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Abstract

XML hasbecome



an� importantmediumfor data
�

representation,particularly when� that
�

data
�

is e� x-

changed� o� v� er� or� bro



wsed� on� the
�

Internet. As the
�

v� olume� of� XML data
�

increases,there
�

is a� gro� wing�
interestin storing� XML in relationaldatabases

�
so� that
�

the
�

well-de� v� eloped� featuresof� these
�

systems� (
�
e� .g� .,�

concurrenc� y� control,� crash� recov� ery� ,� query� processors) can� be



re-used.Howe� v� er� ,� gi� v� en� the
�

wide� v� ariety�
of� XML applications� and� the

�
mismatchbetween



XML’s� nested-treestructure� and� the

�
flat tuples

�
of� the
�

relational� model,� storing� XML
�

documents
�

in
�

relational� databases
�

presents interesting
�

challenges.�
Le
 

goDB� is
�

a� cost-based! XML-to-relational
�

mapping� engine� that
�

addresses� this
�

problem. It
"

e� xplores#
a� space� of� possible mappings� and� selects� the

�
best



mapping� for
$

a� gi� v� en� application� (defined
�

by



an� XML
�

Schema,
%

XML data
�

statistics,� and� an� XML query� w� orkload).� LegoDB� lev� erages� e� xisting XML and�
relationaltechnologies:

�
it representsthe

�
tar
�

get� application� using& XML standards� and� constructs� the
�

space�
of� configurations� using& XML-specificoperations,� and� it uses& a� traditional

�
relationaloptimizer� to

�
obtain�

accurate� cost� estimates� of� the
�

deri
�

v� ed� configurations.� In this
�

paper ,� we� describe
�

the
�

LegoDB� mapping

engine� and� pro vide� e� xperimental# results� that
�

demonstrate
�

the
�

ef� fecti
$

v� eness� of� this
�

approach.�

1 Intr
'

oduction(

As XML is now) an* importantmediumfor representing,e+ xchangingand* accessing* data
,

o- v. er+ the
/

Internet,

applications* are* processing0 an* increasingamount* of- XML data.
,

Not
1

surprisingly, there
/

is a* gro2 wing) interest

in storingXML in relationaldatabases
,

sothat
/

these
/

applications* can3 use4 a* complete3 setof- data
,

management

services(includingconcurrenc3 y5 control,3 crash3 reco6 v. ery+ , scalability, etc)+ and* benefit
7

from
8

the
/

highly
9

opti--
mized: relational6 query; processors.0 A

<
number= of- strategies2 ha

9
v. e+ been
7

proposed0 [7, 11, 14, 18, 19]
>

to
/

address*
the
/

XML-to-relational
?

mapping: problem.0 An
<

important
@

limitation
A

of- most: of- these
/

proposals0 is
@

that
/

the
/

y5 rely6
on- a* fix

B
ed+ XML-to-relational
?

mapping.: One
C

singlemapping: is
@

unlik4 ely+ to
/

w) ork- well) for
8

more: than
/

a* fe
8

w) of-
the
/

wide) v. ariety* of- access* patterns0 an* application* may: present.0 F
D

or- e+ xample,E a* web) sitemay: perform0 a* lar
A

ge2
v. olume- of- simple lookup

A
queries,; whereas) a* catalog3 printing0 application* may: require6 lar

A
ge2 and* comple3 xE

queries; with) deeply
,

nestedresults.Moderncommercial3 databases
,

(seeeF .gG .,G [24]),
>

on- the
/

other- hand,pro0 vide.
a* moreflexible approach* to

/
storingXML data,

,
by
7

allo* wing) the
/

de
,

v. eloper+ to
/

specifythe
/

storagemapping.
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Ho
H

weI vJ erK , this
L

approachM has
N

dra
O

wbacks,I mostP notably:Q it
R

requiresS the
L

de
O

vJ eloperK to
L

masterP tw
L

oT quiteU distinct
O

technologies
L

(XML andM RDBMS); andM it might be
V

hard,eK vJ enK for anM eK xpert, to
L

determine
O

aM goodW mapping

for aM compleX x application.M
In this
L

paperY , weI introduceaM novJ elK cost-basedX framewI orkT for XML-to-relationalstoragemapping,andM
describe
O

the
L

design
O

ofT LegoDB,W aM tool
L

based
V

onT this
L

framewI orkT that
L

automaticallyM findsanM efK ficientXML-to-

relationalS mappingP for
Z

aM tar
L

getW application.M The
[

three
L

mainP design
O

principlesY behind
V

Le
\

goDBW areM cost-basedX
search,logical/physical

]
independence,
R

andM re-useS ofT eK xisting^ technology
L

. Sincethe
L

efK fecti
Z

vJ enessK ofT one-T
size-fits-allmappingP is

R
improbable
R

giW vJ enK the
L

wideI vJ arietyM ofT XML
_

applicationsM (with data
O

rangingS from
Z

flat
`

to
L

nested,Q schemasrangingS from
Z

structuredto
L

semistructured,accessM patternsY rangingS from
Z

traditional
L

SPJ

queriesU to
L

full-te
Z

xt^ orT recursiS vJ eK queries),U ourT first
a

principleY is
R

to
L

tak
L

eK applicationM parametersY into
R

account.M
More
b

preciselyY , giW vJ enK aM schemadescribing
O

the
L

XML
_

data
O

to
L

be
V

processed,Y aM queryU wI orkload,T andM data
O

statistics,the
L

LegoDBW engineK eK xploresvJ ariousM relationalconfigurationsX in orderT to
L

find the
L

mostefK ficient

for the
L

application.M
Our
c

secondprincipleY is to
L

supportlogical/physicalindependence.DevJ elopersK ofT XML applicationsM
shoulddeal

O
withI XML

_
structuresandM operationsT andM the

L
yd shouldnotQ be

V
concernedX withI the

L
underlyinge

physicalY storagein
R

aM relationalS database.
O

Hence,
H

the
L

Le
\

goDBW interf
R

aceM is
R

purelyY XML-based—it
_

tak
L

esK asM
input
R

XML
_

queries,U schemasandM statistics.

Our
c

third
L

principleY is to
L

levJ erageK eK xisting XML andM relationaltechnology
L

wheneI vJ erK possible.Y LegoDBW
relieson:T 1) eK xisting XML standardsto

L
representthe

L
tar
L

getW application,M 2) XML-specificoperationsT oT vJ erK aM
schemato

L
generateW aM spaceofT possibleY mappings,andM 3) aM traditional

L
relationaloptimizerT to

L
obtainT accurateM

costX estimatesK for the
L

deri
O

vJ edK mappings.On
c

the
L

first point,Y queriesU whichI makeK upe the
L

applicationM wI orkloadT
areM giW vJ enK in XQuery[5],

f
andM the

L
usere data

O
is described
O

withI XML Schema[21].
f

Our
c

mainP contribX utionse areM summarizedbelo
V

wI .

g W
h

eK introduce
R

the
L

notionQ ofT physicalY XML
_

Schemas(p-sci hemas
j

),
k

whichI areM XML
_

SchemaseK xtended^ withI
statisticsaboutM the

L
underlyinge XML

_
data.
O

W
h

eK define
O

aM fix
a

edK mappingP from
Z

aM particularY p-sci hema
j

to
L

aM
relationalS schemaandM aM correspondingX mappingP from

Z
XML
_

documents
O

to
L

databases.
O

l W
h

eK define
O

XML
_

Schematransformations
L

that
L

whenI appliedM to
L

aM p-sci hema
j

andM follo
Z

wedI by
V

the
L

fix
a

edK map-P
ping,Y lead

]
to
L

aM spaceofT alternatiM vJ eK storageconfigurations.X The
[

idea
R

is
R

that
L

oneT mayP define
O

manP yd alternateM
XML
_

SchemaswhichI areM equiK vJ alentM in
R

terms
L

ofT the
L

documents
O

whichI areM validm undere eachK schema,b
V
ute

yieldd dif
O

ferent
Z

configurations.X F
n

orT instance,
R

types
L

canX be
V

introduced
R

orT elided,K andM reS gularW eK xpressions^ canX
be
V

rewrittenI withoutI afM fecting the
L

semanticsofT the
L

schema.Becausethe
L

proposedY rewritingsI areM specific

to
L

XML
_

Schema,this
L

searchspacecontainsX manP yd configurationsX notQ eK xploited^ by
V

relationalS storagedesign
O

tools
L

(see,for eK xample,[1, 23]).
f

o Through
[

the
L

fix
a

edK mapping,P XML-specific
_

statisticsareM translated
L

into
R

the
L

correspondingX relationalS statis-

tics,
L

andM XQuery
_

wI orkloadsT areM conX vJ ertedK into
R

the
L

correspondingX SQL wI orkloads.T As
p

aM result,S weI canX
eK xploit aM traditional

L
relationaloptimizerT to

L
obtainT costX estimatesK for the

L
vJ ariousM configurations,X andM select

the
L

best
V

amongM them.
L

One
c

potentialY problemY withI this
L

approachM is searchspaceeK xplosion.Dueto
L

the
L

nature

2



ofT XML
_

Schema,the
L

schematransformations
L

mayP lead
]

to
L

aM lar
]

geW (possiblyinfinite)
R

searchspace.In
q

this
L

paperY weI usee aM greedyW eK vJ aluationM strategyW to
L

eK xploreanM interestingsubsetofT this
L

space.

r W
s

eK giW vJ eK eK xperimentalresultswhichI showI that
L

LegoDBW is ableM to
L

find efK ficientstoragedesigns
O

for aM vJ arietyM
ofT wI orkloadsT in aM reasonabletime.

L
Our
c

resultsindicatethat
L

ourT cost-basedX eK xploration selectsstorage

designs
O

whichI wI ouldT not be
V

arriM vJ edK atM by
V

preY viously-proposeJ d
O

heuristics,andM that
L

in most cases,X these
L

designs
O

havJ eK significantlylowerI costs.X

Or
t

ganizationu ofv the
w

P
x

apery The
[

restS ofT the
L

paperY is
R

orT ganizedW asM follo
Z

ws.I In
q

Section2,
z

weI presentY aM moti-P
vJ atingM eK xample^ alongM withI somebackground

V
information.
R

In
q

Section3, weI presentY the
L

Le
\

goDBW frame
Z

wI orkT
for
Z

mappingP XML
_

Schemas,queries,U andM documents
O

into
R

relationalS configurations,X queries,U andM databases.
O

In Section4, weI presentY the
L

rewritingI rulesdefining
O

the
L

searchspaceandM ourT searchalgorithm.M In Section5,
{

weI presentY preliminaryY eK xperimentalresults.W
s

eK revieJ wI relatedwI orkT in Section6,
|

andM discuss
O

directions
O

for futurewI orkT in Section7.
}

2 Background~ and� Moti v� ating� Example

In this
L

section,weI motivJ ateM ourT approach,M notablythe
L

usee ofT XML SchemaandM the
L

cost-basedX eK vJ aluationM
ofT storagemappings,withI anM eK xampleXML storagemappingscenarioinspiredfrom the

L
InternetMovieJ

Database[13].
f

XML documents
�

andy DTDs Figure1 giW vJ esK anM eK xampleXML fragmentin whichI the
L

show elementK is

usede to
L

representmoviesJ andM TV shows.I This elementK containsX informationthat
L

is sharedbetween
V

moviesJ
andM TV

[
shows,I suchasM title

�
andM year asM wellI asM information

R
specificto

L
moP viesJ (e� .g� .,� box

�
office

andM video� sales )
k

andM to
L

TV
[

showsI (e� .g� .,� seasons ).
k

Figure
�

2(a)
z

showsI aM Document
�

T
[

yped Definition
�

(DTD) [2] for
Z

the
L

eK xample^ document
O

ofT Figure
�

1. The
[

DTD
�

containsX declarations
O

for
Z

allM elementsK andM
attribM utese in

R
the
L

document.
O

The
[

contentsX ofT eachK elementK mayP be
V

te
L

xt^ (e� .g� .,� #PCDATA, CDATA),
k

orT aM reS gularW
eK xpression^ oT vJ erK otherT elementsK (e� .g� .,� (show*,director* ,a ct or *) ).

k

Using
�

XML
�

Schema
�

f
�
or� storage� Figure

�
2(b)
z

showsI anM alternatiM vJ eK schemadescribed
O

usinge the
L

notationQ
for
Z

types
L

from
Z

the
L

XML
_

Query
�

Algebra
�

[9]. This
[

notationQ capturesX the
L

coreX semanticsofT XML
_

Schema,

abstractingM aM wI ayM someofT the
L

compleX x featuresofT XML SchemawhichI areM not relevJ antM for ourT purposesY
(e� .g� .,� the

L
distinction
O

between
V

groupsW andM compleX xTypes,d local vs.J globalW declarations,
O

etc).K The XML

SchemaandM the
L

XML Query
�

Algebranotationfor ourT sampleschemacanX be
V

foundin AppendixB.

Lik
\

eK DTDs,
�

XML
_

Schemadescribes
O

elementsK (e� .g� .,� show)
k

andM attribM utese (e� .g� .,� @type )
k

andM usese reS g-W
ulare eK xpressions^ to

L
describe
O

alloM wedI subelements(e� .g� .,� imdb containsX Sho
�

w� *, Dir
�

ector� *, Actor
�

*). But
�

Figure
�

2(b)
z

alsoM illustrates
R

aM numberQ ofT distinguishing
O

features
Z

that
L

areM usefule for
Z

storage.First,
�

oneT canX
specifypreciseY data

O
types
L

(e� .g� .,� String , Integer )
k

instead
R

ofT te
L

xt,^ anM essentialK feature
Z

for
Z

generatingW anM
efK ficient storageconfiguration.X Also, regularW eK xpressionsareM eK xtendedwithI morepreciseY cardinalityX anno-M
tations
L

for collectionsX (e� .g� .,��� 1,10� indicatesthat
L

there
L

canX be
V

between
V

1 to
L

10 aka elementsK for show),
k

3



<imdb>
<show type="Movie">

<title>Fugitive, The</title>
<year>1993</year>
<aka>Auf der Flucht</aka>
<aka>Fuggitivo, Il</aka>
<review>

<suntimes>
<reviewer>Roger Ebert</reviewer>
<rating>Two thumbs up!</rating>
<comments>

This is a fun action movie,
Harrison Ford at his best.

</comment>
</suntimes>

</review>
<review>

<nyt>
The standard Hollywood summer
movie strikes back.

</nyt>
</review>
<box_office>183,752,965</box_office>
<video_sales>72,450,220</video_sales>

</show>

<show type="TV series">
<title>X Files, The</title>

<year>1994</year>
<aka>Akte X - Die unheimlichen

Fälle des FBI</aka>
<aka>Aux frontieres du Reel</aka>
<seasons>

<number>10</number>
<years>1993 1994 1995 1996 1997

1998 1999 2000 2001</years>
</seasons>
<description>

A paranoiac FBI agent teams up with
a frustrated female scientist to chase
DNA modified aliens financed by the NSA.

<episode>
<name>Ghost in the Machine</name>
<guest_director>

Jerrold Freedman
</guest_director>

</episode>
<episode>

<name>Fallen Angel</name>
<guest_director>

Larry Shaw
</guest_director>

</episode>
</show>
....

</imdb>

Figure
�

1: XML
_

data
O

samplefor
Z

aM subsetofT the
L

IMDB
q

<!DOCTYPE imdb [
<!ELEMENT imdb (show*, director*, actor*)>

<!ELEMENT show
(title, year, aka+, reviews*,

((box_office,
video_sales)

|(seasons,
description,
episode*)))>

<!ATTLIST show type CDATA #REQUIRED>

<!ELEMENT title (#PCDATA)>
<!ELEMENT year (#PCDATA)>
<!ELEMENT aka (#PCDATA)>
<!ELEMENT review (#PCDATA)>

<!ELEMENT box_office (#PCDATA))>
<!ELEMENT video_sales (#PCDATA))>

<!ELEMENT seasons (#PCDATA))>
<!ELEMENT description (#PCDATA))>
<!ELEMENT episode (name,guest_director)>
<!ELEMENT name (#PCDATA)>
<!ELEMENT guest_director (#PCDATA)>

]>

(a)

type IMDB =
imdb [ Show*, Dir

�
ector*, Actor

�
* ]

type Show =
show [ @type[ String ],

title[ String ],
Y
�

ear,
Aka
� �

1,10 � ,
Review*,
( Movie | TV ) ]

type Y
�

ear = year[ Integer ]

type Aka = aka[ String ]

type Review = review[ ˜ [ String ] ]

type Mo
 

vie =
box_office[ Integer ],
video_sales[ Integer ]

type TV =
seasons[ Integer ],
description[ String ],
episode[ name[ String ],

guest_director[ String ] ]*

type Dir
�

ector = ...

(b)

Figure2: Schemasamplesfor the
L

IMDB documents
O
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type Show =
show [ @type[ String ],

title[ String ],
year[ Integer ],
Aka
� ¡

1,10 ¢ ,
Review*,
( Movie | TV ) ]

type Aka =
aka [ String ]

.....

TABLE Show
( Show_id INT,

type STRING,
title STRING,
year INT )

TABLE Aka
£

( Aka_id
£

INT,
aka STRING,
parent_Show INT )

.....

OriginalXML Schema Mappedrelationalschema

Figure
�

3: Mapping
b

XML
_

Schemato
L

relationsS
whichI enablesK the

L
specificationofT moreP constrainedX collections.X Finally

�
, XML
_

SchemacanX describe
O

so-

calledX wildcar¤ ds
¥

: for instance,the
L ¦

[AnyType] notationspecifiesthat
L

the
L

review elementK canX containX
anM elementK withI anM arbitraryM nameandM content.X This alloM wsI XML Schemato

L
describe
O

partsY ofT the
L

schema

for whichI nopreciseY structuralinformationis aM vJ ailable.M

Storage
�

mappings§ In
q

additionM to
L

the
L

features
Z

described
O

aboM vJ e,K aM vJ eryK important
R

dif
O

ference
Z

between
V

XML
_

SchemaandM DTDs
�

is
R

that
L

the
L

former
Z

distinguishes
O

between
V

elementsK (e� .g� .,� aM show element)K andM their
L

type
L

(e� .g� .,� the
L

Show type).
L

Thetype
L

namenevJ erK appearsM in the
L

document,
O

andM oneT elementK mayhavJ eK dif
O

ferent

alloM wedI contentX whenI it appearsM in dif
O

ferenttypes.
L

A keK yd featureofT the
L

LegoDBW approachM is that
L

it usese
the
L

classificationX ofT elementsK to
L

type
L

namesasM the
L

basis
V

for creatingX storagemappings.As anM eK xample,

Figure3 showsI aM samplemappingfor aM fragmentofT the
L

schemain Figure2(b). Eachtype
L

(e� .g� .,� Sho
�

w� )
k

canX
be
V

usede to
L

groupW aM setofT elementsK together
L

. The LegoDBW mappingengineK createsX aM table
L

for eachK such

type
L

(e� .g� .,� Show)
k

andM mapsthe
L

contentsX ofT the
L

elementsK (e� .g� .,� type
¨

, title
¨

, etc.)K to
L

columnsX ofT that
L

table.
L

Finally
�

, the
L

mappingP alsoM generatesW aM k
©
eK yd columnX that

L
containsX the

L
id ofT the

L
correspondingX elementK (e� .g� .,�

Aka_id
ª

column),X andM aM foreign
Z

k
©
eK yd that
L

k
©
eepsK track

L
ofT the
L

parent-childY relationshipS (e� .g� .,� parent_Show«
column).X

Clearly
¬

, it
R

is
R

notQ alM wI aysM possibleY to
L

mapP types
L

into
R

relations.S F
�

orT instance,
R

sincethere
L

canX be
V

manP yd
episode elementsK in

R
the
L

type
L TV


, these
L

elementsK cannotX be
V

mappedP into
R

columnsX ofT that
L

table.
L

In
q

Sec-

tion
L

3, weI introduce
R

aM restrictedS form
Z

ofT XML
_

Schemas,whichI weI referS to
L

asM physical® sc¯ hemas
°

, whichI ha
N

vJ eK
the
L

propertyY that
L

the
L

yd areM easilyK mappedto
L

relationsby
V

creatingX oneT relationfor eachK type
L

name.

Schema
�

transf
±

ormations� An
�

important
R

observT ationM is
R

that
L

there
L

areM manP yd dif
O

ferent
Z

XML
_

schemasthat
L

vJ alidateM the
L

eK xact^ samesetofT documents.
O

F
�

orT instance,
R

dif
O

ferent
Z

b
V
ute equiK vJ alentM reS gularW eK xpressions^ (e� .g� .,�

(a(b|c*)) ((a,b)|(a,c*)) )
k

canX describe
O

the
L

contentsX ofT aM giW vJ enK element.K In
q

addition,M the
L

alloM wedI
subelementsofT anM elementK canX be

V
referredS to

L
dir
¥

ectly� (e� .g� .,� the
L

elementK title
¨

in
R

Sho
�

w� ),
k

orT canX be
V

referredS
to
L

by
V

aM type
L

nameQ (e� .g� .,� seethe
L

type
L Y

²
ear� ).
k

Although
�

the
L

presenceY ofT aM type
L

nameQ does
O

notQ changeX the
L

semanticsofT the
L

XML
_

Schema,it
R

afM fects
Z

the
L

deri
O

vJ edK relationalS schema,asM ourT mappingP generatesW oneT
relationfor eachK type.

L
Hence,by

V
performingY aM sequenceofT transformations

L
(alsocalledX rewritings)I whichI

preservY eK the
L

semanticsofT the
L

schemaandM then
L

generatingW the
L

impliedthe
L

storagemapping,aM spaceofT storage

5
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TABLE Show
( Show_id INT,

type STRING,
title STRING,
year INT,
box_office INT,
video_sales INT,
seasons INT,
description STRING )

TABLE Review
( Reviews_id INT,

tilde STRING,
reviews STRING,
parent_Show INT )

TABLE Episode
( Episode_id INT,

name STRING,
parent_Show INT )

....

TABLE Show
( Show_id INT,

type STRING,
title STRING,
year INT,
box_office INT,
video_sales INT,
seasons INT,
description STRING )

TABLE NYT˙Re
³

views
( Reviews_id INT,

review STRING,
parent_Show INT )

TABLE Reviews
( Reviews_id INT,

tilde STRING,
review STRING,
parent_Show INT )

TABLE Episode
( Episode_id INT,

name STRING,
parent_Show INT )

.....

TABLE Show˙Part1
( Show_Part1_id INT,

type STRING,
title STRING,
year INT,
box_office INT,
video_sales INT )

TABLE Show˙Part2
( Show_Part2_id INT,

type STRING,
title STRING,
year INT,
seasons INT,
description STRING )

TABLE Reviews
( Reviews_id INT,

tilde STRING,
review STRING,
parent_Show INT )

TABLE Episode
( Episode_id INT,

name STRING,
parent_Show INT )

....

(a) (b) (c)

Figure
�

4:
´

Three
[

storagemappingsP for
Z

the
L

ShowelementK
mappingsP canX be

V
eK xplored.^

Cost-basede� vµ aluation¶ of� XML storage� Figure4 showsI three
L

possibleY relationalstoragemappingsthat
L

areM generatedW by
V

someofT ourT transformations.
L

ForT instance,configurationX (a) resultsfrom inlining asM manyd
elementsK asM possibleY in

R
aM giW vJ enK table,

L
roughlyS correspondingX to

L
the
L

strategyW advM ocatedT by
V

[19].
f

Configuration
·

(b) is
R

obtainedT from
Z

configurationX (a)by
V

partitioningY the
L

reS vieJ wsI table
L

into
R

tw
L

oT tables
L

(onethat
L

containsX Ne
¸

wI
Y
¹

orkT T
[

imes
R

reS vieJ ws,I andM anotherM for
Z

reS vieJ wsI from
Z

otherT sources).Finally
�

, configurationX (c) is
R

obtainedT from
Z

configurationX (a)by
V

splitting the
L

ShowI table
L

into
R

Mo
b

viesJ orT TV
[

shows.I
EvenK though

L
eachK ofT these

L
configurationsX canX be

V
the
L

best
V

for aM giW vJ enK application,M there
L

may be
V

casesX
whereI the

L
yd performY poorlyY . An importantquestionU is then

L
howI to

L
selectaM particularY configuration.X In

LegoDB,W this
L

decision
O

is based
V

queryU wI orkloadsT andM data
O

statistics.Consider
·

the
L

queriesU ofT Figure5
{

de-
O

scribedin XQuery[4].
f

Thefirst queryU returnsthe
L

title,
L

yeard andM the
L

Ne
¸

wI YorkT TimesrevieJ wsI for allM showsI
from 1999.Query

�
2 publishesY allM the

L
informationaM vJ ailableM for allM showsI in the

L
database.
O

Query
�

3 retrievJ esK
the
L

description
O

ofT aM showI based
V

onT the
L

title,
L

andM Query
�

4
´

retrieS vJ esK episodesK ofT showsI directed
O

by
V

aM particularY
guestW director

O
. Whereas
º

queriesU 1 andM 2
z

areM typical
L

ofT aM publishingY scenario(i.e.,� to
L

sendaM moP vieJ catalogX to
L

anM interested
R

partner),Y queriesU 3 andM 4
´

containX specificselectioncriteriaX andM areM typical
L

ofT interacti
R

vJ eK lookup
]

queries.U W
º

eK then
L

define
O

tw
L

oT wI orkloads,T »½¼ andM ¾À¿ , whereI ÁÃÂÅÄÀÆÈÇÊÉÌËÎÍÐÏÒÑÔÓÖÕØ×ÚÙÎÛÐÜÒÝÔÞÖßáàÊâäãÐåçæéèÖêÌëíìÎîÐïçðÈñ
andM òÀóõô÷öÈøÚùûúÐüÐýçùéþÖÿ��������	��
�������������������������� , whereI eachK wI orkloadT containsX aM setofT queriesU andM anM
associatedM weightI that

L
couldX reflectS the

L
relatiS vJ eK importance

R
ofT eachK queryU for

Z
the
L

application.M From
�

anM ap-M
plicationY perspectiY vJ e,K wI orkloadT � � mightbe

V
representativJ eK ofT the

L
wI orkloadT generatedW by

V
aM cableX companX yd

whichI routinelypublishesY largeW partsY ofT the
L

database
O

for do
O

wnloadI to
L

intelligentset-topbox
V

es,K whileI whileI

6
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Q1:
FOR $v in imdb/show
WHERE$v/year = 1999
RETURN$v/title, $v/year, $v/nyt_reviews

Q2:
FOR $v in imdb/show
RETURN$v

Q3:
FOR $v in imdb/show
WHERE$v/title = c2
RETURN$v/description

Query 4:
FOR $v in imdb/show
RETURN

<result>
$v/title
$v/year
FOR $v/episode $e
WHERE$e/guest_director = c4
RETURN$e

</result>

Figure
�

5:
{

Queries
�

for
Z

the
L

ShowelementK

StorageMap
b

1 StorageMap
b

2
z

StorageMap
b

3

(Fig 4(a))
´

(Fig 4(b))
´

(Fig 4(c))
´

Q1
�

1.00 0.83
"

1.27

Q2
�

1.00 0.50
"

0.48
"

Q3
�

1.00 1.00 0.17
"

Q4
�

1.00 1.19 0.40
"

W1
º

1.00 0.75
"

0.75
"

W2
º

1.00 1.01 0.40
"

Figure6:
!

EstimatedCosts
·

for Queries
�

andM W
º

orkloadsT
#%$

mightP representS the
L

lookup
]

queriesU issued
R

to
L

aM moP vie-informationJ webI site,lik
]

eK the
L

IMDB
q

itself.
R

Figure
�

6
!

showsI the
L

estimatedK costsX for
Z

the
L

queriesU andM wI orkloadsT returnedS by
V

the
L

Le
\

goDBW storage

mappingP tool
L

for
Z

eachK configurationX in
R

Figure
�

4.
´

These
[

costsX areM normalizedQ by
V

the
L

costsX ofT StorageMap
b

1.

It
q

is
R

important
R

to
L

remarkS that
L

onlyT the
L

first
a

oneT ofT the
L

three
L

storagemappingsP shownI in
R

Figure
�

4
´

canX be
V

generatedW by
V

preY viousJ heuristic
N

approachesM ofT whichI weI areM aM wI are.M Ho
H

weI vJ erK , this
L

mappingP has
N

significant

disadv
O

antagesM for eitherK wI orkloadT weI considerX . First, due
O

to
L

its treatment
L

ofT union,e it inlinessevJ eralK fields

whichI areM not presentY in allM the
L

data,
O

makingthe
L

Show relationlargerW than
L

necessary. Second,whenI the
L

entireK Show relationis eK xportedasM aM singledocument,
O

the
L

recordscorrespondingX to
L

moviesJ neednot be
V

joined
&

withI the
L

Episode tables,
L

b
V
ute this
L

join
&

is requiredby
V

mapping4(a) andM (b). Finally, the
L

largeW
Description elementK neednotbe

V
inlinedunlesse it is frequentlyqueried.U

3
'

From( XML Schema
)

to
*

Relations

The
[

architectureM ofT the
L

Le
\

goDBW mappingP engineK is
R

depicted
O

in
R

Figure
�

7.
+

Gi
,

vJ enK anM XML
_

SchemaandM
statisticseK xtracted^ from

Z
anM eK xample^ XML

_
dataset,
O

weI first
a

generateW anM initial
R

physicalY schema(PS0).The
[

physicalY schemaandM the
L

XQuery
_

wI orkloadT areM then
L

input
R

into
R

the
L

Query/Schema
�

T
[

ranslationS module,P whichI
in turn
L

generatesW the
L

correspondingX relationalcatalogX (schemaandM statistics)andM SQLqueriesU that
L

areM input

into aM relationaloptimizerT for costX estimation.K Schematransformation
L

operationsT areM then
L

repeatedlyappliedM

7
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Generate Physical Schema
- Physical Schema

.
Transformation
/ Query/Schema Translation

0
Query Optimizer
0

XML Schema
1

XML data statistics
1

Optimal configuration

cost(SQi)2

PS0

XQuery workload

RSiPSi

RSi: Relational Schema/Queries/Stats
PSi: Physical Schema

Figure7:
+

ArchitectureofT the
L

MappingEngine

to
L

PS0,andM the
L

processY ofT Schema/Querytranslation
L

andM costX estimationK is repeatedfor eachK transformed
L

PS

untile aM good3 configurationX is found.In this
L

sectionweI focusonT physicalY schemasandM onT the
L

Query/Schema
�

T
[

ranslationS module.P

3.1
4

Physical5 XML Schemas

As pointedY outT in [19],
f

mappingDTDs to
L

relationalconfigurationsX is aM hardproblem.Y ThereareM sevJ eralK
reasonsS for

Z
that:
L

(1) the
L

presenceY ofT reS gularW eK xpressions,^ nestedQ elementsK andM recursiS vJ eK types
L

resultsS in
R

aM
mismatchP withI flat

`
relations;S (2) DTDs

�
do
O

notQ dif
O

ferentiate
Z

between
V

elementsK that
L

correspondX to
L

entitiesK
(e� .g� .,� aM person)Y andM elementsK that

L
correspondX to

L
someattribM utee ofT that

L
entityK (e� .g� .,� the

L
nameQ ofT aM person)Y

— hence
N

it
R

is
R

notQ clearX whetherI oneT shouldmapP anM elementK to
L

aM relationS orT to
L

anM attribM utee ofT aM relation;S (3)

DTDs
�

define
O

noQ eK xplicit^ data
O

types
L

for
Z

elementsK (e� .g� .,� inte
R

gerW , date),
O

andM asM aM resultS allM vJ aluesM mustP be
V

stored

asM stringswhichI canX lead
]

to
L

inef
R

ficiencies.
a

As weI havJ eK seenin Section2, XML Schemadif
O

fers from DTDs in aM numberofT wI ays.M Notably
¸

, be-
V

causeX XML Schemadistinguishes
O

between
V

type
L

namesandM elementK description,
O

aM straightforwardM mapping

strategyW is to
L

createX aM relationfor eachK type
L

in XML Schema.In addition,M XML SchemaproY videsJ eK xplicit

data
O

types
L

whichI leadto
L

morenatural(andefK ficient) storagemappings.HoweI vJ erK , aM numberofT dif
O

ficulties

remain:

6 the
L

mismatchbetween
V

the
L

structureofT XML Schematypes
L

andM relations,due
O

to
L

the
L

presenceY ofT nestedtree
L

regularW eK xpressions,andM
7 the
L

lack ofT informationaboutM the
L

data
O

to
L

be
V

stored,e� .g� .,� cardinalityX ofT collectionsX andM numberofT distinct
O

vJ aluesM for anM attribM ute,e whichI is necessaryfor designing
O

anM efK ficientstoragemapping.

In orderT to
L

addressM these
L

problems,Y weI introducethe
L

notion ofT physicalY XML schemas(p-sc8 hemas
9

).
k

P-schemas
9

havJ eK the
L

followingI properties:Y (i) the
L

yd areM asM eK xpressivJ eK asM XML Schemas,(ii) the
L

yd containX
usefule statisticsaboutM the

L
data
O

to
L

be
V

stored,andM (iii) there
L

eK xistsaM fixed,K simplemappingfrom p-sc8 hemas
9

into relationalschemas.BeforeweI giW vJ eK aM preciseY definition
O

ofT p-sc8 hemas
9

, weI illustratethe
L

constructionX ofT aM
p-sc8 hema
9

from
Z

anM XML
_

Schemathrough
L

anM eK xample.^
Transforming� an¶ XML Schema

�
into a¶ P-schema

:
By insertingappropriateM type

L
namesfor certainX elements,K

oneT canX satisfy(iii) aboM vJ eK whileI preservingY the
L

semanticsofT the
L

originalT schema.ForT instance,in orderT to
L

8



type Show =
show [ @type[ String ],

title [ String ],
year[ Integer ],
reviews[ String ]*,
... ]

(a) Initial
;

XML
<

Schema

type Show =
show [ @type[ String ],

title [ String ],
year[ Integer ],
Reviews*,
... ]

type Reviews =
reviews[ String ]

(b) P-schematransformation
=

TABLE Show
( Show_id INT,

type STRING,
title STRING,
year INT )

TABLE Review
( Review_id,

review String,
parent_Show INT )

(c) Relationalconfiguration

Figure
�

8: P-schema
>

creationX
guaranteeW that

L
there
L

eK xists^ aM simpleandM uniquee mappingP into
R

aM relationalS configuration,X the
L

XML
_

Schema

is
R

reS writtenI so that
L

allM multi-vP aluedM elementsK ha
N

vJ eK anM associatedM type
L

name.Q F
�

orT eK xample,^ the
L

Show type
L

ofT Figure
�

8(a)cannotX be
V

storeddirectly
O

into
R

aM relationalS schemabecause
V

there
L

mightP be
V

multipleP reviews

elementsK in
R

the
L

data.
O

Ho
H

weI vJ erK , the
L

equiK vJ alentM schemain
R

Figure
�

8(b), in
R

whichI this
L

elementK is
R

described
O

by
V

aM separatetype
L

name,Q canX be
V

easilyK mappedP into
R

the
L

relationalS schemashownI in
R

8(c).

TheforeignkeK yd fromthe
L

Review table,
L

parent« Show ispresentY sincethe
L

type
L

nameReviewsµ appearsM
withinI the

L
definition
O

ofT the
L

Sho
�

w� type.
L

No
¸

indicationofT the
L

relationshipappearsM in the
L

Show table.
L

Data
�

Statistics
�

The
[

p-sc? hema
@

alsoM needsQ to
L

storedata
O

statistics.These
[

statisticsareM eK xtracted^ from
Z

the
L

data
O

andM insertedin the
L

originalT physicalY schemaPS0during
O

its creation.X A samplep-sc? hema
@

withI statisticsfor

the
L

type
L

Show is giW vJ enK belo
V

w:I
type Show =

show [ @type[ String<#8,#2> ],
year[ Integer<#4,#1800,#2100,#300> ],
title[ String<#50,#34798> ],
Review*<#10> ]

type Review =
review[ String<#800> ]

whereI Scalar<#size,#mi n, #max ,# dis ti
¨

nc ts
¨

> indicates
R

for
Z

eachK scalardatatype
O

the
L

correspond-X
ing
R

size(e� .g� .,� 4
´

bytes
V

for
Z

anM inte
R

ger),W minimumP andM maximumP vJ alues,M andM the
L

numberQ ofT distinct
O

vJ alues;M andM
String<#size,#d is ti

¨
nc ts>
¨

whichI specifiesthe
L

lengthofT aM stringasM wellI asM the
L

numberofT distinct
O

vJ alues.M Thenotation*<#count> indicatesthe
L

relative� numberofT Reviews elementsK withinI eachK elementK
ofT type
L

Show (e� .g� .,� in this
L

eK xample,there
L

areM 10revieJ wsI perY show).I
Stratified
�

phA ysicalB types
±

W
º

eK areM noQ wI readyS to
L

define
O

p-sc? hemas
@

. As
�

weI ha
N

vJ eK discussed,
O

it
R

is
R

essentialK that
L

eachK type
L

namecontainsX aM structurethat
L

canX be
V

directly
O

mappedto
L

aM relation. Accordingly, weI adaptM the
L

originalT syntaxfor types
L

ofT [9] to
L

enforceK the
L

appropriateM structure1. The resultinggrammarW is shownI in

Figure9.
C

Becausethis
L

newI grammarW is str¯ atifiedD (i.e., insteadofT the
L

types
L

defined
O

in the
L

originalT XML Schema,

there
L

areM three
L

dif
O

ferentlayersofT types),
L

it ensuresK that
L

type
L

namesareM alM wI aysM usede withinI collectionsX orT
unionse in

R
the
L

schema.The
[

first
a

layer
]

, physical? typesE , containsX onlyT singletonelements,K nestedQ singleton

elements,K andM optionalT types.
L

The
[

secondlayer
]

, optionalF typesE , is
R

usede to
L

representS elementK structuresthat
L

1Notethatfor
G

spaceH reasons,I weJ donotencloseK here
L

the
M

originalgrammarN ,O bP ut encourageK thereaderI to consulttheoriginalQ XML
QueryAlgebradocument.

R

9
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scalarH type S TUT V Integer W String X Boolean
physicalY scalarH Z\[^]_] ` a\b < cedgfihkjklnmporq	s�tvupwyx{z}|�~p���������	�\�n�����
namedtype �\���U� � � type

M
name� ���

| ��� choice� �
emptychoice�� ���n� �

, ¡ ,# ¢¤£¥§¦�¨ª©�«�¬® repetition
optionalQ type ¯±°³²_² ´ µ\¶ named· type¸ ¹

optionalscalarº »
[ ¼±½ ] optionalQ element¾ ¿±À

, Á±Â optionalsequenceÃ
() emptyK sequenceH

physicalY type
M ÄÆÅÈÇUÇ É Ê�Ë

named· typeÌ Í±ÎnÏªÐ
, ÑªÒ optionaltypeÓ Ô

scalarÕ Ö
[ ×ÆØ ] elementKÙ ÚÆÛ

, ÜÆÝ sequenceÞ
() emptyK sequenceH

schemaH item ß àÈáUá â type ã = äÆå typedeclaration
R

schemaH æUæ ç schema è�é = ê ë , ìgí , ... end schemaH

Figure
�

9:
C

StratifiedPhysical
>

T
[

ypesd
areM tagged

L
withI aM questionU mark. Finally namedî types

E canX onlyT containX type
L

namesandM areM usede to
L

enforceK
that
L

compleX x^ reS gularW eK xpressions^ (suchasM unione andM repetition)S do
O

notQ containX nestedQ elements.K
An importantpropertyY ofT physicalY schemasis that

L
anM yd XML SchemahasanM equiK vJ alentM physicalY schema.

As aM proofY sketchK ofT that
L

statement,oneT just
ï

needsto
L

realizethat
L

eachK schemacanX be
V

rewrittenI by
V

havingJ aM
type
L

namefor eachK element,K andM that
L

the
L

resultingschemais aM p-sc? hema
@

equiK vJ alentM to
L

the
L

originalT schema.

3.2
4

Mapping
ð

p-schemasñ into
ò

relations

The
[

reasonS for
Z

the
L

aboM vJ eK stratificationofT physicalY types
L

is
R

to
L

makP eK surethere
L

is
R

aM straightforwardM mappingP
from
Z

these
L

types
L

into
R

relations.S The
[

mappingP is
R

asM follo
Z

ws:I
ó Create
·

oneT relationS ôrõ for
Z

eachK type
L

nameQ ö .

÷ ForT eachK relation øyù , createX aM keK yd that
L

willI storethe
L

nodeid ofT the
L

correspondingX element.K
ú ForT eachK relation ûrü , createX aM foreignkeK yd To ý�þ Key to

L
allM relationsÿ���� suchthat

L ���
is aM parentY type

L
ofT��
	 A columnX is createdX for eachK elementK in the

L
table
L

associatedM withI the
L

type
L

mostdirectly
O

that
L

element.K

 If
q

the
L

data
O

type
L

is
R

containedX withinI anM optionalT type
L

then
L

the
L

correspondingX columnX canX containX aM nullQ
vJ alue.M

Essentially
�

, that
L

mappingP procedureY follo
Z

wsI the
L

stratificationofT types:
L

elementsK in
R

the
L

physicalY types
L

layer
]

areM mappedP to
L

standardcolumns,X elementsK withinI the
L

optionalT types
L

layer
]

areM mappedP to
L

columnsX withI nullQ
vJ alues,M andM namedtypes

L
areM usede onlyT to

L
keepK track

L
ofT the
L

child-parentX relationshipandM for the
L

generationW
ofT foreignkeK ys.d

10



F
�

orT anM instance
R ��

ofT the
L

p-sc? hema
@

, the
L

relationalS schemadefined
O

by
V

the
L

aboM vJ eK mappingP is
R

referredS to
L

asM������������� . TableM 1 describe
O

these
L

mappingsin detail
O

(exceptcomputationX ofT foreignkeK ys).d ForT instance:fixedK
sizestringsin XML areM mappedto

L
fixedK sizedstringsin relational;nestedelementsK areM mappedto

L
columns;X

top
L

levJ elK types
L

that
L

containX data
O

types
L

areM mappedto
L

aM specialcolumnX that
L

containsX aM data column,X etc.K
The � functionis usede to

L
mapnestedelements,K the

L ���
functionis usede to

L
mapoptionalT nestedelementsK andM

the
L � �"!�#%$'&

functioncomputesX the
L

appropriateM foreignkeK yd for eachK table.
L

In fact,M aM similar functionis usede
to
L

propagateY statisticsfrom the
L

p-sc? hema
@

to
L

the
L

relationalschema,b
V
ute this
L

processY is straightforwardM andM
omittedT for

Z
clarityX .

P-sc
(

hema
)

RelationalSchema
*

Datatypes
+ ,.-

String #<size> /.02143.5 CHAR(size)6.7
String 8 92:<; = STRING> ?

Integer
#<size>

@.A2B4C.D INTEGER

EFEFEG.H
String #<size> I"J%K2L4MON CHAR(size) nullP.Q
String R"S%T2U4VOW STRING nullX Y

Integer
#<size>

Z\[%]2^4_O` INTEGER null

aFaFa
Elements
b c.d

a[ egf ] h.i2j4k.lnm a:a1: o�prq%sFsts a:an: uwvyx{z ,O where|.}2~g���O�n� a1: ���r�F�%�F�F� an: �����{��.���
[ ��� ] �.�2�4����� tilde STRINGa:a1: �w���¡ F F  a:an: ¢�£y¤{¥ , whereJ ¦ §2¨�©2ª�«�¬ a1: w®r¯F°�±t±F±

an: ²�³µ´¡¶·.¸º¹t»
, ¼4½ ¾.¿2À4Á.ÂnÃ a1: Ä�ÅrÆ�ÇFÇFÇ an: È�ÉµÊ , a1’: Ë�ÌrÍ%ÎFÎFÎ am’: Ï�ÐµÑ{Ò ,

whereÓ.Ô2ÕtÖµ×OØnÙ a1: Ú�ÛrÜFÝ%ÞFÞ�Þ an: ß�à�á¡â and ã ä2å<ærçOèêé a1’: ë�ì�íïî%ð�ðFð am’: ñwò�ó¡ôõ.öø÷yù4úyû
, üyý þ.ÿ�� �������
	�������

��� ���������������
Schema
*
type T  
String<#count>

TABLET ! T id INT " #�$�%'& CHAR(size) (
)+*-,/.103254�687:9+;�<
type T = Integer TABLET > T id INT ? @�A1B'C INT D
E+F-G/H1IKJ�L�MON:PRQ�ST8T8T
type T = pt TABLET U T id INT VXW�Y�Z-[]\�^X_+`-a/b1cKd5egfOh:i+j�k

Tablel 1: Mappingfrom PhysicalXML Schemasto
m

Relations

It is notewn orthyo to
m

mentionthat,
m

althoughl simple,this
m

mappingdeals
p

appropriatelyl withn recursivq er types.
m

In addition,l it alsol mapsXML Schemawildcardsn (the s elements)r appropriatelyl . Takl er for er xamplethe
m

definition
p

ofo the
m

AnyElementt in the
m

XML Query
u

Algebra:
type AnyElement = ˜[ (AnyElement|AnyScalar)* ]
type AnyScalar = Integer | String

This
v

type
m

is
w

vq alidl for
x

alll possibley elementsr withn anl yt content.z In
{

othero wn ords,o this
m

is
w

al type
m

for
x

untyped| XML
}

documents.
p

Note
¸

alsol that
m

this
m

definition
p

uses| both
~

recursi� vq er types
m

(AnyElement
ª

is
w

used| in
w

the
m

contentz
ofo anl yt elements)r andl al wildcardn ( � ).

�
Again,
�

applyingl the
m

abol vq er rules,� oneo wn ouldo constructz the
m

follo
x

wingn
relational� schema:
TABLE String TABLE Int TABLE AnyElement

£
=

( __data STRING, ( __data INT, ( Element_id ID,
parent INT ) parent INT ) tilde STRING,

parent_Element INT )

11



This
v

alsol showsn that
m

using| XML
}

Schemaandl the
m

proposedy mapping,� Le
�

goDB� canz deal
p

withn structured

andl semistructureddocuments
p

in anl homogeneouswn ayl . Indeedthe
m

AnyElement table
m

is similar to
m

the
m

oF verflow� relationthat
m

wn asl used| to
m

deal
p

withn semistructureddocument
p

in the
m

STORED
�

system[7].
�

3.3
4

Mapping
ð

XQuery
�

queries

Although
�

query� mapping� is
w

anl important
w

party ofo the
m

optimizationo process,y re� writingn XML
}

queries� into
w

their
m

equir vq alentl SQLcounterpartsz is
w

not� the
m

focus
x

ofo this
m

papery andl wen omito anl yt further
x

discussion
p

ono this
m

issue.
w

W
º

er refer� the
m

interested
w

reader� to
m

recently� proposedy mapping� algorithmsl from
x

XML
}

query� languages
�

to
m

SQL[10, 3].
�

4 Schema
�

Transformations� and� Sear
�

ch�

In
{

this
m

section,wen describe
p

possibley transformations
m

for
x

p-sc? hemas
@

. By
�

repeatedly� applyingl these
m

transfor
m

-

mations,� Le
�

goDB� generates� al spaceofo alternatil vq er p-sc? hemas
@

andl correspondingz relational� configurations.z
As this

m
spacecanz be

~
ratherlarge� (possiblyinfinite), wen use| al greedy� searchalgorithml that

m
ouro er xperiments

shown to
m

be
~

efr fectivq er in practicey (seeSection5).
�

The greedy� searchalgorithml andl its interactionwithn al
relationaloptimizero arel presentedy belo

~
wn in Section4.2.

4.1
�

XML
�

transf
�

ormations

Before
�

wen define
p

the
m

p-sc? hema
@

transformations,
m

it
w

is
w

wn ortho pointingy outo that
m

there
m

arel important
w

benefits
~

to
m

performingy these
m

transformations
m

atl the
m

XML
}

Schemale
�

vq elr asl opposedo to
m

transforming
m

relational� schemas.

Much
�

ofo the
m

semanticsal vq ailablel in
w

the
m

XML
}

schemais
w

not� presenty in
w

al gi� vq enr relational� schemaandl pery -

forming
x

the
m

equir vq alentl re� writingn atl the
m

relational� le
�

vq elr wn ouldo imply
w

complez x� inte
w

grity� constraintsz that
m

arel not�
withinn the

m
scopeofo relationalker yst andl foreignker ys.t As anl er xample,considerz the

m
rewritingn ono Figure4(c):

suchpartitioningy ofo the
m

Shown table
m

wn ouldo be
~

vq eryr hardto
m

comez up| withn just
ï

consideringz the
m

originalo schema

(a). On
�

the
m

othero hand,wen willn seethat
m

this
m

is al naturalrewritingn to
m

performy atl the
m

XML levq el.r In addi-l
tion,
m

wn orkingo atl the
m

XML Schemalevq elr makesr the
m

framewn orko moreeasilyr er xtensibleto
m

othero non-relational

storessuchasl nativq er XML storesandl flat files,wheren al searchspacebased
~

ono relationalschemaswn ouldo be
~

anl obstacle.o
Therearel indeedal vq eryr large� numberofo possibley rewritingsn applicablel to

m
XML Schemas.Insteadofo

trying
m

to
m

gi� vq er anl er xhaustivq er setofo rewriting,n wen focusono al limited setofo suchrewritingsn that
m

correspondz to
m

interesting
w

storagealternatil vq es,r andl that
m

ouro er xperiments� shown to
m

be
~

beneficial
~

in
w

practice.y

Inlining/Outlining
�

As
�

wen pointedy outo sevq eralr times,
m

oneo canz eitherr associatel al type
m

name� to
m

al gi� vq enr nested�
elementr (outlining) oro nest� its

w
definition
p

directly
p

withinn its
w

parenty elementr (inlining). Re
�

writingn al XML
}

schemain that
m

wn ayl impactsthe
m

relationalschemaby
~

inlining oro outliningo the
m

correspondingz elementr withinn
it’s parenty table.

m
Inlining is illustratedbelo

~
wn using| the

m TV type
m

ofo Figure2(b).

12



type TV =
seasons[ Integer ],
Description,
Episode*

type Description
�

=
description[ String ]

�]� type TV =
seasons[ Integer ],
description[ String ],
Episode*

At the
m

relationallevq el,r this
m

rewritingn wn ouldo correspondsz to
m

the
m

followingn transformation:
m

TABLE TV
( TV_id INT,

seasons STRING,
parent_Show )

TABLE Description
( Description_id INT,

description STRING,
parent_TV )

�]�
TABLE TV

( TV_id INT,
seasons STRING,
description STRING,
parent_Show )

Twn oo conditionsz mustbe
~

satisfiedfor this
m

transformation
m

to
m

be
~

permissible:y the
m

type
m

namemustoccuro in al po-y
sitionwheren it is notwithinn the

m
productiony ofo al namedtype

m
(i.e.,� onlyo withinn sequencesoro nestedelements);r

andl sincethis
m

rewritingn impliesthat
m

oneo table
m

is removq edr from the
m

relationalschemathe
m

correspondingz type
m

cannotz be
~

shared.

Note
¸

that
m

inlining
w

wn asl advl ocatedo asl oneo ofo the
m

main� heuristics
�

in
w

[19].
�

Inlining
{

has
�

somesimilaritieswithn
vq erticalr partitioning.y It reducesthe

m
needfor joins

ï
whenn accessingl the

m
contentsz ofo anl element,r b

~
ut| it increases

the
m

size ofo the
m

correspondingz table.
m

Dependingono the
m

significanceofo accessesl to
m

the
m

description

elementr in the
m

query� wn orkload,o ouro searchalgorithml willn actuallyl decide
p

whethern to
m

outlineo oro inline that
m

element.r

Union
�

Factorization/Distrib¶ ution� Union
�

is proy vidingq muchflexibility to
m

XML Schemadescriptions.
p

As

queries� canz havq er dif
p

ferentaccessl patternsy ono unions,| e.g.,r accessl eitherr partsy together
m

oro independently, it is

essentialr to
m

be
~

ablel to
m

find appropriatel storagestructuresfor unions.| In ordero to
m

do
p

so,wen willn use| simple

distrib
p

ution| la
�

ws.n The
v

first
�

la
�

wn ((a,(b|c)) == (a,b|a,c) )
�

allol wsn distrib
p

ution| ofo al union| withn al
re� gular� er xpression� andl is

w
illustrated
w

belo
~

wn using| the
m Sho

�
w� type
m

ofo Figure
�

2(b).
 

type Show =
show [ @type[ String ],

title[ String ],
year [ Integer ],
Aka ¡ 1,10 ¢ ,
Review*,
( Mo
 

vie | TV ) ]

type Movie =
box_office[ Integer ],
video_sales[ Integer ]

type TV =
seasons[ Integer ],
description[ String ],
Episode*

£¥¤

type Show =
show [ (@type[ String ],

title[ String ],
year [ Integer ],
Aka ¦ 1,10 § ,
Review*,
box_office[ Integer ],
video_sales[ Integer ])

| (@type[ String ],
title[ String ],
year [ Integer ],
Aka
� ¨

1,10 © ,
Review*,
seasons[ Integer ],
description[ String ],
Episode*) ]

Note
¸

that
m

the
m

commonz party ofo the
m

schema(title
¨

, etc.)r is
w

no� wn duplicated,
p

whilen eachr party ofo the
m

union|
is distrib
p

uted.| The secondlawn (a[t1|t2] == a[t1]|a[t2] )
�

allol wsn to
m

distrib
p

ute| al union| acrossl anl
elementr andl is illustratedono the

m
resultofo the

m
prey viousq rewriting:n

13



type Show =
show [ (@type[ String ],

title[ String ],
year [ Integer ],
Aka ª 1,10 « ,
Review*,
box_office[ Integer ],
video_sales[ Integer ])

| (@type[ String ],
title[ String ],
year [ Integer ],
Aka ¬ 1,10  ,
Review*,
seasons[ Integer ],
description[ String ],
Episode*) ]

®¥¯

type Show =
( Show˙Part1 | Show˙Part2)

type Show˙Part1 =
show [ @type[ String ],

title[ String ],
year [ Integer ],
Aka ° 1,10 ± ,
Review*,
box_office[ Integer ],
video_sales[ Integer ] ]

type Show˙Part2 =
show [ @type[ String ],

title[ String ],
year [ Integer ],
Aka
� ²

1,10 ³ ,
Review*,
seasons[ Integer ],
description[ String ],
Episode
´

* ]

Here
µ

the
m

distrib
p

ution| is
w

done
p

acrossl elementr boundaries.
~

This
v

sequenceofo re� writingn correspondsz to
m

the
m

follo
x

wingn relational� configurations:z
TABLE Show

( Show_id INT,
type STRING,
title STRING,
year INT )

TABLE Movie
( Movie_id INT,

box_office INT,
video_sales INT,
parent_Show INT )

TABLE TV
( TV_id INT,

seasons INT,
description STRING,
parent_Show INT )

¶¥·

TABLE Show_Part1
( Show_Part1_id INT,

type STRING,
title STRING,
year INT,
box_office INT,
video_sales INT )

TABLE Show_Part2
( Show_Part2_id INT,

type STRING,
title STRING,
year INT,
seasons INT,
description STRING )

This resultsin the
m

schemagi� vq enr ono Figure4(c) in Section2. Therearel al fewn importantremarksto
m

be
~

made

here.
�

First,
�

this
m

re� writingn is
w

similar to
m

someform
x

ofo horizontal
�

partitioning,y asl Showsn withn dif
p

ferent
x

contentz
willn be

~
split in

w
dif
p

ferent
x

tables.
m

Still, that
m

partitioningy follo
x

wsn the
m

structureofo the
m

XML
}

Schemawhichn
might� correspondz to

m
quite� complez x� criteriaz ono the

m
originalo relational� schema.Note

¸
that
m

the
m

intermediate
w

stepin
w

this
m

re� writingn is
w

not� al vq alidl p-sc? hema
@

andl willn not� be
~

er vq aluatedl for
x

costz before
~

the
m

secondhalf
�

ofo the
m

transformation
m

is
w

applied.l T
v

oo the
m

best
~

ofo ouro kno
¸

wledge,n no� prey viousq XML
}

storageapproachl has
�

consideredz
al similar re� writing.n

Repetition Merge/Split¹ Anotheruseful| rewritingn er xploits the
m

relationshipbetween
~

sequencingandl repeti-

tion
m

in regular� er xpressionsby
~

turning
m

oneo into the
m

othero . Thecorrespondingz lawn oo vq err regular� er xpressions

(a+ == a,a* )
�

is illustratedbelo
~

wn ono the
m

aka elementr in the
m

Sho
�

w� type
m

ofo Figure2(b).

type Show =
show [ @type[ String ],

title [ String ],
year[ Integer ],
Aka º 1,* » ]

¼¥½
type Show =

show [ @type[ String ],
title [ String ],
year[ Integer ],
Aka, Aka ¾ 0,* ¿ ]

À¥Á
type Show =

show [ @type[ String ],
title [ String ],
year[ Integer ],
aka [ String ],
Aka
� Â

0,* Ã ]

Folloo wedn by
~

the
m

appropriatel inlining, this
m

transformation
m

capturesz the
m

followingn relationalconfigurations:z

14



TABLE Show
( Show_id INT,

type STRING,
title STRING,
year INT )

TABLE Aka
( Aka_id INT,

aka STRING,
parent_Show INT)

Ä]Å

TABLE Show
( Show_id INT,

type STRING,
title STRING,
year INT,
aka STRING )

TABLE Aka
( Aka_id
£

INT,
aka STRING,
parent_Show INT)

Note
¸

that
m

this
m

transformation
m

correspondsz to
m

someofo the
m

re� writingsn proposedy in
w

[7].

W
Æ

ildcard
Ç

rÈ ewritings� W
º

ildcards
w

arel used| to
m

indicate
w

al setofo elementr names� that
m

canz oro cannotz be
~

used| for
x

al gi� vq enr element.r F
�

olloo wingn [8],
�

wen willn use| ’ ˜ ’ to
m

indicate
w

that
m

anl yt elementr name� canz be
~

used,| andl ’ ˜!a ’

to
m

indicate
w

that
m

anl yt name� b
~
ut| a canz be

~
used.| In

{
somecases,z queries� willn accessl specificelementsr withinn

al wildcard.n In
{

that
m

contez xt,� it
w

might� be
~

interesting
w

to
m

materialize� anl elementr name� asl party ofo al wildcardn asl
illustrated
w

in
w

the
m

follo
x

wingn er xample:�

type Review =
review[ ˜[ String ]* ] É¥Ê

type Reviews =
review[ ( NYTRe

³
view | OtherReview)* ]

type NYTReview = nyt[ String ]
type OtherReview = (˜!nyt) [ String ]

This
v

transformation
m

canz be
~

thought
m

ofo asl distrib
p

uting| ofo the
m

(implicit) union| in
w

the
m

wildcardn oo vq err the
m

elementr
constructorz (i.e.,� ˜=nyt_reviews|(˜!nyt_reviews) ).

�
Here
Ë

againl this
m

results� in
w

someform
x

ofo non-tri� vialq
horizontalpartitioningy oo vq err relations.Aswen shown in Section5,

�
this
m

rewritingn isuseful| if somequeries� accessl
NYT
¸

imes
w

re� vieq wsn independently
w

ofo re� vieq wsn from
x

othero sources.

Fr
Ì

om� union� to
±

options� All
�

ofo the
m

prey viouslyq proposedy re� writingsn preservy er er xactly� the
m

semanticsofo the
m

originalo XML
}

schema.This
v

last
�

re� writingn that
m

wn asl proposedy in
w

[19]
�

does
p

not� ha
�

vq er this
m

nice� propertyy , b
~
ut|

allol wsn to
m

inline
w

elementsr ofo al union| using| null� vq alues.l This
v

relies� ono the
m

f
x
actl that

m
al union| is

w
all wn aysl containedz

in al sequenceofo optionalo types
m

(i.e., (t1|t2) Í (t1?,t2?) ).
�

This is illustratedbelo
~

wn using| the
m Sho

�
w�

type
m

ofo Figure2(b).

type Show =
show [ @type[ String ],

title[ String ],
year [ Integer ],
Aka
� Î

1,10 Ï ,
Review*,
( Mo
 

vie | TV ) ]

type Movie =
box_office[ Integer ],
video_sales[ Integer ]

type TV =
seasons[ Integer ],
description[ String ],
Episode
´

*

Ð¥Ñ

type Show =
show [ @type[ String ],

title[ String ],
year [ Integer ],
Aka Ò 1,10 Ó ,
Review*,
(box_office[ Integer ],

video_sales[ Integer ])?,
(seasons[ Integer ],

description[ String ],
Episode*)?

Thisofteno resultsin tables
m

withn al large� numberofo null vq alues,l b
~
ut| allol wsn the

m
systemto

m
inline party ofo al union,|

whichn might improvq er performancesy for certainz queries.�
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4.2
�

Search Algorithm
Ô

Theer xplorationofo the
m

spaceofo storagemappingsis described
p

in Algorithm 4.1. Note
¸

that
m

the
m

setofo config-z
urations| that

m
result� from

x
applyingl the

m
vq ariousl schematransformations

m
is
w

vq eryr lar
�

ge� (possiblyinfinite),
w

andl
sincefor

x
eachr configurationz queries� andl statisticsmust� be

~
translated
m

andl sentto
m

the
m

optimizero , this
m

processy
is
w

lik
�

elyr to
m

tak
m

er anl er xcessi� vq er amountl ofo time
m

to
m

completez andl may� be
~

infeasible
w

in
w

somecases.z Instead
{

ofo
er xhausti� vq elyr searchingthe

m
spaceofo alll possibley configurations,z wen use| al gr3 eedy� heuristic

@
to
m

find
�

anl efr ficient
�

configuration.z
The algorithml be

~
gins� by

~
deri
p

vingq anl initial configurationz Õ×ÖRØ�Ù�Ú�ÛÝÜ from the
m

gi� vq enr XML Schema
Þàßâáäã�å�æÝç (line 3); details

p
ofo hown this

m
initial configurationz is deri

p
vq edr appearl in Section3.1. Ne

¸
xt, the

m
costz ofo this

m
configuration,z withn respectto

m
the
m

gi� vq enr query� wn orkloado èàéëêíìïî andl the
m

data
p

statisticsðòñ+ó8ô
ó5õ is

computedz using| the
m

function
x öø÷�ù8úüûRý�þ�ÿ��������	��


whichn willn be
~

described
p

in
w

al moment� (line 3). The
v

greedy�
search(lines 5-16)

�
iterati
w

vq elyr updates| ������������ to
m

the
m

cheapestz configurationz that
m

canz be
~

deri
p

vq edr from
x

������������� using| al singletransformation.
m

Specifically, in
w

eachr iteration,
w

al list
�

ofo candidatez configurationsz
�� �!�"�#�$�%'&)(+*-, is

w
createdz by

~
applyingl alll applicablel transformations

m
to
m

the
m

currentz configurationz .�/�0�1�2�3�4
(line 7).

5
Each
6

ofo these
m

candidatez configurationsz is
w

er vq aluatedl using| 798�:<;>=@?BA�C�D�E�FHG	I-J andl the
m

configurationz
withn the

m
smallestcostz is

w
selected(lines8-14).This

v
processy is

w
repeated� until| the

m
currentz configurationz canz no�

longer
�

be
~

impro
w

vq ed.r
W
K

er nown gi� vq er details
p

ofo hownML9N�O<P>Q@RBS�T�U�V�W�X	Y-Z computesz the
m

costz ofo al gi� vq enr configurationz []\�^�_�`�a�b
gi� vq enr the

m
XML Query

u
wn orkloado c�dfehgji andl the

m
XML data

p
statisticsk�l�m<nomqp . First, r�s@tBu�vBw�x is used| to

m
deri
p

vq er the
m

correspondingz relationschema(seeSection3.2). This correspondencez is alsol used| to
m

translate
m

y�z�{<|o{q} into the
m

correspondingz statisticsfor the
m

relationaldata,
p

asl welln asl to
m

translate
m

individualq queries� in
~����h�j� into

w
the
m

correspondingz relational� queries� in
w

SQL.The
v

resulting� relational� schemaandl the
m

statistics

arel used| by
~

al relational� optimizero to
m

computez the
m

er xpected� costz ofo computingz al query� in
w

the
m

SQL wn orkloado
deri
p

vq edr asl abol vq e;r this
m

costz is
w

returned� asl the
m

costz ofo the
m

gi� vq enr�������������� . Note
�

that
m

the
m

algorithml does
p

not�
puty anl yt restriction� ono the

m
kind
¸

ofo optimizero used| (transformationaloro rule-based,� linear
�

oro b
~
ushy| , etc.r [12]);

�
though
m

for
x

the
m

er x� erciser to
m

mak� er senseit
w

is
w

er xpected� that
m

it
w

shouldbe
~

sameasl (or similar to)
m

the
m

optimizero
used| in

w
the
m

relational� systemwhichn is
w

going� to
m

be
~

configuredz based
~

ono the
m

recommendations� ofo ouro mapper� .

As wen shall seein Section5,
�

configurationsz withn significantly lowern costsz canz be
~

found through
m

this
m

greedy� search.

5
�

Perf� ormance�

The
v

vq ariousl componentsz ofo Le
�

goDB� (i.e.,� physicaly schemacreation,z schematransformation,
m

andl query�
translation)
m

ha
�

vq er been
~

implemented
w

in
w

al prototypey system. Our
�

initial
w

prototypey is
w

limited
�

to
m

er xploring�
inlining/outlining
w

rules� in
w

the
m

greedy� search—theothero XML
}

transformations
m

arel er xplored� separately.

T
v

oo er vq aluatel the
m

alternatil vq er configurationsz in
w

ouro mapping� enginer (seeSection3), wen used| al vq ariationl ofo
the
m

V
�

olcanoo relationalquery� optimizero [12],
�

asl described
p

in [16].
�

Thecostz ofo al query� estimatedr by
~

the
m

query�
optimizero ono the

m
basis
~

ofo al costz modelthat
m

tak
m

esr into accountl numberofo seeks,amountl ofo data
p

read,amountl
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Algorithm
�

4.1
�

Greedy
�

Heuristic
Ë

for
x

Finding
�

anl Ef
6

ficient
�

Configuration
�

Procedure GreedySearch
Input: xSchema : XML schema,

xWkld : XML query workload,
xStats : XML data statistics

Output: pSchema : an efficient physical schema
1 begin

minCost = � ;
pSchema = GetInitialPhysicalSchema(xSchema)
cost = GetPSchemaCost(pSchema, xWkld, xStats)

5 while� (cost � minCost) do
minCost = cost
pSchemaList = ApplyTransformations(pSchema)
for each pSchema’ � pSchemaList do

cost’ = GetPSchemaCost(pSchema’, xWkld, xStats)
10 if cost’ � cost then

�
cost = cost’
pSchema = pSchema’

endif
endfor

15 endwhile
return pSchema

end.

ofo data
p

written,n andl CPU
�

time
m

for in-memoryprocessing.y Our
�

costz modelis fairlyl sophisticatedandl wen havq er
vq erifiedr its accuracl yt by

~
comparingz its estimatesr withn numbersobtainedo by

~
runningqueries� ono Microsoft

SQL-Serverr 6.5
�

(see[16]).
�

W
K

er foundclosez agreementl (within aroundl 10 percent)y ono mostqueries,� whichn
indicatesthat

m
the
m

numbersobtainedo in ouro performancey studyarel fairlyl accurate.l

5.1 Experimental Settings

W
K

er use| anl XML
}

Schemabased
~

ono the
m

data
p

from
x

the
m

Internet
{

Mo
�

vieq Database
�

(IMDB)[13]
�

whichn containsz
information
w

aboutl mo� vies,q actorsl andl directors.
p

W
K

er composez wn orkloadso by
~

dra
p

wingn ono tw
m

oo classesz ofo
queries:� lookup

�
queries� andl publishing� queries.� Lookup

�
is
w

representati� vq er ofo interacti
w

vq er SPJqueries,� such

asl F
 

ind the¡ alternate¢ titles¡ for
£

a¢ given¤ show¥ . Publishing
¦

queries� arel more� document-oriented
p

andl return� alll
al vq ailablel informationaboutl al particulary elementr (or setofo elements),r for er xampleList all¢ shows¥ and¢ their¡
re§ vie¨ ws© . Detailedstatisticsthat

m
includeinformationaboutl alll elementsr (cardinalities,sizes,etc),r asl welln asl

the
m

XML schemaandl queries� arel gi� vq enr in the
m

Appendix.

5.2 Efficiency of GreedySearch

In this
m

er xperiment,wen demonstrate
p

the
m

efr ficiencyt ofo the
m

greedy� searchheuristicdescribed
p

in Section4.2.W
K

er
er xperimentedwithn tw

m
oo vq ariationsl ofo the

m
greedy� search:gr¤ eedy-so§ andl gr¤ eedy-si§ . In the

m
gr¤ eedy-so§ search,

alll elementsr in
w

the
m

initial
w

physicaly schemaarel outlinedo (except� base
~

types)
m

andl during
p

the
m

search,inlining
w

transformations
m

arel applied.l F
�

oro gr¤ eedy-si§ , alll elementsr arel initially
w

inlined
w

(except� elementsr withn multiple�
occurrences)o andl during

p
the
m

search,outliningo transformations
m

arel applied.l
F
�

oro the
m

purposey ofo this
m

er xperiment,� wen consideredz tw
m

oo wn orkloads:o lookup
�

, whichn containsz fi
�

vq er lookup
�

queries� (Q8, Q9,
u

Q11,
u

Q12
u

andl Q13
u

in
w

Appendix
ª

C),
�

andl publish� , whichn consistsz ofo three
m

queries� that
m

publishy informationaboutl shows,n directors
p

andl actorsl (Q15,Q16
u

andl Q17
u

in AppendixC).
�

Figure10showsn
the
m

costz ofo the
m

configurationsz obtainedo by
~

gr¤ eedy-so§ andl gr¤ eedy-si§ ono successivq er iterationsfor eachr ofo these
m

17



0
«

20
¬
40

60

80
®

100

0
«

50
¯

100 150 200 250 300
°

co
st

iteration
±

greedy-si²
greedy-so²

(a)Lookup

0
«

20
¬
40

60

80
®

100

0
«

50
¯

100 150 200 250

co
st

iteration
±

greedy-si²
greedy-so²

(b)
³

Publish
´

Figure10: Cost
�

atl eachr greedy� iteration

wn orkloads.o Each
µ

iteration
w

took
m

approximatelyl 3 seconds.

An
ª

interesting
w

observo ationl is
w

that
m

gr¤ eedy-so§ conz vq err ges� to
m

the
m

final
�

configurationz al lot
�

f
x
asterl than

m
gr¤ eedy-§

si¥ for
x

lookup
�

queries,� whilen the
m

oppositeo happens
�

for
x

publishy queries,� i.e.,¶ gr¤ eedy-si§ conz vq err ges� f
x
asterl . This

v
canz be

~
er xplained� asl follo

x
ws.n The

v
tra
m

vq ersalsr made� by
~

lookup
�

queries� arel localized.
�

Therefore,
v

the
m

final
�

configurationz has
�

onlyo al fe
x

wn inlined
w

elements.r Naturally
�

, gr¤ eedy-so§ canz reach� this
m

configurationz earlierr than
m

gr¤ eedy-si§ . On
�

the
m

othero hand,sincethe
m

publishy queries� typically
m

tra
m

vq erser larger� numberofo elements,r the
m

final

configurationz hassevq eralr inlined elements.r In this
m

case,z therefore,
m

gr¤ eedy-si§ canz reachthis
m

configurationz
earlierr than

m
gr¤ eedy-so§ .

Another
ª

pointy wn orthyo ofo note� is
w

that
m

the
m

curvz esr ofteno ha
�

vq er al pointy afterl whichn the
m

impro
w

vq ementr between
~

iterations
w

decreases
p

considerablyz . This
v

suggeststhat,
m

asl anl optimization,o wen couldz stopthe
m

searchasl soon

asl the
m

impro
w

vq ementr f
x
allsl belo

~
wn al certainz threshold.

m
As
ª

the
m

graphs� shown , gr¤ eedy-so§ has
�

higher
�

initial
w

costsz for
x

both
~

wn orkloadso sinceit
w

leads
�

to
m

al lar
�

ge� number�
ofo tables
m

whichn must� be
~

joined
ï

to
m

computez the
m

queries.� Ho
Ë

wen vq err , note� that
m

both
~

strategies� conz vq err ge� to
m

similar

costsz (thefinal
�

configurationsz arel alsol similar). This
v

trend
m

wn asl observo edr for
x

alll vq ariationsl ofo schemas,statis-

tics
m

andl wn orkloadso wen er xperimented� with.n F
�

oro simplicity ofo presentation,y gr¤ eedy-si§ is
w

the
m

searchstrategy�
used| in

w
the
m

er xperiments� belo
~

wn .

5.3 Sensitivity of configurationsto
�

varied workloads

An importantfeatureofo the
m

LegoDB� framewn orko is that
m

the
m

storageis designed
p

taking
m

anl applicationl andl its

query� wn orkloado into
w

account.l One
�

interesting
w

question� is
w

ho
�

wn the
m

resulting� configurationz performsy if
w

the
m

wn orkloado changes.z Foro er xample,the
m

searchinterfacel ofo IMDB ofo fersusers| al fixedr setofo queries.� Howen vq err ,

the
m

frequencyt ofo these
m

queries� mayvq aryl oo vq err time.
m

Foro er xample,in the
m

weekn before
~

the
m

AcademyAwn ards,l
the
m

frequencyt ofo queries� aboutl moviesq may increaseconsiderablyz . Becausein manyt instancesit may not

be
~

feasibleto
m

re-generateal newn configurationz andl re-loadthe
m

data,
p

it is importantthat
m

al chosenz storage

configurationz leads
�

to
m

acceptablel performancey er vq enr whenn the
m

frequenc
x

yt ofo queries� vq aries.l
In ordero to

m
assessl the

m
sensitivityq ofo ouro resultingconfigurationsz to

m
changesz in wn orkloads,o wen createdz al
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spectrumofo wn orkloadso that
m

combinedz the
m

lookup
�

queries� andl publishy queries� in
w

Appendix
ª

C
�

in
w

the
m

ratio�
·¹¸�ºq»½¼¿¾ÁÀ

, wheren Â¹ÃÅÄ ÆhÇ�ÈÊÉ is the
m

fractionofo lookupqueries� in the
m

particulary wn orkload.o
Using
�

the
m

samestatisticsandl XML
}

schema,wen ran� Le
�

goDB� for
x

three
m

wn orkloadso correspondingz to
m

ËÍÌÏÎhÐÒÑ	Ó'ÔÖÕh×ÒØÚÙ
andl ÛhÜÞÝÚß , resultingin the

m
three
m

configurationsz C[0.25],
�

C[0.50]
�

andl C[0.75]
�

attunedl to
m

the
m

respectivq er wn orkloads.o Ne
�

xt, wen gathered� these
m

three
m

resultingconfigurationsz andl er vq aluatedl their
m

costsz acrossl
the
m

entirer wn orkloado spectrum;the
m

costz ofo al configurationz is defined
p

asl the
m

al vq erager costz ofo processingy al query�
ono that

m
configuration.z W

à
er did
p

al similar er vq aluationl withn the
m

all-inlinedl configuration,z C[ALL-INLINED].
�

Foro the
m

saker ofo comparison,z wen alsol plottedy al curvz er OPT
�

gi� ving,q for eachr wn orkloado in the
m

spectrum,the
m

costz
ofo the

m
configurationz obtainedo by

~
LegoDB� for that

m
specificwn orkloado — this

m
is al tight

m
upper| bound

~
ono best

~
possibley costz ofo al configurationz atl er vq eryr pointy in

w
the
m

spectrum.(Note that,
m

in
w

contrastz to
m

the
m

othero curvz es,r
OPT
�

does
p

not� correspondz to
m

al fix
�

edr schema.)The
v

results� arel shownn in
w

Figure
�

11.

Before
�

discussing
p

the
m

results,� it
w

is
w

important
w

to
m

understand| ho
�

wn inlining
w

couldz afl fect
x

the
m

costz ofo al con-z
figuration
�

withn respect� to
m

al query� wn orkload.o F
�

oro queries� that
m

tra
m

vq erser the
m

schemacontiguouslyz andl accessl
alll related� attribl utes,| inlining

w
helps
�

by
~

precomputingy the
m

numerous� joins
ï

that
m

may� be
~

required� during
p

the
m

tra
m

vq ersal.r On
�

the
m

othero hand,
�

inlining
w

couldz be
~

al bad
~

idea
w

for
x

sevq eralr othero kinds
¸

ofo queries,� for
x

er xample:�
(a) the

m
query� does

p
limited,
�

localized
�

tra
m

vq ersalsr and/orl does
p

not� accessl alll the
m

attribl utes| in
w

vq olvo ed,r andl sodoes
p

not� benefit
~

from
x

the
m

inlining
w

b
~
ut| ne� vq erthelessr paysy the

m
oo vq erheadr ofo scanningwidern relations;� (b) the

m
query�

hashighly selectivq er selectionpredicatesy — this
m

couldz renderal selectionscanono the
m

inlined widern relation

moreer xpensivq er than
m

er vq aluationl ofo the
m

query� by
~

joining
ï

the
m

filterednon-inlinedleanerrelations,especiallyr in

the
m

presencey ofo appropriatel inde
w

x� es;r (c) the
m

query� in
w

vq olvo esr join
ï

ofo attribl utes| not� structurallyadjacentl in
w

the
m

XML Schema(e§ .g¶ .,¶ actor andl director )
�

— sinceinlining causesz respectivq er relationsto
m

widenn due
p

to
m

the
m

inclusionofo sevq eralr additionall attribl utes| not requiredin the
m

join,
ï

the
m

join
ï

is significantlymoreer xpensivq er
than
m

in the
m

casez ofo othero configurations.z Thesetw
m

oo opposingo factorsl leadto
m

the
m

possibilityy ofo dif
p

ferentsets

ofo inlining decisions
p

for dif
p

ferentwn orkloads,o eachr optimalo in al certainz region� in the
m

spectrum.

Ov
�

erlapr between
~

the
m

curvz esr for C[0.25]
�

andl C[0.75]
�

withn the
m

curvz er for OPT
�

in the
m

graph� suggeststhat
m

wen canz partitiony ouro spectruminto tw
m

oo regions:� the
m

region� defined
p

by
~âáäãæå çhèÖéhêÒë	ëíì

andl the
m

region� defined
p

by
~ïîÅðòñ óhôÒõ	õ'ö�÷Êø

suchthat
m

C[0.25]
�

is the
m

optimalo configurationz for all¢ wn orkloadso in the
m

former region� andl
C[0.75]
�

is the
m

optimalo configurationz for all¢ wn orkloadso in the
m

latter(or nearenough).r Moreovq err , the
m

curvz esr
for
x

C[0.25]
�

andl C[0.75]
�

crossz atl al small angle.l This
v

further
x

implies
w

that
m

er vq enr if
w

the
m

tw
m

oo wn orkloadso lie
�

in
w

dif
p

ferent
x

re� gions� b
~
ut| arel not� too

m
distant,
p

the
m

optimalo configurationsz for
x

the
m

tw
m

oo arel closez enoughr in
w

cost.z
This
v

showsn that
m

the
m

configurationsz found
x

by
~

Le
�

goDB� arel vq eryr rob� ust| withn respect� to
m

the
m

vq ariationsl in
w

the
m

wn orkloads.o
At
ª

the
m

er xtremes� ofo the
m

spectrum,ho
�

wen vq err , wen found
x

al significantdif
p

ference
x

in
w

performancey ofo the
m

C[0.25]
�

andl C[0.75].
�

Sincethese
m

tw
m

oo configurationsz arel based
~

ono slightly dif
p

ferent
x

inlining
w

decisions,
p

wen
seethat

m
both
~

publishy andl lookup
�

queries� arel sensitivq er to
m

these
m

decisions,
p

andl that
m

inlining
w

is
w

indeed
w

anl
important
w

transformation.
m

Ho
Ë

wen vq err , C[ALL-INLINED]
�

that
m

includes
w

alll the
m

inlining
w

decisions
p

in
w

the
m

abol vq er
configurationsz (andsomemore)performedy tw

m
oo to
m

fivq er times
m

wn orseo than
m

optimal.o This demonstrates
p

that
m

be
~

yondt al point,y the
m

oo vq erheadsr due
p

to
m

inlining significantlyoutweigho anl yt benefits.
~
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Figure
�

11: Sensitivityq to
m

vq ariationsl in
w

the
m

wn orkloado

In
{

summary, the
m

abol vq er analysisl clearlyz demonstrates
p

that
m

the
m

cost-basedz approachl ofo Le
�

goDB� leads
�

to
m

configurationsz that
m

arel not� onlyo 50%
�

to
m

80% less
�

costlyz than
m

the
m

rule-of-the-thumb� approachl ofo ALL-
ª

INLINED,
{

b
~
ut| alsol arel vq eryr rob� ust| withn respect� to

m
the
m

vq ariationsl in
w

the
m

wn orkloads.o

5.4 Effecti
�

venessof XML
�

transf
�

ormations

In
{

Section4
�

wen described
p

someXML-specific
}

transformations
m

that
m

generate� relational� configurationsz whichn
hadnot been

~
consideredz in prey viousq XML-to-relationalmappings.In whatn follows,n wen studythe

m
perfory -

mance� ofo someofo these
m

transformations.
m

[Q4.] Displaythedescription,
�

title,� year� for
�

a show� with a given	 title (onlyTVshows� havedescription)
[Q5.] Display



theboxoffice

�
,� title,� year� for

�
a show� with a given	 title (onlymo� vieshavebox


office)

[Q6.] Display



thedescription,
�

boxoffice
�

,� title,� year� for
�

a show� with a given	 title
[Q7.] Display



thetitle andyear� for

�
shows� thathaveanepisodedir

�
ectedbya given	 guest director

[Q13.] F
�

ind all people� thatactedanddir
�

ectedin thesame� mo� vieaswell asalternatetitles for
�

themo� vie
[Q16.] Publishall shows�
[Q19.] Publishall theinformationabouta show� given	 its title

Figure
�

12: SampleQueries
u
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Figure
�

13: Cost
�

ofo union-transformed| configurationz asl al percentagey ofo the
m

costz ofo anl all-inlinedl configurationz

Union
�

Distribution� In ordero to
m

measurethe
m

efr fectivq enessr ofo union| distrib
p

ution| wen comparedz the
m

costsz ofo

20



T
v

otalo re� vieq wsn 10,000 100,000
NYT
�

perc.y Query
u

1 Query
u

2
 

Query
u

1 Query
u

2
 

50%
�

5.42
�

6.3
�

48
�

26.3
 

25%
 

5.42
�

5.1
�

48
�

15
12.5% 5.42

�
4.4
�

48
�

9.4
�

Tablel 2: Cost
�

for all-inlinedl vsq wildcard-transformedn
vq ariousl queries� for the

m
configurationsz illustratedin Figure4(a)(all elementsr inlined)andl Figure4(c) (where

union| is
w

distrib
p

uted| oo vq err show).
�

The
v

queries� consideredz arel shownn in
w

Figure
�

12.2

As
�

Figure
�

13 shows,n the
m

union-transformed| configurationz has
�

lo
�

wern costsz for
x

alll queries.� In
{

this
m

er xam-�
ple,y the

m
union| distrib

p
ution| is

w
equir vq alentl to

m
vq erticallyr partitioningy the

m
Show table

m
into
w

al table
m

that
m

containsz
informationaboutl movies,q andl al table

m
that
m

containsz informationaboutl TV shows.n Becausethe
m

newn tables
m

arel smaller, queries� that
m

refer to
m

elementsr in onlyo oneo ofo those
m

tables
m

willn be
~

cheaperz (e� .g¶ .,¶ Q4
u

accessesl
descriptions , Q7

u
accessesl episodes , andl Q5

u
accessesl box

�
office ).

�

These
v

results� arel rather� intuiti
w

vq e.r A
�

less
�

intuiti
w

vq er finding
�

is
w

that
m

er vq enr queries� that
m

accessl elementsr from
x

both
~

mo� viesq andl TV
v

showsn (e� .g¶ .,¶ Q6
u

that
m

retrie� vq esr description andl box
�

office )
�

become
~

cheaperz
under| the

m
union| re� writing.n Ev

µ
enr though

m
the
m

originalo selectionquery:����������! #" $&%('*),+.-0/21�-�3.46587:9�;<9�=?>.@BADCFE:GFHJILK
mustbe

~
rewrittenn asl the

m
union| ofo tw

m
oo subqueriesfor the

m
transformed
m

schemaMON�P<N�Q?R&S T#U.VXWZY([0\2]�[�^X_a`8bac�d�c�e!f(gBhji.k lFm:nFoJprqtsvu�w�x�w�y?z&{ |Z}.~ �(�8�����,�2�8�:���<���?�.�B�(�������X�8���
not� onlyo does

p
eachr subqueryoperateo ono tables

m
withn fe

x
wern tuples,

m
b
~
ut| these

m
tables
m

arel alsol narro� wern whichn
reduce� the

m
costz ofo selection.This

v
is
w

alsol true
m

ofo Q13,
u

Q16
u

andl Q19.
u

Repetition
�

Split
�

Another
�

transformation
m

wen consideredz is
w

splitting repetitions.� This
v

transformation
m

wn asl
illustrated
w

in
w

Section4.
�

The
v

efr fecti
x

vq enessr ofo suchal transformation
m

is
w

highly
�

dependent
p

ono the
m

characteristicsz
ofo the
m

data
p

andl ono the
m

query� wn orkload.o Consider
�

for
x

er xample� tw
m

oo queries:� al lookup
�

query� that
m

finds
�

alll ofo the
m

alternatel titles
m

(akas)for
x

al gi� vq enr shown title;
m

andl its
w

publishingy counterpartz whichn retrie� vq esr alll information
w

for
x

alll shows.n The
v

costsz for
x

these
m

tw
m

oo queries� under| the
m

All
�

Inlined
�

andl the
m

Repetition-Split
�

transformed
m

configurationsz for
x

al vq ariedl number� ofo total
m

akasl arel gi� vq enr in
w

Figure
�

14. F
�

oro this
m

er xample,� the
m

main� efr fect
x

ofo
the
m

RepetitionSplit transformation
m

is that
m

it reducesthe
m

sizeofo the
m

Aka table.
m

As al result,the
m

costz reduction

is bigger
~

for the
m

publishingy query—since� the
m

lookupquery� invq olvo esr al selectionono title
�

andl this
m

selection

canz be
~

pushed,y the
m

size ofo the
m

Aka table
m

willn impact the
m

show-aka join
�

to
m

al lesserer xtent than
m

in the
m

publishingy query� wheren noselectionis performed.y Also notethat
m

asl the
m

sizeofo the
m

Aka table
m

increases(and

becomes
~

muchlarger� than
m

the
m

Show table),
m

the
m

costz dif
p

ferencebetween
~

the
m

tw
m

oo configurationsz decrease.
p

W
Æ

ildcards The wildcardn transformation
m

efr fectivq elyr partitionsy the
m

setofo elementsr tagged
m

by
~

the
m

wildcardn
into dif

p
ferentsortsthat

m
correspondz to

m
the
m

wildcardn labelsthat
m

arel presenty in the
m

data.
p

Consider
�

for er xample

the
m

query� Find the
¡

re� vie¨ ws© for
£

all¢ shows¥ pr� oduced� in 1999. Theequir vq alentl queries� under| the
m

configurationsz
in Figure4(a)andl (b) are:l

2
 
ThecorrespondingXQueriesare¡ given¢ in AppendixC.
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Figure14: Cost
�

comparison¦ between
§

an¨ all-inlined¨ and¨ a¨ repetition-splitconfiguration¦
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Table¨ 2 showsö the
÷

cost¦ ofø these
÷

tw
÷

oø queriesù for vú arying¨ percentageû ofø NYT
�

imesrevieú ws,ö whenö the
÷

total
÷

numberofø revieú wsö is 10,000and¨ 100,000.As eü xpected,whereasö the
÷

cost¦ for Query
ý

1 remainsconstant,¦ the
÷

cost¦ for
þ

Query
ý

2
ÿ

decreases
�

withö the
÷

sizeofø the
÷

nyt reviews table.
÷

6
�

Related
�

W
�

ork�

In
�

this
÷

sectionweö first
�

compare¦ Le
�

goDB� to
÷

priorû wö orkø onø storingXML
	

data
�

withö relational
 engines.ü F
�

ol-ø
lo

�
wingö this

÷
discussion,

�
weö outlineø otherø related
 wö ork,ø in

�
particularû the

÷
relationship
 between

§
automatic¨ XML

	

storagemappingand¨ automatic¨ physicalû design
�

for relationaldatabases.
�

Recently


, man� y� approaches¨ ha
�

v� eü been
§

suggestedfor
�

mapping� XML
	

documents
�

to
÷

relations
 for
�

stor-

age¨ [7, 11, 14, 18, 19, 20
ÿ

].
�

In
�

[7],
�

Deutsch,
�

Fernandez
�

and¨ Suciuproposeû the
÷

STORED
�

systemfor
�

map-�

pingû between
§

(schemaless)semi-structureddata
�

and¨ the
÷

relational
 data
�

model.� The
�

y� focus
�

onø a¨ data
�

mining�

technique
÷

whichö simultaneouslysolvesü schemadisco
�

v� eryü and¨ storagemapping� by
§

identifying
�

“highly sup-

ported”û tree
÷

patternsû for storagein relations.Evenü though
÷

the
÷

y� considered¦ a¨ cost¦ optimizationø approach¨ to
÷

the
÷

problem,û the
÷

y� foundit to
÷

be
§

impractical,as¨ in the
÷

absence¨ ofø a¨ schema,optimizationø is shownö to
÷

be
§

eü x-

ponentialû in the
÷

size¥ of� the¡ data
�

. In contrast,¦ weö eü xplorea¨ spaceofø storagestructuresb
§
ut� rely onø the

÷
sc¥ hema

�

and¨ statistics¥ ratherthan
÷

directly
�

mining the
÷

data.
�

W
à

eü use� heuristics(e� .g¶ .,¶ the
÷

greedy� approach)¨ to
÷

a¨ v� oidø an¨
eü xponentialsearch,b

§
ut� still eü xplorea¨ v� ariety¨ ofø useful� mappings.In fact,¨ the

÷
LegoDB� strategy� mayleadto

÷
substantiallydif

�
ferentconfigurations¦ than

÷
whatö is producedû by

§
the
÷

data-mining
�

approach¨ used� by
§

STORED.
�

F
�

orø eü xample,� weö may� break
§

an¨ eü xtremely� common¦ patternû ofø data
�

into
�

multiple� relations
 if
�

the
÷

result
 is
�

more�

efü ficient
�

for
�

the
÷

query� wö orkload.ø
In [19],

�
Shanmugasundaramet� al¢ proposeû three

÷
strategies� to

÷
mapDTDs into relationalschemas.The
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basic
§

idea
�

behind
§

these
÷

mappings� is
�

to
÷

create¦ tables
÷

that
÷

correspond¦ to
÷

XML
	

elementsü defined
�

in
�

a¨ DTD,
�

in-
�

lining as¨ many� sub-elementsas¨ possibleû soas¨ to
÷

reducefragmentation—multi-value¨ d
�

elementsü and¨ elementsü
inv� olvø edü in recursiv� eü associations¨ mustbe

§
keptü in separatetables.

÷
Thethree

÷
proposedû mappingsdif

�
fer from

oneø another¨ in the
÷

de
�

gree� ofø redundancy:� the
÷

y� v� ary¨ from being
§

highly redundant(wherean¨ elementü can¦ be
§

storedin multiple tables),
÷

to
÷

containing¦ no redundancy� . While
à

weö do
�

not consider¦ mappingswhichö dupli-
�

cate¦ data,
�

weö sharewithö [19]
�

the
÷

use� ofø the
÷

schemato
÷

deri
�

v� eü a¨ heuristically“good” initial storagemapping

(e� .g¶ .,¶ for the
÷

gr¤ eedy-si� searchstrategy),� and¨ the
÷

use� ofø a¨ modifiedschemafor the
÷

storagemappinglanguage.

Re


gardless� ofø the
÷

particularû strategy� , the
÷

mapping� processû ofø [19]
�

be
§

gins� by
§

simplifying an¨ input
�

DTD
�

into
�

a¨ DTD
�

that
÷

can¦ be
§

easilyü mapped� into
�

relations.
 Instead
�

ofø simplifying¥ a¨ wö ay¨ hard-to-map
�

XML
	

Schema

constructs,¦ Le
�

goDB� tak
÷

esü adv¨ antage¨ ofø them
÷

(throughthe
÷

use� ofø ourø schematransformations)
÷

to
÷

generate�

a¨ spaceofø mappings.� And
�

as¨ weö ha
�

v� eü shownö in
�

Section5,
�

mappings� that
÷

result
 from
�

the
÷

XML-specific
	

transformations
÷

may� lead
�

to
÷

significantlybetter
§

configurations¦ for
�

a¨ gi� v� enü application¨ than
÷

mappings� based
§

onø an¨ inline-as-much-as-po
�

ssible
§

approach.¨
Schmidtet� al¢ [18]

�
proposeû a¨ highly fragmentedrelationalstoragemodel. In their

÷
proposedû “Monet

transformation”,
÷

the
÷

parent-childû association¨ terminating
÷

eac� h
�

label-path
�

from the
÷

root ofø an¨ XML docu-
�

ment� is
�

storedas¨ a¨ binary
§

relation
 ofø oids� . Lik
�

eü STORED,
�

the
÷

y� do
�

not� require
 a¨ schema—thedocument
�

structureis
�

eü xplored� at¨ parsingû time.
÷

Ho
�

weö v� erü , unlik� eü Stored,the
÷

y� use� a¨ purelyû relational
 storage.Their
�

eü xperiments� showö that
÷

this
÷

approach¨ performsû wellö onø the
÷

main-memory-oriented� Monet
�

database,
�

a¨ result


in
�

starkcontrast¦ to
÷

the
÷

conclusions¦ presentedû in
�

[19]
�

whereö fragmentation
�

and¨ a¨ lar
�

ge� number� ofø joins
 

is
�

identified
�

as¨ a¨ k
!
eü y� problem.û These

�
disparate

�
performanceû results
 onlyø emphasizeü the

÷
need� for

�
automated¨

tools,
÷

lik
�

eü Le
�

goDB,� to
÷

determine
�

the
÷

appropriate¨ storagemapping� for
�

a¨ gi� v� enü application¨ and¢ DBMS
"

plat-�
form
£

. Finally, whileö the
÷

searchspacein ourø wö orkø does
�

not includehorizontalfragmentationofø tables
÷

based
§

onø incomingpaths,û ourø rewritingö rulescan¦ easilyü be
§

eü xtendedto
÷

consider¦ this
÷

styleofø transformation.
÷

T
�

ian
�

et� al¢ [22]
�

compare¦ the
÷

performanceû ofø sev� eralü approaches¨ to
÷

XML
	

storage,oneø ofø whichö is
�

a¨ rela-


tional
÷

mapping� similar to
÷

ourø “max-inlined” approach.¨ It
�

wö ouldø be
§

interesting
�

to
÷

seeho
�

wö a¨ more� optimizedø
mapping� wö ouldø af¨ fect

�
the
÷

performanceû ofø the
÷

relational
 mapping� relati
 v� eü to
÷

their
÷

otherø nati� v� eü and¨ te
÷

xt-based�

storagemethods.� Florescu
�

and¨ K
#

ossmanø [11]
�

in
�

v� estigatedü sev� eralü alternati¨ v� esü whenö designing
�

a¨ relational


schemafor
�

storingan¨ XML
	

document
�

including
�

storinga¨ node� table
÷

and¨ an¨ edgeü table,
÷

and¨ storinga¨ “uni-

v� ersalü relation” withö an¨ attrib¨ ute� for eü v� eryü elementü orø attrib¨ ute� namein the
÷

document.
�

Shimuraet� al¢ [20]
�

proposeû an¨ inv� erted-list-styleü storagestructurein whichö nodesare¨ mappedto
÷

regions� in the
÷

document,
�

and¨
pathsû are¨ presentû as¨ stringsin a¨ “Path”¨ table.

÷
Path¨ queries� are¨ accomplished¨ by

§
using� stringoperatorsø (in

particularû the
÷ LIKE operatorø ofø SQL) to

÷
query� this

÷
table.
÷

In all¨ three
÷

ofø these
÷

cases,¦ oneø orø morefixed
$

map-

pingsû are¨ used,� whereö weö eü xplorea¨ space¥ ofø storagemappings. Mappingsfrom DTDs into nestedschema

structuresofø OO
�

orø OR/DBMS
�

hav� eü been
§

proposedû [6, 14].
�

While
à

Klettkeü and¨ Meyer� consider¦ statistics

and¨ queries� in
�

the
÷

proposedû heuristic
�

mapping,� no� attempt¨ is
�

made� to
÷

compare¦ estimatedü costs¦ for
�

multiple�

mappings.�

Sev� eralü commercial¦ DBMSsalready¨ ofø fer somesupportfor storing,querying,� and¨ eü xportingXML doc-
�

uments� [24, 15];
�

howeö v� erü , the
÷

user� muststill design
�

an¨ appropriate¨ storagemapping.
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While
à

Le
�

goDB� is
�

(to ourø kno
!

wledge)ö the
÷

first
�

XML
	

storagemapping� tool
÷

to
÷

tak
÷

eü adv¨ antage¨ ofø cost-based¦
optimization,ø similar approaches¨ hav� eü been

§
applied¨ to

÷
problemsû in relationalstoragedesign,

�
suchas¨ index

selection(e� .g¶ .,¶ [17])
�

and¨ vie� wö materialization(e� .g¶ .,¶ [1, 23])
�

in physicalû optimizationø for relationalDBMSs.

Note
�

that
÷

physicalû design
�

tools
÷

are¨ complementary¦ to
÷

LegoDB,� and¨ can¦ be
§

applied¨ to
÷

furtheroptimizeø the
÷

relationalschemasproducedû by
§

ourø mapping,eitherü during
�

the
÷

searchprocessû orø simplyonø the
÷

final schema

produced.û

7
%

Conclusions

W
à

eü ha
�

v� eü introduced
�

Le
�

goDB,� a¨ systemfor
�

generating� relational
 storagemappings� for
�

XML
	

data
�

based
§

onø
the
÷

schemafor
�

the
÷

data
�

and¨ statistics.In
�

contrast¦ to
÷

preû vious� wö ork,ø weö eü xplore� a¨ spaceofø alternate¨ storage

configurations¦ and¨ eü v� aluate¨ the
÷

quality� ofø eachü configuration¦ by
§

estimatingü its
�

performanceû onø an¨ applica-¨
tion
÷

wö orkload.ø W
à

eü also¨ mak� eü originalø use� ofø XML
	

Schemato
÷

supportne� wö possibleû storageconfiguration,¦
and¨ proposedû XML

	
Schemare
 writingsö as¨ a¨ means� to

÷
eü xplore� possibleû configurations.¦ The

�
Le

�
goDB� systems

isolate
�

the
÷

application¨ de
�

v� eloperü from
�

the
÷

underlying� storageengineü by
§

taking
÷

onlyø XML
	

Schemas,queries�

and¨ documents
�

as¨ input. Further, weö hav� eü presentedû an¨ initial performanceû studyusing� a¨ prototypeû imple-

mentationofø ourø approach¨ in the
÷

LegoDB� systembeing
§

b
§
uilt� at¨ Bell Labs. This studyeü v� aluates¨ a¨ greedy�

algorithm¨ to
÷

inlining orø outliningø ofø elementsü and¨ attrib¨ utes.� Theresultsindicatethat
÷

storagemappingsofø
significantlyimprov� edü quality� can¦ be

§
found in a¨ reasonablenumberofø stepsusing� greedy� eü v� aluation,¨ and¨

that
÷

these
÷

designs
�

are¨ notoø v� erlyü sensitiv� eü to
÷

smallchanges¦ in the
÷

wö orkload.ø In addition,¨ weö hav� eü shownö that
÷

XML transformations
÷

otherø than
÷

inlining/outliningcan¦ leadto
÷

significantperformanceû gains.�

W
à

eü consider¦ this
÷

wö orkø as¨ a¨ first
�

stepto
÷

wö ards¨ a¨ general� purposeû storageconfiguration¦ engineü for
�

XML.
	

T
�

oø achie¨ v� eü that
÷

goal,� weö need� to
÷

eü xtend� the
÷

Le
�

goDB� systemin
�

a¨ number� ofø wö ays.¨ First
�

weö planû to
÷

adapt¨ ourø
approach¨ to

÷
otherø storageplatforms,û suchas¨ nativ� eü stores,te

÷
xt stores,and¨ hybridstoragesystems.W

à
eü planû

to
÷

eü xtendthe
÷

subsetofø XQuerysupportedcurrently¦ by
§

LegoDB,� possiblyû using� techniques
÷

similarto
÷

[3, 10].
�

Our
�

wö orkø can¦ also¨ be
§

eü xtendedin sev� eralü simplewö ays,¨ suchas¨ includingupdates� in ourø wö orkload,ø allo¨ wingö
redundancy� in data

�
storage,considering¦ dynamic

�
programmingû searchstrategies,� etc.ü Finally, weö planû to

÷
decrease

�
the
÷

cost¦ ofø eü v� aluating¨ a¨ particularû pointû in the
÷

spaceby
§

allo¨ wingö ourø query� optimizerø to
÷

reuse

partialû resultsfrom oneø eü v� aluation¨ to
÷

the
÷

next, and¨ consider¦ the
÷

integration� ofø complementary¦ relational

storagedesign
�

tools
÷

suchas¨ [17, 1].
�
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éon.4 A unifiedY constraintZ modelfor XML. In Proceedings8 of8 WWW,9 pages: 179–190,
HongKong,/ China,

+
May 2001.

[9] P
[
. F

Q
ankhauser* ,9 M.

B
Fernandez,
Q

A.
(

Malhotra,
B

M.
B

Rys,
R

J.
=

Sim
'
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A
j

Statistics
k

(["imdb"], STcnt(1));
(["imdb";"director"], STcnt(26251));
(["imdb";"director";"name"], STsize(40));
(["imdb";"director";"directed"], STcnt(105004));
(["imdb";"director";"directed"; "title"], STsize(40));
(["imdb";"director";"directed";"year"], STbase(1800,2100,300));
(["imdb";"director"; "directed";"info"], STcnt(50000));
(["imdb";"director"; "directed";"info"], STsize(100));
(["imdb";"director";"directed";"TILDE"], STsize(255));
(["imdb";"show"], STcnt(34798));
(["imdb";"show";"title"], STsize(50));
(["imdb";"show";"year"], STbase(1800,2100,300));
(["imdb";"show";"aka"], STcnt(13641));
(["imdb";"show";"aka"], STsize(40));
(["imdb";"show";"type"], STsize(8));
(["imdb";"show";"reviews" ], STcnt(11250));
(["imdb";"show";"reviews";"TILDE"], STsize(800));
(["imdb";"show";"box_office"], STcnt(7000));
(["imdb";"show";"box_office"], STbase(10000,100000000,7000));
(["imdb";"show";"video_sales"], STcnt(7000));
(["imdb";"show";"video_sales"], STbase(10000,100000000,7000));
(["imdb";"show";"seasons"], STcnt(3500));
(["imdb";"show";"description"], STsize(120));
(["imdb";"show";"episodes"], STcnt(31250));
(["imdb";"show";"episodes";"name"], STsize(40));
(["imdb";"show";"episodes";"guest_director "], STsize(40));
(["imdb";"actor"], STcnt(165786));
(["imdb";"actor";"name"], STsize(40));
(["imdb";"actor";"played"], STcnt(663144));
(["imdb";"actor";"played"; "title"], STsize(40));
(["imdb";"actor";"played";"year"], STbase(1800,2100,200));
(["imdb";"actor"; "played" ; "character"], STsize(40));
(["imdb";"actor";"played";"order_of_appear ance"], STbase(1,300,300));
(["imdb";"actor"; "played" ; "award";"result"], STsize(3));
(["imdb";"actor"; "played" ; "award";"award_name"], STsize(40));
(["imdb";"actor"; "biography" ; "birthday"], STsize(10));
(["imdb";"actor"; "biography" ; "text"], STcnt(20000));
(["imdb";"actor"; "biography" ; "text"], STsize(30))

B Schema
k

XML Algebra notation

type IMDB =
imdb [ Showl 0,* m ,Director n 0,* o ,Actor p 0,* q ]

type Show =
show [ title [ String ], year[ Integer ], type[ String ],

aka [ String ] r 0,* s , reviews[ TILDE[ String ] ] t 0,* u ,
(box_office [ Integer ], video_sales [ Integer ]
| seasons[ Integer ], description [ String ],

episodes [ name[String], guest_director[ String ]] v 0,* w
)

]

type Director =
director [ name [String],

directed [ title[ String ], year[ Integer ],
info[ String ], TILDE [ String ] ] x 0,* y

]

type Actor =
actor [ name [String],

played[ title[ String ], year[ Integer ],
character[String], order_of_appearance[Integer],
award[ result [String], award_name[String] ] z 0,5 {

] | 0,* } ,
biography[ birthday[ String ], text[String] ]
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]

XML Schemanotation

<xsd:schema xmlns="http://www.w3.org/...">

<element name="imdb" type="IMDB">
<complexType name="IMDB">

<element name="show" type="Show"
minOccurs="0" maxOccurs="unbounded"/>

<element name="director" type="Director"
minOccurs="0" maxOccurs="unbounded"/>

<element name="actor" type="Actor"
minOccurs="0" maxOccurs="unbounded"/>

</complexType>
</element>

<complexType name="Show">
<sequence>

<element name="title" type="xsd:string"/>
<element name="year" type="xsd:integer"/>
<element name="aka" type="Aka"

maxOccurs="unbounded"/>
<element name="reviews" type="AnyElement"

minOccurs="0" maxOccurs="unbounded"/>
<choice>

<group name="Movie"/>
<group name="TV"/>

</choice>
</sequence>
<attribute name="type" type="xsd:string"/>

</complexType>

<complexType name="Aka">
<simpleType name="xsd:string"/>

</complexType>

<group name="Movie">
<sequence>

<element name="box_office" type="xs:integer"/>
<element name="video_sales" type="xs:integer"/>

</sequence>
</group>

<group name="TV">
<sequence>

<element name="seasons" type="xs:number" />
<element name="description" type="xs:string" />
<element name="episodes"

minOccurs="0" maxOccurs="unbounded">
<complexType name="Episodes">

<sequence>
<element name="name" type="xsd:string"/>
<element name="guest_director" type="xsd:string"/>

</sequence>
</complexType>

</element>
</sequence>

</group>

<complexType name="Director">
<sequence>

<element name="name" type="xsd:string"/>
<element name="directed"

minOccurs="0" maxOccurs="unbounded">
<complexType name="Directed">

<sequence>
<element name="title" type="xsd:string"/>
<element name="year" type="xsd:integer"/>
<element name="info" type="xsd:string"/>
<element name="AnyElement"/>

</sequence>
</complexType>

</element>
</sequence>

</complexType>

<complexType name="Actor">
<sequence>

<element name="name" type="xsd:string"/>
<element name="played"

minOccurs="0" maxOccurs="unbounded">
<complexType name="Played">

<sequence>
<element name="title" type="xsd:string"/>
<element name="year" type="xsd:integer"/>
<element name="character" type="xsd:string"/>
<element name="order_of_appearance" type="xsd:string"/>
<element name="award"

minOccurs="0" maxOccurs="5">
<complexType name="Played">

<sequence>
<element name="result" type="xsd:string"/>
<element name="award_name" type="xsd:string"/>

</sequence>
</complexType>

</element>
</sequence>

</complexType>
</element>

</sequence>
</complexType>

</xsd:schema>

C Queries
~

C.1 Lookup
Q1Displaytitle,� year� andtypefor

�
a show� with a given� title

FOR $v IN document("imdbdata")/imdb/show
WHERE$v/title = c1
RETURN$v/title, $v/year, $v/type

Q2Display
�

title,� year� for
�

a show� with a given� title

FOR $v IN document("imdbdata")/imdb/show
WHERE$v/title = c1

RETURN$v/title, $v/year

Q3Displaytitle,� year� for
�

all shows� in a given� year�

FOR $v IN document("imdbdata")/imdb/show
WHERE$v/year = c1
RETURN$v/title, $v/year

Q4Display
�

thedescription,
�

title,� year� for
�

a show� with a given� title (only
TVshows� have“description”)

FOR $v IN document("imdbdata")/imdb/show
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WHERE$v/title = c1
RETURN$v/title, $v/year, $v/description

Q5 Displaytheboxoffice
�

,� title,� year� for
�

a show� with a given� title (only
mo� vieshave“box office”)

�

FOR $v IN document("imdbdata")/imdb/show
WHERE$v/title = c1
RETURN$v/title, $v/year, $v/box_office

Q6Display
�

thedescription,
�

boxoffice
�

,� title,� year� for
�

a show� with a given�
title

FOR $v IN document("imdbdata")/imdb/show
WHERE$v/title = c1
RETURN$v/title, $v/year,

$v/box_office, $v/description

Q7Display
�

thetitle andyear� for
�

shows� thathaveanepisodedir
�

ectedby
a given� guest� dir

�
ector

FOR $v IN document("imdbdata")/imdb/show
RETURN

$v/title,
$v/year
FOR $e IN $v/episode
WHERE$e/guest_director = c1
RETURN$e/guest_director

Q8Display
�

thebirthdayfor
�

anactorgiven� hisname�
FOR $v IN document("imdbdata")/imdb/actor
WHERE$v/name = c1
RETURN$v/biography/birthday

Q9Display
�

thename� ,� biogr� aphytext� for
�

all actors� bornona given� date
�

FOR $v IN document("imdbdata")/imdb/actor
RETURN

<result>
$v/name
FOR $v/biography $b
where $b/birthday = c1
RETURN $b/text

</result>

Q10Display
�

thename� ,� biogr� aphytext� andbirthdayfor
�

all actors� born
ona given� date

�

FOR $v IN document("imdbdata")/imdb/actor
RETURN

<result>
$v/name
FOR $v/biography $b
where $b/birthday = c1
RETURN $b

</result>

Q11Displayname� andorder
�

of appearancefor
�

all actors� that played� a
given� character

FOR $v IN document("imdbdata")/imdb/actor
RETURN

<result>
$v/name
FOR $v/played $p
where $p/character = c1
RETURN $p/order_of_appearance

</result>

Q12Find all people� thatactedanddir
�

ectedin thesame� mo� vie

FOR $i IN document("imdbdata")/imdb
$a in $i/actor,
$m1 in $a/played,
$d in $i/director,
$m2 in $a/directed,

WHERE$a/name = $d/name AND
�

$m1/title = $m2/title
RETURN

<result>
$a/name
$m1/title
$m1/year

</result>

Q13Find all people� that actedanddir
�

ectedin the same� mo� vie aswell
asalternatetitles for

�
themo� vie

FOR $i IN document("imdbdata")/imdb
$s in $i/show,
$a in $i/actor,
$m1 in $a/played,
$d in $i/director,
$m2 in $a/directed,

WHERE$a/name = $d/name AND
�

$m1/title = $m2/title AND
$m1/title = $s/title

RETURN
<result>

$a/name
$m1/title
$m1/year
FOR $v in $s/aka
RETURN$v/title

</result>

Q14F
�

ind all dir
�

ectors� thatdir
�

ecteda given� actor

FOR $i IN document("imdbdata")/imdb
$a in $i/actor,
$m1 in $a/played,
$d in $i/director,
$m2 in $a/directed,

WHERE$a/name = c1 AND $m1/title = $m2/title
RETURN

<result>
$d/name
$m1/title
$m1/year

</result>

C.2 Publish

Q15Publish
�

all actors�

FOR $a IN document("imdbdata")/imdb/actor
RETURN$a

Q16Publishall shows�

FOR $s IN document("imdbdata")/imdb/show
RETURN$s

Q17Publish
�

all dir
�

ectors�

FOR $d IN document("imdbdata")/imdb/director
RETURN$d

Q18Displayall info abouta given� actor

FOR $a IN document("imdbdata")/imdb/actor
WHERE$a/name = c1
RETURN$a

Q19Display
�

all info abouta given� show�

FOR $s IN document("imdbdata")/imdb/show
WHERE$s/title = c1
RETURN$s

Q20Publish
�

all info abouta given� dir
�

ector

FOR $d IN document("imdbdata")/imdb/director
WHERE$d/name = c1
RETURN$d
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