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A b s tr a c t

W e in tro d u c e N A T IX , a n e f f ic ie n t , n a t iv e re p o s i to ry fo r s to r in g , r e t r ie v in g a n d m a n a g in g tr e e -

s t ru c tu re d la rg e o b je c ts , p re fe ra b ly X M L d o c um e n ts . In c o n tr a s t to t r a d i t io n a l la rg e o b je c t (L O B )

m a n a g e r s , w e d o n o t s p l i t a t a rb i t r a ry b y te p o s i t io n s b u t ta k e th e s em a n t ic s o f th e u n d e r ly in g tr e e

s tru c tu re o f X M L d o c um e n ts in to a c c o u n t .

O u r p a ram e te r iz a b le s p l i t a lg o r i th m d y n am ic a iJ y m a ln ta in s p h y s ic a l r e c o rd s o f s iz e sm a lle r th a n

a p a g e w h ic h ' c o n ta in s e ts o f c o n n e c te d tr e e n o d e s . T h is n o t o n ly im p ro v e s e f f ic ie n c y b y c lu s te r in g

. s u b tr e e s b u t a ls o fa c i l i ta te s th e ir c om p a c t r e p re s e n ta t io n .

E x is t in g a p p ro a c h e s to s to re X M L d o c um e n ts e i th e r u s e f la t f i le s o r m a p e v e ry s in g le tr e e n o d e

o n to a s e p a ra te p h y s ic a l .r e c o rd . T h e in c re a s e d f le x ib i l i ty o f o u ra p p ro a c h re s u l ts in h ig h e r e f f ic ie n c y .

P e r fo rm a n c e m e a s l i r em e n ts v a l id a te th is c la im . '

1 Introduction

T h e c o n c e p t o f s em is tru c u re d d a ta h a s g a in e d w id e a c c e p ta n c e , e s p e c ia l ly in th e in c a rn a t ib n o f X M L

(extensible markup language, [1 ] ) . X M L is b e in g a d o p te d a s a n e a s y - to -w r i te ,e a s y - to c p a r s e la n g u a g e to

e x c h a n g e s em is tru c tu re d d a ta in c om m e rc ia l , f in a n c ia l , m e d ic a l , s c ie n t i f ic a n d o th e r a p p l ic a t io n s .

W ith th e a d v e n t o f s ta n d a rd iz e d A P Is fo r s em is tru c tu re d d a ta l ik e th e document object model (D O M ,

[2 ] ) , th e m e re e x c h a n g e o f te x tu a l r e p re s e n ta t io n s w ith g e n e ra t in g a t o n e e n d a n d p a r s in g a t th e o th e r

w il l n o t b e s u f f ic ie n t fo r a l l a p p l ic a t io n s . D ire c t a c c e s s to a n d m a n ip u la t io n o f th e 'd o c um e n ts ' t r e e

s t ru c tu re a n d ; a s a c o n s e q u e n c e , e f f ic ie n t s to ra g e m a n a g e r s fo r t r e e - s t ru c tu re d d a taw il l b e re q u ir e d . W e

e n c o u n te re d th e n e e d fo r e f f ic ie n t , u p d a te a b le s to ra g e o f X M L d a ta w h ile d e s ig n in g a d a ta re p o s i to ry fo r

• P a r t o f th is w o rk w a s s u p p o r te d b y th e G e rm a n M in is t ry o f E d u c a t io n a n d R e s e a rc h (B M B F ) ,F K Z 0 8 C 5 8 5 3 '2
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an e lec tro n ic v e rs io n o f th e "B io ch em ica l P a thw ay s A tla s" [3 ] ' a la rg e co lle c tio n o f ch em ica l re ac tio n s

anno ta ted w ith tex tu a l d e sc rip tio n s , W W W refe ren ce s , an d m u ltim ed ia d a ta .
!

T he ex is tin g app ro ach es to s to re sem is tru c tu red d a ta o r s tru c tu red do cum en tscan b e d iv id ed in to

I

I h .
t re e ca tegon es :

F la t S tre am s In th is app ro ach , tre e s a re se ria liz ed in to by te s tre am s, fo r ex am p le by m ean s o f a m arkup

I

lan gu ag e . F ü r la rg e s tre am s, som e m ech an ism isu sed to d is tr ib u te th e by te s tre am s on d isk p ag es .
. ,

T he m ech an ism can b e a file sy s tem , o r a B LO B m anag e r in a D BM S .

T h is m e thod is v e ry fa s t w hen s to rin g o r re tr iev in g w ho le do cum en ts o r b ig con tir iu ou s p a rts o f

d o cum en ts . A ccess in g th e do cu rilen ts ' s tru c tu re is o n ly po ss ib le th ro ugh p a rs in g [4].

A W eb se rv e r 's H TM L file tre e , s to red in th e file sy s tem , is a s im p le ex am p le .

M e tam ode lin g A d iffe ren t m e thod is to m ode l and s to re th e do cum en ts o r d a ta tre e s u s in g sa rn e

conv en tio n a l D BM S and its d a ta m ode l [5 ,6 , 7 , 8 ] .

In th is ca se , th e in te rac tio n w ith s tru c tu red d a tab a se s in th e sam e D BM S is ea sy . O n th e o th e r

h and , scann in g a w ho le do cum en t o r p a rts o f a do cum en t, a s n eed ed fo r ex am p le w hen recon -

s tru c tin g a tex tu a l rep re sen ta tio n , is s low e r a s in th e p rev io u s m e thod ; c rea tio n o f ju s t o n e ty p ica l

w eb p ag e from its ab s tra c t sy n tax tree requ ire s re tr iev a l o f m aybe th ou sand s o f d a tab a seob jec ts .

O th e r rep re sen ta tio n s requ ire s com p lex m app ing op e ra tio n s to rep rodu ce a tex tu a l rep re sen ta tio n

[9 ] ' ev en dup lic a te e lim in a tio n m ay be requ ired [1 0 ].

In g en e ra l, th is app ro ach in tro du ces add itio n a l lay e rs in th e D BM S be tw een th e lo g ica l d a ta and

th e phy s ica l d a ta s to rag e , s low ing dow n que ry p ro ce ss in g .

j M ixed T he re a re sev e ra l a ttem p ts to m erg e th e tw o "pu re " m e thod s abov e .

R edund an t T o g e t th e b es t o f b o th w o rld s , d a ta is h e ld in tw o . redund an t repo s ito rie s , o n e fla t

an d on e m e tam ode led [11 ]. U pda te s a re p rop ag a ted e ith e r w ay , o r o n ly a llow eQ in on e o f th e

repo s ito rie s : T h is a llow s fo r fa s t re tr iev a l, b u t le ad s to s low upda te s and in cu rs s ig n if ic an t

o v e rh ead fo r con s is ten cy con tro !.

H yb rid In hyb rid app ro ach es , a ce rta in lev e l o f d e ta il o f th e d a ta is con fig u red as " th re sho ld " .

S tru c tu re s co a rse r th an th is g ranu la rity liv e in a s tru c tu red p a rt o f th e d a tab a se , f in e r s tru c -

tu re s a re s to red in a " fla t o b jec t" p a rt o f th e d a tab a se [1 2 ].

NA T IX , ou r XM L repo s ito ry a t M annhe im U n iv e rs ity is s im ila r to th e hyb rid sy s tem s, w ith tw o

I ex ten s io n s : F irs t, o u r " fla t" p a rts o f th ed a tab a se a re rio t com p le te ly fla t, b u t c lu s te red g roup s o f tre e

I . .

1 nod es tre a ted a s a tom ic reco rd s by th e low er lev e ls o f N A T IX . S econd , th e " th re sho ld " n eed no t b e

: s ta tic a lly con fig u red , b u t can b e a dyn am ic v a lu e , ad ap tin g to th e s iz e and s tru c tu re o f do cum en ts a t

i
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FigureI: N ATIX architectural overview
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Tuntime. As subtrees of t'he document are changed, clustered ,nodes can become records of their own

01' again be merged into clusters. To satisfy special application requirements, clustering of certain node

typescan be enforcedor foibidden by a configuration matrix.

We consider our enhancements to the hybrid systems significant and introduce a new category: We

call this kind ofstorage organization Native XML Repository.

The remainder of thepaper is organized as folIows. Section 2 describes a tree model ofthe data we

want to manage and the physical organization used to store that data. Section 3 describes the methods ,

used to dynamically maintain this physical organization. Section 4 gives some performance results.

Section 5 reviews related work and shows how it fits into our model. Section 6 concludes the paper.

2 Preliminaries

Let us first present a abrief NATIX architectural overview, and describe which part of NATIX this' paper

is about, The logical data model andour modelfor physical storage organization are also detailed in

this section,
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I
:<SPEECH>

~SPEAKER>DTHELLD</SPEAKER>

~LINE>Let me see your eyes;</LINE>

I<LINE>Look in my face. </LINE>

'</SPEECH>

OTHELLO L e t m e s e e y o u r e y e S j L o o k in m y fa c e .

F ig u re 2 : A f ra gm e n t o f X M L w ith i ts iJ ,s s o c ia te d lo g ic a l t r e e

,2.1 N A T IX Overview

:F ig u re 1 sh ow s th e m a inm o d u le s o f N A T IX .

T h e c o re o f th e s y s tem is a " c la s s ic a l" p h y s ic a l r e c o rd m a n a g e r w h ic h is re s p o n s ib le fo r d is k rn c rn o ry

;m a n a g em e n t a n d b u f fe r in g . I t a c c e s s e s raw d is k s o r f i le s y s tem f i le s a n d p ro v id e s a m em o ry sp a c e d i v id e d

,in te ) s e gm e n ts , w h ic h a re a l in e a r c o l le c t io n o f e q u a l~ s iz e d p a g e s . P a g e s c a n b e a s la rg e a ; 32K. E a c h

; p a g e c a n b e a p la in p a g e ( fo r in d ic e s a n d u s e r -d e f in e d s tru c tu re s ) , o r h o ld s o n e o r m o re re c o rd s . P a g e s

i a re o rg a n iz e d a s s lo t te d p a g e s , r e c o rd s a re id e n t if ie d b y a p a ir (pageid, slat) ( c a l le d re c o rd ID o r RID).

O n to p o f th e re c o rd m a n a g e r o p e ra te s a tr e e s to ra g e m a n a g e r th a t , m a p s th e tre e s u s e d to m o d e l

, d o c um e n ts ( s e e s e c t io n 2 .2 b e lo w ) in to re c o rd s . T h e m e th o d s u s e d in th is tr e e s to ra g e m a n a g e r a re th e

to p ic o f th is p a p e r .

A d d it io n a l m o d u le s o f N A T IX e x is t , b u t a re n o t d e ta i le d h e re . T h e y in c lu d e in d e x m a n a g em e n t ,

i th e (n o t y e t im p lem e n te d ) q u e ry e n g in e , th e s c h em a m a n a g e r , a n d th e d o c um e n t m a n a g e r . T h e d o c -
,
J um e n t m a n a g e r a l lo w s a p p lic a t io n a c c e s s to d o c um e n ts o n n o d e a n d d o c um e n t g ra n u la r i ty . I t c h e c k s

; s c h em a c o n s is te n c y , c a l le d documeid validation in th e X M L w o r ld , p e r fo rm s n e c e s s a ry in d e x u p d a te s

! a n d in te g ra te s d o c um e n t f ra gm e n ts f rom o th e r s o u rc e s in to a s in g le d o c um e n t v iew fo r th e u s e r . T h e

! s c h em a m a n a g e r m a in ta in s th e s y s tem c a ta lo g d a ta n e e d e d b y th e d o c um e n t m a n a g e r , w h ic h in c lu d e s

! th e D o c um e n t T y p e D e f in i t io n s ( lo g ic a l X M L sc h em a in fo rm a tio n ) a n d p h y s ic a l s c h em a in fo rm a tio n a n d

I s ta t is t ic s . T h e sy s tem c a ta lo g i ts e lf is s to re d a s a c o l le c t io n o f X M L d o c um e n ts in s id e th e s y s tem .

2.2 Logical Model

A p o p u la r a n d u s e fu l m o d e l fo r X M L d o c um e n ts is th e la b e l le d tre e [2 , 1 3 ] . G e n e ra l g ra p h s , w h ic h a re

o f te n u s e ~ to m o d e l s em is tru c tu re d d a ta , a re re p re s e n te d in X M L u s in g sp e c ia l ID R E F a ttr ib u te s [ l ] ' a n d

X L in k s [1 4 ] ' fo r in tr a - a n d in te r -d o c um e n t . r e fe re n c e s , r e s p e c t iv e ly .

W e u s e o rd e re d tre e s in w h ic h e a c h n o n - Ie a f n o d e is la b e l le d w ith a s ym b o l ta k e n f rom a n a lp h a b e t

~DTD. L e a f n o d e s c a n a ls o b e la b e l le d w ith a rb i t r in i ly lo n g s tr in g s o v e r a d if f e re n t a lp h a b e t (~*). F ig u re 2

sh ow s a n e x am p le o f a n X M L fra gm e n t a n d i ts a s s o c ia te d tre e . N o te th a t th e s h ow n X M L d o c um e n t
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is m is s in g th e sc h e m a , c a lle d document type definition (D T D ). D e ta ils o f X M L sc h e m a d e sc r ip tio n s d o

n o t c o n c e rn u s h e re , fo r o u r p u rp o se s , th e D T D is ju s t a w a y o f sp e c ify in g th e n o d e a lp h a b e t ~DTD.

A d d itio n a lly , th e D T D c a n p la c e c o n s tra in ts o n h o w n o d e la b e ls c a n b e c o m b in e d .

N o te th a t o u r d a ta m o d e l is v e ry s im ila r to a n a b s tra c t sy n ta x tre e a n d c a n e a s ily b e g e n e ra te d b y a n

X M L p a rse r . I t a lso c a p tu re s a ll in fo rm a tio n p re se n t in th e te x tu a l re p re s e n ta tio n o f a d o c u m e n t, m o s t

n o ta b ly th e o rd e r o f c h ild e le m e n ts .

2.3 Physical Model

W e n o w e la b o ra te o n o u r p h y s ic a l d a ta m o d e l. B e s id e s e x p la in in g o u r o ~ n p h y s ic a l tre e re p re s e n ta tio n ,

w e h o p e to p ro v id e a g e n e ra l te r r i i in o lo g y fo r th e d e sc r ip tio n o f s to ra g e fo rm a ts fo r tre e ~ s tru c u re d d a ta ,

w h ic h c ä n la te r b e u se d to c o m p a re d if fe re n t a p p ro a c h e s (s e e se c tio n 5 ) .

T h e lo g ic a l p a ta tre e is m a te r ia liz e d a s a p h y s ic a l d a ta tre e , w h ic h isb u il t f ro m th e o r ig in a llo g ic a l

n o d e s a n d a d d itio n a l n o d e s n e e d e d to m a n a g e th e p h y s ic a ls tru c tu re o f la rg e tre e s . L a rg e tre e s a re tre e s

th a t c a n n o t b e s to re d o n a s in g le d isk p a g e .

T h e -fo llo w in g se c tio n s d e sc r ib e th re e w a y s to c la s s ify th e p h y s ic a l n o d e s w e u se to s to re th e lo g ic a l

tre e .

N o te th a t , in th e fo llo w in g , w e u se th e te rm s node a n d object sy n o n y m o u s ly .. O n th e o th e r h im d , a

Tecord is so m e th in g d if fe re n t: I t m a y c o n ta in a se t o f n o d e s jo b je c ts , a s e x p la in e d b e lo w .

. 2 .3 .1 O b je c t C o n te n t

O n e c la s s if ic a tio n w e u se fo r p h y s ic a l n o d e s is b a se d o n th e ir c o n te n t:

A g g re g a te n o d e s a re in n e r n o d e s o f th e tre e . T h e y c o n ta in th e ir re sp e c tiv e c h ild n o d e s .

L ite ra l n o d e s a re le a f n o d e s c o n ta in in g a n u n in te rp re te d s tre a m o f b y te s , l ik e te x t s tr in g s , g ra p h ic s , o r

a u d io /v id e o se q u e n c e s .

P iö x y n o d e s a re n o d e s w h ic h p o in t to d if fe re n t re c o rd s . T h e y a re u se d in th e re p re s e n ta tio n o f la rg e

tre e s , a s d e ta ile d in se c tio n 2 .3 .3 .

2 .3 .2 N o d e re p re se n ta tio n

ln s te a d o f s to r in g e a c h tre e n o d e in a se p a ra te re c o rd , w e s to re w h o le d o c u m e n ts (o r su b tre e s o f d o c -

u m e n ts ) ta g e th e r in o n e re c o rd . T h is re c o rd is tre a te d a s a to m ic b y th e u n d e r ly in g re c o rd m a n a g e r .

E a c h rE k o rd c o n ta in s e x a c tly o n e s tlb tre e . T h e ro o t H o d e s o f e a c h re c o rd 's su b tre e a re c a lle d standalone

'objects. O th e r n o d e s a re c a lle d embedded objects.This is a .s e c o n d w a y o f c la s s ify in g o u r p h y s ic a l n o d e s .
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L og ica l tre e

P hy s ic a l tre e

rl

; ,~ -- ,
(P l. 'P2 )

"'y" ..•.,- -
J . J .

-- ..•. -- ..•.
r2 ( h1 )

r@ /e t;s~~0~
.

F igu re 3 : O ne po ss ib ility fo r d is tr ib u tio n o f lo g ica l n o d es on reco rd s

T h e reco rd s iz e h a s an upp 'e r lim it, th e p ag e s iz e . T h is ra ise s o ppo rtu n itie s to op tim ize th e sub tre e

I rep re sen ta tio n in s id e th e reco rd s . S in ce ou r a lg o rithm and its p te sen ta tio n do no t d ep end O ll a sp ec if ic

: re co rd rep re sen ta tio n , w e p re sen t th e low -Iev e l d e ta ils o n ly in A ppend ix A .

i 2 .3 .3 L a rg e T ree s

. T yp ica l d a ta tre e s m ay no t fit o n a s in g le d isk p ag e . S o ou r phy s ic a l o b jec t m ode l m u st p ro v id e a

I
m echan ism fo r d is tr ib u tin g d a ta tre e s o v e r sev e ra l p ag e s .

O ne m e th od o ften u sed in do cum en t m an ag em en t sy s tem s is to s to re a " fl5 1 t" rep re sen ta tio n (lik e

I

th e on e d esc rib ed in A ppend ix A ) a s a B LO B (binary Zarge abject) and u se a m ech an ism fo r rn an ag in g

la rg e by te co lle c tio n s in s id e th e s to rag e m anag e r (see [1 5 , 1 6 , 1 7 ]) . W e fee l th a t th is ap p ro achw as te s th e

: av a ilab le s tru c tu ra l in fo rm a tio n abou t th e d a ta , b ecau se tre a tin g th e rep re sen ta tio n a s a B LO B reg a rd s

; a ll b y te s a s equ a l:
!

A ce rta in am oun t o f in se rtio n s , rem ova ls and upd a te s o f o b jec ts s to red in th is w ay w ou ld lead to an

i un favo rab le d is tr ib u tio n o f th e d a ta . S om e pa rt o f ev en a sm a llo b jec t w ou ld re s id e on on e p ag e , an d

th e rem a in d e r o n a d iffe ren t p ag e .

T o avo id th is , w e sem an tic a lly sp lit la rg e ob jec ts b a sed on th e und e rly in g tre e s tru c tu re . W e pa rtitio n

th e d a ta tre e in to su b tre e s , an d s to re each sub tre e in a s in g le reco rd le ss th an a p ag e in s iz e . C onn ec ted

sub tre e s re s id in g in o th e r re co rd s a re rep re sen ted by Praxy abjects. P roxy ob jec ts con s is t 01' th e R .ID or

! th e reco rd w h ich con ta in s th e sub tre e th ey rep re sen t. S ub s titu tin g a ll p ro x ie s b y th e ir re sp ec tiv e sub tre e s

recon s tru c ts th e o rig in a l d a ta tre e .

A sam p le is sh ow n in fig u re 3 . T o s to re th e g iv en lp g ica l tre e (w h ich , say , d o e s no t f it o n a p ag e ), th e

phy s ic a l d a ta tre e is d is tr ib u ted ov e r th ree reco rd s rl, r2 and r3. T o ach iev e th is , tw o p ,ro x ie s (P I and P2)

a re u sed in th e to p lev e l re co rd . Tw o he lp e r agg reg a te o b jec ts (h l and h2) h av e a lso b een add ed to th e

phy s ic a l o b jec t tre e . T h ey a re n eed ed to g ro up th e ch ild ren b e low P I and P2 in to reco rd s .

T h is le ad s to ou r th ird c1 a ss if ic a tio n d im en s io n : P hy s ic a l o b jec ts d raw n as d a sh ed ov a ls lik e th e
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Figure 4: Multiway tree representation of records

proxies PI, P2. and the helper aggregates hI, h2, needed only for the representation of large data trees, are

ealled 5eaffolding objeets, while,objects representing logical nodes (li) are.called Faeade objeets.

Note thaI. the sampie physieal tree is o~ly one possibllity to store the shown logical tree. There

are more, since more of the logical tree's edges could be represented by proxies. The creation and

. maintenance of such physical trees in our XML repository NATIX, is described in the remainder of this

paper.

3 Dynamic niaintenanGe of an efficient storage organization

We will now present the onIine algorithm used by our N ATIX repository for dynarriic maintemLnce of

physical trees. -The principal problem adressed is thaI. arecord containing a subtree can grow larger than

apage if anode is added or grows.

In this case, the subtree contained in the record has 1.0 be partitioned into several subtrees which can

subsequently be distributed on one or more additional records and pages. Scaffolding nodes (proxies and

maybe aggregates) have 1.0 be introduced into the physical tree to link the new recordstogether.

To describe our tree storage manager and our split algorithm , it is useful to view the partitioned tree

as an associative data structure forfinding leaf nodes. We will first explain this metaphor, andafterwards

u~(' it 1.0 detail our algorithm . Possible extensions to the basic algorithm and a flexible configuration

meehanism 1.0 adapt it 1.0 special appIications conclude this section.

3.1 Multiway tree representation of records

A data tree that has been distributed over several records can be viewed as a multiway tree with the

records as nodes, each re cord containing a small part of the logical data tree.In theexample in figure 4,

T3 is blown up, hinting at the flat representation of the subtree inside re cord T3. The references to the

child recordsare proxy objects.
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1 . D e te rm in e th e r e c o r d r i n to w h ic h th e n o d e h a s to b e in s e r t e d .

2 . I f th e r e i s n o t e n o u g h s p a c e o n th e p a g e , t r y to m o v e r. I f th e r e c o r d s t i l l d o e s n o t f i t , s p l i t th ~ r e c o r d :

( a ) D e te r r r i in e th e s e p a r a to r b y r e c u r s iv e ly .d e s c e n d in g in to th e r's s u b t r e e

( b ) D is t r ib u te th e r e s u l t in g p a r t i t i o n s o n to r e c o r d s

( c ) I n s e r t th e s e p a r a to r in to th e p a r e n t r e c o r d , r e c u r s iv e ly c a l l in g th i s p r o c e d u r e

3 . I n s e r t th e n e w n o d e

F ig u r e 5 : T h e T r e e G ro w th P r o c e d u r e

I f v ie w e d th i s w a y , o u r p a r t i t i o n e d t r e e r e s e m b le s a B - T r e e - s t r u c tu r e , a s o f t e n u s e d b y t r a d i t io n a l

l a r g e o b je d m a n a g e r s , w i th th e p a r t i c u la r i ty th a t th e " k e y s " a r e n o t t a k e n f r o m a s im p le d o m a in l ik e
! . ' .

. i n t e g e r s o r s t r in g s . I n s t e a d , th e y a r e b a s e d o n s t r u c tu r a l f e a tu r e s o f th e d a ta t r e e .

T h i s a n a lo g y g iv e s u s a f a m i l i a r f r a m e w o rk w i th w h ic h w e c a n d e s c r ib e th e a lg o r i th m s u s e d to m a in ta in

I

: t h e c lu s te r in g o f o u r r e c o r d s .

.3.2 . Algorithm für Tree Growth

: F ig u r e 5 s h o w s th e b a s ic s t r u c tu r e o f o u r a lg o r i th m fo r a d d in g n o d e s to a t r e e . T h e f o l lo w in g s u b s e c t io n s

w i l l e x p la in th e s te p s in d e ta i l .

3.2.1 Determining the Insertion Location

I In o r d e r to in s e r t a n e w n o d e in i n to th e lo g ic a l d a ta t r e e a s a c h i ld n o d e o f ' h 1 i t m u s t b e d e c id e d

I w h e r e in th e p h y s ic a l t r e e th e in s e r t s h o u ld ta k e p la c e . I n th e p r e s e n c e o f s c a f f o ld in g n o d e s , t .h e r e r n a y

e x i s t s e v e r a l p o s s ib i l i t i e s , a s s h o w n b y th e d a s h e d l in e s in f ig u r e 6 ( th e n o d e s d r a w n a s d a s h e d o v a l s a r e .

s c a f f o ld in g n o d e s ) ; th e n e w n o d e in c a n b e in s e r t e d in to ra,rb, o r rc. I n o u r s y s te m , th i s c h o ic e m a y b e

!

F ig u r e 6 : P o s s ib i l i t i e s to in s e r t a n e w n o d e in i n to th e p h y s ic a l t r e e
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F ig u re 7 : A reco rd 's su b tree b e fo rea sp lit o ccu rs

d e te rm in ed b y a co n fig u ra tio n p a ram e te r, a s ex p la in ed in see tio n 3 .3 .

3 .2 .2 S p littin g a reco rd

H av in g d ec id ed o n an in ~ e rtio n lo ca tio n , it is p o ss ib le th a t th e d es ig n a ted reco rd 's d isk p ag e is fu H . In
, '

th is ca se , th e sy s tem trie s to m o v e th e reco rd to a p ag e w ith m o re free sp ace . If th is is n o t p o ss ib le ,

b ecau se th e reco rd as su ch ex ceed s th en e t p ag e cap ac ity , th e reco rd h as to b e sp lit.

D e te rm in in g th e 'sep a ra to r S u p p o se th a t, in fig u re 6 w e w an t to ad d in to reco rd rb, w h ich can n o t

g ro w . H en ce , rb m u st b e sp lit in to a t le a s t tw o reco rd s r~ an d r~, an d in s tead o f Pb in th e p a ren t reco rd

ra, w e n eed aseparator w ith p ro x ie s p o in tin g to th e n ew reco rd s to in d ica te w h e re w h ich p a rt o f th e o ld

reco rd w as m o v ed .

In B - T ree s , a m ed ian k E ~ yth a t p a rtitio n s th e d a ta e le~ en ts in to tw o su b se ts is ch o sen as sep a ra to r. In

o u r L ree s to rag e m an ag e r, th e d a ta in th e reco rd s is n o t o n e -d im en s io n a l, b u t tre e -s tru c tu red . I t fo llo w s

th a I, o u r sep a ra to r h a s to b e tree -s tru c tu red as w eIl.

In fac t o u r a lg o rith m slic e s a sm aIl su b tree o ff th e o ld reco rd 's ro o t. T h is sm a ll su b tree th en se rv e rs

a s aS sep a ra to r. T h e rem a in in g fo re s t o f su b tree s is th e d a ta th a t h a s to b e d is tr ib u ted o n to th e n ew '

reco rd s .

F ig u re 7 sh o w s th e su b tree o f o n e reco rd ju s t b e fo re a sp lit. I t is p a rtitio n ed in to a le ft p a rtitio n L

. an d a rig h t p a rtitio n R, an d th e sep a ra to r S. T h is sep a ra to r w ill b e m o v ed u p to th ep a ren t reco rd ,

w h e re it in d ica fe s in to w h ich reco rd s .th e d escen d an t n o d es w ere m o v ed as a re su lt o f th e sp lit o p e ra tio n .

A lread y a. s in g le n o d e d u n iq u e ly d e te rm in es th is p a rtitio n in g (in th e ex am p le , d = h): T h e sep a ra to r

S co n s is ts o f a ll th e n o d eso n th e p a th fro m d to th e su b tree 's ro o t (in th e ex am p le , S = {11,j6}),

ex c lu d in g d .. T h e B u b tree b e lo w d, th e su b tree s o f d's f ig h t s ib lin g s , an d a ll su b tree s b e lo w n o d es th a t

a re rig h t s ib lin g s o f n o d es in S' co m p rise th e rig h t p a rtitio n . ( in th e ex am p le , R = {h, fs , ... , 1 1 4 }), th e

rem a in in g n o d es co m p rise th e le ft p a rtitio n (in th e ex am p le , L =12, ... ,15).

H en ce , o u r sp lit a lg o rith m m u st fin d an o d e d, su ch th a t th e re su ltin g L an d R are o f eq u a l s iz e .

9



(a ) +-- R-7

...0h.@
@0

(b)

(c )

L
r2

R

F igu re 8 : R eco rd a ssem b ly fo r th e sub tree from fig u re 7

A c tu a lly , th e d e s ired ra tio b e tw een th e s iz e s o f L and R is a con fig u ra tio n p a ram e te r (th e split target),

w h ich can , fo r ex am p le , b e se t to ach iev e v e ry sm a ll R p a rtitio n s to p rev en t d eg en e ra tio n o f th e tre e if

in se rtio n is m a in ly on th e rig h t s id e (a s w hen c rea tin g a tre e in p re -o rd e r from le ft to rig h t) . A no th e r

con fig u ra tio n p a ram e te r av a ilab le fo r fin e -tu n in g is th e spiit tolerance, w h ich s ta te s h ow m uch th e a l-

I go rithm m ay dev ia te from th is ra tio . E ssen tia lly , th e sp lit to le ran ce sp ec if ie s a m in im um size fo r th e

I su b tre e o f d. S ub tree s sm a lle I ' th an th is v a lu e a re no t sp lit, b u t com p le te lym oved in to on e p a rtitio n to

p rev en t fragm en ta tio n .

T o d e te rm in e d, th e a lg o rithm sta rts a t th e sub tree 's ro o t and recu rs iv e ly d e scend s in to th e ch ild

w ho se sub tree con ta in s th e phy s ica l "m idd le " (o r th e con fig u red sp lit ta rg e t) o f th e reco rd . I t s to p s w hen

it re ach es a lea f , o r w hen th e sub tree s iz e in w h ich it is ab ou t to d e scend is sm a lle r th an a llow ed by th e

sp lit to le ran ce p a ram e te r .

In th e ex am p le in fig u re 7 , th e s iz e o f th e sub tree b e low h w as sm a lle I ' th an th e sp lit to le ran ce ,

o th e rw ise , th e a lg o rithm had d escend ed fu rth e r and m ade h p a rt o f th e sep a ra to r .

D is tr ib u tin g th e nod es on reco rd s A fte r d e te rm in in g th e p a rtitio n in g , th e con ten ts o f th e reco rd

h as to b e d is tr ib u ted on to n ew reco rd s .

C on s id e r a p a rtitio n in g as im p lied by nod e d = h in fig u re 7 . T h e sep a ra to r is rem oved from th e o ld

reco rd 's su b tre e , a s in fig u re 8 (a ) . In th e re su ltin g fo re s t o f su b tre e s , ro o t n o d es in th e sam e pa rtitio n

10



that w ere sib lings in the orig inal tree are groupedunder one scaffo ld ing aggregate. In figure 8(c), th is

happened ät nodes h] and h2. B ach resulting subtree is then stored in its ow n record . These new records

(TI,'" ,'1'4) are called partition records.

Inserting the separator The separator is m oved to the parent record and inserted instead oE the

'. .
proxyw hich referred to the old , unsplit record , figure 8(b). The edges connected to the nodes in the

partition records are replaced by proxies Pi. Since children w ith the sam e parent are grouped in one

scaffo ld ing aggregate, for each level of the separator a m axim um of three nodes isneeded, one proxy for

the left partition record , one proxy for the right partition record , and one separator node.

To avoid unnecessary scaffo ld ing records, the algorithm considers tw o special cases: F irst, if a partition

record w ould consist of just one proxy, the record is not created and the proxy is inserted directly in tö

, the separator.Second, if the root node oE the separator is a scaffo ld ing aggregate, it is d isregarded, and

the children of the separator root are inserted in the parent record instead .

To ensure th~ t the parent record contains enough space to hold the separator, the insertion procedure

is recursively called for the parent record using the separator as the node to be inserted . If the old record

had no parent record , anew root record for the tree is created w hich contains just the separator.

3 .2 .3 lriserting the N ew N ode

F inally , the new node is inserted in to its designated partition record .

The splitting process operates as if the new ,node had aheady been inserted in to the old record 's

subtree, for tw o reasons. F irst, th is ensures enough free space on the disk page oE the new node's record .

Second, it also results in a preferable partitioning since it takes the space needed by the new node in to

account w hen determ ining the separator.

3.3 The Split M atrix

W hen designing the storage m anager for the biochem istry database m entioned in the in troduction , it

quickly becam e evident that it is.not alw ays desirableto leave full contro l over data distribution to the

algorithm . Special application requirem ents had to be.considered . In general, it should be possib le to

benefit from know ledge about the application 'saccess patterns,

If parent-child navigation from one type of node to another type is frequent in an application , w e

w ant to pre~ent the split algcirithm from storing them in separate records. In other contexts, w e w ant

certain kinds of subtrees alw ays to be stored in aseparate record , for exam ple to collect som e kinds oE

inform ation in their ow n physical database area.

To express preferences regarding the clustering of anode type and its parent node type,. w e in troduce

a Split Matrix as param eter to our algorithm :

11



The Sp lit M atrix S consists o f e lem en ts Sij, i, j E ~DTD. The elem en ts express the desired clustering

behav iou ro f anode x w ith label j as ch ild ren o f anode y w ith label i:

o x is a lw ays kep t as a standalone

reco rd and ne ver c lustered w ith y

Sij = 00 x is kep t as long aspossib le

in the sam e re co rd w ith y

o ther the a lgo rithm m ay decide

The algo rithm as described in sec tion 3 .2 ac ts as if a11 elem en ts o f the Sp lit M atrix w ere se t to the

: va lue o ther. It is easily m od ified to respect the Sp lit M atrix :

W hen m oving the separa to r to the paren t, a11 nodes x w ith label j under a paren t y w ith label 'i are

: considered part o f the separa to r if Sij = 00 , and thus m oved to the paren t. If Sij = Ö , sueh nodes i are

a lw ays crea ted as standalone ob jee t and a proxy is in serted in to y. In th is ease , x is never m oved in to

its paren t as part o f the separa to r, and trea ted fo r sp litting purposes like the roo t reeo rd .

W e also use the Sp lit M atrix as the eonfigu ra tion param eter fo r de term in ing the insertion loea tion 01'

I a new node (see see tion 3 .2 .1 ): W hen a new node x (labe l j) sha11 be inserted as a eh ild o f node y (labe l

i), then if Sij = 00 , x is in serted in to the sam e reeo rd y. If Sij = o ther, then the node is in serted on the

sam e reeo rd as one of its designated sib lings (w herever there is m ore free spaee). If Sij = O,.x is sto red

as a standalone node and trea ted as deseribed above .

In the fu tu re , w e p lan to en rieh the sem an ties o f the Sp lit M atrix to support even m ore adap tab le

a lgo rithm s. For exam f)le , theo ther values eou ld eon ta in traversa l frequeneies gathered from pro file

; traees.

It shou ld be no ted tha t, the Sp lit M atrix is an op tional tun ing param eter: It is no t needed to sto re

, XM L düeum en ts, it on ly p rov ides a w ay to m ake certa in aceess patte rns o f the ap11 iea tion know n to the

sto rage m anager. T he "defau lt" sp lit m atrix used w hen no th ing else has been specified is the one w i th

a11 en tries se t to the value o ther.

A s a side effee t, o ther approaehes to sto re XM L and sem istrue tu red data ean be v iew ed as instances

o f ou r a lgo rithm w ith a eerta in fo rm of the Sp lit M atrix , as deseribed in see tion 5 .

4 Performance Results

In 'th is see tion w e w ill p resen t som e resu lts eoneern ing the sto rage and re trieva l o f a large doeum en t

eo11eetion w ith NATIX ' tree sto rage m anager.

12



4.1 Environment and test data

T he im p lem en ta tio n o f th e re co rd an d tre e s to rag e m an ag e rs w asd on e in C ++ . M easu rem en ts w e re

tak en on a P en tium -II 3 3 3M hz m ach in e w ith 1 28M B RAM unde r W indow s N T 4 .0 , u s in g an IBM D CA S

34330W d isk o D ire c t d isk acce ss an d no op e ra tin g sy s tem bu ffe r in g w as u sed by th e re co rd m an ag e r . A s

do cum en t co lle c tio n . se rv ed an XM L m arkup v e rs io n o f S h ak e sp ea re 's p lay s [1 8 ] . T h e to ta l s iz e o f th e

d o cum en ts is ab o u tß M B , th e ir tre e rep re sen ta tio n s co n ta in ab ou t 3 2 0000 no d e s to ta l.

4.2 Configuration

. W e com pa re tw o con fig u ra tio n s o f o u r sy s tem : F irs t, w e con fig u re th e S p lit M a tr ix w ith a ll e lem en ts se t

(,0 ,sij = O . T h is em u la te s th e ap p ro ach o f s to rin g each tre e n od e in a sep a ra te re co rd to g e th e r w ith a -

lis t. o f ch ild re fe ren ce s . In th is c a se , re co rd s a re n e v e r sp lit, u n le ss th e lis t o f ch ild ren d o e s n o t f it o n to a

. s in g le p ag e . T h e re co rd m an ag e r w as to ld to s to re p a ren t w ith ch ild ren an d s ib lin g n od e s o n th e sam e

p ag e if p o ss ib le . In th e fo llow in g sec tio n s , th is co n fig u ra tio n is c a lled th e 1 :1 co n fig u ra tio n .

S eco nd , w e se t a ll e lem en ts o f th e S p lit M a tr ix ,s ij to th e v a lu e other, g iv in g ou r a lg o rithm fu ll co n tro l

o v e r th e d is tr ib u tio n o f th e n od e s o n reco rd s . In th e fo llow in g sec tio n s , th is co n fig u ra tio n is c a lled th e

1:n, o r native XML co n fig u ra tio n .

N o te th a t,a "o n e re co rd " co n fig u ra tio n w ith a ll m a tr ix e lem en ts se t to 00 do e s n o t w o rk b ecau se w e

cou ld n o t s to re an y do cum en t la rg e r th an a p ag e .

In b o th ca se s , th e sp lit ta rg e t w as se t to ~ to p ro d u ce tw o p a rtitio n s o f eq u a l s iz e in each sp lit. T h e

sp lit to ie ran ce w as se t to 11
0
th o f a p ag e . T h e bu ffe r s iz e w as 2 M B , en ough to h o ld a t le a s t o n e d o cum en t

in an y rep re sen ta tio n . T h e p ag e s iz e w as v a ried b e tw een 2K and 32K . T h e bu ffe r w as c le a red a t th e s ta r t

o f e ach op e ra tio n .

4.3 Operations Measured

F o r s to rag e , w e u sed an XM L pa rse r w ritten in C and in se rted th e d o cum en t tre e in tw o d iffe ren t

in se rtio n o rd e rS . F irs t, in p re -o rd e r , to rep re sen t a "b u lk lo ad " o f o r co n secu tiv e appends to a tex tu a l

rep re sen ta tio r i. S eco nd , w e trav e rsed th e b in a ry tre e rep re sen ta tio n o f th e d o cum en t tre e (inw h ich each

nod e h a s its f irs t ch ild a s le f t b in a ry ch ild an d n ex t s ib lin g a s rig h t b in a ry ch ild [1 9 ])w ith b re ad th -f irs t

se a .rch to in se rt th e n od e s , re su ltin g in an incremental update p a tte rn w he re in se rts o ccu r d is tr ib u ted

o v e r th e w ho le d o cum en t.

F o u r k in d s o f re tr iev a l o p e ra tio n s w e re p e rfo rm ed : A fu ll p re -o rd e r tre e trav e rsa l, an d th re e p a tte rn

m a tch in g qu e rie s . T h e firs t q u e ry re tr iev e s a ll sp eak e rs in th e th ird ac t an d seco nd scen e o f ey e ry p lay ,

w h ich rr ie an s it a c ce sse s a ll le a f n o d e s o f a ce rta in ty p e in o n e se le c ted su b tre e o f th e d o cum en t. T h e

seco nd qu e ry re c re a te s th e tex tu a l rep re sen ta tio n o f th e com p le te f irs t sp eech in ev e ry scen e , h en ce
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150000

100000

----+ -- Record:Node1:1,

Incremental Updates

-D- Record:Node 1:n,

Incremental Updates

----A - Record:Node 1:1, Append .

-* - Record:Node 1:n, Append
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o
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Page size (bytes)

F igu re 9 : In se rtion

read ing a lo to f sm a ll con tinguou s fragm en ts o f each docum en t. L as t, a s im p le pa th que ry w as eva lu a ted

, by read ing on ly th e open ing speech o f each p lay .

I

.4.4 Results

F igu res 9 tü 14 show the resu lts . T he ope ra tion tim es resu lt fo rm averaged se rie s o f m easu rem en ts and
. .

. a re g iv en in m illisecond s , and a reshow n as a func tion o f th e pagesize ; it can be seen th a t p age s ize has

a s ign ifican t in flu ence on perfo rm ance .

:4.4.1 Update
,
I

I U pda te is fa s te r w hen th e a lgo rithm has fu ll con tro l ove r th e d is tribu tion o f no des on n~ co rd s . If upda te s

a re sca tte red a ll ov e r th e da ta , th e d iffe ren ce can be a lm ost an o rd e r o f m agn itude . rh is is p robab ly a

resu lt o f th e ve ry lo ca lized access p a tte rn w hen nodes a re g rouped in to reco rd s , bo th in te rm s o f m a in

and secondary m em ory .

In te re s ting ly , ou r app ro ach bene fits from la rg e r p age sizes , w h ile th e " trad itio n a l" app ro ach o f s to ring

: each node in asepa ra te re co rd pe rfo rm s best w hen u sing " trad itio n a l" sm a ll 2-4K pages .
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-+- RecOrd:Node 1:1,

Incremental Updates
____ Record:Node .l:n,

Incremental Updates

-t- Record:Node 1:1, Append

----*- Record:Node 1:n, Appen

7000 12000 17000 22000 27000 32000

Page size (bytes)

Figure 10: Full tree traversal

Note that, the best result (4K pages) of the"I:I"-approach is more than 50% slower than the best

result (32K pages) of the native format when using pre-orderinsert.

To permit bettet resolution for the faster runs, the update times for incremental updates and 1:1

format are only shown for pages up to 6K in size. After that, they increase alm ost linearly to above

1000000ms for 32K pages. Hence, incremental updates are faster by at least a factor of three when using

.the native format.

4.4.2 FuB tree traversal

When traversing the full tree in preörder, again the best result is achieved by using the native format

with a large page size. It is faster by 20% than the best result for the single record approach. In this

ca~e, large page sizes are good for everyone, because all data has to be read anyway, and loading large

continguous chunks is faster than loading small ones. . .

4.4.3 Query 1

When retrieving leaf nodes of a ~ertain type in a selectedsubtree of each document, the best behaviour is

again shown by the native format after incremental updates. Incremental updates do not produce a good

clust.ering für t.he single-record approach. The resulting [andorn access pattern slows query evaluation
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2000
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Incremental Updates

~ Record:Node 1:n,

Incremental Updates

- - - '-A - Record:Node 1:1, Append
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o

2000 7000 12000 17000 22000 27000 32000
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F ig u re 1 1 : S e le c tio n o n le a f n o d e s o f d o cum en t su b tre e (Q u e ry 1 )

a f te r in c rem en ta l u p d a te s .

T h e n a tiv e fo rm a t a f te r p re -o rd e r in se r t a lso d o e s n o t p e rfo rm w e ll , b e c a u se th e p h y s ic a l tre e is lin e a r ly

i d eg en e ra te d . T o re a c h th e sp e c if ie d n o d e s , n e a r ly th e w h o le d o cum en t d a ta is lo a d e d in to m em o ry .

4 .4 .4 Q u e ry 2

I In th is q u e ry , sm a ll c o n tig u o u s fra gm en ts o f th e d o cum en ts a re re tr ie v e d . H en c e , sm a ll p a g e s re su lt in

; b e tte r a c c e s s tim e s fo r a ll s to ra g e fo rm a ts . In th e n a tiv e fo rm a t a f te r in c rem en ta l u p d a te s , th e n o d e s

, b e lo n g in g to e a c h fra gm en t u su a lly a re c lu s te re d w ith in th e sam e re c o rd ,so q u e ry tim e is h a lv e d c om p a re d

to th e o th e r fo rm a ts .

, 4 .4 .5 Q u e ry 3

, In th is q u e rY ,a g a in th e b a la n c e d tre e a f te r in c rem en ta l u p d a te s o n th e n a tiv e fo rm a t re su lts in th e b e s t
! .

I p e rfo rm an c e . T h e p h y s ic a l re c o rd tre e h a s o n ly a d e p th o f 2 , so ju s t tw o d isk a c c e s se s a re n e e d ed to

i
: re a c h e a c h re q u e s te d sp e e c h .

T h e d eg en e ra te d tre e a f te r p re -o rd e r in se r t a g a in le a d s to u n n e c e s sa ry re a d s fo r th e n a tiv e fo rm a t.
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F ig u re 1 2 : Sm a ll c o n tin g u o u s f ra gm en ts (Q u e ry 2 )

4.4.6 S p a c e Requirements

T h e sp a c e re q u irem en ts g iv e n is th e to ta l n um b e r .o f b y te s o n d isk u se d to s to re th e d o cum en ts .

A s e x p e c te d , th e n a tiv e fo rm a t h a s a m u ch b e tte r sp a c e u til iz a tio n d u e to th e c om p a c t su b tre e

re p re se n ta tio n in s id e th e re c o rd s (A p p en d ix A ) . T h e s in g le re c o rd s fo r e a c h n o d e c a rry a lo t o f o v e rh e a d , .

m o s t n o ta b ly b ig p a re n t a n d c h ild re fe re n c e s , a n d s lo t in fo rm a tio n fo r e a c h re c o rd .

T h e sp a c e u til iz a tio n is h e tte r fo r la rg e i p a g e s , s in c e le s s p e r-p a g e a dm in is tra tio n sp a c e is n e e d e d ~

F o r th e n a tiv e fö rm a t, le s s sp li ts a n d p ro x ie s a re n e e d e d fo r la rg e p a g e s , w h ic h fu r t h e r ie d u c e s th e sp a c e

o v e rh e a d .

T h e re d u c e d sp a c e re q u irem en ts g iv e a n a d d itio n a l o p p o r tu n ity fü r fa s te r q u e ry p ro c e s s in g : . I f th e

lo g ic a l s tru c tu re a n d o rd e r o f th e n o d e s is ir re le v a n t fo r a q u e ry (e .g . s c a n a ll e lem en ts o f a g iv e n ty p e ) ,

a s im p le sc a n o f th e d o cum en ts re q u ire s tim e p ro p o r tio n a l to th e am o u n t o f 1 /0 re q u ire d , w h ic h is

s ig n if ic a n tly le s s if th e n a tiv e fo rm a t is u se d .
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I

;5 Related Work

: O th e r w o rk on e ff ic ien t s to rag e fo r (b in a ry ) la rg e o b je c ts [1 5 , 1 6 , 1 7 ] a lso u se s tre e s to o rg an iz e th e

: p h y s ic a l d is tr ib u tio n o f th e d a ta , b u t d o e s n o t ex p lo it th e in te rn a l sem an tic s tru c tu re o f la rg e o b je c ts .

: O b je c ts a re sp lit a t a rb itra ry b y te p o s itio n s .
,

N o t m uch w o rk on e ff ic ien ts to rag e o rg an iz a tio n fo r sem is tru c tu red d a ta cu rren tly ex is ts . T h e re a re

- o th e rp ro p o sed rep o s ito r ie s fo r sem is tru c tu red d a ta , n o t fo cu ss in g o n s to rag e o rg an iz a tio n , a s d e ta iled

POET

r in th e fo llow in g .
I

F la t f ile s a re s tu d ied - c lo se ly b y A b iteb o u l e t a l. [4 ] . T h e re , a p a rse r is u sed to g a in acce ss 1,0 th e
i
I

i do cum en t s tru c tu re an d ev a lu a te q u e rie s .

I
, M e tam od e led sy s tem s in th e ca teg o riz a tio n o f se e tio n 1 a re a lre ad y com m erc ia lly av a ilab le .

! (PO ET C on ten t M an ag em en t sy s tem [6 ]) an d O b jec tD es ig n (E x ce lo n [8 ]) e a ch u se th e ir o b je c t-o rien t.ed

i d a tab a se sy s tem s (PO ET S e rv e r an d O b jec tS to re , re sp ec tiv e ly ) 1,0 s to re an d m od e l SGM L /X Iv IL do c -

I

. um en ts a s tre e s . T h ey u se a sep a ra te re co rd fo r e ach tre e n o d e , w h ich in th e te rm in o lo g y o f se c t.io n 2

m ean s th a t e a ch fa cad e n od e is a s tan d a lo n e n od e , an d a ll ag g reg a te s co n ta in ex c lu s iv e ly p ro x ie s . T h is is

eq u iv a len t to a co n fig u ra tio n o f o u r a lg o rithm w ith a ll e lem en ts o f th e S p lit M a tr ix se t 1,0 0 a s ev a lu a ted
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F ig u re 1 4 : S p a c e re q u irem e n ts

T h e L ig h tw e ig h t O b je c t R E p o s i to ry (L O R E , [5 ] ) u s e s a g ra p h m o d e l a s w e I l . L ik e P O E T a n d E x c e lo n ,

i t s to re s e a c h n o d e in i ts o w n re c o rd , a l th o u g h th e sy s tem is n o t d e v e lo p e d o n to p a n e x is t in g O O D B M S .

T h e ir fo c u s is o n q u e ry p ro c e s s in g .

A d if fe re n t m e tam o d e lin g a p p ro a c h to s to re X M L is S T O R E D [lO J .F o t a d a s s o f d o c um en ts , a

re la t io n a l s c h em a is ra u tom a tic a l ly c re a te d a n d th e d o c um en ts a re s to f (~ ~ din a n y e x is t in g R D B M S . T h is

a u tom a tic s c h em a c re a t io n is a c om p le x 'o p e ra t io n , n e e d e d e v e ry t im e a n ew d o c um en t ty p e is e n c o u n -

te re d . S to r in g X M L d o c um en ts re q u ire s p a t te rn m a tc h in g to m a p th e g ra p h d a ta to re la t io n a l d a ta ,

a n o th e r c om 'p le x o p e ra t io n , n e e d e d e v e ry t im e a d o c um en t is s to re d . In c rem e n ta l u p d a te s to th e X M L

tre e , a n d th e o rd e r in g o f e lem e n ts in s id e a d o c um en t a re n o t c o n s id e re d . R e tr ie v in g d o c um en ts re q u ire s

d u p lic a te e l im in a t io n , s in c e a s in g le X M L n o d e c a n b e s to re d in m o re th a n o n e tu p le . T o e n a b le lo s s le s s

s to ra g e o f d o c um en ts th a t d o n o t f i t in to th e s c h em a , a n 'o v e r f lo w s to re ' is n e e d e d . T h e fu n c t io n a l i ty

re q u ire d f rom th is o v e r f lo w s to re is th e s am e a s fo r a fu I l- f le d g e d X M L re p o s i to ry .

A n o th e r re la t io n a l a p p ro a c h is ta k e n in th e M o n e t d a ta b a s e [7 ] , w h e re X M L d a ta is d e c om p o s e d in to '

b in a ry re la t io n s . T h e s e re la t io n s , o n e fo r e a c h ta g n am e , c o n ta in th e e d g e s o f th e tre e re p re s e n ta t io n . T h is

is s im ila r tu th e a p p ro a c h o f a s e p a ra te re c o rd p e r n o d e , a l th o u g h e f f ic ie n t m a in -m em o ry re p re s e n ta t io n s

1 9



In co n tra s t to tra d itio n a lla rg e o b je c t m an ag e rs o r f ile sy s tem s , o u r s to rag e m an ag e r N ATIX u se s

fo r sm a ll re la tio n s a re u sed . A s in S T O R E D , in c rem en ta l u p d a te s to th e X M L tre e ,a n d th e o rd e r in g o f
1

e lem en ts in s id e a d o cum en t a re n o t co n s id e red . T h e la tte r is o f im po rta n c e w h en try in g to re c re a te a

te x tu a l d o cum en t rep re sen ta tio n .

T h e h y b rid H yp e rS to rM sy s tem by N eu h o ld e t a l. [1 2 J b e a rs th e m o s t s im ila r ity to o u r ap p ro a ch .

In H yp e rS to rM , th e u p p e r le v e ls o f th e d o cum en t tre e a re s to red a s s ta n d a lo n e n o d e s w ith p ro x ie s a s

: in P O E T , E x ce lo n an d L O R E . C e rta in n o d e ty p e s a re s ta tic a lly co n fig u red to b e " f la t" , w h ich in o u r

: te rm in o lo g y m ean s th ey co n ta in o n ly em b ed d ed n o d e s . E m b ed d ed n o d e s a re s to red a s m a rk u p s tr in g s

an d h av e to b e p a rsed to a c c e ss th e s tru c tu re . P ro x ie s d o n o t ex is t, w h ich m ean s th a t, in th e su h tre e

,b e low an em b ed d ed n o d e , o n ly m o re em b ed d ed n o d e s c an ex is t. T h is is e q u iv a le n t to o u r a lg o r ithm w ith

. a S p lit M a tr ix w h ich co n ta in so n ly 0 an d C X l e lem en ts an d n o e lem en ts o f v a lu e o th e r . T h e co n fig u ra tio n

o f H yp e rS to rM is s ta tic an d d o n e o n e th e ty p e lev e l, w h ile au r sy s tem dyn am ic a lly m ak e s sp littin g

d e c is io n s an d a llow s co n fig u ra tio n n o t o n ly b a sed o n n o d e ty p e , b u t b a sed o n com b in a tio n s o f n o d e ty p e

an d p a ren t n o d e ty p e . T h ey d o n o t ad d re ss th e p ro b lem o f sp littin g la rg e " f la t" o b je c ts , b u t le av e th is

to th e u n d e rly in g s to rag e m an ag e r , a n O O D B M S .

!

,6 Conclusion and Future Work

, W e h av e p re sen ted a m e th o d to d y n am ic a lly m a inÜ lin e ff ic ie n t p h y s ic a l s to rag e fo r la rg e tre e -s tru c tu red

: o b je c ts . A fle x ib le m od e l to d e sc r ib e p h y s ic a l s to rag e fo rm a ts fo r tre e s w a s u sed to d e sc r ib e o u r a lg o r ithm
J

I

i an d re la te d ap p ro a ch e s .
I

i

th e sem an tic s tru c tu re o f la rg e o b je c ts to m ak e b e tte l ' sp litt in g d e c is io n s . O u r sp littin g a lg o r ithm is

co n fig u rab le to a d eg re e th a t a llow s to s im u la te o th e r s to rag e fo rm a ts a lre ad y in u se fo r tre e -s tru c tp red

I d a ta . F irs t m ea su rem en ts p e rfo rm ed w ith X M L da ta sh ow th e s tre n g th s o f o u r ap p ro a ch . U pd a te s an d

i q u e rie s c an b e sp ed u p b y a fa c to r o f tw o o r m o re . S p a c e u tiliz a tio n is a lso b e tte l ', b y a fa c to r o f n e a r ly

. tw o com p a red w ith o th e r ap p ro a ch e s .

In th e fu tu re , b e s id e s s tu d y in g an d ex ten d in g th e e ffe c t o f co n fig u ra tio n p a ram e te rc s o n th e sp littin g

i a lg o r ithm , q u e ry p ro c e ss in g o p e ra to rs an d in d ex s tru c tu re s th a t su p p o rt o u r s to rag e s tru c tu re w ill p la y

I a d om in an t ro le in o u r re se a rch .
I
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6 B y te s 6 B y te s L ook in .

t t

B y te R ep r. 1 0 B y te s 6 B y te s 6 B y te s O TH ELLO 6 B y te s 6 B y te s L e t m e~ .

t t t t t t

H ead e r H ead e r H ead e r C on ten ts H ead e r H ead e r C on ten ts I H ead e r H ead e r C on ten ts

S tr lllg I te ra l n o d e -S -ir in g lite ra n a lle I S tn n g ite ra no e

C on ten ts C on ten t~ j o 'n ten ts

S tru c tu re SPEA K ER nod e L1N nod e LI no •

on ten ts
.

: 'P E E lH nod e

F ig u re 1 5 : T h e tre e from fig u re 2 rep re sen ted a s o n e re co rd

A R eco rd rep re sen ta tio n

,T h is se c tio n ex p la in s th e fo rm a t u sed to s to re su b tre e s in f la t re co rd s . A s a re su lt o f th e lim ited p ag e s iz e ,

i w e can m a te r ia liz e th e p a ren t-ch ild -re la tio n sh ip s ra th e r e ff ic ien tly , sav in g re fe ren ce s p o in tin g to n o d e s

! ou ts id e th e re co rd .

In s id e each re co rd , th e n o d e s a re s to red within th e ir re sp ec tiv e p a ren t ag g reg a te o b je c ts , so th e

com p le te su b tre e ro ö ted a t an y g iv en o b je c t co n s is ts o fa ll th e ü b je c ts re cu rs iv e ly co n ta in ed in it. A n
, .

S tan d a lo n e o b je e ts eo n ta in th e ir p a ren t re eo rd a s R ID (8 by te s ) . T h e s iz e o f th e o b je e t, w h ieh is

" eq u a l to th e s iz e o f th e re co rd , c an b e o b ta in ed from th e s lo t in fo rm a tiO n . T og e th e r w ith th e ty p e in d ex ,

a s tan d a lo n e h ead e r u su a lly co n sum es 1 0 by te s .

ex am p le fo r th e tre e from fig u re " 2 is sh ow n in fig u re 1 5 .

E ach re co rd co n ta in s ex ac tly o n e ro o t n o d e w h ich co n ta in sa ll th e o th e r o b je c ts in th e re co rd (th c

'SPEECH nod e in th e ex am p le ab o v e ) . A s ex p la in ed in se c tio n 2 .3 .2 , su ch o b je c ts a re c a lled sta:n.da.lone

. objects, w h ile o b je c ts s to red w ith in o th e r o b je c ts a re c a lled embedded objects.

T he phy s ic a l rep re sen ta tio n o f o b je c ts o n d isk s ta r ts w ith a h ead e r d e sc rib in g th e eontent type (ag -

: g reg a te , lite ra l o r p ro x y ) an d th e logica.l type (e .g . th e tag o r a ttr ib u te n am e fo r , Fa.eade objects), th e

: size of the object an d a pa.rent pointer. L ite ra ls a re ty p ed , cu rren tly e ith e r s tr in g lite ra ls ,8 jI6 j3 2 j6 4 -B it

: in teg e r lite ra ls , f lo a t, o r U R I (U n ifo rm R eso u rc e Id en tif ie r) lite ra ls .

S in ceo n each p ag e ty p ie a lly o n ly a lim ited se t o f (eo n ten t ty p e , lo g ic a l ty p e ) eom b in a tio n s o eeu r , th is

in fo rm a tio n is s to red in th e o i::J je c th e ad e r a s 2 b y te o ffse t in to an o d e ty p e tab le w h ieh is m a in ta in ed o n

. e a eh p ag e .

" P o in te rs n eed ed to m a te r ia liz e th e re la tio n sh ip s fo r th e em bedd ed no d e s w ith in o n e re eo rd o n ly n eed

! 2 by te s , s in e e a p ag e is le ss th an 64K in s iz e . S in ee th e em bedd ed p a ren t p o in te rs a re s to red a s o ffse ts , th e

b y te rep re seh ta tio n o f su b tre e s in re eo rd s is lo e a tio n -in d ep en d en t, so th a t re co rd s e an b e m ov ed a ro u n d

. o n th e p ag e w ith o u t m od if ic a tio n .

O u r lay o u t re su lts in a h ead e r o f o n ly 6 b y te s . fo r em bedd ed ob je e ts , m in im iz in g th e o v e rh ead 1'01'

; s to r in g th e tre e s tru e tu re . N o te th a t, fo r ex am p le , s to r in g v an illa XM L m ark up w ith o n ly a l-ch a ra c te r

" tag n am e a lre ad y n eed s 7 b y te s « X > ... < jx > )!
!
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