepos information.We thereforecan
completelyomit thepos columnaswell asthenecessaryrow
numberingoperations.The few placeswherethe positional
information is required(e.g., in the at clauseof the for
expression)a row numberingcreatesthe pos column from
scratch.

Theorderpreservationadditionallysimpli�es many map-
ping rules.E.g., thesequenceconstructionwith orderpreser-
vation consistsof a singleMergedUnion. The differenceis
shown by therelationalplanson theright.

In somesituationsthe positionalinformationis not nec-
essaryat all. TheXQuerykeyword unordered is oneexam-
ple for suchacase.Thesubexpressionsof aggregations(e.g.,
fn:count ) alsoomit thepos columncompletely. In thesesit-
uationsoursolutionprobablydoesnotexploit thefull strength
of MonetDB. A mixed approach,which choosesthe better
physical representationat runtime,would bethebestchoice.
However makingthe backenddatabaseawareof theseorder
propertiesis beyondthescopeof this thesis.

4.2 Loop-Lifted Path Steps

Oneway to evaluatepathstepsusingthepre/size encoding,introducedin Section2.1,are
region scans.Thesescanscanbeevaluatedin every database.TheXPathsemanticshow-
ever requirethe resultof a pathstepto be sortedin documentorderandduplicatefree.
Becauseful�lling this additionalrequirementscanbecomequite expensive, the staircase
join wasintroducedin [17]. Staircasejoin evaluatesa pathstepfor multiplenodepreorder
ranks(in the following calledcontext nodes)in onesequentialscanover the document.
It exploits thetreeknowledgeof theXML documentsandreturnsits resultwithout dupli-
catenodesin documentorder. A moredetaileddescriptionof staircasejoin will follow in
Section4.2.1.

For the evaluationof locationpathstepsin XPath the staircasejoin is a good �t. It
evaluatesa pathstepstartingfrom a setof context nodeswithin onescanover the docu-
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gions for a descendant
XPathlocationstep

Figure4.2: Intersectionandinclusionof theancestor anddescendant pathsof thecon-
text nodesequence(c, g, h, l ).

ment. But in XQuerypathstepshave to beevaluatedfor multiple context nodesequences
if they arenestedinsidefor expressions.A loop-lifting of thestaircasejoin thereforebe-
comesnecessary. QueryQ14 illustratesapossibleXQueryexpressionthatembedsachild
locationstep:

for $v in ( x1, x2, : : : , xn) return
e($v)/child::t

: (Q14)

iter pre
1 γ1;1
1 γ1;2...

...
1 γ1;s1...

...
n γn;1...

...
n γn;sn

The�gure on theright shows theinput relationof thechild step,wherethe
expressione evaluateseachbindingof $v into a sequenceof nodepreorderranks
( γi;1, : : : , γi;si ) of lengthsi (1 6 i 6 n). Becausethe basicstaircasejoin cannot
copewith iter values,alternativeshave to beconsidered.Thesimplestideawould
beto fall backto theregionsscan,andeliminatetheduplicateswithin iterations
afterwards.Drawbacksarethesizeof theintermediateresult,whichmaycontain
up to thenumberof documentnodesmultiplied by thenumberof iterations,and
thecostsof theduplicateeliminationphase.

A secondalternative is the repeatedapplicationof the basicstaircasejoin that evalu-
atesan XPath locationstepfor a singlecontext nodesequence(i.e., for oneof the above
sequences( γi;1, : : : , γi;si ) ) duringa singlescanover a pre/size relationof an XML docu-
ment. While this alternative is probablycheaperthanthe �rst approach,it still requiresa
sequentialscanof thedocumentfor eachiteration.For largedocumentsandalargenumber
of iterationsthis becomesexpensive aswell. Thethird alternative,which we will bring up
in thesequel,is a new loop-liftedstaircasejoin, which inheritsmany bene�cial featuresof
thebasicstaircasejoin andevaluatesXPathlocationstepsfor multiple iterationsin asingle
sequentialscanover thedocument.

After describingthe basicstaircasejoin we will introduceloop-lifted variantsof the
staircasejoin for thedescendant andchild axes. Section4.2.4will describehow early
kind andnametestsare integratedin the staircasejoin andSection4.2.5will sketchthe
loop-liftedstaircasejoin implementationsfor theremainingaxes.

4.2.1 BasicStaircaseJoin

Thestaircasejoin allows to evaluateXPath locationstepsalongarbitraryaxes. It requires
at mosta singlescanover documentandcontext relationto producea resultthatcomplies
to theXPathsemantics:duplicatefreeandsortedin documentorder. To achieve this,both
input relationshave to besortedon thepreorderranks. In many casesthis is no problem,
sincemostpathexpressionstartat theroot nodeandevery following stepreturnsits result
nodesin documentorder. The staircasejoin relieson threetechniques,namelypruning,
partitioning, andskipping, which will be summarizedin the following paragraphs.For
moreinformationpleasereferto [17].
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Figure4.3: Pruningappliedto thecontext nodesequence(c, g, h, l ) for theancestor and
thedescendant paths.

Pruning Somenodesin thecontext nodesetof anXPathlocationstepwill nevercontribute
to theresult.Thesenodeslie in theresultregionsof someothercontext nodes.Theresult
regionsof anancestor anda descendant stepstartingfrom thecontext nodesequence
(c, g, h, l ) areillustratedby grayshadingsin Figure4.2(a)andFigure4.2(b),respectively.
The saturationdepictsthe overlapof the regions. In Figure4.2(a)nodeg andits results
is alreadyincludedby the nodesh and l and in Figure4.2(b) nodeg alreadyspansthe
completesubtreeincluding the context nodesh and l . By pruning the includedcontext
nodesfrom the context set,a large numberof duplicateresultvaluescanbe avoided. In
caseof theancestor axisin Figure4.2(a)nodeg canbeprunedandfor thedescendant
stepin Figure4.2(b)nodesh andl do not produceany new results.Theresultof pruning
canbe seenin Figure4.3, wherethe moregeneraleffectsof pruningarevisible aswell:
For all axes except the ancestor and parent axes pruning removes all context nodes
thatintroduceduplicates.Thereasonis thetreestructurethatprohibitspartialoverlapsfor
theseaxes. Only the ancestor andparent axesfollow pathsto the root andthushave
commonresultnodes.Pruningthereforereducesonly thenumberof context nodesbut a
partialoverlapremains.

pre size
0 11
1 2
2 1
3 0
4 1
5 0
6 5
7 1
8 0
9 1
10 0
11 0

In thepre/size encoding,pruningcanbeevaluatedef�ciently byasimplecom-
parison.In caseof adescendant step,thepre, pre+ size rangeof acontext node
ctx is usedto pruneanothercontext nodep: ctx:pre < p:pre≤ ctx:pre + ctx:size.
To pruneancestor context nodes,we simply switch the conditionandances-
tor nodep getspruned: p:pre < ctx:pre ≤ p:pre + p:size. The pre/size encod-
ing for the XML treein Figure4.2 and4.3 is listed on the right. The equation
6 < 7≤ 6+ 5 = 11depictstherelationshipbetweennodeg andnodeh. A similar
conditionalsoholdsfor nodeg andnodel (pre value11). A descendant step
thusprunesnodeh andl andanancestor stepnodeg.

Partitioning After pruningthecontext nodesequenceof theancestor step,overlapand
thusduplicateresultnodesmight remain(seeFigure4.3(a)). Partitioning the document
alongthepreorderranksof thecontext nodesinto distinctintervalssolvesthisproblem(see
Figure4.4).Within eachinterval only onesinglecontext nodeis activeanddeterminesthe
resultnodes.Eachpartition is scannedoncein documentorderandthe propertiesof the
currentlyactivecontext nodeareusedtocollectmatchingtuples.Thesinglesequentialscan
ensuresthatno documentnodeis returnedmorethanonce,thusavoiding all duplicates.It
alsoguaranteesthattheresultis generatedin documentordersincebothinput relationsof
the staircasejoin aresortedin documentorder. All requirementsof the XPath semantics
arethereforesatis�edandnopost-processingis necessary.

Figure4.4 illustratesthe partitionsintroducedby the remainingcontext nodesof the
ancestor step(c, h, andl ). Nodea is now generatedby context nodec only andappears
only oncein theresult.Thesameappliesfor nodeg, which is generatedby nodeh. Nodel
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Figure4.4: Partitioning appliedto the context nodesequence(c, h, l ) for the ancestor
paths.
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tion

Figure4.5: Evaluationof XPathlocationstepswith skippingstartingfrom thecontext node
sequence(c, g, h, l ). (Skippingis depictedby thedottedarrowsandscanningby thenormal
arrows.)

producesnonew resultwithin its partition p2.

Skipping While pruning and partitioning alreadyful�ll the requirementsposedby the
XPathsemantics,moretreeknowledgecanbeutilized to speedupthepathstepevaluation.
Oneobservation is that partsof the XML treedo not containany resultnodes.Scanning
thesepossiblylarge partsis surelywasteful. Staircasejoin thereforestopsthe sequential
scanandskipsto thenext interestingnode1. In caseof thedescendant axis,skippingis
applieddirectly after the last nodein the subtreeof the currentcontext node. The jump
targetis thenext context node.For theancestor axisit is thenext possibleancestornode
in thedocument,thusskippingany precedingnodes.For a child pathstep,we know that
the�rst child of acontext nodec (if it is nota leaf)hasthepre valuev1:pre = c:pre+ 1 and
thenext childrenaresiblingsof this child (vi+ 1:pre = vi :pre + vi :size + 1). As long aswe
donot reachtheendof thesubtreeregion(c:pre+ c:size+ 1) wethuscanskipeitherto the
next siblingomittingthecompletesubtreeor to thenext context node,which is thenanode
in thesubtree.

Figure4.5demonstratestheskippingfor theancestor , descendant, andchild path
steps,whosecontext nodesequenceis theprunednodesequence(c, g, h, l ). Theancestor
locationstepstartsscanning( ¿¿) from thebeginningof thedocumentuntil it reachesnode
c. After nodec, nodehbecomesactive. Thesubtreeof nodec isskipped(c:pre+ c:size+ 1),
becauseit containsonly precedingnodes.The subtreeof the next node(e) alsocontains
precedingnodesonly andis skippedaswell. Now thescanningconditionis ful�lled again
andit proceedswith nodesg andh, whereagain skippingstarts. The descendant path
stepin Figure4.5(b)directly jumpsto the�rst context nodec, evaluatesall its descendants
(c:pre + c:size), and jumpsto the next context node(g) whereagain all descendantsare
scanned.Theevaluationof thechild axisproceedssimilarly. It alsodirectlyskipsto node
c andkeepsskippingto thenext children(hereonly noded). As soonasall childrenvi are
collected(vi :pre > c:pre + c:size) it jumpsto the next context node. In Figure4.5(c) the
evaluationof nodeg is pausedaslongasthenestedcontext nodeh collectsits childrenand
thenproceeded.

1This is perfectlysupportedin MonetDB,wherepositionaljumpscorrespondto anarraylookup.
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Basic StaircaseJoin Algorithms The staircasejoin implementationscombinethe three
techniquespruning,partitioning,andskippinginto a singlesequentialscanover the pre-
sortedrelations.Here,weshortlyrepeattheimplementationsfor thedescendant, ances-
tor , andchild axesto allow a latercomparisonwith their loop-liftedvariants.

scj desc (doc: TABLE(pre;size);ctx : TABLE(pre))
BEGIN

ASSERT (doc:pre IS DENSE AND ASCENDING); /* for positional lookup */
ASSERT (ctx IS SORTED ON (pre)); /* document order */
result Ã NEW TABLE(pre);
nxtCtx Ã 0;
lstCtx Ã SIZE(ctx);
cur node Ã 0;
WHILE (nxtCtx · lstCtx) DO /* iterate over all context nodes */

IF (cur node · ctx[nxtCtx]:pre) THEN /* pruning */
cur node Ã ctx[nxtCtx]:pre; /* skipping */
lst node Ã cur node+ doc[cur node]:size;
cur node Ã cur node+ 1; /* omit self node */
WHILE (cur node · lst node) DO /* collect all descendant nodes */

APPEND hcur nodei TO result;
cur node Ã cur node+ 1;

nxtCtx Ã nxtCtx + 1;
RETURN result;

END

Figure4.6: Staircasejoin: descendant axis.

Figure 4.6 shows the implementationof the descendant location step. Inside the
outerloop,which iteratesover thecontext nodesequence,aconditionalprunesthecontext
nodesthat are in the subtreeof the outer context node. The prunedcontext nodesare
discardedbecausethe previous active context nodealreadyconsumedthe matchingpart
of the document. Skipping is appliedby jumping directly to the next context nodeand
the inner loop partitionsthedocumentby iteratingover all thedescendantnodesv of the
currentlyactive context nodec in thedocument(c:pre < v:pre < = c:pre + c:size).

scj anc (doc: TABLE(pre;size);ctx : TABLE(pre))
BEGIN

ASSERT (doc:pre IS DENSE AND ASCENDING); /* for positional lookup */
ASSERT (ctx IS SORTED ON (pre)); /* document order */
result Ã NEW TABLE(pre);
nxtCtx Ã 0;
lstCtx Ã SIZE(ctx);
cur node Ã 0;
WHILE (nxtCtx · lstCtx) DO /* partitioning */

WHILE (cur node < ctx[nxtCtx]:pre) DO /* iterate over document nodes */
lst node Ã cur node+ doc[cur node]:size;
IF (ctx[nxtCtx]:pre · lst node) THEN /* check ancestor property */

APPEND hcur nodei TO result;
cur node Ã cur node+ 1;

ELSE

cur node Ã lst node+ 1; /* skip preceding nodes */
nxtCtx Ã nxtCtx + 1;

RETURN result;
END

Figure4.7: Staircasejoin: ancestor axis.

The implementationof the ancestor axis in Figure4.7 alsoconsistsof two nested
loops. Similar to the descendant step, the nestingdoesnot introducemultiple scans
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but a merge-like sweepover the relations. In comparisonto the descendant axis, the
implementationof anancestor steplooksup thesizeinformationof thedocumentnodes
insteadof the sizesof the context nodes. Another differenceis the missingpruning in
the implementationof theancestor locationstep.To prunecontext nodesfor this axisa
reversescanwould be required,which is moreexpensive thansplitting up the document
into a larger numberof partitions. The evaluationof the ancestor stepin Figure4.5(a)
however still matchesthealgorithm(nodeg is active duringskippingfrom noded to g).

scj child (doc: TABLE(pre;size); ctx : TABLE(pre))
BEGIN */

ASSERT (doc:pre IS DENSE AND ASCENDING); /* for positional lookup */
ASSERT (ctx IS SORTED ON (pre)); /* document order */
result Ã NEW TABLE(pre);
nxtCtx Ã 0;
lstCtx Ã SIZE(ctx);
active Ã NEW STACK(eos;nxtChld); /* stack of active context nodes */
WHILE (nxtCtx · lstCtx) DO /* iterate over all context nodes */

IF (activeIS EMPTY) THEN /* stack is empty */
nxtCtx Ã push ctx (nxtCtx); /* push next context on stack */

ELIF (TOP(active):eos ¸ ctx[nxtCtx]:pre) THEN/* next context is descendant of current context */
inner loop child (ctx[nxtCtx]:pre); /* process children of current context until next context */
nxtCtx Ã push ctx (nxtCtx); /* push next context on stack */

ELSE /* next context is not descendant of current context */
inner loop child (TOP(active):eos); /* process all children of current context */
POP(active);

/* no context node left */
WHILE (activeIS NOT EMPTY) DO /* finish all remaining active context nodes */

inner loop child (TOP(active):eos); /* process all remaining children of current context */
POP(active);

RETURN result; /* return result */
END

push ctx (nxtCtx)
BEGIN

curPre Ã ctx[nxtCtx]:pre;
eor Ã curPre+doc[curPre]:size; /* end of result region */
nxtChld Ã curPre+1; /* first child of current context */
WHILE (ctx[nxtCtx]:pre = curPre) DO /* prune all duplicate context nodes */

nxtCtx Ã nxtCtx+1;
PUSH heor;nxtChldi ON active; /* push current context on stack */
RETURN nxtCtx; /* return next context */

END

inner loop child (eor)
BEGIN

nxtChld Ã TOP(active):nxtChld; /* next child of current context */
WHILE (nxtChld · eor) DO /* iterate over all children in current region */

APPEND hnxtChldi TO result;
nxtChld Ã nxtChld+doc[nxtChld]:size+1; /* skip directly to next child */

IF (nxtChld · TOP(active):eor) DO /* current context not yet finished */
TOP(active):nxtChld Ã nxtChld; /* recall where to proceed */

RETURN;
END

Figure4.8: Staircasejoin: child axis.

Thestaircasejoin algorithmof thechild locationstepin Figure4.8 hasto copewith
a specialcase.To returntheresultin documentorderit hasto pauseactive context nodes
during the evaluationof nestedcontext nodes. A stackcalledactive is usedto storethe
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active nodes. All items on the stack,except the top item, which is the currentlyactive
node,representpausedcontext nodes. Like the other algorithms,the outer loop of the
child stepimplementationiteratesover the context nodes. The �rst branchof the con-
ditional calls push ctx . The helperfunction push ctx only pushesthe currentcontext
nodeto thestack,thusmakingit active,andremovesduplicates(identicalnodes).If there
is alreadyanactive nodetheimplementationcallsinner loop child andeitherretrieves
all result nodes(ELSE clause)or producesresultsuntil the next nestedcontext nodeis
reachedandthenpushesthenestedcontext nodeson thestack(ELIF clause).Thefunction
inner loop child jumpsfrom child to child until it reachesits givenendof theregion.
If theendof theregion is causedby thenext context nodethepre valueof thenext child
is storedon the stackto rememberwhereto proceed.After iteratingover the complete
context setanadditionalloopensuresthatthepausedcontext nodesarecompletedaswell.

4.2.2 Loop-Lifted Child Step

Theloop-lifted variantstry to maintainasmuchaspossiblefrom their basicstaircasejoin
counterparts.Oneprerequisiteis again thedocumentorderof thecontext nodesequence.
Themaindifferenceto thebasicversionsis thatwe needto retainduplicatenodesif they
belongto differentiterations.

Thechild axis requiresonly smallmodi�cations to lift the implementation,because
overlapandthecorrespondingduplicateresultnodesis restrictedto thenodeidentity. Fig-
ure4.9shows theprocessingof thechild step,which is almostidenticalto thebasicver-
sion. In theloop-lifted varianta resulttuple is formedby thecombinationof theresulting
nodeandthe iter valueof thecontext node.Insteadof pruningtheduplicatecontext nodes
(in push ctx ), we now recordtheoffsetof the �rst andthe last tuple (fstIter andlstIter).
Weenrichtheactive stackby two new �elds thatstoretherespective offsets.Theseoffsets
areusedagainduringthegenerationof resultnodes.A nestedloop in inner loop child
iteratesover thecontext relationfrom fstIter to lstIter andaddsthecurrentresultnodeto-
getherwith all iterations. Everythingelsestaysthe samein the loop-lifted variant. The
conceptsof thebasicstaircasejoin likeskippingandpartitioningarestill in use.

In the following examplewe usethealgorithmin Figure4.9 to evaluatea child step
ontheXML treeshown in Figure4.10(a).Theinputaretwo itemsequences,wherethe�rst
context nodesequenceconsistsof thenodesc andh andthesecondonecontainsthenode
sequence(g, h, l ). Thectx relationof theloop-liftedchild stepis listedin Figure4.10(b).
Theevaluationstartswith thecontext nodec (pre value2). In push ctx fstIter andlstIter
bothpoint to thethe�rst row of ctx. Thegeneratedresultfor thechild noded thusconsists
of thetuple〈1;3〉 (seealsoFigure4.10(c)).After skipping,theevaluationproceedsatnode
g (6) andproducestheresulttuple〈2;7〉 (nodeh in iteration2). Thenestednodeh appears
in two iterationsandtheoffsetsof fstIter andlstIter thereforepoint to thethird andfourth
row of ctx, respectively. The inner loop in inner loop child iteratesover theserows
andthetuples〈1;8〉 and〈2;8〉 areappendedto theresult(nodei in both iterations).Then
nodeg becomesactiveagainandproducesresultfor theremainingtwo children(〈2;9〉 and
〈2;10〉) skippingoncemorethesubtreeof node j.

4.2.3 Loop-Lifted DescendantStep

Loop-lifting thedescendant axismodi�es thebasicstaircasejoin algorithmmuchmore
thanthelifting of thechild locationstep.In comparisonto thebasicvariant,it hasto cope
with nestedcontext nodesbelongingto differentiterations.Thedif�culty becomesclearer
if we applya loop-lifted descendant stepon thesamecontext anddocumentrelationsas
the loop-lifted child step(seeFigure4.10(a)and4.10(b)). Nodeg is active in iteration
2 andnodeh is active in iteration1. Sincewe cannotprunenodeh anymore,bothnodes
have to be active at the sametime. Our solution is to borrow the stack idea from the
implementationof the child axis. The stack(active) thenholdsthe active iter valuesas

47



ll scj child (doc: TABLE(pre;size); ctx : TABLE(iter;pre))
BEGIN */

ASSERT (doc:pre IS DENSE AND ASCENDING); /* for positional lookup */
ASSERT (ctx IS SORTED ON (pre)); /* document order */
result Ã NEW TABLE(iter;pre);
nxtCtx Ã 0;
lstCtx Ã SIZE(ctx);
active Ã NEW STACK(eor;nxtChld; fstIter; lstIter); /* stack of active context nodes */
WHILE (nxtCtx · lstCtx) DO /* iterate over all context nodes */

IF (activeIS EMPTY) THEN /* stack is empty */
nxtCtx Ã push ctx (nxtCtx); /* push next context on stack */

ELIF (TOP(active):eor ¸ ctx[nxtCtx]:pre) THEN /* next context is descendant of current context */
inner loop child (ctx[nxtCtx]:pre); /* process children of current context until next context */
nxtCtx Ã push ctx (nxtCtx); /* push next context on stack */

ELSE /* next context is not descendant of current context */
inner loop child (TOP(active):eor); /* process all children of current context */
POP(active);

/* no context node left */
WHILE (activeIS NOT EMPTY) DO /* finish all remaining active context nodes */

inner loop child (TOP(active):eor); /* process all remaining children of current context */
POP(active);

RETURN result; /* return result */
END

push ctx (nxtCtx)
BEGIN

curPre Ã ctx[nxtCtx]:pre;
eor Ã curPre+doc[curPre]:size; /* end of result region */
nxtChld Ã curPre+1; /* first child of current context */
fstIter Ã nxtCtx; /* first appearance of current context node */
WHILE (ctx[nxtCtx]:pre = curPre) DO /* prune all duplicate context nodes */

nxtCtx Ã nxtCtx+1;
lstIter Ã nxtCtx¡ 1; /* last appearance of current context node */
PUSH heor;nxtChld; fstIter; lstIteri ON active; /* push current context on stack */
RETURN nxtCtx; /* return next context */

END

inner loop child (eor)
BEGIN

nxtChld Ã TOP(active):nxtChld; /* next child of current context */
fstIter Ã TOP(active):fstIter;
lstIter Ã TOP(active):lstIter;
WHILE (nxtChld · eor) DO /* iterate over all children in current region */

FOR i FROM fstIter TO lstIter DO /* iterate over all iters of current context */
APPEND hctx[i]:iter;nxtChldi TO result; /* append (iter,pre) to result */

nxtChld Ã nxtChld+doc[nxtChld]:size+1; /* skip directly to next child */
IF (nxtChld · TOP(active):eor) DO /* current context not yet finished */

TOP(active):nxtChld Ã nxtChld; /* recall where to proceed */
RETURN;

END

Figure4.9: Loop-liftedstaircasejoin: child axis.

well asthelastpre valuewherethey areactive. In comparisonto thechild step,not only
thetop item is active but all itemson thestackareactive at thesametime.

The algorithm in Figure4.11 still iteratesover the context nodesequence.In com-
parisonto the basicstaircasejoin version,it doesnot evaluatea completesubtreebefore
consumingthe next context node. Insteadit consumesthe next context nodeassoonthe
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Figure4.10: Evaluationof differentloop-lifted pathstepsstartingfrom thectx relationin
4.10(b).Thecontext nodesof the�rst sequence(c;h) aremarkedwith × andthenodesof
thesecondsequence(g;h; l ) aredepictedwith ◦.

pre valuestoredin thevariablecur node, that iteratesover thedocument,is alignedwith
the context node. The nestedconditionalprunesall context nodeswhoseiterationsare
alreadyactive andaddsthe context nodesand its iterationvalue to the stackotherwise.
So all duplicateswithin iterationsareavoided. In the loop-lifted variantskippingis only
possibleif no context nodeis active (meaningthe stackis empty). The �rst ELIF clause
implementsthisskipping.ThesecondELIF clauseaswell astheELSE clausearesimilar to
thechild stepevaluationagain. The ELIF clausecalls the function finish region that
itself callsinner loop desc. Thefunctioninner loop desc scansthedocumentdocin
a given rangeandproducesfor eachdocumentnoderesulttuplesfor all active iterations.
Afterwardsthevariablecur nodeis setto thelastprocesseddocumentnode.Thefunction
finish region additionallyremovesall itemsfrom thestack,which reachedtheendof
their region. Clearingthe stack,after the last context nodeis consumed,completesthe
loop-lifteddescendant step.

The following exampleevaluatesa loop-lifted descendant stepon the documentin
Figure4.10(a)andthe context relationin Figure4.10(b). The processingstartswith the
context nodec (2) whoseiter value (1) and the last nodeof the region (3) are pushed
on the active stack. In the seconditeration the third branchof the condition is chosen
(3 < 6) wherethe result tuple 〈1;3〉 is addedto the result. Additionally the conditionin
finish region becomestrue andthe only stackitem is removed. In the third iteration
the �rst conditionis still false(3 6= 6). Sincethestackis empty, thevariablecur nodeis
setto 6. In the next iterationthe �rst conditionmatchesandthe last descendantof node
g aswell asthe iter value(〈11;2〉) arepushedon thestack. In the following iterationthe
last branchof the conditionalis chosenfor the �rst time. The descendantsof nodeg are
evaluateduntil thenext context nodeis reached.Hereonly nodeh in iteration2 is addedto
theresult(〈2;7〉). Thenext iterationpushesaseconditemonthestack:thelastdescendant
of nodeh and iter value 1. Then the �rst condition matchesagain. But nodeh in the
seconditerationis discardedbecauseiteration2 is alreadyactive. Theevaluationproceeds
and �nishes the scanof the top stackitem, wherethe documentnodesin the rangeare
producedfor bothactive iterations(〈1;8〉, 〈2;8〉). After removing thetopof thestackonly
the item representingnodeg remainsactive. In the following thetuples〈2;9〉 and〈2;10〉
aregeneratedandnodel is ignored.Thecompletecontext noderelationis now consumed
andtheadditionalloop�nishes theremainingactivecontext nodes— herepoppingthelast
itemcompletestheevaluationof thedescendant step.
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ll scj desc (doc: TABLE(pre;size);ctx : TABLE(iter;pre))
BEGIN

ASSERT (doc:pre IS DENSE AND ASCENDING); /* for positional lookup */
ASSERT (ctx IS SORTED ON (pre)); /* document order */
result Ã NEW TABLE(iter;pre);
nxtCtx Ã 0;
lstCtx Ã SIZE(ctx);
nxt node Ã ctx[nxtCtx]:pre;
cur node Ã nxt node; /* start scanning at first context node */
active Ã NEW STACK(eor; iter); /* stack of active iterations */
WHILE (nxtCtx · lstCtx) DO /* iterate over all context nodes */

nxt node Ã ctx[nxtCtx]:pre;
IF (nxt node = cur node) THEN /* context and document relation are aligned */

IF (ctx[nxtCtx]:iter NOT ON active) THEN /* pruning of context nodes */
eor Ã cur node+doc[cur node]:size;
PUSH heor;ctx[nxtCtx]:iteri ON active; /* add context node with region and new iteration */

nxtCtx Ã nxtCtx + 1;
ELIF (activeIS EMPTY) THEN /* skip to next context node */

cur node Ã nxt node;
ELIF (TOP(active):eor < nxt node) THEN /* next node is no descendant of the active node */

cur node Ã finish region (cur node); /* finish active region */
ELSE /* next node is descendant of the active node */

inner loop desc(cur node;nxt node); /* find all results til nxt node*/
cur node Ã nxt node;

WHILE (activeIS NOT EMPTY) DO /* process all remaining active regions */
cur node Ã finish region (cur node);

RETURN result;
END

finish region (cur node)
BEGIN

eor Ã TOP(active):eor;
inner loop desc(cur node;eor); /* find all results in the current region */
cur node Ã eor;
WHILE (TOP(active):eor = eor) DO /* remove all iterations whose regions are processed */

POP(active);
RETURN cur node;

END

inner loop desc (®rst; last)
BEGIN

FOR pre FROM ®rst + 1 TO last DO /* skip self node; for every docnode in the range */
FOREACH DISTINCT h ; iteri ON activeDO /* and for every active iteration */

APPEND hiter;prei TO result; /* add a result tuple */
END

Figure4.11:Loop-liftedstaircasejoin: descendant axis.

4.2.4 Early Nameand Kind Tests

Until now, we completelyignoredany nameandkind testandfocusedon the evaluation
of theaxisspeci�er. While this speci�er maybealreadyenoughto answercertainqueries,
mostXPath locationstepsuseanadditionalnameor kind test. Thesetestsmay retainall
tuplesgeneratedby theaxisspeci�er unchangedor maybehighly selective. In the latter
case,applyingthenameor kind testasapost-processingstepseemsto wasteresources.An
earlynameor kind testthereforehelpsto avoid extraevaluationandspaceconsumptionfor
certainqueries.(Loop-lifted) staircasejoin behaveslike any otherrelationaljoin. In our
queryplanswecansafelypushselections(e.g., name/kindtests)down throughthestaircase
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join, to reducetheamountof tuplesto processasearlyaspossible.Duplicateresultnodes
in different iterations,whosenameor kind hasto be checked separatelyafter the result
generation,makeanotherargumentfor earlytests.

Becausethestaircasejoin requiresthepre/size documentrelationfor theskipping,our
implementationusesa third input relationthatkeepscandidatenodes.Thecandidatenode
list storesthe pre valueof any nodewhosekind or namesatis�es the test. It is sortedin
documentorderliketheotherinputrelations.Thecandidatelist is scannedtogetherwith the
documentin a merge-like synchronizedsweep.As soonasa nodesatis�esthegivenaxis
speci�er, amatchingtuplein thecandidatelist con�rms thematch.If thecandidatelist does
notcontainthepre valuetheapparentresultnodeis discarded.To avoid scanning(possibly
large) partsof the candidatelist, while thesepartsare just skippedin the document,we
performabinarysearchon theremainingnodesof thecandidatelist.

scj desc (doc: TABLE(pre;size);ctx : TABLE(pre);cand: TABLE(pre))
BEGIN

ASSERT (doc:pre IS DENSE AND ASCENDING); /* for positional lookup */
ASSERT (ctx IS SORTED ON (pre)); /* document order */
ASSERT (cand IS SORTED ON (pre)); /* document order */
result Ã NEW TABLE(pre);
nxtCtx Ã 0;
lstCtx Ã SIZE(ctx);
nxtCand Ã 0;
lstCand Ã SIZE(cand);
cur node Ã 0;
WHILE (nxtCtx · lstCtxAND nxtCand · lstCand) DO /* iterate over all context nodes */

IF (cur node · ctx[nxtCtx]:pre) THEN /* pruning */
cur node Ã ctx[nxtCtx]:pre; /* skipping */
nxtCand Ã FIRST c ¸ nxtCand /* binary search */

WITH cand[c]:pre ¸ cur node;
lst node Ã cur node+ doc[cur node]:size;
cur node Ã cur node+ 1; /* omit self node */
WHILE (cur node · lst nodeAND /* collect all descendant nodes */

nxtCand · lstCand) DO

IF (cand[nxtCand]:pre < cur node) THEN /* align candidate list */
nxtCand Ã nxtCand+ 1;

ELIF (cand[nxtCand]:pre = cur node) THEN /* return matching tuple and proceed */
APPEND hcur nodei TO result;
cur node Ã cur node+ 1;

ELSE /* skip non matching node */
cur node Ã cur node+ 1;

nxtCtx Ã nxtCtx + 1;
RETURN result;

END

Figure4.12:Staircasejoin: descendant axiswith candidatelist.

Figure 4.12 shows the basicstaircasejoin of a descendant location stepextended
with candidatelist processing.The skippingin the candidatelist is imitatedby a binary
search.The inner loop of thestaircasejoin furthermorealignsthecurrentcandidatenode
andcon�rms or prunesthedescendantnodes.Similar extensionsapply for all loop-lifted
staircasejoin implementations.

Thefollowing exampleevaluatestheXPathlocationstepdescendant::text() start-
ing from the context sequence(c;g;h; l ) (seealso Figure 4.13(b)). The nodesin Fig-
ure4.13(a)markedwith × aswell astherelationin Figure4.13(c)illustratethecandidate
nodes.The evaluationstartsat nodec andthe �rst candidatenodeis noded (3). Inside
theinnerloopvariablecur nodematchesthecandidatenoded andbecomesthe�rst result
tuple(depictedby the�rst row in Figure4.13(d)).Thenext context nodeg becomesactive
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Figure4.13: Evaluationof the XPath locationstepdescendant::text() startingfrom
thectx relationin 4.13(b). Thecontext nodesaremarkedwith ◦ andthecandidatenodes
aredepictedwith ×.

andthebinarysearchin thecandidaterelationskipsnodef andreturnsnodei asnew can-
didate(8). In theinnerloopnodeh doesnotmatchthecandidatenodei andgetsdiscarded.
Thenext nodematchesi andis appendedto theresult.In thefollowing iterationcandidate
nodei hasasmallerpre valuethanthecurrentnode.Thereforethenext candidatenode(k)
becomesactive andprunesnode j in thenext iteration. After addingnodek to the result
thecurrentnodeis largerthanthecandidatenodeagain andwe increasevariablenxtCand.
Becauseall candidatenodesarenow consumed,theevaluationstopsandtheevaluationof
thedescendant::text() stepis complete.

Thecandidatelist of thepreviousexamplecontainedall preorderranksof text nodes.
To retrievesuchakind list onekind in thekind columnof thepre/size tablecanbeselected.
Becausetheseselectionswould occurfor every pathstepat runtime,we generateanindex
for everykind alreadyduringdocumentshredding.Theseindicescanbeusedascandidate
listsfor thekind tests.To supportnameteststheelementindex hasasecondcolumn,which
additionallystoresthe referenceid from column ref of the pre/size documenttable. The
generationof acandidatelist for anametestthenmapsto theselectionof agivenreference
in theelementnodeindex. For nameswith wildcardsmultiple referencesmaymatch.An
orderpreservingjoin thendoesthejob.

4.2.5 Loop-Lifted Path Stepsfor Other Axes

In theprevioussectionwe only describedthe loop-lifting of thechild anddescendant
axes. Thesearealsothe only axesusedin the XMark benchmark,which we will usein
the experimentsin following section. But loop-lifting is possiblefor the other axes as
well. In thefollowing paragraphsweshortlysketchtheideasfor theimplementationof the
remainingXPathaxesandconcludethis sectionwith a shortdiscussionof thedrawbacks
of theappliedtechniques.
selfTheself axisrequiresnodocumentrelationfor theevaluationof theaxisspeci�er, as
pruningduplicatenodeswithin iterationsworkson thepre valuealoneandthenameand
kind testscanbeprocessedby amerge-likescanover thecontext andcandidaterelation.
attrib ute Becausewe do not includethe attributesin the pre/size relationbut in a sepa-
rateattribute relation,anattribute pathstepconsistsonly of a join betweenthecontext
sequenceandtheattribute relationon theforeignkey columnpre.
descendant-or-selfTheimplementationof thedescendant-or-self axisis almostiden-
tical to the descendant axis. The only modi�cations areminor shifts of the rangesto
includetheself nodes.
following-sibling An implementationfor thefollowing-sibling locationstepis similar
to theoneof thechild axis. It alsousesa stackof context nodes,whereonly thetop item
representstheactivenodec. In comparisonto thechild step,the�rst nodeis not thenext
nodein thesubtree,but thenext sibling (v1:pre = c:pre + c:size + 1 ∧ v1:level ≥ c:level)
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andtheendof aregionhasto bedeterminedby thelevel (vi :level < c:level). Theevaluation
of theresultnodes,however, appliesthesameskippingasa child step.A distinct list of
active iterationswithin eachstackitem furthermoreensurestheduplicateelimination.

following For the basicstaircasejoin the context nodessequenceof the following step
canbe prunedto a singlenode. In the loop-lifted varianteachiterationcanbe prunedto
onecontext node.During thesequentialscanover thedocumenteachcontext nodeeither
canbeprunedbecauseits iterationis alreadyactive or thelist of active iter values(similar
to theactive stackof thedescendant step)is extendedby thenew value.Eachmatching
documentnodeis thenemittedfor all valuesin theactive iter list.

ancestorand ancestor-or-self The two axesancestor andancestor-or-self canbe
implementedby combiningthe ideasof thechild andthedescendant steps.While the
latter two keepa stackfor active context nodes,the ancestor axis keepsa stackwith
the currentlyactive pathto the root. It usesthe sameskippingasthe basicstaircasejoin
implementationandemitstheactive pathtogetherwith the iter valueassoonasa context
nodeis reached.To maintaindocumentorderevery tuple is addedinto a list accordingto
its level. Duplicateresultnodesareavoidedby usinganadditionallist of highestpre values
per iterationto discardnodeson the currentlyactive pathstack. The multiple result lists
(oneper level), which aresortedon documentorder, aremergedafterwardsto returnthe
overall resultin documentorderaswell.

parent Theimplementationof theparent axisusesthesameideasastheancestor step,
but addsonly theparentnodeon theactive pathstackto theresultlists.

preceding-siblingFor thepreceding-sibling locationsteptheancestor stepimple-
mentationalsoplaysanimportantrole. It usesanadditionallist of preceding-siblingnodes
for eachitem on theactive pathstackto collect thepossibleresultnodes.A secondlist of
activecontext nodesis thenusedto generatetheresultsfor all active iterationsin document
order.

precedingThe context nodesof the preceding axis canbe prunedto onecontext node
per iterationsimilar to the following axis. For theseremainingcontext nodeswe can
retrieve the ancestor nodesthat canbe usedassecondcandidatelist. In comparisonto
thecandidatelist for nameor kind tests,this list is usedto pruneonly theancestor nodes
duringthescanover thedocument.

Theimplementationsof theaxescanbegroupedinto threecategories.The�rst group
requiresno specialstaircasejoin operatorandretrieves its resultwith ordinarydatabase
operations.Thetwo axesself andattribute , which form thatgroupdo not rely on the
treestructureof theXML documentandthereforehave no usefor conceptslike skipping.
Thesecondcategoryconsistsof theforwardaxesandthethird is put togetherof thereverse
axes.Both groupsmake useof thestaircasejoin conceptspruning,partitioning,andskip-
ping. For the reverseaxes,however, processingrequiresmoreinternalstatekeepingand
intermediateresults(e.g., level lists to supportdocumentorder). But themaincostfactor
in comparisonto theiterative applicationof thebasicstaircasejoin is thesortingoverhead
requiredto matchthe physical order.2 Thesearethe sortingcostsfor the creationof the
input in item orderandtheoutputin iter|item order. Thenext optimizationin Section4.3
will describehow this sortingoverheadcanbe avoided in a list of pathsteps. Because
mostqueriesstartfrom a singlecontext node,the item sortingfor the �rst pathstepmay
be cheap.What remainsis the needto producethe outputof the last pathstepsortedon
iter andthenon item. Onesolutionto avoid the sortingis to usea separateresult list for
eachiterationin thelastpathstep.Becauseresultnodesaregeneratedin documentorder,
thelistsarealsosortedin documentorder. Theconcatenationthenreturnstheresultsorted
�rst on iter andsecondlyon item.

2Theperformancedifferencesfor avoidingmultiplescansof thedocumentrelationareignoredhere.
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4.3 Avoiding the iter jpos jitem jkind Interface

To supportheterogeneoussequencesour item encodingcopeswith polymorphictypes.In
mostcases,however, the iter|pos|item|kind representationencodessequenceswith homo-
morphictypes. Very often the valuesof thesesequencesareaddedto the valuerelations
only to be looked up again by the following operation. As we could storesuchvalues
directly in asinglecolumn,theindirectionis certainlywasteful.

In our compilationschemewe addressedthis problemby introducingadditionalin-
terfaces. Thesenew interfacesallow to return intermediateresultsusingrepresentations
otherthanthethe iter|pos|item|kind relation.The�rst differentrepresentationwasalready
sketchedin themotivatingexample.Thevalueinterfaceavoidsaddingvaluesto theirvalue
relationsif they areimmediatelyrequiredby thenext construct.It canbeusedwheneverthe
returningintermediateresulthasa monomorphicstatictype. Thedecisionwhetherthein-
termediateresultreturnsits valuesusingthevalueinterfaceor thenormaliter|pos|item|kind
representationis solvedat compiletime andthecalling constructadaptsits MIL codeac-
cordingly.

In QueryQ15 thevalueinterfaceis usedfor bothargumentsof thecontains function:

for $a in doc("fairy_tailes.xml")//story return
where contains ("gold", string(data( $a/text())))
return $a/@name

: (Q15)

Ascontains directlyworksonthestrings,bothintermediateresultsreturnaniter|pos|itemstring
relation. The morestory nodesthe pathstepin QueryQ15 returnsthe morewe bene�t
from themodi�ed compilation,whichavoidstheinsertionandits duplicateelimination.

The secondinterfaceusesan iter|item|kind representationand is usedonly between
directly following pathsteps.While it doesnot seemto be differentfrom the normalin-
terface,it exploits theinformationobtainedin theprevioustwo sections(4.1and4.2). The
resultof the�rst pathstepdoesnothave to besortedon iter anditem, sincethesecondpath
stepwantsits input sortedin documentorderitem only. We thusomit two sortoperations
withoutany drawbacks.

If we reconstructXML documentDoc in XQuery(seeQueryQ16) we have to keepthe
XQuerysemanticsin mind.

<a><b>c</b><d><e/><f/></d><g a="42"/></a> (Q16)

Theserequireeachnodein theelementbodyto bea subtreecopy of theelementcontent.
In QueryQ15 wecreate13elementnodes,3 text nodes,and3 attributenodesto recursively
built a resultwith 8 nodes.The evaluationcostandthe storageoverheadexplodewith a
growing numberof nodesandincreasingnestingdepth.

The nodeinterfacespeedsup the nestednodeconstruction.It makesuseof the fact,
that we do not needthe constructedelementcontentafter the subtreecopy anymore, if
it is not referencedelsewhere. In sucha case,the mappingcanact similar to the value
interfaceandstoretheconstructednodesin an intermediateresultinsteadof the transient
documentnodecontainer. Thesenodesthencanbeusedassubtreecopiesandrequireno
explicit copying. A recursive XML treeconstructionthencreateseachnodeexactly once
andadditionallyavoids thepathstepsto retrieve thesubtreenodes,sincethesenodesare
alreadyin theintermediateresult.

In additionto thechangesin thenodeconstructors,which copewith both,thenormal
andthenodeinterface,we addeda separatemappingfor thesequenceconstructor, which
combinesmultiplesubtreesandattributes.Therelationsthisnodeinterfaceuses,matchthe
pre andattr relationsof thetransientdocumentnodecontainerextendedwith theiteration
information.All othervalueslike,e.g., elementnamesor text valuesarealreadystoredin
thetransientdocumentnodecontainer∆, becausethey arenot changedanymore.

54



iter pre size level ref kind frag cont
1 1@0 0 0 0@0elem 1 ∆
1 2@0 0 0 1@0elem 1 ∆

(a) Input sequenceusing the node interface
(nodese andf )

iter pre size level ref kind frag cont
1 1@0 2 0 2@0elem 1 ∆
1 2@0 0 1 0@0elem 1 ∆
1 3@0 0 1 1@0elem 1 ∆

(b) Resultof elementconstructionusing the
nodeinterface(noded)

Figure4.14:Contentandresultof elementconstructionusingthenodeinterface

Figure 4.14(a)shows the input relation of the elementconstructionof noded from
QueryQ16 andFigure4.14(b) its returningrepresentation.After compiling the content
expressionthe elementconstructionskips the codegenerationof the contentnodesin
Rule ELEM. Insteadonly the level of all contentnodesis increasedby one. The MIL
codecreationfor theroot nodesremainsthesame.If theresultexpressionis compiledus-
ing thenodeinterfacelike,e.g., noded thenodeinsertionphaseof theELEM rulehasto be
modi�ed. Themaindifferenceis that thenew treerepresentationis not addedto thetran-
sientdocumentnodecontainerbut returnedasresultrelation. Furthermore,both pre and
frag valuesstartat 1 andtheresultrelationnodesnew alsoretainsthecolumniter. For node
d the intermediateresult is displayedin Figure4.14(b). Note that theelementnamesare
alreadystoredin thetransientdocumentnodecontainer(seeline (11) in Rule ELEM). For
theattributesasimilarmodi�cation is performed.Two attr relationsthatarebothextended
with thecolumn iter areusedasintermediatestorage.The reasonfor the two relationsis
thedistinctionbetweenrootattributesandcontentattributes.

4.4 Join Recognition

At thebeginningof thissectionwementionedtheperformanceproblemsof thecompilation
schemewithoutjoin recognition.Thereasonis thenaivecompilationof nestedXQueryfor
expressions,which leadto thecomputationof Cartesianproducts.Thequery
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for $u in (30, 20)

su
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<

:

for $v in (1, 2, 3)

su¢v

½
where $u eq $v * 10
return "match"

(Q17)

is a simpli�ed but representative instanceof sucha nestedfor expression.Thecompila-
tion rulesgiven in Section3 requirebothargumentexpressionsof theeq operator$u and
$v* 10 to be representedwith respectto scopesu¢v (seeFigure4.15(a)). Consequently,
the intermediateresult$v* 10 is compiledin dependenceof scopesu andis thusexplic-
itly representedfor eachbinding of $u. For the resultingexpression"match" , however,
only theloop relationgeneratedfrom thematchingiterationsis important.Theobservation
that both argumentsof the equalityexpressionare independentof eachotherenablesus
to avoid thenestedevaluation. Insteadwe cansplit up thecompilationof thecomparison
inputarguments:

for $u in (30, 20)
return $u

for $v in (1, 2, 3)
return $v * 10

:

Theapplicationof a relationaljoin betweenthetwo independentitemsequencesthenpro-
videsthesameloop relationfor theresultexpression"match" (seeFigure4.15(b))asthe
loop-liftedversionthatbuildsaCartesianproduct.

In thefollowingweproposeajoin patternthatdetectsalargesubsetof theXQueryjoins,
includingthosein theXMark benchmarkset[25] or in AppendixH.1 (“Joins”) of theW3C
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on iter1=iter2

???
iter1 pos1 item1

1 1 30
2 1 30
3 1 30
4 1 20
5 1 20
6 1 20

| {z }
$u in su¢v

ÄÄÄ

iter2 pos2 item2
1 1 10
2 1 20
3 1 30
4 1 10
5 1 20
6 1 30

| {z }
$v* 10 in su¢v

???

eq item:hitem1;item2i

σitem

πiter:iter1´
iter
3
5

£
²²

// pos item
1 "match"

| {z }
ereturn

´
iter pos item
3 1 "match"
5 1 "match"

(a) Relationalevaluationof XQueryexampleQ17. Evaluation
of predicateeq requiresboth operands($u and$v* 10) to be
representedloop-lifted with respectto the inner for loop. iter
valuesthat satisfythe eq predicateform the loop relationfor
theloop-liftedevaluationof thereturn clause.

on item1 eq item2

?????

iter1 pos1 item1
1 1 30
2 1 20

| {z }
$u in su

¨̈
¨̈
¨̈iter2 pos2 item2

1 1 10
2 1 20
3 1 30

| {z }
$v* 10 in sv

//
//

/

ρiter:hiter1;iter2i ;1

πiter´
iter
1
2

£
²²

// pos item
1 "match"

| {z }
ereturn

´: : :

(b) Join plan for the evaluationof exam-
ple Q17. Both operandsarecomputedin-
dependently. The join result ultimately
serves as relation loop to compile the
return part.

Figure4.15: Simpli�ed evaluationof QueryQ17 without (a) andwith join recognition(b)
applied.

XQuery Working Draft [5]. After checkingthe conditionsnecessaryfor an independent
evaluationwe describethemappingto algebraicjoin plansin Section4.4.2.An inference
rulesimilar to theonesin Chapter3 formalizesour translation.BecausemostXQueryjoins
comparesequencesof itemsinsteadof singlevalues,we describeanextendedjoin pattern
andtherespective adoptionof thetranslationin Section4.4.3.

4.4.1 Join Pattern

Thestartingpoint of the join detectionis a normalizedXQueryCoreexpression.It is the
basisto recognizethefollowing patternatarbitrarynestingdepth:

for $v in ein
return if ( p(e1;e2)) then ereturn else () :

(P1)

Thissubexpressionquali�es for anXQueryjoin, if

(i) variable$v doesnotappearfreein e1
3,

(ii) variablesoccurringfree in e2 andein areboundin any enclosingscope,exceptfor
thescopethatdirectlyenclosesP1, and

(iii) predicatep is supportedby the theta-join implementationof the relationalback-
end(i.e., typically, p will beeq, lt , . . . , or oneof theXQuerygeneralcomparison
operatorswith existentialsemanticslike=, <; seeSection4.4.3).

ThenormalizedXQueryCoreexpressionof QueryQ17 lookslikeQueryQ18

s0

8
>><

>>:

for $u in (30, 20)

su

8
<

:

for $v in (1, 2, 3)

su¢v

½
return if ( $u eq $v * 10)

then "match" else ()

(Q18)

3Therolesof e1, e2 maybearbitrarilyswapped.
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s0 = si = sc

su = so

su¢v

(30, 20)

(1, 2, 3)

$u $v + 10

(a) Loop-lifted compilationwithout
join recognition

•
•

•
•

s0 = si = sc

su = so sv

(30, 20) (1, 2, 3)

$u $v + 10

(b) Compilationwith join recogni-
tion applied

Figure4.16: Treeof scopesfor QueryQ18, which shows thenestingof thescopesfor the
loop-lifted translation(a)andfor thecompilationwith join recognitionapplied(b). For the
lattercasetheargumentsof theoperatoreq areshiftedinto higher, lessexpandedscopes.

whosewhere clausehasbeenreplacedby anif expression.Thejoin pattern

for $v in (1, 2, 3) return if ( $u eq $v * 10) then "match" else ()

in QueryQ18 is clearlyvisible. Theitem sequence(1, 2, 3) matchesein, eq is thejoin
predicate,$u is e1, $v * 10 is e2, and"match" correspondsto ereturn.

The eq operatorin Query Q18 can be evaluatedin MonetDB and thus satis�es the
XQueryjoin condition(iii) . The othertwo conditionsrequirea checkof the variableoc-
currencesin the threeXQueryexpressionse1, e2, andein. In QueryQ18 the variable$v
appearsfree in e2 only andthusmatchesthe �rst condition. The only variableform the
directly enclosingscope$u appearsfree in e1 only, which ful�lls the last remainingre-
quirement(condition(ii) ) for avalid join pattern.

4.4.2 Join Translation

Recognizingthe join patternandcheckingthe independentexecutionof both join argu-
mentsis the�rst importantstepto compileanXQueryjoin ef�ciently . Thejoin translation
exploits this independenceto compile the input argumentsof the theta-joinin the least
expandedscopethusminimizing the sizesof the input relations. The compilationis de-
scribedby meansof an inferencerule that, in comparisonto theearlierinferencerulesin
Chapter3, hasto copewith multiple scopes.Therelationshipbetweenthescopesandthe
mappingcanbe explainedusinga treeof scopes.In this tree,scopesarerepresentedby
nodes(or frames),whoseconnectingedgesdepictfor expressions.Figure4.16(a)shows
the treeof scopesfor QueryQ18, which is evaluatedwith a Cartesianproduct. Both ex-
pressionsof the join patterncomparisonareevaluatedin the inner-mostscopesu¢v. The
join-awarecompilationon the otherhandsplits up the treein sucha way that both argu-
mentsof the theta-joinareevaluatedin independentscopes.Figure4.16(b)illustratesthe
modi�ed treeof scopesfor QueryQ18 wherethejoin recognitionis applied.Thefor loop
binding of ein is compiledin dependenceof scopes0 andthe secondjoin argumente2 in
thethereinnestedscopesv. In comparison,the�rst argumentof thetheta-joinis evaluated
in scopesu, sincethis scopeintroducesthe inner-mostfree variableof the expressione1.
Theresultsarethetwo input relationsvisible in Figure4.15(b).

In theabove example,bothinput argumentsof thetheta-joinonly dependon variables
in the directly enclosingscopes. In the more generalcase,however, they may depend
on variablesin higher scopes. Figure 4.17(a)shows the tree of scopesfor the general
casewherethe namedscopesi depictsthe inner-mostscopethat bindsa variable,which
appearsfree in e2 or ein. Becauseeithere2 or ein needto accessthis variablebinding,the
inner for loop hasto be evaluatedin dependenceof scopesi . The sameappliesfor e1,
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(c) Compilation with join
recognition applied includ-
ing return clause transla-
tion

Figure 4.17: Tree of scopesfor the generaljoin pattern. The nestingof the scopesfor
the loop-lifted translationcompileseverything in the inner-mostscopesk¢v (a). The join
recognitionbreaksuptheargumentsof theeqoperatorandshiftsthemto thehighest(outer-
most)scopepossible(b). Theouterof thebothscopessi andso determinesthecommon
scopesc, which is usedto link bothinput relationsof thetheta-join.Thereturn clauseis
compiledin dependenceof thecurrentscopesk andthebothargumentscopes(c).

which for thesamereasonhasto beevaluatedin dependenceof scopeso. Thejoin-aware
compilationexploits thesedependenciesandcompilesthe expressione1 in scopeso and
for $v in ein return e2 in scopesi (seeFigure4.17(b)). Becauseboth scopesmay
dependonacommonsubsetof scopes,we furthermoredetermineacommonscopesc, that
correspondsto theouterscopeof thescopessi andso

4. Thecommonscopesc is necessary
to link thetwo theta-joinarguments.Otherwisebothexpressionsaretreatedasif they are
completelyindependent,which leadsto theduplicationof thesurroundingscopes(s0-sc).
For QueryQ18 scopesi andscopesc is theouter-mostscopes0. Scopeso matchesscopesu
becausee1 referencesvariable$u, which is introducedin thisscope(seeFigure4.15(b)).

TheinferenceRuleJOIN in thefollowing refersto thesethreenamedscopes.In order
to apply the relationaljoin, its argumentsneedto be mappedto their commonscopesc.
The respective map relationscorrespondto joins alongthe scopehierarchy, indicatedby
the ellipsis in line (8) and (12). Furthermorew.l.o.g. we assumescopeso to be nestedin
scopesi . Thecompilationof anXQueryjoin startswith themappingof the�rst theta-join
argumentusingthe loop relationaswell asthe variableenvironmentΓ of scopeso (line
(2) of Rule JOIN). The for loop of the join patternis compiledin dependenceof scope
si usingthe secondtheta-joinargumentasreturn clause(seelines (3) to (7)). Insteadof
mappingbacktheresult,like in RuleFOR, theintermediateresultsareextendedwith their
valuesandtheoutercolumnof thecommonscopesc. While thismaybeaconcatenationof
severalmaprelationsfor the�rst argumente1 (from scopesc to scopeso), it is only thelast
maprelationfor thesecondargumente2 (map(i;v)). Theouter columnof thecommonscope
sc links thetwo theta-joinargumentsto avoid resulttuplesin non-matchingiterations.(see
line (11) of Rule JOIN). Without the join predicateon the outer columns,the loop-lifting

4In thefollowing, weassumew.l.o.g. scopesi to bethecommonscopesc.
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from scopes0 to scopesc wouldbeappliedtwice(for eachtheta-joininputargumentonce).

(1) e1 :: kind

(2) Γo;mapo;∆ ` eZ⇒ (q1;∆1)

(3) Γi ;mapi ;∆1 ` ein Z⇒ (qin;∆2)

(4) extin ≡ ρinner:hiter;posi ;1 (qin)

(5) qv≡
pos
1 ×πiter:inner;item;kind (extin)

(6) map(i;v) ≡ πouter:iter;inner(extin)

(7)

n
∀$vn ∈ Γi : $vn 7→ πiter:inner;pos;item;kind

³
qn on iter= outer map(i;v)

´o
+ {$v 7→ qv} ;

map(i;v) ;∆2 ` e2 Z⇒ (q2;∆3)

(8) map(c;o) ≡ πouter;inner

³
map(c;c+ 1) on · · · on map(o¡ 1;o)

´

(9) q1¢extended≡ πiter1:iter;value1:value;outer1:outer
¡
map(c;o) on inner= iter q1 on item= ref ∆3 [kind]

¢

(10) q2¢extended≡ πiter2:iter;value2:value;outer2:outer
¡
map(i;v) on inner= iter q2 on item= ref ∆3 [kind]

¢

(11) qjoin ≡ πiter1;iter2

¡
q1¢extendedon p(value1;value2)^ outer1= outer2 q2¢extended

¢

(12) map(o;k) ≡ πouter;inner

³
map(o;o+ 1) on · · · on map(k¡ 1;k)

´

(13) qjoin¢mapped≡ πiter1:inner;iter2

³
map(o;k) on outer= iter1 qjoin

´

(14) extjoin ≡ ρinner:hiter1;iter2i ;1
¡
qjoin¢mapped

¢

(15) map(k;k+ 1) ≡ πouter:iter1;inner(extjoin)

(16) qv¢mapped≡ πiter:inner;pos;item;kind (qv on iter= iter2 extjoin)

(17)

n
∀$vn ∈ Γk : $vn 7→ πiter:inner;pos;item;kind

³
qn on iter= outer map(k;k+ 1)

´o

+
©

$v 7→ qv¢mapped
ª

;map(k;k+ 1) ;∆3 ` ereturn Z⇒ (qreturn;∆4)

Γk;mapk;∆ ` for $v in ein return if p(e1;e2) then ereturn else () Z⇒³
πiter:outer;pos:pos1;item;kind

³
ρpos1:hiter;posi =outer;1

³
qreturn on iter= inner map(k;k+ 1)

´´
;∆4

´

(JOIN)
QueryQ19 probablydemonstratestheneedfor thisadditionalpredicatebest:

s0

8
>>>><

>>>>:

for $t in (10, 10)

st

8
>><

>>:

for $u in (30, 20)

st¢u

8
<

:

for $v in (1, 2, 3)

st¢u¢v

½
where $u eq $t * $v
return "match"

(Q19)

Query Q19 containsa relational join and hasthe sameXQuery join patternas Q17 and
Q18. In contrastto the former two examples,it iteratesover $t thuscreatinga four-item
sequenceasresult.Thescopeso requiredfor theexpressione1 is scopest¢u andthescope
of the patternfor loop si aswell as the commonscopesc correspondto scopest . For
the �rst join argument$u the theta-joininput relation is the four-item sequenceshown
in Figure4.18(a)andthe secondjoin argument($t * $v) is displayedin Figure4.18(b).
Becausebothrelationsareloop-lifted throughscopest , we have to addtheadditionaljoin
predicateon theouter columns.Otherwisewe would applytheouter-mostfor loop twice
(resultingin 8 matches).

If thecommonscopesc matchestheouter-mostscopes0, like in QueryQ18, theouter
relationof scopes0 containsonly thevalue1 andthejoin predicateontheouter columnsis
alwaystrue(seeFigure4.19). Thereforethecomparisonsof theouter columnsaswell as
themappingof thesecolumnscanbeskippedcompletely.

With theevaluationof the theta-joinin line (11) of Rule JOIN, thematchingiterations
arein scopeso (iter1) andscopesi¢v (iter2). They needto bemappedto thecurrentscopesk
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iter1 values1 outer1
1 30 1
2 20 1
3 30 2
4 20 2

(a) $u in scopest¢u (q1¢extended)

iter2 values2 outer2
1 10 1
2 20 1
3 30 1
4 10 2
5 20 2
6 30 2

(b) $t * $v in scope st¢v
(q2¢extended)

iter1 iter2
1 3
2 2
3 6
4 5

(c) Resultof theta-join
in scopest¢v (q join)

Figure4.18: Inputandresultrelationsof theta-joinin QueryQ19

iter1 values1 outer1
1 30 1
2 20 1

(a) $u in scopesu (q1¢extended)

iter2 values2 outer2
1 10 1
2 20 1
3 30 1

(b) $t * $v in scope sv
(q2¢extended)

iter1 iter2
1 3
2 2

(c) Resultof theta-join
in scopesu (q join)

Figure4.19: Inputandresultrelationsof theta-joinin QueryQ18

becausethereturn clauseereturn mayusevariablesintroducedin thisscopeandtheresult
of thejoin patternis expectedto bein scopesk aswell. The�rst stepin thecompilationis
thecreationof themaprelation,whichmapsfromscopeso to scopesk. Extendingthetheta-
join resultwith themaprelation(map(o;k)) resultsin a relation(qjoin¢mapped) thatstoresfor
eachiterationin scopesk (iter1) theoffsetsof thetuplesin theoriginal inner-mostfor loop
(iter2), which areretainedby the conditional(theta-join). The following row numbering
thatusesthe two columnsassortingcriterionpreparesthemappingfrom scopesk to sk¢v
(seeFigure4.17(c)).Theremainingcompilationof thereturn clauseereturn aswell asthe
backmappingproceedslikeevery regularfor loopcompilation.Theonly differenceis the
transformationof thevariable$v, which is mappedfrom scopesi¢v usingthe iter2 column
of theextendedjoin result(ext join).

The theta-joinresultsof Query Q18 and Query Q19 are alreadyin scopesk, which
matchesscopesu and st¢u, respectively. The row numberingsgeneratenew denseinner
columns,which, togetherwith thecolumnsiter1 asouter columns,from themaprelations
to thescopesk¢v. Thevariables$v aremappedto scopesk¢v by joining their representation
with the iter2 columnsof theextendedjoin results.In scopesk¢v of QueryQ18 variable$v
storesthevalue3 in the�rst iterationandthevalue2 in iteration2.

4.4.3 Existential Semantics

Generalcomparisonsin XQuery like, e.g., =, <, and>= areexistentially quanti�ed com-
parisonsthat may be appliedto operandsequencesof any length. The result of sucha
comparisonis trueif thereexistsat leastonepair of values,which producesa matchusing
thecorrespondingvaluecomparisonoperator. Thesameappliesfor thequanti�ed expres-
sionsome. During theXQueryCorenormalizationall quanti�ed expressionsaretranslated
into conditionals,nestedfor expressions,andvaluecomparisons(depictedin thenormal-
izationof QueryQ20 to Q21).
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s0

8
>><

>>:

for $u in (30, 20)

su

8
<

:

for $v in (1, 2, 3)

su¢v

½
where $u = $v * 10
return "match"

(Q20)

QueryQ20 returnsthesameresultastheQueriesQ17 andQ18, but usesa generalcompar-
ison(namely= insteadof eq). With statictypechecking,all threequeriesarenormalized
to QueryQ18. If wehowever ignorethestatictypecheckingQueryQ20 getsnormalizedto
QueryQ21:

s0

8
>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>:

for $u in (30, 20) return

su

8
>>>>>>>>>>>>>><

>>>>>>>>>>>>>>:

for $v in (1, 2, 3) return

su¢v

8
>>>>>>>>>>>><

>>>>>>>>>>>>:

if (empty (for $tmp1 in $u return

su¢v¢tmp1

8
>>>>>><

>>>>>>:

if (empty (for $tmp2 in $v * 10 return

su¢v¢tmp1¢tmp2

8
<

:

if ( $tmp1 eq $tmp2)
then 1
else ()))

then ()
else 1))

then ()
else "match"

: (Q21)

Thetwo additionalfor loopsover tmp1 andtmp2 ensurethatthevaluecomparisonin the
inner-mostscopeonly workson singlevaluesinsteadof sequences.Theadditionalempty
functioncallsareusedto restricttheevaluationof thereturn expression"match" to the
sequences,which have at leastonematchingvalue. The generalpatternsfor an XQuery
join with existentialsemantics(P2) is almostidentical:

for $v in ein return
if (empty (for $tmp1 in e1 return

if (empty (for $tmp2 in e2 return
if ( p(tmp1; tmp2))
then 1
else ()))

then ()
else 1))

then ()
else ereturn

: (P2)

Similar to thesimplejoin patternP1, four subexpressions(ein, e1, e2, andereturn) andthe
join comparisonp canbeextracted. Thethreeconditionsfrom thesimplepatternhave to
beful�lled for thisextendedpatternaswell. XQueryjoins,whereoneargumentcontainsa
list of valuesandtheothera singlevalue,arematchedby additional,but similar, patterns.
All thesepattern,however, sharethesametranslation.Theexistentialsemanticseffectonly
theresultgenerationof thetheta-join,which producesduplicateresulttuplesif morethan
onematchper sequenceoccurs. An additionalduplicateeliminationstepduring or after
thetheta-jointhereforehasto ensurethecorrectnessof theresult.

QueryQ22 is similar to theQueriesQ17, Q18, Q20, andQ21 andonly differsin the�rst
comparisonargumentthatconsistsof a list of valuesinsteadof asinglevalue((20, $u) ):

s0

8
>><

>>:

for $u in (30, 20)

su

8
<

:

for $v in (1, 2, 3)

su¢v

½
where (20, $u) = $v * 10
return "match"

: (Q22)
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iter1 values1
1 20
1 30
2 20
2 20

(a) (20, $u)

iter2 values2
1 10
2 20
3 30

(b) $t * $v

iter1 iter2
1 2
1 3
2 2
2 2

(c) Theta-join re-
sult without dupli-
cateelimination

iter1 iter2
1 2
1 3
2 2

(d) Theta-join re-
sult with duplicate
elimination

Figure4.20: Inputandresultrelationsof theta-joinin QueryQ22

iter1 values1
1 30
2 20

(a)Pruned(20, $u)

iter2 values2
1 10
2 20
3 30

(b) Pruned$t * $v

iter1 iter2
1 1
1 2
2 1

(c) Theta-joinresult

Figure 4.21: Prunedinput and result relationsof inequality theta-join (replaced= in
QueryQ22 by <)

Figure4.20 shows both input argumentsof the theta-joinaswell as the resultwith and
without duplicateelimination applied. Becausethe commonscopesc is the outer-most
scopes0, theouter columnsandthecorrespondingjoin predicateareomitted.

sincetheduplicateeliminationcanbecomeexpensive with increasingdocumentsizes,
we extendedour join translationwith more intelligent duplicateelimination operations.
For the equality join, we addeda dynamicevaluationstrategy, which samplesthe theta-
join input relation and decidesat runtime betweentwo solutions. The �rst one usesa
HashJoin implementationwith aduplicateeliminationandsortingstep(to re-establishthe
orderawareness).Thesecondstrategy is aNestedLoopJoin, whichpreservesthephysical
orderandprunestheduplicatesduringevaluation.

Theta-joinswith inequalitypredicates,which have to copewith existentialsemantics,
caneven prunethe duplicatesbeforethe evaluationof the join. For both theta-joininput
arguments,dependingon the predicatep, the maximumand accordinglythe minimum
valuegroupedby iterationsis determined.Thetheta-jointhenonly producesonetupleper
combinationof iterationsatmost.

If we replacethe= operatorin QueryQ22 by a > operator, the input relationsstaythe
sameasdepictedin Figure4.20(a)and4.20(b).Thepruningstepfor theinequalityoperator
> however looksup themaximumvaluesgroupedby iterationin the�rst argumentandthe
minimumvalues(againperiteration)in thesecondtheta-joinargument.Figure4.21shows
theprunedinput aswell astheoutputof theinequalityjoin. The�rst argumentis reduced
to thevalue30 in iteration1 and20 in iteration2. Thesecondargumentstaysunchanged
sincetherealreadywasonly valueperiteration.
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Chapter 5

Experiments

After theexplanationof our compilationschemeanddescriptionof thevariousoptimiza-
tionsit is time to deliver thehardfacts.We thereforeshow thebene�t of theoptimizations
describedin Sections5.1–5.4.Becausethemainfocusof thiswork wasto build ascalable
XQuerysystem,we demonstratethe performanceof our implementationon XML docu-
mentsup to 11GB in Section5.5.Wecompleteourexperimentalevaluationby comparing
theimplementationof Path�nder/MonetDB(MonetDB/XQuery)[22] to otherapproaches.

Ourexperimentationplatformwasa1.6GHzAMD Opteron242(1MB L2 cache)sys-
tem with 8GB RAM anda RAID-5 disk subsystem(3ware7810,con�gured with eight
250GB IDE disksof 7200RPM). The operatingsystemwasLinux 2.6.9,usinga 64-bit
addressspace.In theexperiments,we focusedon theXMark benchmark[25], which con-
sistsof 20queriesandis themostfrequentlyusedbenchmarkto evaluateXQueryef�ciency
andscalability. The�rst columnof Table5.1shows thetasksof thedifferentqueries(see
also the completeXMark queryset in AppendixA). With the XML generatorfrom the
XMark project, XMLgen, we generateddocumentsof sizes11MB, 110MB, 1GB, and
11GB (scalingfactor0.1to 100).

For the XMark testsetthe querycompilationtimesvary between60 and100 ms. A
11MB XML documentinstanceis loadedin 835 ms and its queryresult is serializedin
lessthan50 ms(exceptfor queryQ10thatrequires690msasit returnsa largepartof the
document).For all following experimentswe excludedqueryparsing,documentloading,
andserializationtimesthusmeasuringonly the purequeryevaluationtime. Eachquery
wasevaluated5 timesin a row andthe optimumwaschosen.We only observed a small
variancein themeasuredvalues,andall measurementswereeasilyreproducible.

5.1 Order Awareness

We usedtwo differentversionsof the Path�nder compiler to generateMIL codefor the
XMark queries,which was thenevaluatedon a 110MB XML document. The �rst ver-
sion usesexplicit sortingto supportthe row numberingoperators(mark andmark_grp)
andaccessesall availablealgorithmsin MonetDB.Thesecondversionthatappliestheop-
timization describedin Section4.1 usesonly the order preservingoperatorsand avoids
sortingasmuchaspossible.Figure5.1 shows bothversionsnormalizedto theevaluation
timesof thenonorderpreservingversion.For all queriestheorderawareversionperforms
better. In mostcases,we observe animprovementof morethanfactor2. QueryQ1 evalu-
atesaparticularlysimplequery, whichcontainsonly asmallnumberof orderoperations.It
is quiteremarkablethat theoverheadof thesortingoperationsis about40%of theoverall
evaluationtime.
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Figure5.1: Bene�ts of orderpreservingoperators.Theevaluationtimesarenormalizedto
thenon-orderpreservingimplementation.Theorderpreservingvariantshows anaverage
performanceimprovementof factor2.3.

5.2 Loop-Lifted Path Steps

Figure5.2 shows theeffect of usingloop-lifted staircasejoin. We again usedthe110MB
XML documentandnormalizedtheevaluationtimesto themeasuredtimesfor theoriginal
version(seebroadlightgraybars).While theoriginal versioncalls thebasicstaircasejoin
for eachiterationseparately, theloop-liftedstaircasejoin evaluatesapathin onesequential
passoverthepre|size tablefor multiplesequencesof context nodesin onego. In theXMark
benchmarkonly thechild andthedescendant stepsarerelevant.

Theleftmostnarrow barof eachqueryshows thespeedupachievedby theloop-lifting
of the child stepalone. The performanceimprovementsarealreadyof a factor2, if we
ignorethe queriesQ6 andQ7, which do not containchild steps.The queriesQ8–Q12
furthermorespenda largepartof theirevaluationtimeonanXQueryjoin andQ14requires
mostof its executiontime in theevaluationof a full-text searchandits preparation.Query
Q1spendsmostof its timein pathstepsin theouter-mostscopewith only asingleiteration
andtheremainingpart in nestedpathsteps.Theoverheadfor evaluatingthelifted version
in theouter-mostscopecompensatestheperformancegain in thenestedscopes.Queries
Q15 andQ16 arean even betterexample. Both queriesevaluatea particularlylong path
expressionof 13 steps. While queryQ15 doesevaluateall stepsoutsideany for loop,
queryQ16usesall resulttuplesof thefourthpathstepasone-itemcontext nodesequences
for theremainingsteps.Thecorrespondingperformanceresultsarenot surprising.Query
Q15paysfor theunnecessarystatekeepingof theloop-lifted variantandQ16exploits the
new algorithm.

Thesecondnarrow bar from left in Figure5.2 displaystheperformanceimprovement
of theloop-lifteddescendant pathstep(without loop-lifting thechild axis).QueriesQ1,
Q4, Q15,andQ16eithercontainno descendant stepor evaluatesucha locationstepon
text nodesor attributesonly. Thedescendant stepsfor mostotherqueriesareimplicitly
addedby thetranslationof theelement constructor. Theonly explicit descendant loca-
tion stepsareusedin thequeriesQ6,Q7,andQ14. For queriesQ6 andQ7 this speedsup
theevaluationby morethana factor2. In Q14 the full-text searchmentionedearlierand
thechild pathstepsnarrow theimprovement.

The combinationof both loop-lifted child and loop-lifted descendant step, illus-
tratedin thesecondnarrow bar from right, nicely addsup theperformanceimprovements
of theprevioustwo versions.IgnoringqueriesQ1 andQ15thatsuffer from theadditional
statekeepingof the loop-lifted versionswe obtaineda performancegain by a factor10 in
mostqueries.

Theearlynameandkind testoptimizationintroducedin Section4.2.4is representedby
theright-mostnarrow bar in Figure5.2. Its applicationis mostobvious in thequeriesQ1
andQ15.In bothcases,weseeaclearperformancedecrease.Thereasonsarethecandidate
lists, which arenot selective enough.Aligning theselists becomesmoreexpensive than
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Figure5.2: Bene�tsof loop-liftedstaircasejoin. Thefouroptimizations(narrow bars)show
theperformancegain in comparisonto the iterative applicationof thebasicstaircasejoin.
The loop-lifting of child anddescendant stepsigni�cantly speedsup theevaluationof
mostqueries.Thebene�tsof theearlynametestscanbeseenby comparingthetwo right-
mostnarrow bars.

applyinga post-�lter on thesmall results.On theotherhandtherearethequeriesQ6 and
Q7 whoseexplicit descendant stepsclearly bene�t from the early nametests. Without
the nametest,thesepathstepsproducequite large intermediateresultsthat dominatethe
overall cost.Sincethenametestis quiteselective for them,usingearlytestsyieldsanother
factor6 and12 for Q6 andQ7, respectively, thusresultingin an overall improvementof
factor15 and25, respectively. For all otherqueriestheselectionpushdown in thechild
locationstepsresultsin minorperformancechanges.

5.3 Interfaces

In comparisonto theotheroptimizations,usingthedifferentinterfacesdoesnot introduce
betterevaluationstrategies.Instead,it exploitsmoreknowledgeabouttheappliedstrategies
andthusavoidsunnecessaryoperations.In caseof thevalueinterface,the insertionwith
duplicateeliminationcanbeavoided.For thenodeinterfaceit is theadditionalpathstepas
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Figure 5.3: Bene�ts of avoiding
normal interface. Queries Q14
performsabout25% fasterfor all
sizesusingthevalueinterface.

well asthestorageoverheadandfor thepathstepinter-
facethetwo orderoperationsarenotneeded.

Therefore,nofurtherjusti�cation for theapplication
of theseinterfacesis necessary. Neverthelesswe com-
paredtheevaluationtimesof queryQ14usingthenor-
mal andthe value interfacefor the input argumentsof
the contains function to get an ideawhat impactthis
optimizationhas. The valueinterfaceavoids the inter-
mediatestorageof an especiallylarge part of the doc-
umentin the string relation. The additionalMIL code
of thenormalinterfacefor theinsertion,duplicateelim-
ination,andvaluelookup requiredabout25 percentof
the overall evaluationtime for all documentsizes(see
Figure5.3).

5.4 Join Recognition

Without join detection,our implementationrequiresminutesto evaluatethe XMark join
queries(Q8–Q12)on the11MB XML documentandlarger instancesdo not �nish within
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Figure5.4: Bene�tsof XQueryjoin op-
timization. QueriesQ8, Q9, andQ11
perform over a 100 times fasterwith
join recognitionapplied.

hours,dueto excessive resourceconsumption.The
reasonfor this behavior is the generationof huge
intermediateresultsin the sizeof Cartesianprod-
ucts,a consequenceof loop-lifting. With the join
optimizationdescribedin Section4.4, we areable
to signi�cantly increasetheperformance.With join
detection,XQueryjoin querieson largedocuments
(11GB) canbe evaluatedin interactive time. Fig-
ure 5.4 (usinglogarithmic scale)shows the results
of the� veXMark join querieswith andwithoutjoin
recognitionapplied. For the queriesQ8, Q9, and
Q11 the performanceimprovesby more than two
ordersof magnitude!

5.5 Scaling

With theoptimizationsdescribedin Chapter4,wewerenotonly ableto improveourperfor-
manceby up to threeordersof magnitude,but alsoreachedour goalof a scalablesystem.
MonetDB/XQuery is able to querydocumentsup to 11GB sizeachieving linear perfor-
mancescaling. Figure5.5 shows the performanceresultsnormalizedto the elapsedtime
on the110MB document(again with logarithmicscale).With thedocumentsizesgrow-
ing exponentially(11MB, 110MB, 1GB, 11GB), thegraphshowsthatMonetDB/XQuery
scaleslinearly with the documentsize. To be moreprecise,it scaleswith the sizeof the
biggestintermediateresult,which is limited in mostcasesby thedocumentsize.
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Figure5.5: Scalabilitywith respectto documentsize.All evaluationtimesarenormalized
to thetime on the110MB document.Theonly quadraticallyscalingqueriesareQ11and
Q12,whichdid not �nish theevaluationof the11GB document.

While mostqueriesscaleperfectlyfor thesizesabove 110MB, they seemto gain less
thanfactor10from 11to 110MB. Thereasonsaretheparsingcostsof thelargeMIL scripts
as well as the initialization costs. These�x ed costsslow down the otherwisevery fast
queries(e.g., queryQ6 evaluatesthe110MB instancein just 50 ms). For largerdocument
sizesthesecostsbecomenegligible.

The queries,which do not scaleperfectly linear with the documentsize,arethe join
queries(Q8–Q12),whosejoin result is bigger thanthe input document,andqueryQ14,
whereexcessive memoryconsumptionmakesour systemstartswappingto harddisk for
the11GB document.Two of the� ve join queries(Q11andQ12)evenfail to completeon
the 11GB documentsize. The bottleneckin both queriesis a theta-join(comparisonvia
> ) that generatesan intermediateresultwith about120Gtuplesfor the 11GB document
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(with 16G tuples). Thusany XQuery systemmustnecessarilyexhibit quadraticscaling
with documentsizeon thequeryQ11andQ12.

5.6 SystemComparison

After showing the advantagesof the appliedoptimizationsand the resultingscalability,
we will now compareour approachagainst two other XQuery systems. The test set is
oncemoretheXMark benchmarkat scalingfactors0.1 to 100(which yield documentsof
respectively 11MB to 11GB).

The �rst referencesystemis the latestversionof Galax (0.5.0) as the most popular
andwell known ”native” XQueryenginein open-source[11]. Galaxis a �le-oriented im-
plementation,which parsesthe referencedXML documentsfor eachquery. This often
dominatesthe evaluationtime. To comparefairly, we usedthe monitor featureof Galax
andselectedonly therunningtimesfor theevaluationphase.

The secondreferencesystem,a native XML databasesystem,is the currentversion
of X-Hive (X-Hive/DB 6.0),which claimsto be the ”The fastestandmostscalableXML
databasepoweredby openstandards”[26]. Performance�gures in [9] attestX-Hive a
high scalability, which convincedus to includeit in our evaluation.For X-Hive again we
measuredonly thequeryevaluationtime.

11MB 110MB 1.1GB 11GB
operation: Q Galax X-Hive Pf/M Galax X-Hive Pf/M X-Hive Pf/M Pf/M
selection 1 0.06 0.37 0.04 0.72 1.29 0.18 9.9 1.2 13
positionalpredicate 2 0.03 0.45 0.06 0.31 1.75 0.30 33.0 2.4 25
valuecomparison 3 0.14 0.65 0.24 1.76 5.66 1.48 25.1 12.5 126
documentorder 4 0.22 0.10 0.06 2.91 1.00 0.45 18.1 3.8 36
implicit casting 5 0.05 0.13 0.05 0.63 0.90 0.16 20.7 1.2 11

6 1.30 1.07 0.02 13.29 10.17 0.05 178.1 0.3 3descendantsteps
7 2.68 1.57 0.03 30.01 24.84 0.07 278.4 0.4 4

join 8 0.16 0.85 0.12 2.12 3.51 0.74 49.1 10.4 208
nestedjoins 9 113.23 32.25 0.16 DNF 12280.66 0.87 DNF 12.9 289
join, elementconstructions10 1.74 5.28 0.64 18.61 442.37 5.05 DNF 55.0 1882

11 2.62 98.91 0.16 DNF 19927.29 3.28 DNF 872.5 DNFjoinsongeneratedvalues
12 1.44 23.39 0.12 DNF 5100.19 1.66 DNF 150.7 DNF

resultreconstruction 13 0.03 0.10 0.06 0.66 1.03 0.21 12.9 1.3 13
full text search 14 1.92 0.72 0.17 99.53 11.16 1.40 110.2 13.7 959

15 0.02 0.03 0.08 0.20 0.49 0.27 10.6 1.7 16longpath(child steps),
16 0.03 0.03 0.09 0.46 0.52 0.26 10.9 1.8 18fn:not, fn:empty
17 0.06 0.09 0.06 0.82 0.85 0.29 11.8 2.6 26

user-de®nedfunctions 18 0.07 0.08 0.04 0.73 0.64 0.13 14.8 0.9 9
orderby 19 1.17 0.67 0.10 14.73 12.15 0.55 254.5 5.3 88
aggregation 20 0.28 0.11 0.17 2.98 1.40 0.62 24.6 4.9 50

Table5.1: Overview of XMark queryevaluationtimes(elapsedtime in seconds).

Table5.1 lists our full experimentalresults.Galaxnumbersareavailableonly for the
11MB and110MB XML documents,sinceit fails to load the 1GB �le. For the simpler
querieson the11MB �le, Galaxis on parwith theothersystemsandsometimesperforms
fastestalthoughby a smallmargin. For thesamequerieson the110MB documentGalax
alreadyloosessomeground,but still completestheevaluationin reasonabletime. Themore
expensive queriesfor Galaxare the oneswith descendant steps(Q6 andQ7), the join
queries(Q8–Q12),the full text search(Q14), andthe order by implementation(Q19).
While Galaxseemsto spot the joins in queriesQ8 andQ10, it fails to do so otherwise.
Again theperformancedifferenceon thesetwo queriesincreaseswith growing document
size. The otherthreejoin queriescrashedon the 110MB documentwith materialization
outof boundserrors,mostprobablydueto thequadraticjoin complexity.

X-Hive behaves similar to Galax for most queries. We could speedup the evalua-
tion on a numberof queriesby creatingvalueindiceson the pathsbuyer/@person and
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profile/@income . Thanksto theseindicesit evaluatesthe join queryQ8 fastaswell.
However, thequadraticperformanceonQ9–Q12indicatesthatsuchindicesonly helpona
small classof queries.As soonasqueriesjoin intermediatequeryresults,indicescannot
beusedandperformancedegradesstrongly.

For thequerieswith descendantsteps(Q6, Q7, andQ14)our implementationof loop-
lifted staircasejoin clearlyoutperformsbothothersystems.Thesameappliesfor the join
queries(Q8–Q12),wherewe canbene�t from our join recognitionlogic. The remaining
queries,whosemaintasksaredatabaseoperations(full text searchin Q14andorder by in
queryQ19),furthermoreshow thebig differencebetweenthematurealgorithmsof there-
lationaldatabaseMonetDB,thestand-aloneimplementationGalaxandthenativedatabase
X-Hive.
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Chapter 6

Conclusionsand Outlook

This work builds on an XPath awarerelationalencodingof XML trees[13, 17] anda re-
lational XQuerycompiler [15, 16] to turn a relationaldatabaseback-endinto an XQuery
processor. It combinesthe conceptsof the XML documentencodingandthe XQueryse-
quenceencodingin astoragescheme,whichis applicablein theMonetDBdatabase.Based
onthisrelationalencoding,weenhancedtheinferencerulesdescribedin [16] with moreex-
plicit storageinformation.Furthermorewe extendedthemappingwith additionalXQuery
constructs(e.g., conditionals,constructors,andorder by) to supportlarge partsof the
XQuerylanguage.Themappingof XQueryto MIL in Section3.5,which alsocorresponds
to thepracticalpartof this thesis,appliedall theseideas.Togetherwith theoptimizations
developedin thiswork, wedeliverednotonly aproofof conceptbut alsocreateda fastand
highly scalableXQuerysystem[3].

Otherattemptsof building anXQueryprocessorontopof arelationaldatabaselikee.g.,
Microsoft'sSQLServer2005[24] extendtherelationalback-endwith additionaloperators
that copewith the different XQuery constructs(e.g., the for expression). Suchimple-
mentationsaswell asnativeXML databasesystemscouldovercomethesespeci�c XQuery
operatorsby integratingour compilationschemein their work. Thechangeswould bere-
strictedto thedocumentstorage,thepathstepevaluationandthenodeconstructors.The
supportof XQueryandSQL/XML [18] would thenbea matterof additionaloptimization
rulesinsteadof anew, full-�edged evaluationengine.

We believe,however, thatexchangingtheencodingandstorageof XML documentsas
well astherelationalback-endMonetDBmayprovide a signi�cant performancedecrease.
The reasonis that the densepreorderranksof our XML documentencodingsupportthe
XPathlocationstepsespeciallywell. In MonetDB,evaluatingpathstepsmapsto positional
lookupsin arrays. If our systemwasbacked just by ordinaryB-tree index lookups,we
expectedasigni�cant dropin performance.In contrast,variable-lengthsurrogatessuchas,
ORDPATH labels[23], aredesignedto allow “low-cost”updateswhile still encodingdocu-
mentorder. However, fastupdatescomeat theexpenseof higherstorageandmanipulation
costs(positionalskippingis notpossibleandindex lookupsmustbeusedinstead).

In our pre/size encoding,structuralupdateson the other handare consideredto be
problematic(i.e., physical cost linear to documentsize),becausethey causeshifts in all
preorderranksafter the updatepoint. Furthermore,they requireupdatesof the sizeval-
uesof all ancestors,suchthat the root of the treebecomesa locking bottleneck. In [4],
we showed how suchproblemscan be avoided by updatingthe size of ancestorsusing
delta-increments,which aretransaction-commutative operations.The proposaladdition-
ally reducesthephysicalcostto theminimum(i.e., linear to updatevolume)by carefully
exploiting thevirtual columnfeatureof MonetDBto storeprenumbers.

In Chapter4, wefocusedontheoptimizationsthatpromisedto improve theimplemen-
tationmost.In [9], wheretheauthorsdescribeanXQuerycompilerthatwasoriginally de-
signedto emit SQL code,two of theseoptimizations,namelybuilt-in order-awarenessand
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XQueryjoin recognitionwerealsorecognizedaskey featurestoprocessXML documentsof
serioussize.While theirXQueryjoin patternresemblesthequerypatterndiscussedin Sec-
tion 4.4, it largely remainsunclearhow to derive a relationaljoin plan.Performance-wise,
we really reapthe bene�ts of usingan extensibleRDBMS kernelasan XQueryruntime
environment:theXMark benchmark�gures obtainedheresurpassthosereportedin [9] by
two ordersof magnitude.

While theseoptimizationsimprove our implementationsigni�cantly, a greatnumber
of optimizationshasnot yet beenexplored. Onedecisionthat we never comparedwith
otheropportunitieswasthedesignof our storagescheme.It is thereforenot clearwhether
splitting up all documentfragmentsinto different containersor one big set of relations
wouldbeabetterchoice.Wealsotestedonly scenarioswith singledocuments.It couldbe
interestingto analyzequeries,whichoperateona largecollectionof documents.

In this work, theeliminationof commonsub-expressionsis donein a very naive way,
whichleavesalargenumberof themundetected.In Path�nder/MonetDB,variablebindings
of XQueryvariablesareevaluatedonce.This,however, restrictsthenumberof eliminated
commonsub-expressionsonly to variablesin theXQueryexpression.In XMark queryQ20,
for example,thesamepathstepsareevaluatedthreetimes.An equivalentversionthatbinds
thesestepsto a variablewouldperformfaster. Othercommonsub-expressioneliminations
occurwithin XQueryconstructs,wherethe sameexpressions(e.g., the input sequenceof
a for loop) areevaluatedonly once,andbetweenXQueryconstructs,wherethe expres-
sionsof the different loop relationsareevaluatedonce. A real commonsub-expression
eliminationthuswouldcertainlyimproveour implementation.Theimpact,however, is yet
unknown.

With the decisionto keepall intermediateresultssortedon iter and pos, we restrict
ourselfagain to anaivemapping.Thekeywordunordered , aggregatesandXPathlocation
stepsfor examplecouldutilize morealgorithmswithout our orderconstraints.More work
on this topicwill berequiredin thefuture.

The join recognitionis anotheroptimization,which is far from complete. The main
problemis that thejoin patternworkson normalizedXQuerycoreexpressions.While our
patternsmatcha largenumberof XQueryjoins, they will bealwaysinferior to simpli�ed
patternsonrelationalalgebra.In [14], theauthorsketchesthepropertiesnecessaryfor such
morerobustjoin patterns.

While thisworkalreadyprovidesafastandscalableXQueryprocessor, theimplementa-
tion doesnot offer enoughsupportfor a largenumberof optimizations:With themapping
to MIL, we loosetoo muchcontext information,whereasnormalizedXQueryCoremay
be too abstractfor someoptimizations.As an intermediatestepbetweenthe normalized
XQueryCoreandMIL, we will thereforeuseanannotatedrelationalalgebra,like theone
describedin Section3.2, in the future. As the mappingrulesfrom XQueryCoreto rela-
tional algebraarealreadyprovidedin Section3.4,we canfocuson theoptimizationof the
relationalalgebra.

Algebraicoptimizationshave provento bevery successfulin relationaldatabaseman-
agementsystemsand variousapproachesto implementXQuery processorsalso rely on
algebrasas the basisfor possibleef�cient optimizations. Timber [19], Natix [12], and
Galax[11] e.g., all usealgebrasthatarespeci�c to their respective XQuerysystem.These
algebrastry to utilize thespecialfeaturesof XQuery.

In contrary, our approach— usingpurerelationalalgebra— leveragesmatureopti-
mizationtechniquesof relationalsystems.Propertieslike (multi-valued)dependenciesand
constantrelations,which werealreadyusedin the context of relationalsystems,enable
ef�cient optimizations(e.g., join recognition)in our approachaswell [14]. Additionally
otherXQueryspeci�c annotationslike typeandschemainformationmight becomeuseful.
Moreover valuableinformationfrom a moreabstractlevel, that is requiredfor optimiza-
tionswhen�nally generatingthephysicalqueryplans,maybestoredasannotation.

Theoptimizedrelationalalgebraexpressioneasilymapsto anunderlyingdatabaselan-
guage.While this maybeany databasethatunderstandsrelationalalgebraplans,we will
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stick to MonetDB,which in the currentversionof our XQueryprocessoralreadyproves
to bea goodchoice.Until this effort is completed,MonetDB/XQuery,thecurrentimple-
mentationof Path�nder/MonetDBdescribedin this thesis,will provide a competitive and
scalablerelationalruntimefor XQuery.
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Appendix A

XMark Queries

XMark Q1

for $b in doc("auction.xml")/site/people/person[@id = "person0"]
return $b/name/text()

XMark Q2

for $b in doc("auction.xml")/site/open_auctions/open_auction
return

<increase>
{ $b/bidder[1]/increase/text() }

</increase>

XMark Q3

for $b in doc("auction.xml")/site/open_auctions/open_auction
where zero-or-one($b/bidder[1]/increase/text()) * 2

<= $b/bidder[last()]/increase/text()
return

<increase
first="{ $b/bidder[1]/increase/text() }"
last="{ $b/bidder[last()]/increase/text() }"

/>

XMark Q4

for $b in doc("auction.xml")/site/open_auctions/open_auction
where

some $pr1 in $b/bidder/personref[@person = "person20"],
$pr2 in $b/bidder/personref[@person = "person51"]

satisfies $pr1 << $pr2
return

<history>
{ $b/reserve/text() }

</history>

XMark Q5

count(
for $i in doc("auction.xml")/site/closed_auctions/closed_auction
where $i/price/text() >= 40
return $i/price

)
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XMark Q6

for $b in doc("auction.xml")//site/regions
return

count($b//item)

XMark Q7

for $p in doc("auction.xml")/site
return

count($p//description) + count($p//annotation) + count($p//emailaddress)

XMark Q8

for $p in doc("auction.xml")/site/people/person
let $a :=

for $t in doc("auction.xml")/site/closed_auctions/closed_auction
where $t/buyer/@person = $p/@id
return $t

return
<item person="{$p/name/text()}">

{ count($a) }
</item>

XMark Q9

for $p in doc("auction.xml")/site/people/person
return

<person name="{$p/name/text()}">
{

for $t in doc("auction.xml")/site/closed_auctions/closed_auction
where $p/@id = $t/buyer/@person
return

<item>
{

let $n :=
for $t2 in doc("auction.xml")/site/regions/europe/item
where $t/itemref/@item = $t2/@id
return $t2

return $n/name/text()
}

</item>
}

</person>

XMark Q10

for $i in distinct-values(doc("auction.xml")/site/people/
person/profile/interest/@category)

return
<categorie>

{
<id>{$i}</id>
,
for $t in doc("auction.xml")/site/people/person
where $t/profile/interest/@category = $i
return
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<personne>
<statistiques>

<sexe>{$t/profile/gender/text()}</sexe>
<age>{$t/profile/age/text()}</age>
<education>{$t/profile/education/text()}</education>
<revenu>{fn:data($t/profile/@income)}</revenu>

</statistiques>
<coordonnees>

<nom>{$t/name/text()}</nom>
<rue>{$t/address/street/text()}</rue>
<ville>{$t/address/city/text()}</ville>
<pays>{$t/address/country/text()}</pays>
<reseau>

<courrier>{$t/emailaddress/text()}</courrier>
<pagePerso>{$t/homepage/text()}</pagePerso>

</reseau>
</coordonnees>
<cartePaiement>{$t/creditcard/text()}</cartePaiement>

</personne>
}

</categorie>

XMark Q11

for $p in doc("auction.xml")/site/people/person
let $l :=

for $i in doc("auction.xml")/site/open_auctions/open_auction/initial
where $p/profile/@income > 5000 * exactly-one($i/text())
return $i

return
<items name="{$p/name/text()}">

{ count($l) }
</items>

XMark Q12

for $p in doc("auction.xml")/site/people/person
let $l :=

for $i in doc("auction.xml")/site/open_auctions/open_auction/initial
where $p/profile/@income > 5000 * exactly-one($i/text())
return $i

where $p/profile/@income > 50000
return

<items person="{$p/profile/@income}">
{ count($l) }

</items>

XMark Q13

for $i in doc("auction.xml")/site/regions/australia/item
return

<item name="{$i/name/text()}">
{ $i/description }

</item>

XMark Q14
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for $i in doc("auction.xml")/site//item
where contains(string(exactly-one($i/description)), "gold")
return $i/name/text()

XMark Q15

for $a in
doc("auction.xml")/site/closed_auctions/closed_auction/annotation /
description/parlist/listitem/parlist/listitem/text/emph/keyword/tex t()

return
<text>

{ $a }
</text>

XMark Q16

for $a in doc("auction.xml")/site/closed_auctions/closed_auction
where

not(
empty(

$a/annotation/description/parlist/listitem/
parlist/listitem/text/emph/keyword/text()

)
)

return
<person id="{$a/seller/@person}"/>

XMark Q17

for $p in doc("auction.xml")/site/people/person
where empty($p/homepage/text())
return

<person name="{$p/name/text()}"/>

XMark Q18

declare namespacelocal = "http://www.example.org";
declare function local:convert($v as xs:decimal?) as xs:decimal?
{

2.20371 * $v (: convert Dfl to Euro :)
};

for $i in doc("auction.xml")/site/open_auctions/open_auction
return

local:convert(zero-or-one($i/reserve))

XMark Q19

for $b in doc("auction.xml")/site/regions//item
let $k := $b/name/text()
order by $b/location ascending empty greatest
return

<item name="{$k}">
{ $b/location/text() }

</item>

XMark Q20
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<result>
<preferred>

{
count(

doc("auction.xml")/site/people/person/
profile[@income >= 100000]

)
}

</preferred>
<standard>

{
count(

doc("auction.xml")/site/people/person/
profile[@income < 100000 and @income>= 30000]

)
}

</standard>
<challenge>

{
count(

doc("auction.xml")/site/people/person/
profile[@income < 30000]

)
}

</challenge>
<na>

{
count(

for $p in doc("auction.xml")/site/people/person
where empty($p/profile/@income)
return $p

)
}

</na>
</result>

79


