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A b s t r a c t

K o n sta n tin o s  S te fan id is .

M Sc, C o m p u te r  Science D e p a rtm e n t, U n iv e rs ity  o f  Io a n n in a , G reece.
O c to b e r, 2005.

^  C o n tex t-A  w are  P re fe ren ces for D a ta b a se  S y stem s.
S u p erv iso r: E v agge lia  P ito u ra .

A  co n te x t-a w a re  sy s tem  is a  sy s tem  t h a t  uses c o n te x t to  p ro v id e  re lev an t 
in fo rm a tio n  o r  serv ices to  its  users. W hile  th e re  h a s  b een  a  v a r ie ty  o f  c o n te x t 

m id d lew are  in fra s tru c tu re s  a n d  c o n tex t-aw are  a p p lic a tio n s , l i t t le  w o rk  h a s  b een  
d o n e  o n  in te g ra tin g  c o n te x t in to  d a ta b a s e  m a n a g e m e n t sy s tem s . In  th is  th esis , 

w e consider a  p re fe ren ce  d a ta b a s e  sy s tem  t h a t  fa c ilita te s  c o n te x t-a w a re  q u eries , 

t h a t  is, queries w hose  re su lt d ep en d s  on  th e  c o n te x t a t  th e  tim e  o f  th e ir  su b m is­

sion . A t firs t, we p re se n t th e  fu n d a m e n ta l co n cep ts  re la te d  to  c o n te x t m odeling  

a n d  define u ser preferences. W e p ro p o se  u sin g  d a ta  cu b es  to  s to re  th e  de­
pendenc ies be tw een  c o n te x t-d e p e n d en t p re fe ren ces a n d  d a ta b a s e  re la tio n s  a n d  

O L A P  tech n iq u es for p rocessing  co n te x t-a w a re  q u eries. T h is  p ro v id es  s u p p o r t  
for m a n ip u la tin g  th e  c a p tu re d  c o n te x t d a ta  a t  d iffe ren t levels o f a b s tra c tio n s , 

fo r in s tan ce , in  th e  case  o f a  c o n te x t p a ra m e te r  re p re se n tin g  lo ca tio n , th is  a l­

low s us to  ex p ress  th e  fac t th a t  a  c ity  be lo n g s to  a  co u n try . T o  im p ro v e  q u e ry  
p e rfo rm an ce , w e use  a n  au x ilia ry  d a ta  s tru c tu re ,  ca lled  c o n te x t tre e , to  s to re  

p re c o m p u te d  p re fe rences. A  p a th  in  th e  c o n te x t t re e  c o rre sp o n d s  to  a n  assign ­
m e n t o f  values to  c o n te x t p a ra m e te rs  a n d  th u s  to  a  c o n te x t s ta te .  T h is  tre e  

p ro v id es  a n  efficient w ay  to  re triev e  to p - k  re su lts  t h a t  a re  re le v a n t to  a  p re fe r­
ence  query . W e fu r th e r  show  how  search  in  th is  d a ta  s t ru c tu re  ca n  b e  im proved  

usin g  a n  a d d itio n a l h a sh -b ased  ind ex  to  te s t  for m em b ersh ip  in  th e  c o n te x t tree . 
W e a lso  o u tlin e  a n  im p lem en ta tio n  o f a  p ro to ty p e  a p p lic a tio n , a n d  w e e v a lu a te

r  th e  p e rfo rm an ce  o f  th e  c o n te x t t re e  on  an sw erin g  q ueries.
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Περιληφη

Κ ω νσ τα ντίνος Σ τεφ α νίδη ς του  Χ αραλάμπους και τη ς  Ε υ τυ χ ία ς .

M Sc, Τ μήμα Π ληροφορικής, Π ανεπιστήμιο  Ιω αννίνω ν, Ο κτώ βρη ς, 2005.
Δ ιαχείρ ιση  Π ροτιμήσεω ν που Β ασίζονται σ ε  Σ υμφ ραζόμενη  Π ληροφ ορία  σε Σ υ σ τή μ α τα  
Β άσεω ν Δ εδομ ένω ν.

Ε πιβλέπουσα: Ε υ α γγελ ία  Π ίτουρά.

C o n te x t είναι οποιαδήποτε πληροφορία μπορεί να  χρη σ ιμ οπο ιη θε ί γ ια  να  χα ρα κτη ­

ρίσει μία κ ατά σ τασ η  ή μία οντότητα . Μ ία οντότη τα  είναι ένα  άτομο , μία το π ο ­

θεσ ία  ή ένα αντικείμενο που μπορεί να 'θεωρηθεί σ χ ετ ικ ό  με τη ν  αλληλεπίδραση 
ενός χρ ή σ τη  και μίας εφαρμογής, συμπεριλαμβανομένου το υ  χ ρ ή σ τη  και τη ς  εφαρ­

μ ογής. Π ροκειμένου ένα σύστημα  να παρέχει κα λύτερες υπηρεσ ίες σ τ ο υ ς  χ ρ ή σ τε ς  
απαιτείται να είναι ενήμερο γ ια  τις  παραμέτρους που  επη ρεάζουν τη ν  εκ τέλ εσ η  τω ν 

υπηρεσιών. Ο ι παράμετροι αυτοί α π οτελούν το  c o n te x t το υ  σ υ σ τή μ α το ς . Κ α τ ' 

αυτόν τον τρόπο , ένα  σ ύσ τη μ α  είναι c o n te x t-a w a re  αν χρη σ ιμ οπο ιε ί το  c o n te x t  γ ια  

να παρέχει σ το υ ς  χ ρ ή σ τες  σ χ ετ ικ ές  πληροφορίες και υπηρεσ ίες, προσ αρμόζοντας 
κατάλληλα  τη  λε ιτουργία  του .

Παρά το  γ ε γ ο ν ό ς  ότι το  c o n te x t είναι μία γεν ικ ή  έννο ια , μία κατηγορ ιοπο ίη σ ή  

του  είναι η παρακάτω:

•  Τ ο  υ π ο λο γ ισ τ ικ ό  c o n te x t που αναφέρεται σ το  κ ό σ τ ο ς  επικο ινω νίας, σ τ η  δικ- 

τυακή  σύνδεση , σε πόρους που βρίσκονται σε κοντινή  α π ό σ τα σ η  (ό π ω ς εκ ­

τυ π ω τές), κ .α.

•  T o  c o n te x t χ ρ ή σ τ η  που περιλαμβάνει π ς  προτιμήσεις το υ  χρ ή σ τη , τη  -θέση 
του , τα  πρόσω πα δίπλα του , κ.α.

•  Τ ο  φ υ σ ικ ό  c o n te x t που αναφέρεται σε π α ρά γοντες το υ  φ υσ ικού  περ ιβά λλοντος 
όπω ς -θερμοκρασία, επίπεδα Όορύβου, κ .α . •

•  t )  χ ρ ό ν ο ς  που μπορεί να  δηλώ νεται ω ς μία χρονική  σ τ ιγμ ή  μέσ α  σ τη  μέρα, 
ω ς μήνας ή επο χή , κ τ \ .
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Π αρόλο που υπάρχουν διάφορες c o n tex t-aw are  εφ α ρμογές, λ ίγη  σ χ ετ ικ ή  δουλειά  

έχε ι γίνει σ τη ν  ενσωμάτωση του  co n te x t σε συστήματα  διαχείρ ισης βάσεω ν δε­
δομένω ν. Σ ε  αυτήν τη μεταπτυχιακή εργασία  εξειδ ίκευσης ορ ίζουμε ένα  σ ύσ τη μ α  

βάσεω ν δεδομένω ν με προτιμήσεις, το  οποίο υποσ τη ρ ίζε ι c o n te x t - a w a r e  ζ ρ ω τ ή σ α ς .  

Τ ο  αποτέλεσμα τω ν ερω τήσεων αυτώ ν εξαρτάται από τις  τ ιμές που  έχο υ ν  οι 

παράμετροι του  c o n te x t τη σ τιγμ ή  που εκφράζεται η ερώ τηση.
Α ρχικά, παρουσιάζουμε πω ς μοντελοποιείτα ι το  c o n te x t και σ τη  σ υ ν έχε ια  ορί­

ζουμε τις προτιμήσεις των χρη σ τώ ν. Έ ν α ς  χρ ή σ τη ς  εκφ ράζει τη ν  προτίμηση του 

γ ια  ένα δεδομένο δίνοντας ένα βατ9μό ενδιαφέροντος, δηλαδή έναν αριθμό μεταξύ 
του 0 και του  1. Δ ιακρίνουμε τις προτιμήσεις σε βασ ικές και σ ύ ν θ ετ ες . Μ ία βασική 

προτίμηση περιγράφεται από μία μόνο παράμετρο του  c o n te x t, ενώ  μία σ ύ ν θ ετη  από 
όλες. Ο βα θμ ός ενδιαφέροντος γ ια  μία σ ύ νθετη  προτίμηση υ π ο λ ο γ ίζετα ι από τους 
επιμέρους βα θμ ούς τω ν α ντίσ το ιχω ν βασικώ ν προτιμήσεω ν χρη σ ιμ οπο ιώ ντα ς μία 

γραμμική συνάρτηση. Ε πιπλέον, αν μία παράμετρος του  c o n te x t  σ υ μ μ ετέχε ι σε 

διαφορετικά επίπεδα μίας ιεραρχίας είναι δυνατό  μία προτίμηση να  εκφ ρ α σ τεί σε 
παραπάνω του  ενό ς επίπεδα.

Π ροτείνουμε τη  χρήση υπερκύβω ν δεδομένω ν γ ια  την α π ο θή κευ σ η  τω ν προ­

τιμήσεω ν. Γ ια την ακρίβεια αποθηκεύοντα ι σε κ ύβου ς μόνο οι β α σ ικ ές προτιμήσεις 
τω ν χρ η σ τώ ν . Ο αριθμός τω ν κύβω ν είναι ίσος με τον αριθμό τω ν παραμέτρω ν του  

c o n te x t, κ α θώ ς υπάρχει ένας κύβος γ ια  κά θε παράμετρο. Σ ε  κ ά θε  κύβο  υπάρχει μία 

διάσταση γ ια  την παράμετρο του  c o n te x t, ενώ  οι υπόλο ιπες εκφ ρά ζουν  γνω ρίσματα  
που δεν σ χετ ίζο ντα ι με το  c o n te x t. Σ ε  κά θε  κελ ί το υ  κύβου α πο θη κεύετα ι ο βα θμ ό ς 

ενδιαφέροντος τη ς α ντίσ το ιχη ς προτίμησης. Έ ν α  πλεονέκτη μα  τη ς  χρ ή σ η ς τω ν 
κύβω ν γ ια  την αποθή κευση  τω ν προτιμήσεω ν του  χ ρ ή σ τη  είναι ό τι μας πα ρέχου ν 

τη  δυνα τότητα  να χειρ ισ τούμε τα  δεδομένα σε διαφορετικά  επίπεδα  ιεραρχίας. Έ τ σ ι 

γ ια  παράδειγμα, αν η γεω γραφ ική  θ έσ η  ενό ς χ ρ ή σ τη  αποτελεί παράμετρο του  con­

te x t , αυτό  μας επιτρέπει την έκφραση μίας προτίμησης σε επ ίπεδο  περ ιοχή ς ή σε 

επίπεδο πόλης. Ο ι σ ύ ν θ ετες  προτιμήσεις δεν α π οθη κεύοντα ι σε κ ύ β ο υ ς με σ κοπό  

τη  βελτίω ση  τη ς απόδοσης του  σ υ σ τή μ α τος σε χρ ό νο  και σε χώ ρ ο . Α π οθη κεύοντα ι 

μόνο οι προτιμήσεις που  έχο υ ν  υ π ο λ ο γ ισ τε ί από π ρ ο η γο ύμ ενες ερω τή σ εις σε ένα 
δέντρο  που  ονομάζετα ι c o n te x t tre e  και χρησ ιμοποιείτα ι ω ς ευρετήριο  (αναφέρεται 
παρακάτω).

Ε π ιπλέον, παρουσιάζουμε ένα σ ύνολο  από διαφορετικά  είδη ερω τήσ εω ν, που 

μπορούν να  τ ε θ ο ύ ν  σ το  σύστημά  μας. Ο ι ερω τήσεις α υ τές  μπορούν να  α π α ντη θ ούν  
χρησ ιμοπο ιώ ντα ς πληροφορία που βασ ίζετα ι σ τ ο  συνδυασμό τω ν προτιμήσεω ν και 

του  c o n te x t. Ε π εξη γούμ ε  τους τελ εσ τές  slice, d ice , ro ll-u p , και d rill-d o w n  τη ς 

O L A P , κ α θώ ς και αναφέρουμε πω ς χρησ ιμοποιούντα ι ο ι παραπάνω  τ ε λ ε σ τ έ ς  σ τη ν  
εκτέλεσ η  τω ν ερω τήσεω ν.

Σ τή  σ υνέχε ια , αναλύουμε διάφορα θέμα τα  που αφ ορούν τη  β ελτ ίω σ η  τη ς  α πόδο­
σης εκτέλεσ η ς ερω τήσεω ν. Πιο συγκεκρ ιμένα , περιγράφουμε μία δομή δεδομένω ν
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που ονομάζεται c o n te x t  tr e e . Χ ρησιμοποιούμε τη  δομή αυτή  γ ια  τη ν  αποθή κευσ η  
των αποτελεσμάτω ν προηγούμενω ν ερω τήσεω ν (γ ια  σ υγκεκ ρ ιμ ένες τ ιμές τω ν παρα­
μέτρω ν του c o n te x t) , ώ σ τε  αυτά τα αποτελέσματα να  χρη σ ιμ οπο ιη θού ν  από  επόμε­

νες ερω τήσεις. Σ ε  κάθε επίπεδο του δέντρου αναπαριστάται μία παράμετρος του  
co n tex t. Ε πομένω ς, ένα μονοπάτι του  δέντρου α ν τισ το ιχε ί σε μία α νάθεσ η  τιμώ ν 
σε κάθε παράμετρο. Κ άθε κόμβος του δέντρου (εκ τό ς  τω ν φ ύλλω ν) περ ιέχε ι ένα 

σύνολο από ζεύ γη  τη ς μορφής [key, p o in te r], ενώ  τα φ ύλλα  π ερ ιέχο υ ν  τα  k  πρώ τα 

δεδομένα με το  υψηλότερο συνολικό βαθμό ενδιαφέροντος.

T o  c o n te x t tre e  μας παρέχει έναν αποδοτικό τρόπο γ ια  την ανάκτηση  τω ν k  

καλύτερω ν αποτελεσμάτω ν μίας ερώ τησης. Ό τα ν  μία ερώ τηση τεθ ε ί σ το  σ ύσ τη μα , 

αρχικά αναζητούμε αν υπάρχει το  α ντίσ το ιχο  μονοπάτι σ το  δέντρο . Α ν ναι, α νακτού­
με τα k  καλύτερα αποτελέσματα από το α ντίσ το ιχο  φ ύλλο  το υ  δέντρου . Δ ια φ ο ρ ε­

τικά, υπολογίζουμε την ερώ τηση, και ε ισάγουμε σ το  δέντρο  ένα  νέο  μ ονοπάτι (το  

α ντίσ το ιχο  της ερώ τησης) μαζί με τα  k  καλύτερα αποτελέσματα . Ε π ιπ ρ ό σ θετα , 

επεκτείνουμε το  μοντέλο  ώ σ τε  να υποστηρ ίζει ερω τήσεις χω ρ ίς να απαιτείται ο 

υπολογισ μ ός τω ν k  καλύτερω ν αποτελεσμάτω ν από τη ν  αρχή. Τ ο ύ το  συμβαίνει 

όταν υπάρχουν αποθη κευμένες παρόμοιες ερω τήσεις σ το  c o n te x t tree .

Η απόδοση αναζήτησης μονοπατιού σ τη  δομή δεδομένω ν που  προαναφ έρθηκε 
μπορεί να βελτιω θεί χρησ ιμοποιώ ντας επ ιπρόσ θετα  ευρετήρια που  βασ ίζοντα ι σ το ν  

κατακερματισμό και ονομάζονται B loom  φίλτρα. Τ α  B lo o m  φ ίλτρα  υ π ο σ τη ρ ίζο υ ν  

αποδοτικά ερω τήσεις που αναφέρονται σ τη ν  παρουσία ή ό χ ι ενό ς αντικειμένου . 

Έ τσ ι, όταν τίθετα ι σ το  σύστημα  μία νέα ερώ τηση, που α ν τ ισ το ιχε ί σε σ υγκεκρ ιμ ένη  

ανάθεση τιμώ ν γ ια  τις παραμέτρους του  c o n te x t, αντί να αναζητήσ ουμ ε το  κα τά λλη ­

λο μονοπάτι σ το  c o n te x t tree , χρησιμοποιούμε πρώ τα τα  B lo o m  φ ίλτρα. Α υ τά  μας 

παρέχουν μία γρή γο ρ η  απάντηση γ ια  το  αν υπάρχει ή ό χ ι το  μ ονοπάτι σ τ ο  δέντρο . 

Ε πομένω ς, αν δεν υπάρχει, αποφ εύγουμε την αναζήτηση  σ το  c o n te x t tre e .

Ε π ιπρόσ θετα , υλοποιήσαμε μία εφαρμογή, σ τη ν  οποία  επ ιτρέπετα ι ένα ς χ ρ ή σ τη ς  

να εκφράσει τις προτιμήσεις του  γ ια  ένα σ ύσ τημα  βάσεω ν δεδομέμενω ν σ χ ε τ ικ ό  με 

εστιατόρια . Ο ι προτιμήσεις αυτές σ χετ ίζο ντα ι με δύο παραμέτρους c o n te x t: τον 

καιρό και τη  θέσ η -το π ο θ εσ ία  του  χρή σ τη . Οι χ ρ ή σ τες  έ χο υ ν  τη  δυνα τό τη τα  να 
θ έτο υ ν  ερω τήσεις σ το  σύστημα, ενώ  οι απαντήσεις που  λαμβάνουν εξαρτώ ντα ι από 

τις τρ έχο υ σ ες  τιμές του co n tex t. Τ έλ ο ς , αποτιμήσαμε την απόδοσ η  του  c o n te x t 
tree , εκτελώ ντα ς μία σειρά από πειράματα.
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Chapter 1

Introduction

1.1 C o n te x t P re lim in a rie s

1.2 S cope o f  T h esis

1.3 T h esis  O u tlin e  * •

1.1 Context Preliminaries
C o n te x t  is a n y  in fo rm a tio n  th a t  c an  b e  used  to  c h a ra c te r iz e  th e  s i tu a t io n  o f  

a n  en tity . A n  e n ti ty  is a  p e rso n , p lace  o r  o b je c t t h a t  is c o n s id e red  re le v a n t to  

th e  in te ra c tio n  b e tw een  a  u ser a n d  a n  a p p lic a tio n , in c lu d in g  th e  u se r  a n d  th e  

a p p lic a tio n  th em se lv es  [1]. T h e re  a re  v a rio u s  ty p e s  o f  c o n te x t  su ch  as  tim e , 

lo ca tio n , c o m p u tin g  dev ices a n d  u se r’s profiles.
W h ile  c o n te x t is a  g en era l te rm , a  c lass ifica tio n  o f th e  m o s t co m m o n  ty p e s  

o f c o n te x t used  in  b u ild in g  so ftw are  sy s tem s  is th e  follow ing:

•  C o m p u t in g  c o n t e x t  C o m p u tin g  c o n te x t in c lu d es (i) n e tw o rk  co n n ec tiv ity , 

co m m u n ica tio n  co sts  an d  co m m u n ica tio n  b a n d w id th , (ii) n e a rb y  reso u rces  

such  as p r in te rs , d isp lay s a n d  w o rk s ta tio n s  a n d  (iii) lo ca l re so u rces  su c h  as 

cp u , e n e rg y  a n d  ty p e  o f  d isp lay . S uch  p a ra m e te rs  affec t d a t a  e n g in ee rin g  

since  to  im p ro v e  p e rfo rm an ce  d a ta  en g in ee rin g  m ech an ism s (such  a s  q u e ry  

p ro cessin g  a lg o rith m s  an d  c o n cu rren cy  c o n tro l p ro to c o ls )  m u s t ta k e  in to  
a c c o u n t th e  u n d e rly in g  resou rces.
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•  U ser  co n tex t. U ser c o n te x t inc lu d es th e  u s e r ’s p ro file , lo c a tio n , p eo p le  

nearb y , even  th e  c u rre n t social s i tu a tio n . T h is  ty p e  o f  c o n te x t  p a ra m e te rs  
d ire c tly  affect th e  ty p e  o f in fo rm a tio n  re le v a n t to  a  u ser. T h u s , th e  u se r 

c o n te x t affec ts th e  re su lts  o f q u e ry  p ro cessin g .

• P h y s ic a l co n tex t. P h y sica l c o n te x t re fe rs  to  th e  e n v iro n m e n t su rro u n d in g  

th e  u ser su ch  as lig h tin g , noise levels, tra ffic  c o n d itio n s  a n d  te m p e ra tu re .  

Such  ty p e  o f c o n te x t in d ire c tly  affects th e  ty p e  o f  in fo rm a tio n  t h a t  is 
re le v a n t for, o r in te re s tin g  to  th e  user.

•  T im e  co n tex t. T im e  c o n te x t refe rs to  th e  ty p ic a l c h a ra c te r iz a t io n s  o f  tim e  

su ch  as t im e  o f a  day, w eek, m o n th  a n d  sea so n  o f  th e  y e a r . T im e  m ay  

affect th e  r e s u lt  o f a  query , since  re lev an ce  m ay  a lso  b e  d e p e n d e n t o n  th e  

tim e .

T h e  ab o v e  ta x o n o m y  o f c o n te x t ty p e s  is in tro d u c e d  in  [2]. E a c h  ty p e  is ca lled  

co n te x t p a ra m e te r . T h e re  a re  d ep en d en c ies  a m o n g  th e  v a r io u s  ty p e s  o f  c o n te x t 

p a ra m e te rs . F o r in s ta n c e , t im e  c o n te x t m ay  affec t th e  c o m p u tin g  c o n te x t, e .g ., 

n e tw o rk  tra ffic  a t  w eekends is less th a n  d u r in g  w eekdays.

C o n te x t in fo rm a tio n  o ften  involves rea l w orld  e n titie s . T h u s , i t  m ak es  sen se  

to  m e a su re  th e  q u a lity  o f c o n te x t in fo rm a tio n  (Q o l) , o r  th e  e x te n t  to  w h ich  

th e  d a ta  c o rre sp o n d s  to  th e  re a l w orld . T h e  q u a lity  o f  c o n te x t  in fo rm a tio n  ca n  

vary , p e rh a p s  su b s ta n tia lly , d e p e n d in g  on  th e  c o n te x t  so u rc e  a n d  th e  ty p e  o f 

c o n te x t. T h e  fo llow ing c h a ra c te r is tic s  o f c o n te x t n e c e s s ita te  th e  in tro d u c tio n  

o f a p p ro p r ia te  m e tr ic s  for assessin g  th e  q u a lity  o f  c o n te x t  in fo rm a tio n . S uch  

c h a ra c te r is tic s  in c lu d e  th e  fo llow ing [3]:

•  C o n te x t  e x h ib its  a  ra n g e  o f  te m p o ra l c h a ra c te r is tic s . S o m e ty p e s  o f  con ­

te x t  (such  as  th e  u se r p rofiles) a re  re la tiv e ly  s ta t ic  w h e re a s  o th e r  ty p e s  o f  

c o n te x t (such  as  lo ca tio n ) a re  d yn a m ic . F u rth e rm o re , s to r in g  th e  c o n te x t 

h is to ry  is im p o r ta n t  for p re d ic tin g  fu tu re  v a lu es  o f  c o n te x t  a n d  d ev e lo p in g  
a p p ro p r ia te  m o d e ls  for c o n te x t ev o lu tio n . •

•  C o n te x t  in fo rm a tio n  is im p e rfec t. T h e re  a re  v a r io u s  re a so n s  fo r th a t .  

O n e  re a so n  s te m s  from  th e  fa c t t h a t  c o n te x t o f te n  a re  d y n a m ic , th u s  i t  

g e ts  q u ick ly  o u t-d a te d . T h e n , som e fo rm s o f  c o n te x t  in fo rm a tio n  is o ften  

p ro d u c e d  by  c ru d e  sen so r in p u ts  w h ich  m ay  re s u lt  in  fa u lty  in fo rm a tio n . 

F u r th e rm o re , d u e  to  d isco n n ec tio n s  (e .g ., w ire less  c o n n e c tio n s  b eco m in g  

u n a v a ilab le )  o r  fa ilu res  (e .g ., sen so rs  ru n n in g  o u t  o f  b a t te r y  p o w er), th e  
av a ilab le  in fo rm a tio n  m ay  b e  im prec ise . F in a lly , th e re  is o f te n  th e  need  

fo r t im e -c o n su m in g  tra n s fo rm a tio n s  for p ro d u c in g  u sa b le  v a lu es  o f  c o n te x t. 

O fte n  th e  o v e rh e a d  o f  such  tra n s fo rm a tio n s  m ay  b e  av o id ed  o r  re d u c e d  on  
th e  c o s t o f  p ro d u c in g  ro u g h e r e s tim a tio n s .
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•  T h e re  a re  m a n y  a lte rn a tiv e  p re s e n ta tio n s  o f  c o n te x t  o ffe rin g  v a ry in g  d e ­

ta i ls  a n d  d e p th .

•  F in a lly , c o n te x t p a ra m e te rs  a re  h ig h ly  in te r re la te d . T h e re  a re  co m p lex  
d ep en d en c ies  a m o n g  th e m  th a t  a re  so m e tim es  d ifficu lt to  d e d u ce . S u ch  

d ep en d en c ies  m a y  lead  to  co n flic tin g  a n d  so m e tim e s  in c o n s is te n t re su lts .

T h e re  a re  m a n y  issues re g a rd in g  th e  q u a lity  o f  c o n te x t  in fo rm a tio n . F i r s t ,  o n e  

m u s t id en tify  w h a t a re  th e  p a ra m e te rs  t h a t  c h a ra c te r iz e  q u a lity . T h e n , o n e  

m u s t a lso  d e te rm in e  how  a re  th e se  p a ra m e te rs  m e a su re d , t h a t  is, w h a t  is  a n  

a p p ro p r ia te  m e tr ic  for each  o n e  o f  th e  q u a lity  p a ra m e te rs . F u r th e rm o re , a n  
im p o r ta n t  issue  is th e  e s tim a tio n  o f  q u a lity  p ro v id e d  a n d  m o re  im p o r ta n t ly  how  

is th is  q u a lity  g u a ra n te e d . R esea rch  h a s  n o t  su ffic ien tly  a d d re s se d  a ll th e se  

issues. M o st co m p reh en siv e  re se a rc h  effo rts  r e g a rd in g  h a n d lin g  th e  q u a li ty  o f  

c o n te x t focus o n  a  p a r t ic u la r  ty p e  o f  c o n te x t, t h a t  o f  l o c a t i o n .  V a rio u s  m o d e ls  

^  h av e  b een  d ev e lo p ed  for p re d ic tin g  th e  lo c a tio n  o f  m o v in g  o b je c ts . A  su rv e y  o n  

lo c a tio n  m a n a g e m e n t c a n  b e  fo u n d  in  [4].

In  g en e ra l, w e id en tify  th e  fo llow ing Q u a l i t y  o f  S e r v i c e  ( Q o S )  p a r a m e te rs  a s  

re le v a n t to  c o n te x t in fo rm a tio n  a n d  d a ta  m a n a g e m e n t:

•  A c c u r a c y : th e  d e v ia tio n  o f  th e  e s t im a te d  v a lu e  o f  a  c o n te x t  p a ra m e te r  

fro m  th e  a c tu a l  v a lu e  o f  th e  p a ra m e te r

•  L e v e l  o f  D e ta i l :  th is  re fe rs  to  th e  g ra n u la r i ty  o f  th e  p re s e n te d  in fo rm a tio n , 

for in s ta n c e , in  th e  case  o f  tim e , th is  c a n  b e  m e a su re d  e .g ., in  y e a rs , h o u rs  

o r  seco n d s

•  C o n f l i c t - f r e e : th is  m e a su re  is a p p lic a tio n -d e p e n d e n t a n d  re fe rs  to  th e  r e ­

q u ire m e n t o f  h a v in g  c o n s is te n t a n d  n o n -c o n tra d ic tin g  v a lu es

•  T im e l in e s s :  th e  d e v ia tio n  o f  th e  v a lu e  o f  th e  c o n te x t  p a r a m e te r  in  t im e  

( th e  e x te n t  to  w h ich  a  v a lu e  is k e p t u p - to -d a te )

A  c o n te x t - a w a r e  sy s te m  is a  sy s te m  t h a t  u ses  c o n te x t  to  p ro v id e  re le v a n t 

in fo rm a tio n  a n d /o r  se rv ices  to  i ts  u sers , w h e re  re le v a n c y  d e p e n d s  o n  th e  u se rs ’ 

ta sk . A lth o u g h  th e re  h a s  b een  a  lo t o f  w ork  o n  d ev e lo p in g  a  v a r ie ty  o f  c o n te x t 

in f ra s tru c tu re s  a n d  c o n te x t-a w a re  m id d lew are  a n d  a p p lic a t io n s  (fo r e x a m p le , 

th e  C o n te x t T o o lk it [5] a n d  th e  D a r tm o u th  S o la r  S y s te m  [6]), th e r e  h a s  b een  

li t t le  w ork  c o n c e rn in g  th e  in te g ra tio n  o f  c o n te x t in fo rm a tio n  in to  d a ta b a s e s .

1.2 Scope of Thesis
%

In  th is  th e s is , w e in v e s tig a te  th e  u se  o f  c o n te x t in  r e la t io n a l  d a ta b a s e  m a n a g e ­

m e n t sy s te m s . W e co n s id e r c o n te x t - a w a r e  q u e rie s  t h a t  a r e  q u e rie s  w h o se  re s u lts
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d ep en d  on  th e  c o n te x t a t  th e  tim e  o f th e ir  su b m issio n . In  p a r t ic u la r ,  u sers 

ex p ress  th e ir  p re fe ren ces on  specific a t t r ib u te s  o f  a  re la tio n . S u ch  p re fe ren ces 

d ep en d  on  c o n te x t, th a t  is, th e y  m ay  have  d iffe ren t va lu es  d e p e n d in g  on  c o n te x t.

W e m odel c o n te x t a s  a  fin ite  se t o f sp e c ia l-p u rp o se  a t t r ib u te s ,  ca lled  c o n te x t  

p a ra m e te rs . E x a m p le s  o f  c o n te x t p a ra m e te rs  a re  lo c a tio n , w e a th e r  a n d  th e  

ty p e  o f  c o m p u tin g  dev ice  in  use. A  c o n te x t s ta te  is a n  a ss ig n m e n t o f  va lues 
to  c o n te x t p a ra m e te rs . U sers ex p ress  th e ir  p re fe ren ces  o n  specific  d a ta b a s e  

in s ta n c e s  b ased  on  a  sing le  c o n te x t p a ra m e te r . S uch  b a sic  p re fe re n c e s , i.e ., 

p re fe ren ces a sso c ia tin g  d a ta b a s e  re la tio n s  w ith  a  s ing le  c o n te x t  a t t r ib u te ,  a re  

com bined  to  c o m p u te  aggregate p re fe ren ces  t h a t  in c lu d e  m o re  th a n  o n e  c o n te x t 

p a ra m e te r .

W e s to re  b as ic  p re fe ren ces in  d a ta  cu b es , fo llow ing  th e  O L A P  p a ra d ig m . 

A n a d v a n ta g e  o f  u sin g  cu b es  a n d  O L A P  te c h n iq u e s  is t h a t  th e y  p ro v id e  th e  

c a p a b ility  o f  u sin g  h ie ra rc h ies  to  in tro d u c e  d iffe ren t levels o f  a b s tr a c t io n  for th e  

^  c a p tu re d  c o n te x t d a ta .  F or in s ta n c e , th is  a llow s u s  to  a g g re g a te  d a t a  a lo n g  th e  

lo ca tio n  c o n te x t p a ra m e te r , by  g ro u p in g  p re fe ren ces  for a ll c itie s  o f  a  specific  

co u n try . W e show  how  c o n te x t-a w a re  p re fe ren ce  q u e rie s  a re  p ro c e sse d  a n d  th e  

ro le  o f O L A P  te c h n iq u e s  in th e ir  m a n ip u la tio n .

A g g re g a te  p re fe ren ces a re  n o t ex p lic itly  s to re d . T o  im p ro v e  p e rfo rm a n c e , we 

p ro p o se  s to r in g  a g g re g a te  p re fe ren ces c o m p u te d  a s  re s u lts  o f  p re v io u s  q u e rie s  

u sing  an  a u x ilia ry  d a ta  s t ru c tu re  ca lled  c o n te x t tree . A  p a th  in  th e  c o n te x t 

tre e  co rre sp o n d s  to  a n  a ss ig n m en t o f va lues to  c o n te x t  p a ra m e te rs ,  t h a t  is, to  a  

c o n te x t s ta te ,  for w hich  th e  a g g re g a te  sco re  h a s  b e e n  p re v io u s ly  c o m p u te d .

T h e  c o n te x t tre e  p ro v id es  a n  efficient w ay  to  re tr ie v e  th e  to p -k  r e s u lts  t h a t  

a re  re le v a n t to  a  p re fe ren ce  query . W h en  a  q u e ry  is p o se d  to  th e  sy s te m , we 

firs t check if th e re  e x is ts  a  c o n te x t s ta te  t h a t  m a tc h e s  i t  in  th e  c o n te x t  tre e . I f  

so, w e re tr ie v e  th e  to p -k  re su lts  from  th e  a sso c ia te d  le a f  n o d e . O th e rw ise , w e 

c o m p u te  th e  an sw er a n d  in se r t th e  new  c o n te x t s ta te ,  i.e ., th e  new  p a th  a n d  

th e  a s so c ia te d  to p -k  re su lts , in  th e  tre e . F u r th e rm o re , th e  re s u lts  s to re d  in  th e  

c o n te x t tre e  ca n  b e  re -u sed  to  sp e e d -u p  q u e ry  p ro cess in g . T h is  h a p p e n s  for a  

s im ila r query , i.e ., for a  q u e ry  w hose  c o n te x t s ta te  h a s  s im ila r  v a lu es  w ith  a  

p rev io u s  one. In  th is  case , th e  re su lts  o f  th e  new  q u e ry  a re  a p p ro x im a te . W e 

also  show  how  se a rc h  in th e  c o n te x t tre e  ca n  b e  im p ro v ed  by  u s in g  a  v a r ia tio n  

o f a  B lo o m -b ased  filte r for te s tin g  m em b e rsh ip  in  th e  tre e .

A s a  p ro o f-o f-co n cep t, w e have  im p le m e n te d  a  s im p le  a p p lic a t io n  t h a t  a llow s 

u sers to  e x p re ss  th e ir  p re fe ren ces re g a rd in g  a  r e s ta u r a n t  d a ta b a s e .  T h e se  p re f­

e ren ces d e p e n d  on  tw o  c o n te x t p a ra m e te rs , lo c a tio n  a n d  w e a th e r . T h e n , u se rs  

can  p o se  p re fe ren ce  q u erie s  w hose  re su lts  d e p e n d  o n  c o n te x t. F u r th e rm o re , we 

e v a lu a te  th e  p e rfo rm a n c e  o f  th e  c o n te x t tre e  o n  an sw e rin g  q u e rie s , ru n n in g  a  
s e t  o f  e x p e rim e n ts .

8



Summarizing, we make the following contributions:

• We provide a logical model for the representation of user preferences and 
context-related information. The impact of context information on the 
evaluation of user preferences is explicitly traced.

•  We discuss the implementation of our model in a relational DBMS.

•  We investigate the usage of On-Line Analytical Processing (OLAP) tech­
niques for the manipulation of context-aware query operations.

•  We propose storing previously computed aggregate scores using a data 
structure termed context tree that indexes these results based on the con­
text parameters.

1.3 Thesis Outline
Chapter 2 describes our reference example, which is used in the rest of the thesis 
to explain our approach. Furthermore, in the same chapter we introduce our 
preference model. Chapter 3 focuses on how preferences are stored. Chapter 4 
discusses query processing in our framework. Chapter 5 introduces the context 
tree for storing aggregate preferences. Our prototype implementation is outlined 
in Chapter 6. In the same chapter, we present the performance evaluation of the 
context tree, while related work is presented in Chapter 7. Chapter 8 concludes 
this thesis with a summary of our contributions and directions for future work.
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Chapter 2

A Logical Model for 
Context and P references

2.1 Reference Example

2.2 Modeling Context

2.3 Contextual Preferences

2.4 Inheriting Preferences

2.5 On Expressing Preferences

2.6 Other Models of Preferences

Our model is based on relating context and database relations through pref­
erences. In this chapter, we first introduce a reference example used to explain 
our approach, throughout this thesis. Then, we present the fundamental con­
cepts related to context modeling and define user preferences.

2.1 Reference Example
Consider a database schema with in fo rm a tio n  about restaurants and users (Fig. 
2.1). In this application, we consider two context parameters as relevant: 
location and weather. Users have preferences about restaurants that they ex­
press by providing a numeric^core between 0 and 1. The degree of interest that a



R e s ta u ra n t (r id , n a m e , p h o n e , reg ion , c u is in e )  

U serfu id , n a m e , ph o n e , a d d ress , e -m a il)

F ig u re  2.1: T h e  d a ta b a s e  sch em a  o f o u r  ru n n in g  e x a m p le .

u ser ex p resses  for a  r e s ta u ra n t  d ep en d s  on  th e  va lu es  o f  th e  c o n te x t  p a ra m e te rs . 
F or in s tan ce , a  u se r m ay  w a n t to  e a t  d iffe ren t k in d s  o f  food  w h e n  th e  w e a th e r  

is ra in y , c lo u d y  o r  su n sh in e . F or ex am p le , u se r M a r y  m ay  g ive  to  r e s ta u r a n t  
Z olou sh ka  t h a t  se rv es  “R u ss ia n ” food  a  h ig h e r sco re  w h en  th e  w e a th e r  is r a i n y  

th a n  w h en  th e  w e a th e r  is s u n s h in e .  F u rth e rm o re , th e  c u r r e n t  u s e r ’s lo c a tio n  

affects th e  re s u lt  o f  a  query , for ex am p le , a  u se r m a y  p re fe r  r e s ta u r a n ts  t h a t  a re  

n e a rb y  h e r  c u r re n t  lo ca tio n . T h u s , a  u s e r ’s p re fe re n ce  o n  a  spec ific  r e s ta u r a n t  

d e p e n d s  o n  th e  c o n te x t p a ra m e te rs . A  u se r c a n  sp ec ify  p re fe re n ce s  w ith o u t 

g iv ing  va lu es  for all c o n te x t p a ra m e te rs , i.e ., p re fe r e n c e (1 8 7 , 3 8 4 , *> r a in y )  =  

0 .8  m e a n s  t h a t  th e  r e s ta u ra n t  Z olou sh ka  w ith  i d  =  187, fo r u se r  M a r y  w ith  

i d  — 334 h a s  in te r e s t  sco re  0 .8 , w h en  th e  w e a th e r  is r a i n y , in d e p e n d e n tly  o f  th e  

u se r’s lo c a tio n . In  g en era l, w h en  a  c o n te x t p a ra m e te r  h a s  th e  sp e c ia l v a lu e  *, 

an y  v a lu e  is a c c e p tab le .

2.2 Modeling Context
T h e  m o d e lin g  o f  c o n te x t re lies on  sev era l fu n d a m e n ta l c o n c e p ts . A s u su a l, 

d o m a in s  re p re se n t th e  av a ilab le  ty p e s  a n d  co llec tio n s o f  v a lu es  o f  th e  sy s te m . 

C o n te x t p a ra m e te rs  re fe r to  th e  av a ilab le  s e t o f  a t t r ib u te s  t h a t  th e  d a ta b a s e  

d esig n er w ill chose  to  re p re se n t c o n te x t. A t a n y  p o in t  in  t im e , a  c o n te x t  s ta te  

refe rs to  a n  in s ta n tia t io n  o f th e  c o n te x t p a ra m e te rs  a t  th is  p o in t .  C o n te x t 

p a ra m e te rs  a re  e x te n d e d  w ith  O L A P -lik e  h ie ra rch ies , in  o rd e r  to  e n a b le  a  r ic h e r 

s e t o f q u e ry  o p e ra tio n s  to  b e  ap p lied  over th e m .

D o m a i n s .  A  d o m a in  is a n  in fin ite ly  c o u n ta b le  s e t  o f  v a lu es . A ll d o m a in s  a re  

en rich ed  w ith  a  sp ec ia l v a lu e  for re p re se n tin g  N U L L , th e  s e m a n tic s  o f  w hich  

refe rs to  o u r  lack  o f  know ledge.

A t t r i b u t e s  a n d  R e l a t i o n s .  A s u su a l, w e a ssu m e  a  c o u n ta b le  co llec tio n  o f 

a t t r ib u te  n am es. E a c h  a t t r ib u te  A {  is c h a ra c te r iz e d  by  a  n a m e  a n d  a  d o m a in  
d o m ( A i) .  A  re la tio n  sch em a  is a  fin ite  s e t  o f  a t t r ib u te s  a n d  a  r e la t io n  in s ta n c e  

is a  fin ite  s u b s e t o f  th e  C a r te s ia n  p ro d u c t  o f  th e  d o m a in s  o f  th e  r e la t io n  sch em a .

C o n t e x t  P a r a m e t e r s .  C o n te x t is m o d e led  th ro u g h  a  f in ite  s e t  o f  sp ec ia l-  

p u rp o se  a t t r ib u te s ,  ca lled  c o n te x t p a r a m e te r s  {α(). F o r a  g iv en  a p p lic a t io n  X ,



ψ

ALL
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F ig u re  2.2: H ie ra rch ies  on  lo c a t io n .

we can  define i ts  c o n te x t e n v iro n m e n t C x  as  a  s e t  o f  n  c o n te x t  p a ra m e te rs  

{c i,C 2, . . .  , c n }.

C o n t e x t  S t a t e .  In  g en era l, a  co n tex t s ta te  is a n  a s s ig n m e n t o f  v a lu es  to  con- 

te x t  p a ra m e te rs . T h e  c o n te x t s ta te  a t  t im e  in s ta n t  t  is a  tu p le  w ith  th e  va lu es  

o f th e  c o n te x t p a ra m e te rs  a t  tim e  in s ta n t  t ,  C S x ( t )  =  { c i(£ ), C2( t ) , . . .  C n ( £ ) } ,  

w h ere  Ci(t)  is th e  v a lu e  o f  th e  c o n te x t p a ra m e te r  a  a t  t im e p o in t  t .  F o r in s ta n c e , 

a ssu m in g  lo c a t io n  a n d  w e a th e r  as c o n te x t p a ra m e te rs , a  c o n te x t  s t a t e  c a n  be: 

C S ( c u r r e n t )  =  { A c r o p o l i s ,  s u n s h in e } .

H i e r a r c h i e s  f o r  A t t r i b u t e s .  I t  is p o ssib le  for a n  a t t r ib u te  to  p a r t ic ip a te  in  

an  a sso c ia te d  h ie ra rch y  o f  leve ls  o f a g g re g a te d  d a t a  i.e ., i t  c a n  b e  v iew ed  fro m  

d iffe ren t levels o f d e ta il. Form ally , an  a t tn b u te  h ie ra rch y  is a  la t t ic e  o f  a t t r ib u te s  

-  called  leve ls  for th e  p u rp o se  o f th e  h ie ra rc h y  -  L  =  ( L i , . . .  , L n , A L L ) .  W e 

re q u ire  t h a t  th e  u p p e r  b o u n d  o f th e  la t t ic e  is a lw ays th e  level A L L , so  t h a t  w e 

can  g ro u p  all th e  va lu es  in to  th e  sing le  v a lu e  'a l l' . T h e  low er b o u n d  o f  th e  la t t ic e  

is ca lled  th e  d e ta ile d  level o f th e  p a ra m e te r . F o r in s ta n c e , le t  u s  c o n s id e r th e  

h ie ra rc h y  lo c a t io n  o f F ig . 2.2. Levels o f lo c a t io n  a re  R e g io n , C i t y , C o u n t r y ,  

a n d  A L L . R e g io n  is th e  m o st d e ta ile d  level. Level A L L  is th e  m o s t  c o a rse  level 

for all th e  levels o f a  h ie ra rchy . A g g re g a tin g  to  th e  level A L L  o f  a  h ie ra rc h y  

ign o res  th e  re sp e c tiv e  p a ra m e te r  in  th e  g ro u p in g  (i.e ., p ra c tic a l ly  g ro u p s  th e  

d a ta  w ith  re sp e c t to  all th e  o th e r  p a ra m e te rs , e x c e p t for th is  p a r t ic u la r  o n e).

T h e  re la tio n sh ip  b e tw een  th e  values o f th e  c o n te x t levels is ach iev ed  th ro u g h  

th e  use  o f th e  s e t  o f a n c fu n c tio n s. A fu n c tio n  a n c ass ig n s  a  v a lu e  o f  th e  d o ­

m ain  o f L 2 to  a  v a lu e  o f th e  d o m a in  o f  L \ .  F or in s ta n c e , a n c ^ ^ io n (A c r o p o l i s )  =  

A th e n s .  A fo rm al d e fin itio n  o f th e se  h ie ra rc h ies  c a n  b e  fo u n d  in  [7].

D y n a m i c  a n d  S t a t i c  C o n t e x t  P a r a m e t e r s .  T ra d itio n a lly , d a t a  s to re d  in

d a ta b a s e s  a re  co n sid e red  c o n s ta n t  u n less i t  is ex p lic itly  m od ified . S ince , som e

c o n te x t va lues c h a n g e  co n tin u o u sly  w ith  tim e , w e re p re s e n t th e  c o rre sp o n d in g
%
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c o n te x t p a ra m e te rs  as fu n c tio n s  o f  tim e . In  t h a t  w ay, u s in g  fu n c tio n s  o f  tim e  w e 

can  c o m p u te  th e  va lue  o f  a  p a ra m e te r  a t  th e  p o in t w e w a n t to  u se  i t ,  w ith o u t 

need in g  co n tin u o u sly  u p d a te s . R e la te d  w ork  h a s  b een  d o n e  in  th e  c o n te x t o f  

m an ag in g  th e  lo c a tio n  o f m oving  o b je c ts  in  [8, 9]. In  o u r  w o rk , w e d isc r im in a te  

betw een  tw o k in d s  o f c o n te x t p a ra m e te rs :  (a ) s ta t ic  a n d  (b ) d y n a m ic  c o n te x t 

p a ra m e te rs . S ta t ic  co n te x t p a ra m e te r s  ta k e  as  v a lu e  a  s im p le  v a lu e  o u t  o f  th e ir  

d o m ain . - D y n a m ic  c o n te x t p a ra m e te r s  o n  th e  o th e r  h a n d , a re  in s ta n t ia te d  by  

th e  a p p lic a tio n  o f a  fu n c tio n , th e  re su lt o f  w h ich  is a n  in s ta n c e  o f  th e  d o m a in  

o f th e  c o n te x t p a ra m e te r .
T h u s , we can  re p re se n t c o n te x t va lues as fu n c tio n s  o f  tim e ; c o n te x t  ch an g es 

as tim e  p asses , even  w ith o u t a n  ex p lic it u p d a te . F o r e x a m p le , th e  d is ta n c e  

betw een  M a r y  a n d  a  r e s ta u ra n t  th a t  sh e  w a n ts  to  v is it  is g iv en  a s  a  fu n c tio n  o f 

tim e . T h is  d is ta n c e  c o n tin u a lly  changes, w h en  M a r y  is m o v in g . In  t h a t  way, 

th e  so r te d  re s u lt  o f  a  q u e ry  m ig h t b e  d iffe ren t, w h en  th e  s a m e  q u e ry  is e n te re d  

in th e  sy s te m  a t  sev era l tim es, even  if th e  t im e  in te rv a l b e tw e e n  th e m  is v e ry  

sm all. T h e  e x p la n a tio n  is th a t  a f te r  a  few m in u te s  th e  u se r  m ig h t b e  c lo ser to  

a n o th e r  r e s ta u ra n t .  F ro m  th e  above , we co n sid e r t h a t  th e  a n sw e r to  a  q u e ry  

d e p e n d s  n o t  o n ly  on  th e  d a ta b a s e  c o n te n t, b u t  a lso  o n  th e  t im e  a t  w h ich  th e  

q u e ry  is ex ecu ted .

In  such  a  m odel, we can  e n te r  q u erie s  t h a t  re fe r to  p a s t  t im e  o r  to  th e  

fu tu re . T h e  an sw er to  fu tu re  q u erie s  in  a  u su a l d a ta b a s e  is f re q u e n tly  te n ta t iv e . 

S u p p o se  t h a t  M a r y  is m oving  w ith  h e r  ca r. In  th e  sy s te m  is e n te re d  th e  q u e ry  

Q =  “r e tr ie v e  th e  p o s i t io n  o f  th e  car, a f te r  an  h o u r ”. W h e n  w e re p re s e n t  th e  

p o s itio n  o f  th e  c a r  as a  fu n c tio n  o f  tim e , w e ca n  h av e  th e  p ro s p e c tiv e  kn o w led g e  

to  e s t im a te  th e  p o s itio n  in  a  fu tu re  tim e , if w e know  fo r e x a m p le  th e  sp eed  a n d  

th e  d ire c tio n  o f  th e  ca r . So, th e re  is no need  to  u p d a te  c o n tin u o u s ly  th e  p o s itio n  

o f th e  ca r , b ec a u se  we can  c o m p u te  its  new  o ne . A lso , w e c a n  a n sw e r q u e rie s  

such  as <2, i.e ., q u e rie s  th a t  re fe rred  a t  fu tu re  o r  a t  p a s t  tim e .

W h en  a  va lue  o f a  c o n te x t p a ra m e te r  is a  fu n c tio n  o f  tim e , i t  c h a n g e s  over 

tim e  acco rd in g  to  som e g iven  e q u a tio n , even  if i t  is n o t  e x p lic itly  u p d a te d . In  

c o n tra s t ,  if th e  v a lu e  is s to re d  in  th e  d a ta b a s e  in  th e  t r a d i t io n a l  sen se , i t  ch an g es  

o n ly  w hen  an  ex p lic it u p d a te  o ccu rs . F or ex am p le , w e c a n  c o m p u te  th e  p o s itio n  

o f M a r y ' s  c a r  (M a r y ' s  lo ca tio n ) w hen  w e know  th e  t im e  in te rv a l, th e  sp eed  

an d  th e  d ire c tio n  o f  th e  ca r. M ore  specifically , w h en  w e know  th e  p re v io u s  

lo c a tio n  o f  th e  c a r , th e  c u r re n t  c a r ’s sp eed , i ts  d ire c tio n  a n d  th e  t im e  in te rv a l 

be tw een  th e  tw o p o s itio n s , we can  c o m p u te  th e  c u r r e n t  p o s it io n  o f  th e  c a r . W ith  
th is  te ch n iq u e , i t  is n o t  n ecessa ry  to  c o n tin u o u s ly  u p d a te  (e x p lic itly )  th e  c a r ’s 

p o s itio n , b u t  m o d ify  th e  sp eed  an d  th e  d ire c tio n  o f  th e  c a r , w h en  th e s e  ch an g e .

In  o u r ex am p le , we a ssu m e  th a t  w e a th e r  is a  s ta t ic  p a ra m e te r ,  i.e ., each  

new  v a lu e  for w e a th e r  is d eriv ed  by  an  ex p lic it u p d a te . O n  th e  o th e r  h a n d ,



lo c a tio n  is a  d y n a m ic  p a ra m e te r . In  p a r t ic u la r , lo c a t io n  is d efin ed  a s  a  fu n c tio n  

o f  tim e  a n d  in  th a t  way, we can  c o m p u te  th e  va lue  o f  th is  p a ra m e te r  a t  th e  p o in t 

we w a n t to  u se  it , w ith o u t th e  need  for co n tin u o u s  e x p lic it u p d a te s . D efin ing  

a p p ro p r ia te  fu n c tio n s  a n d  p ro c e d u re s  for d e te rm in in g  th e  v a lu e  o f  a  d y n a m ic  

c o n te x t p a ra m e te r  in  th e  c u rre n t o r  som e fu tu re  t im e  in s ta n t  is b e y o n d  th e  sco p e  

o f  th is  th esis .

2.3 Contextual Preferences
In  th is  sec tio n , we define how  a  c o n te x t s ta te  affec ts  th e  r e s u lts  o f  a  query . In  

o u r m odel, each  user ex p resses  h is /h e r  p re fe ren ce  by  p ro v id in g  a  n u m e ric  sco re  

betw een  0 a n d  1 [10]. T h is  sco re  ex p resses  a  d eg ree  o f  in te re s t ,  w h ich  is a  re a l 

n u m b er. V alue 1 in d ic a te s  e x tre m e  in te re s t. In  rev e rse , v a lu e  0 in d ic a te s  no  

in te re s t  for a  p re fe ren ce . T h e  sp ec ia l v a lu e  0  for a  p re fe ren ce , m e a n s  t h a t  th e re  

is a  u se r’s v e to  for th e  p re fe ren ce . F u r th e rm o re , th e  v a lu e  * r e p re s e n ts  t h a t  a n y  

value  is a c c e p tab le .

M ore  specifically , we d iv id e  p re fe ren ces in to  b a s ic  (c o n c e rn in g  a  s in g le  co n ­

te x t  p a ra m e te r)  a n d  a g g re g a te  ones (co n cern in g  a  c o m b in a tio n  o f  c o n te x t  p a ra ­
m e te rs ) .

2.3.1 Basic Preferences
E ach  basic  p re fe ren ce  is d e sc rib ed  by  (a ) a  c o n te x t p a ra m e te r  c*, (b ) a  s e t  o f 

n o n -c o n te x t p a ra m e te rs  A*, a n d  (c) a  deg ree  o f  in te re s t ,  i.e ., a  r e a l  n u m b e r  b e ­

tw een  0 a n d  1. So, for th e  c o n te x t p a ra m e te r  c*, w e have:

p r e f e r e n c e b a e i c ^ C i ^ A k + i , . . . ,  A n ) =  i n t e r e s t . s c o r e i

In  o u r  re fe ren ce  ex am p le , th e re  a re  tw o  c o n te x t  p a ra m e te rs ,  lo c a t io n  a n d  

w e a th e r .  A lso, th e  se t o f  n o n -c o n te x t p a ra m e te rs  a re  a t t r ib u te s  a b o u t  r e s t a u r a n t s  

a n d  u s e r s  (in  th is  case  th e  u ser is M a r y )  t h a t  a re  s to re d  in  th e  d a ta b a s e .  F ro m  

M a r y ' s  profile , w e know  th a t  w h en  sh e  is a t  A c r o p o l is  sh e  g ives a t  th e  r e s ta u ­

r a n t  B e a u B r u m m e l  th e  sco re  0.8 , a n d  w h en  th e  w e a th e r  is c lo u d y  th e  sa m e  

re s ta u ra n t  h a s  sco re  0.9 . In  o rd e r  to  e x p la in  M a r y ' s  h ig h  sco re s  to  th e  ab o v e  

p re fe ren ces, w e re fe r t h a t  th e  r e s ta u ra n t  B e a u B r u m m e l  is lo c a te d  in  A t h e n s , 
n e a r A c r o p o l i s , a n d  M a r y  likes to  e a t  f r e n c h  cu is in e  w h en  th e  w e a th e r  is 
c lo u d y  (B e a u B r u m m e l  h a s  f r e n c h  cu is in e ). So, th e  b a s ic  p re fe re n ce s  a re : 

p r e f  e r e n c e t ,a8iCl (A c r o p o lis ,  B e a u B r u m m e l ,  M a r y )  =  0 .8 ,

% p r e f  e re n c e b a e ia  ( c lo u d y , B e a u B r u m m e l , M a r y )  =  0 .9 .
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F ig u re  2.3: T h e  h ie ra rc h y  t r e e  fo r p a ra m e te r  L .

2.3.2 Aggregate Preferences
E a c h  a g g re g a te  p re fe ren ce  is d eriv ed  from  a  c o m b in a tio n  o f  b a s ic  p re fe ren ces . 

T h e  a g g re g a te  p re fe ren ce  is ex p ressed  b y  a  s e t  o f  c o n te x t  p a ra m e te r s  c» a n d  a  

s e t  o f  n o n -c o n te x t p a ra m e te rs  A , ,  a n d  h a s  a  d eg ree  o f  in te re s t

(p r e f e r e n c e ^ , . . .  c*, A k + i , . . . ,  A n ) =  i n t e r e s t - s c o r e ) .

T h e  in te re s t  sco re  o f  th e  a g g re g a te  p re fe ren ce  is a  v a lu e  f u n c t i o n  o f  th e  

in d iv id u a ls  sco res ( th e  d eg rees  o f  th e  b as ic  p re fe ren ces) . T h e  v a lu e  fu n c tio n  

p re sc rib e s  how  to  co m b in e  b as ic  p re fe ren ces to  p ro d u c e  th e  a g g re g a te  sco re , 

a c co rd in g  to  th e  u se r’s p rofile . U se rs  define in  th e ir  p ro file  how  th e  b a s ic  sco res  

c o n tr ib u te  to  th e  a g g re g a te , g iv in g  a  w eig h t to  each  c o n te x t  p a ra m e te r .  S o , i f  th e  

w eig h t fo r a  c o n te x t p a ra m e te r  is W i th e  in te re s t  sco re  w ill b e : i n t e r e s t j s c o r e  —  

w \  * i n t e r e s t  j s c o r e i  +  . . .  +  W k  * i n t e r e s t - s c o r e ^ t.

In  th e  p re v io u s  ex a m p le  if  th e  w e ig h t o f  l o c a t i o n  is 0 .6  a n d  th e  w e ig h t o f  

w e a t h e r  is 0 .4 , th e  p re fe ren ce  h a s  score : 0 .6  * 0 .8  +  0 .4  * 0 .9  =  0 .8 4  (fro m  th e  
ab o v e  v a lu e  fu n c tio n ) . T h u s , w e have:

p r e f e r e n c e (  A c r o p o l i s ,  c l o u d y ,  B e a u B r u m m e l ,  M a r y )  =  0 .8 4 .

N o te  a lso , t h a t  w h e n  a  b a s ic  p re fe ren ce  h a s  a  v e t o  ( 0 )  v a lu e , th i s  p re fe re n ce  

d o es n o t  c o n tr ib u te  to  th e  c re a tio n  o f  th e  a g g re g a te  o n e .

2.4 Inheriting Preferences
W h e n  th e  c o n te x t  p a ra m e te r  o f  a  b a s ic  p re fe ren ce  p a r t ic ip a te s  in  d iffe re n t levels 

o f  a  h ie ra rch y , u se rs  c a n  ex p re ss  th e ir  p re fe ren ce  in  a n y  level, a s  w ell in  m o re  th a n  

o n e  level. F o r ex a m p le , M a r y  c a n  d e n o te  t h a t  th e  r e s ta u r a n t  B e a u  B r u m m e l  

h a s  in te re s t  sco re  0 .8  w h en  sh e  is a t  K i f i s i a  a n d  0 .6  w h e n  sh e  is  in  A t h e n s .  

N o te  t h a t  in  th e  h ie ra rc h y  o f  lo c a tio n  th e  c ity  o f  A t h e n s  is o n e  level u p  th e  
reg ion^of K i f i s i a .

T h e  t r e e  o f  F ig . 2 .3  re p re se n ts  th e  d iffe ren t levels o f  h ie ra rc h y  fo r a  c o n te x t  

p a ra m e te r . F o r th e  p a ra m e te r  L ,  le t  L \ ,  L 2, . . . ,  L n , A L L  b e  th e  d iffe re n t levels
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F ig u re  2.4: T h e  h ie ra rc h y  tre e  o f  lo c a tio n .

o f th e  h ie ra rch y , w h ich  ca n  ta k e  v a rio u s  d iffe ren t v a lues. T h e re  is a  h ie ra rc h y  

tre e , for each  c o m b in a tio n  o f n o n -c o n te x t p a ra m e te rs . In  o u r  re fe re n ce  ex a m p le  

(F ig . 2 .4), th e re  is a  h ie ra rc h y  tre e  for each  u se r p ro file  a n d  fo r a  specific  

r e s ta u ra n t  t h a t  re p re se n ts  th e  in te re s t  sco res o f th e  u se r fo r th e  r e s ta u ra n ts ,  

a cco rd in g ly  to  th e  c o n te x t p a ra m e te r ’s h ie ra rchy . T h e  ro o t  o f  th e  t r e e  co n ce rn s  

level A L L  w ith  th e  sing le  v a lu e  a l l .  T h e  va lu es  o f  a  c e r ta in  d im e n s io n  level 

L  a re  found  in  th e  sam e  level o f th e  tre e  (e .g ., A t h e n s  a n d  S a l o n i c a , b e in g  

b o th  m em b ers  o f  th e  d im en sio n  level C i t y , a re  fo u n d  a t  th e  s a m e  level o f  th e  

tre e  in F ig . 2 .4). T h e  a n c e s to r  re la tio n sh ip s  a n c a re  t r a n s la te d  to  p a re n t-c h ild  

re la tio n sh ip s  in  th e  tre e  (e.g ., th e  n o d e  G r e e c e  is th e  p a re n t  o f  th e  n o d e  A t h e n s ) .  

E ach  n o d e  is c h a ra c te r iz e d  by  a  sco re  va lue  for th e  p re fe re n ce  o f  c o n c e rn in g  th e  

co m b in a tio n  o f  th e  n o n -c o n te x t a t t r ib u te s  w ith  th e  c o n te x t  v a lu e  o f  th e  n o d e .

I f  th e  q u e ry  c o n d itio n s  refe r to  a  level o f  th e  t r e e  in  w h ich  th e r e  is no  e x p lic it 

sco re  g iven  by  th e  u se r, w e p ro p o se  th re e  w ays to  find  th e  a p p r o p r ia te  sco re  for 

a  p re fe ren ce . In  th e  f irs t a p p ro a c h , w e tra v e rs e  th e  t r e e  u p w a rd s  u n til  w e find  

th e  f irs t p red ecesso r for w h ich  a  sco re  is specified . In  th is  case , w e a ssu m e  th a t  

a  u ser t h a t  defines a  sco re  for a  specific  level, im p lic itly  defines th e  sa m e  sco re  

for a ll th e  fo llow ing levels. In  th e  second  one, w e c o m p u te  th e  a v e ra g e  sco re  o f 

all th e  su ccesso rs  o f  th e  im m e d ia te ly  fo llow ing level. T h is  a p p ro a c h  h a s  a  m a in  

d raw b ack . W h en  th e  successo rs  have  no  sco re , we m u s t e x e c u te  th e  f irs t m e th o d . 

F ina lly , in  a  m o re  so p h is tic a te d  a p p ro a c h  we c a n  c o m p u te  a  w e ig h te d  av e rag e  

sco re  co m b in in g  th e  sco res from  b o th  th e  p red ecesso r a n d  th e  su ccesso rs .

In  a n y  o f  th e  ab o v e  cases, if  no  sco re  is defined  a t  a n y  level o f  th e  h ie ra rch y , 

th e re  is a  d e fa u lt  sco re  o f  0.5. F u r th e rm o re , i t  is p o ss ib le  fo r a  sc o re  to  e x is t  a t  a  
r  c e r ta in  level, b u t  th e  q u e ry  is re fe rred  to  a  h ig h e r level. In  th e s e  c irc u m s ta n c e s , if 

th e  firs t o r  th e  th ird  a p p ro a c h  is chosen , a n d  th e re  is no  sco re  fo r a n y  p red ecesso r, 
we use th e  d e fa u lt  sco re  0 .5 .

T ak e  for ex a m p le , F ig . „ 2 .4  t h a t  d e p ic ts  a  h ie ra rc h y  fo r a  u s e r  a n d  a
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r e s t a u r a n t .  So, for in s ta n c e  th e  r e s ta u ra n t  B e a u  B r u m m e l  h a s  sc o re  0 .8  w h en  

M a r y  is n e a r  A c r o p o l i s , 0 .7  w h en  sh e  is in  K i f i s i a ,  a n d  0 .9  w h e n  sh e  is in  
I o a n n i n a .  T h e  ro o t  o f  th e  h ie ra rch y  h a s  th e  d e fa u lt  sco re  0.5 . T h e s e  d eg rees  o f  

in te re s t  sco res, e x c e p t th e  la s t one, h av e  b een  e x p lic itly  d efin ed  b y  th e  u se r  a t  

h e r  p rofile . I f  th e  q u e ry  co n d itio n s  refe r to  A t h e n s , fo r w h ich  th e r e  is n o  sco re , 

th e  firs t a p p ro a c h  gives sco re  0.5 , b ecau se  th is  is th e  f irs t p re d e c e s so r’s  sco re . I f  

w e ch o o se -th e  seco n d  a p p ro a c h , th is  lead s to  sco re  (0 .8  4- 0 .7 ) /2  =  0 .7 5 , w h ile  

th e  th ird  o n e  p ro d u c e s  a  w eig h ted  c o m b in a tio n  o f  th e  a b o v e  sco re s .

2.5 Techniques for the Expression of Preferences
T o fa c ilita te  th e  p ro c e d u re  o f  ex p ress in g  in te re s ts , th e  sy s te m  m a y  p ro v id e  se ts  

o f  p re -sp ec ified  pro files w ith  specific c o n te x t-d e p e n d e n t p re fe re n ce  v a lu e s  for th e  

n o n -c o n te x t p a ra m e te rs  as w ell as d e fa u lt w e ig h ts  for c o m p u tin g  th e  a g g re g a te  

scores. In  th is  case , in s te a d  o f  ex p lic itly  sp ec ify in g  b a s ic  a n d  a g g re g a te  p re fe r­

ences for th e  n o n -c o n te x t p a ra m e te rs , u sers m a y  ju s t  se le c t th e  p ro file  t h a t  b e s t  

m a tc h e s  th e ir  in te re s ts  from  th e  s e t  o f  th e  av a ilab le  o n es. B y  d o in g  so , th e  u se r 

a d o p ts  th e  p re fe ren ces  specified  by  th e  se lec ted  pro file .

S ince th e  focus o f  th is  w ork  is on  effic ien tly  c o m b in in g  p re fe re n c e s  a n d  d a ta ­

base  o p e ra tio n s , o u r  w o rk in g  a ssu m p tio n  is t h a t  p re fe ren ces  a re  e x p lic itly  sp ec ­

ified b y  users . A lte rn a tiv e ly , p re fe ren ces  m a y  b e  d e d u c e d  b y  th e  p re v io u s  b e ­

h av io r o f  th e  u se r, for in s ta n c e  by  usin g  d a ta  m in in g  te c h n iq u e s  o n  th e  h is to ry  

o f  th e  u se r d a ta b a s e  accesses. T h e  issue  o f  im p lic itly  in fe rr in g  p re fe re n ce s  is 

o r th o g o n a l to  th e  w o rk  p re se n te d  in  th is  th e s is . T h e re  h a s  b e e n  so m e  p re v io u s  

w ork  o n  th e  to p ic  [11], t h a t  c a n  b e  in te g ra te d  in  o u r  a p p ro a c h .

2.6 Other Models of Preferences
T h e  re se a rc h  l i te r a tu r e  o n  p re fe ren ces is ex ten s iv e . In  p a r t ic u la r ,  in  th e  c o n te x t  

o f  d a ta b a s e  q u e rie s , th e re  a re  tw o  d iffe ren t a p p ro a c h e s  fo r e x p re s s in g  p re fe r­

ences: a  q u a n t i t a t i v e  a n d  a  q u a l i ta t iv e  one. B o th  th e  q u a n t i ta t iv e  a n d  th e  

q u a lita tiv e  a p p ro a c h e s  can  b e  in te g ra te d  w ith  q u e ry  p ro cess in g .

W ith  th e  q u a n t i t a t i v e  a p p r o a c h , p re fe ren ces a re  e x p re sse d  in d ire c tly  by  u s in g  

sco rin g  fu n c tio n s  t h a t  a s so c ia te  a  n u m eric  sco re  w ith  e v e ry  tu p le  o f  th e  q u e ry  
answ er. S uch  a  g e n e ra l q u a n ti ta t iv e  fram ew o rk  for e x p re ss in g  a n d  co m b in in g  

p re fe ren ces is p ro p o se d  in  [10]. In  th is  fram ew o rk , a  p re fe re n ce  is e x p re sse d  by  

th e  us£r for a n  en tity . E n tit ie s  a re  d e sc rib ed  by  re c o rd  ty p e s  w h ic h  a re  se ts  

o f  n a m e d  fields, w h e re  each  field c a n  ta k e  v a lu es  fro m  a  c e r ta in  ty p e . T h e  
**’ sy m b o l is u sed  to  m a tc h  an y  e le m e n t o f  t h a t  ty p e . P re fe re n c e s  a re  ex ­



p re sse d  a s  fu n c tio n s  t h a t  m a p  e n tit ie s  o f  a  g iv en  re c o rd  ty p e  t o  a  n u m e ric a l 
soore. T h is  is  th e  m a in  d ifference  w ith  o u r  a p p ro a c h , b e c a u s e  w e  a ss ig n  ex­

p lic itly  a  n u m e ric a l sco re  to  th e  c o rre sp o n d in g  e n tit ie s . A  s e t  o f  p re fe re n ce s  

r a n  b e  co m b in ed  u s in g  a  generic  co m b in e  o p e ra to r  w h ic h  is  in s ta n t ia te d  w ith  a  

v a lu e  fu n c tio n . F o r  ex am p le , th e  p re fe ren ce  o f  a  u se r  fo r  r e s ta u r a n ts  c a n  b e  ex­

p re ssed  a s  p r e f e r e n c e ( t y p e - o f ~ f o o d ), w ith  v a lu e s  p r e f e r e n c e ( c h i n e s e )  =  0-1, 
p r e f e r e n c e ( g r e e k )  =  0 .8  a n d  p r e f e r e n c e ( o t h e r )  =  0 .1 .

In  th e  q u a n t i ta t iv e  fram ew o rk  o f  [12], u se r  p re fe re n ce s  a r e  s to r e d  a s  d e g re e s  

o f  in te re s ts  in  a to m ic  q u e r y  e l e m e n t s  (su ch  a s  in d iv id u a l s e le c tio n  o r  jo in  co n ­

d itio n s)- T h e  d e g re e  o f  in te re s t  ex p re sse s  th e  in te r e s t  o f  a  p e r s o n  t o  in c lu d e  

th e  a s so c ia te d  c o n d itio n  in to  th e  q u a lif ic a tio n  o f  a  g iv en  q u e ry . S p ec ific  ru le s  

a re  specified  fo r d e riv in g  p re fe ren ce  o f  co m p lex  q u e rie s  b )r b u ild in g  o n  s to r e d  

a to m ic  o nes. T h e  re s u lts  o f  a  q u e ry  a re  ra n k e d  b a se d  o n  th e  e s t im a te d  d e g re e  

o f  in te re s t  in  th e  c o m b in a tio n  o f  p re fe ren ces  th e y  sa tis fy . O u r  a p p ro a c h  c a n  b e  
g en era lized  fo r th is  fram ew o rk  a s  w ell, e i th e r  b y  in c lu d in g  c o n te x tu a l  p a ra m e ­

te r s  in  th e  a to m ic  q u e ry  e le m e n ts  o r  b y  m a k in g  th e  d e g re e  o f  in te r e s t  fo r  e a c h  

a to m ic  q u e ry  e le m e n t d e p e n d  o n  c o n te x t.

B o th  q u a n t i ta t iv e  fram ew o rk s  c a n  b e  re a d ily  e x te n d e d  t o  in c lu d e  c o n te x t . 

O n e  w ay  th is  c a n  b e  ach iev ed  is  b y  defin in g  p re fe re n ce  fu n c tio n s  b a s e d  o n  c o n ­

te x t .  T h e n , b a se d  o n  th e  c u r r e n t  v a lu es  o f  c o n te x t , th e  a s s o c ia te d  p re fe re n c e  

fu n c tio n s  c a n  b e  se le c te d , c o m b in ed  a n d  u se d  to  r a n k  th e  r e s u l ts  o f  a n y  g iv en  

query . S im ila rly , w e  m a y  e i th e r  in d u d e  c o n te x tu a l  p a r a m e te r s  in  t h e  a to m ic  

q u e ry  e le m e n ts  o r  m a k e  th e  d e g re e  o f  in te re s t  fo r e a c h  a to m ic  q u e r y  e le m e n t 
d e p e n d  o n  c o n te x t.

In  th e  q u a l i ta t i v e  a p p r o a c h , t h e  p re fe ren ces  b e tw e e n  th e  tu p le s  in  t h e  a n sw e r 

to  a  q u e ry  a re  specified  d irec tly , ty p ic a lly  u s in g  b in a ry  p re fe re n c e  re la t io n s . F o r  

e x a m p le , o n e  m a y  e x p re ss  t h a t  r e s t a u r a n t ^  is  p re fe r re d  fro m  r e s t a u r a n t z  i f  

th e ir  o p e n in g  h o u rs  a r e  th e  s a m e  a n d  i t s  p r ic e  is  low er. T h is  f ra m e w o rk  c a n  

a lso  b e  re a d ily  e x te n d e d  to  in c lu d e  c o n te x t. F o r  in s ta n c e , o n e  m a y  e x p re s s  t h a t  

r e s t a u r a n t i  is  p re fe rre d  fro m  r e s t a u r a n t 2 i f  th e i r  o p e n in g  h o u rs  a r e  th e  sa m e , 

i ts  p r ic e  is  low er a n d  i t  is  c lo se r to  th e  c u r re n t  u s e r ’s  lo c a tio n . A  lo g ica l q u a l­

i ta t iv e  fram ew o rk  is  p re se n te d  in  (13] fo r fo rm u la tin g  p re fe re n ce s  a s  p r e fe r e n c e  

f o r m u l a s . T h e  p re fe re n ce  fo rm u la  is  a  f ir s t-o rd e r  fo rm u la  d e fin in g  a  p re fe re n ce  
re la tio n  b e tw e e n  tw o  tu p le s .

A  d iffe ren t a p p ro a c h  to  e x p re ss in g  p re fe ren ces  is  p re s e n te d  in  [14, 15]. T h is  

a p p ro a c h  in tro d u c e s  P re fe re n c e  S Q L  t h a t  e x te n d s  S Q L  w ith  a  p re fe re n c e  m odel· 
In  s ta n d a r d  S Q L , d a ta b a s e  q u e rie s  a re  c h a ra c te r iz e d  b y  h a r d  c o n s tr a in ts ,  in  th e  

sen se  t h a t  u se r  w ish es  a re  e i th e r  sa tis f ied  c o m p le te ly  o r  n o t  a t  a ll (a n y  p re fe re n ce  

is  t r a n s la te d  in  th e  w h e r e  c la u se ) . P re fe re n c e  S Q L  p ro v id e s  a  p a ra d ig m  s h if t  

fro m  th e  e x a c t  m a tc h e s  to w a rd s  a  b e s t  p o ss ib le  m a tc h -m a k in g , L e ., p re fe re n ce s
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T ab le  2.1: P re fe ren ce  S Q L  Q u eries

Q i s e le c t  * / r o m  [tab le  nam e]

p r e f e r r i n g  [a t tr ib u te  nam e] a ro u n d [v a \\ie );

Q 2 s e le c t  * f r o m  [tab le  nam e]
p r e f e r r i n g  h ig h e s t ( [a t t r ib u te  nam e]);

a re  to  b e  tr e a te d  as so ft c o n s tra in ts . T h a t  m ean s  f in d in g  th e  b e s t  p o ss ib le  m a tc h  

betw een  o n e ’s w ishes a n d  th e  rea lity .

P re fe ren ce  S Q L  in c lu d es a  v a rie ty  o f b u ilt- in  b a se  p re fe re n ce  ty p e s . In  p a r t ic ­

u la r , th e re  is a  n u m b e r o f  d iffe ren t se lec tio n  c r i te r ia  t h a t  re fe r to  a p p ro x im a tio n , 

^  m in im iza tio n , m a x im iz a tio n , fav o rites , d islikes, e tc . F o r e x a m p le , o b se rv e  th e  

queries in  T ab le  2.1. T h e  firs t q u e ry  ( Q 1) uses th e  p re fe re n ce  ty p e  a r o u n d  to  

ex p ress  a  p o s itiv e  p re fe ren ce  to  va lues c lose to  a  n u m e ric a l t a r g e t  v a lu e . T h e  

second  q u e ry  (Q 2) a sks for th e  h ig h e s t va lue , if i t  is p o ss ib le . O th e rw ise , th e  

c lo sest v a lu e  to  th e  m a x im u m  is co n sid e red  a c c e p tab le .

M an y  tim e s  a  “w ish ” c a n n o t b e  ex p ressed  by  a  b as ic  p re fe re n ce  solely. F o r 

th is  cases, P re fe re n c e  S Q L  offers co m p lex  p re fe ren ces  t h a t  a re  b a se d  o n  a  com ­

b in a tio n  o f b asic  ones. F o r in s ta n c e , th e  p a re to  a c c u m u la tio n  is th e  ‘A N D ’-in g  

o f basic  p re fe ren ces. Im a g in e  t h a t  a  c u s to m e r b u y in g  a  c o m p u te r  co n s id e rs  a  

m a x im u m  m em o ry  size  a n d  C P U  sp eed  as e q u a lly  im p o r ta n t .  T h is  p re fe ren ce  

can  b e  ex p re ssed  as:

•  s e le c t  * f r o m  c o m p u te rs  

p r e f e r r i n g  h ig h e s t (m ain_m em ory ) a n d  

h ig h e s t  (c p u -sp e e d ) ;

O u r a p p ro a c h  d iffers from  P re fe re n c e  S Q L  on  how  p re fe re n ce s  a r e  e x p re ssed . 

In  P re fe re n c e  S Q L , p re fe ren ces a re  im p lem en ted  u s in g  o p e ra to r s  a n d  th e  r e s u lt  

show s t h a t  a n  o b je c t  is m o re  p re fe ra b le  th a n  a n o th e r , w h ile  in  o u r  a p p ro a c h  th e  

re su lts  a re  o rd e re d  acco rd in g  to  th e  d eg rees  o f  in te re s t  t h a t  a  u se r  g ives to  d a ta  
o b je c ts .

T h e  p re v io u s  a p p ro a c h  is e x te n d e d  in  [16], w h e re  a  c o n te x t  s t a t e  is re p re ­

se n te d  as  a  s i tu a tio n . E ach  s i tu a tio n  h a s  a  t im e s ta m p  t h a t  d e n o te s  th e  d a te  
a n d  th e  t im e  o f  th e  s i tu a tio n , a n  e n tity  ty p e  lo ca tio n  t h a t  d e sc r ib e s  th e  c u r re n t  

p o s itio n  a n d  in flu e n c es  t h a t  d e sc rib e  o th e r  a sp e c ts  a ffec tin g  th e  s i tu a t io n . In ­

fluences a re  d iv id e d  in to  p e rso n a l a n d  su rro u n d in g . P e rso n a l in flu en ces d e n o te  

h u m a n  fa c to rs  o f  a  s i tu a t io n j ik e  p h y sica l s ta te  a n d  su r ro u n d in g  o n e s  d e sc rib e  
o u te r  in fluences like w e a th e r  c o n d itio n . In  th is  a p p ro a c h , p re fe re n ce s  a re  m od-
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F ig u re  2.5: T h e  e n ti ty  re la tio n sh ip  sc h e m a  o f  S i tu a te d  P re fe re n c e s .

e led  a s  in  a u th o r s ’ p rev io u s  w o rk  ([14]). T h e re  a re  th r e e  ty p e s  o f  p re fe ren ces: 

l o n g  — t e r m , s i n g u l a r ,  a n d  n o n  — s i n g u l a r . T h e  f irs t  o n e  h o ld s  g en e ra lly , w h ile  

a  s in g u la r  p re fe re n ce  h o ld s  in  e x a c tly  o n e  s i tu a tio n . T h e  n o n -s in g u la r  p re fe re n ce  
h o ld s  in  m o re  th a n  o n e  s i tu a tio n .

S i t u a t e d  p r e fe r e n c e s  a re  m o d e led  a s  N  : M  r e la tio n s h ip s  b e tw e e n  s i tu a t io n s  

*  a n d  p re fe ren ces  (F ig . 2 .5 ). E a c h  s i tu a tio n  h a s  a  u n iq u e  s J d  a n d  e a c h  p re fe re n ce  

h a s  a  u n iq u e  p J d .  A  c o n c re te  s i tu a te d  p re fe ren ce  c a n  b e  c o n s id e re d  a s  a  tu p le  

( s J d ,  p J d )  e x p re ss in g  t h a t  th e  p re fe ren ce  p J d  h o ld s  in  th e  s i tu a t io n  s J d .

'r
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Chapter 3

The Storage Model

3.1 S to r in g  B a s ic  P re fe ren ces

3 .2  S to r in g  C o n te x t  H ie ra rch ies

3 .3  S to r in g  th e  V alue  F u n c tio n s

3 .4  S to r in g  A g g re g a te  P re fe re n c es

I n  th is  c h a p te r , w e d iscu ss  th e  im p le m e n ta tio n  o f  o u r  c o n te x t  m o d e l in  r e la ­

tio n a l  D B M S  s tru c tu re s .  F ir s t ,  w e d iscu ss  th e  s to ra g e  o f  p re fe re n c e s  a n d  th e n  

th e  s to ra g e  o f  a t t r ib u te  h ie ra rch ies .

3.1 Storing Basic Preferences
T h e re  is a  s tra ig h tfo rw a rd  w ay  to  s to re  o u r  c o n te x t  a n d  p re fe re n c e  in fo rm a tio n  

in  th e  d a ta b a s e . W e o rg a n iz e  p re fe ren ces  a s  d a t a  c u b e s , fo llow ing  th e  O L A P  
(O n -L in e  A n a ly tic a l P ro c e ss in g ) p a ra d ig m  [7]. O L A P  is a  c a te g o ry  o f  so ftw a re  

tech n o lo g y  t h a t  b a se d  o n  th e  m u ltid im e n s io n a l v iew  o f  d a ta .  In  th is  m u ltid i­

m en sio n a l d a t a  m o d e l, h y p e r c u b e s , o r  s im p ly  cu b es , a re  u sed . T h e  in fo rm a tio n  

in  c u b e s  is s to re d  in  a  m u ltid im e n s io n a l a rra y . T h u s , a  c u b e  is a  g ro u p  o f  d a t a  
.r  cells. E a c h  cell is u n iq u e ly  defined  b y  th e  c o rre sp o n d in g  v a lu es  o f  th e  d im e n ­

sio n s o f  th e  cu b e . T h e  c o n te n ts  o f  th e  cells a r e  n a m e d  m e a s u r e s  a n d  re p re s e n t  

th e  m e a su re d  v a lu es  o f  th e  re a l w o rld . M e a su re s  a re  fu n c tio n a lly  d e p e n d e n t, in  
th e  r e la tio n a l sen se , o n  th e  d im en s io n s  o f  th e  c u b e .
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Location

F ig u re  3.1: D a ta  c u b es  fo r ea c h  c o n te x t  p a ra m e te r .

[*

[.**■

\

In  o u r  m o d e l, w e s to re  b a s ic  u se r  p re fe ren ces  in  c u b e s .  T h e  n u m b e r  o f  

^  d a t a  c u b es  is e q u a l w ith  th e  n u m b e r o f  c o n te x t  p a ra m e te rs ,  i.e ., w e  h a v e  o n e  

c u b e  fo r each  p a ra m e te r , a s  sho w n  in  F ig . 3 .1 . I n  e a c h  c u b e , th e r e  is o n e  

d im en sio n  fo r r e s ta u ra n ts ,  o n e  d im en sio n  fo r u se rs  a n d  o n e  d im e n s io n  fo r th e  

c o n te x t p a ra m e te r . In  ea c h  cell o f  th e  c u b e , w e s to re  th e  d e g re e  o f  in te re s t  

fo r a  specific  p re fe ren ce . So, w e c a n  h av e  th e  k n o w led g e  o f  sc o re  fo r a  u se r , 

a  r e s ta u r a n t  a n d  a  c o n te x t p a ra m e te r . F o rm ally , a  c u b e  is  d e fin e d  a s  a  f in ite  

s e t  o f  a t t r ib u te s  C  =  ( A c ,  A i , . . . ,  A n , M ) ,  w h e re  A c  is  a  c o n te x t  p a ra m e te r ,  

j4i , . . . ,  A n  a re  n o n -c o n te x t a t t r ib u te s  a n d  M  is  th e  in te r e s t  sco re . T h e  v a lu es  

o f  a  c u b e  a re  th e  v a lu es  o f  th e  c o rre sp o n d in g  p re fe re n ce  ru le s .

A  re la tio n a l ta b le  im p le m e n ts  su ch  a  c u b e  in  a  s tr a ig h tfo rw a rd  fa sh io n . T h e  

p r im a ry  key  o f  th e  ta b le  is A c ,  A \ , . . . ,  A n . I f  d im e n s io n  ta b le s  r e p re s e n tin g  h ie r­

a rch ies  e x is t (see n e x t) ,  w e em p lo y  fo re ign  keys fo r th e  a t t r ib u te s  c o r re sp o n d in g  
to  th e s e  d im en sio n s.

O u r  sch e m a  is b a sed  o n  th e  c la ssica l s t a r  s c h e m a .  In  a  s t a r  s c h e m a , d a t a  

is o rg an ized  th ro u g h  a  c e n tra liz ed  fa c t ta b le , lin k in g  se v e ra l d im e n s io n  ta b le s . 

E a c h  d im en sio n  ta b le  c o n ta in s  in fo rm a tio n  specific  to  th e  d im e n s io n  itse lf , i.e ., 

in fo rm a tio n  re le v a n t to  th e  d im en sio n . T h e  fa c t ta b le  c o r re la te s  a ll d im e n s io n s  

th ro u g h  a  s e t  o f  fo re ign  keys. T h is  is th e  ta b le  t h a t  im p le m e n ts  th e  c u b e . 

T h e  sch e m a  o f  o u r  a p p ro a c h  is d e p ic te d  in  F ig . 3 .2 . A s w e c a n  see , th e r e  a re  

tw o  fa c t ta b le s , F a c t - L o c a t i o n  a n d  F a c t - W e a t h e r .  T h e  d im e n s io n  ta b le s  a re : 

U s e r s  a n d  R e s t a u r a n t s .  T h e se  a re  d im en sio n  ta b le s  fo r b o th  fa c t  ta b le s .

r 3.2 Storing Context Hierarchies
%

A n  a d v a n ta g e  o f  u s in g  c u b e s  to  s to re  u se r  p re fe ren ces  is t h a t  th e y  p ro v id e  th e  

c a p a b ili ty  o f  u s in g  h i e r a r c h i e s  to  in tro d u c e  d iffe ren t levels  o f  a b s t r a c t io n s  o f
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F ig u re  3.2: T h e  tw o  fa c t ta b le s  o f  o u r  sch em a  (o n e  fo r e a c h  c o n te x t  p a ra m e te r )  

a n d  th e  d im en sio n  ta b le s  fo r U s e r s  a n d  R e s t a u r a n t s .

th e  c a p tu re d  c o n te x t d a ta  th ro u g h  th e  d r i l l - d o w n  a n d  r o l l - u p  o p e ra to r s  ([17]). 

B y  d rillin g  dow n  o n  th e  a g g re g a te  d a ta  th e  u se r  is g e tt in g  a  m o re  d e ta i le d  v iew  

o f  th e  in fo rm a tio n . R o ll-u p  is th e  o p p o s ite  o p e ra tio n : i t  is th e  p ro c e ss  o f  v iew in g  

d a t a  in  p ro g re ss iv e ly  less d e ta il.

In  t h a t  w ay, w e can  h av e  a  h ie ra rc h y  on  a  g iv en  c o n te x t  d im e n s io n . C o n te x t  

d im en sio n  h ie ra rc h ies  g ive to  th e  a p p lic a tio n  th e  o p p o r tu n i ty  to  u se  a  co m b i­

n a tio n  o f  d a ta  b e tw een  th e  fa c t a n d  th e  d im en sio n  ta b le s  o n  o n e  o f  th e  c o n te x t  

p a ra m e te rs . T h e  ty p ic a l w ay  to  s to re  d a t a  in  d a ta b a s e s  is sh o w n  in  F ig . 3 .3  

(le ft). In  th is  m o d e lin g , w e ass ig n  a n  a t t r ib u te  fo r ea c h  level in  th e  h ie ra rch y . 

W e a lso  a ssig n  a n  a rtif ic ia l key  to  effic ien tly  im p le m e n t re fe re n ce s  to  th e  d im e n ­

sion  ta b le . T h e  c o n te n ts  o f  th e  ta b le  a re  th e  v a lu es  o f  th e  an c£ *  fu n c tio n s  o f  

th e  h ie ra rch y . T h e  d e n o rm a liz e d  ta b le s  o f  th is  k in d , p a r t ic ip a t in g  in  a  d a ta b a s e  

sch em a  (o ften  ca lled  a  s t a r  s c h e m a )  su ffer fro m  th e  fa c t t h a t  th e r e  e x is ts  e x a c tly  

o n e  row  fo r ea c h  v a lu e  o f  th e  low est level o f  th e  h ie ra rch y , b u t  n o  ro w s e x p lic itly  

re p re se n tin g  v a lu es  o f  h ig h e r levels o f  th e  h ie ra rch y . T h e re fo re , if  w e w a n t to  

ex p re ss  p re fe ren ces  a t  a  h ig h e r level o f  th e  h ie ra rch y , w e n eed  to  e x te n d  th is  

m o d e lin g  (a ssu m e  fo r ex a m p le  t h a t  w e w ish  to  e x p re ss  th e  p re fe re n ce s  o f  M a r y  

w h en  sh e  is in  C y p r u s ,  in d e p e n d e n tly  o f  th e  specific  re g io n , o r  c i ty  o f  C y p ru s  

sh e  is fo u n d  a t ) .

T o  th is  e n d , in  o u r  m o d e l, w e u se  a n  e x te n s io n  o f  th is  a p p ro a c h , a s  sh o w n  in  

th e  r ig h t  o f  F ig . 3 .3 . In  th is  k in d  o f  d im en sio n  ta b le s , w e in tro d u c e  a  d e d ic a te d  
tu p le  fo r each  v a lu e  a t  a n y  level o f  th e  h ie ra rch y . W e p o p u la te  a t t r ib u te s  o f  low er 

levels w ith  N U L L s .  T o  e x p la in  th e  p a r t ic u la r  level t h a t  a  v a lu e  p a r t ic ip a te s  a t ,  

w e a ls o 'in tro d u c e  a  level in d ic a to r  a t t r ib u te .  D im en s io n  levels  a r e  a ss ig n ed  

a t t r ib u te  n u m b e rs  th ro u g h  a  to p o lo g ica l s o r t  o f  th e  la tt ic e .
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GJD Region Qry Country Level
1 Acropolis Athens Greece 1
2 Ke&bri Athens Greece 1
3 Polichni Snioaica Greece I

...
101 NULL Athens Greece 2
102 NULL .̂ alnnifa Greece 2

...
120 NULL NULL Greece 3
111 NULL NULL Of p™» 3

...

GJD Region Oty Country
1 Acropolis Athens Greece
2 Kefalari Athens Greece
3 Penuna loannina Greece

• ·  ·

F ig u re  3 .3 : A  ty p ic a l (le ft) a n d  a n  e x te n d e d  d im e n s io n  ta b le  ( r ig h t) .

3.3 Storing the Value Functions
T h e  c o m p u ta tio n  o f  a g g re g a te  p re fe ren ces re fe rs  to  th e  c o m p o s itio n  o f  s im p le  

b as ic  p re fe ren ces, in  o rd e r  to  c o m p u te  th e  a g g re g a te  o n e . T h e  te c h n iq u e  u se d  fo r 

th is  involves u s in g  w e ig h ts  fo r each  o f  th e  p a ra m e te rs . E a c h  a g g re g a te  p re fe re n ce  

involves (a ) a  s e t  o f  k  c o n te x t p a ra m e te rs  -i.e ., c u b e s  a n d  (b ) a  s e t  o f  n  n o n ­

c o n te x t p a ra m e te rs , co m m o n  to  a ll c o n te x t cu b es:

p r e f e r e n c e ( c i , . . .  c*, A k + i , . . . ,  A n ) =  i n t e r e s t s c o r e  

T h e  n o n -c o n te x t p a ra m e te rs  p in  th e  v a lu es  o f  th e  a g g re g a te  sc o re s  to  specific  

n u m b e rs  a n d  th e n , th e  in d iv id u a l sco res fo r ea c h  c o n te x t p a r a m e te r  a r e  co llec ted  

fro m  each  c o n te x t ta b le . R eca ll t h a t  th e  fo rm u la  fo r c o m p u tin g  a n  a g g re g a te  

p re fe ren ce  is: i n t e r e s t  s c o r e  =  w \  * i n t e r e s t  s c a r  e \  4 - . . .  4-u/* * i n t e r e s t s c o r e k -  

T h e re fo re , th e  o n ly  e x tr a  in fo rm a tio n  t h a t  n eed s  to  b e  s to r e d  c o n c e rn s  th e  

w eig h ts  em p lo y ed  fo r th e  c o m p u ta tio n  o f  th e  fo rm u la . T o  th is  e n d , w e em p lo y  

a  sp ec ia l p u rp o s e  ta b le  A g g S c o r e s ( w c i , . . . »w c k ,  Α * + ι , . . . ,  A n ) .  T h e  v a lu e  fo r 
ea c h  c o n te x t p a ra m e te r  w c i  is th e  w eig h t fo r th e  re sp e c tiv e  in te r e s t  sc o re  a n d  

th e  v a lu e  fo r ea c h  n o n -c o n te x t a t t r ib u te  A j  is th e  spec ific  v a lu e  u n iq u e ly  d e ­

te rm in in g  th e  a g g re g a te  p re fe ren ce . F o r in s ta n c e , in  o u r  ru n n in g  e x a m p le , th e  

ta b le  A g g S c o r e s  h a s  th e  a t t r ib u te s  L o c a t i o n  . w e i g h t ,  W e a t h e r  . w e i g h t ,  U s e r  

a n d  R e s t a u r a n t .  A  re c o rd  in  th is  ta b le  c a n  b e  ( 0 .6 ,  0 .4 . M a r y , B e a u  B r u m - 

m e t ) .  A ssu m e  t h a t  fro m  M a r t / s  p ro file , w e kn o w  t h a t  B e a u  B r u m m e l  h a s  

in te re s t  sco re  a t  th e  c u r re n t lo c a tio n  0 .8  a n d  a t  th e  c u r re n t  w e a th e r  0 .9 , th e n , 

th e  a g g re g a te  sco re  is: 0 .6  * 0 .8  4- 0 .4  * 0 .9  =  0 .8 4 . F o r s im p lic ity , w e ju s t  

s to re  o n e  w e ig h t fo r e a c h  c o n te x t p a ra m e te r , m a k in g  th e  p re v io u s  re c o rd  o f  th e  

A g g S c o r e s  ta b le  ( 0 .6 ,  0 ,4 ,  M a r y ) .

24



9

3.4 Storing Aggregate Preferences
A g g reg a te  p re fe ren ces a re  n o t  ex p lic itly  s to re d  in  o u r  sy s te m . T h e  m a in  re a so n  is 

sp ace  a n d  tim e  efficiency, since  th is  w ou ld  re q u ire  m a in ta in in g  a  c o n te x t  c u b e  for 

each  c o n te x t s ta te  a n d  for each  co m b in a tio n  o f  n o n -c o n te x t a t t r ib u te s .  A ssu m e 

th a t  th e  c o n te x t e n v iro n m e n t C x  h a s  n  c o n te x t p a ra m e te rs  { c i ,  C2, . . . ,  c„}  a n d  

th a t  th e  c a rd in a lity  o f  th e  d o m a in  dom(Ci) o f each  p a ra m e te r  c* is (fo r  s im p lic ity )  

m . T h is  m e a n s  t h a t  th e re  a re  m n p o te n tia l  c o n te x t s ta te s ,  le a d in g  to  a  v e ry  la rg e  

n u m b e r o f  c o n te x t cu b es  a n d  p ro h ib itiv e ly  h ig h  c o s ts  fo r th e i r  m a in te n a n c e .

N o te  t h a t  so m e o f  th e  mn c o n te x t s ta te s  m a y  n o t  b e  u sefu l, s in c e  th e y  m a y  

co rre sp o n d  to  c o m b in a tio n s  o f  va lues o f  c o n te x t p a ra m e te rs  t h a t  re p re s e n t  con­

te x t  s ta te s  t h a t  a re  n o t  va lid  o r  h av e  a  v e ry  sm a ll p ro b a b il i ty  o f  b e in g  q u e ried . 

F u r th e rm o re , so m e  c o n te x t p a ra m e te rs  o r c o n te x t s ta te s  m a y  b e  m o re  p o p u ­

la r  for som e n o n -c o n te x t p a ra m e te rs  (e.g ., u se rs) th a n  fo r o th e rs , th u s  m a k in g  

^  th e  s to ra g e  o f  a ll s ta te s  for a ll n o n -c o n te x t p a ra m e te rs  u n ju s tif ia b le . F in a lly , 

re tr ie v in g  specific  e n tr ie s  o f  su ch  cu b es  is n o t  v e ry  effic ien t, s in ce  i t  w o u ld  re ­

q u ire  b u ild in g  a n d  m a in ta in in g  in dexes on  v a rio u s  c o m b in a tio n s  o f  th e  c o n te x t 

p a ra m e te rs .

F o r th e se  rea so n s , w e choose  to  s to re  o n ly  p re v io u s ly  c o m p u te d  a g g re g a te  

scores. W e a lso  p ro p o se  u sin g  a n  a u x ilia ry  d a t a  s t r u c tu r e  t h a t  w e c a ll th e  c o n te x t  

tr e e  to  in d ex  th e m  (d esc rib ed  in  S ec tio n  5).

In  [18], th e  C o n te x t  R e la tio n a l m o d el (C R  m o d e l) t h a t  u ses  d a t a  c u b e s  is 

p ro p o sed . T h is  m o d el e x te n d s  th e  re la tio n a l m o d e l to  a rg u e  a b o u t  c o n te x t. In  

p a r t ic u la r , th e re  is a  s e t  o f  w orld s , w h ile  each  w o rld  e x p re sse s  a  c o m b in a tio n  

o f  va lues o f  th e  c o n te x t p a ra m e te rs . T h e  n u m b e r  o f  w o rld s  is e q u a l  w ith  th e  

n u m b e r o f  a ll c o m b in a tio n s  o f  c o n te x t p a ra m e te rs ’ v a lu es . A  w o rld  c o rre sp o n d s  

to  o u r  n o tio n  o f  c o n te x t s ta te .  T h e  a u th o rs  u se  c u b e s  to  s to r e  fo r ea c h  w o rld  

a n d  for each  e n ti ty  ( tu p le ) , th e  v a lu e  t h a t  each  n o n -c o n te x t r e la te d  a t t r i b u t e  o f  

th e  e n ti ty  h a s , i.e ., th e re  is o n e  d im en sio n  fo r th e  w o rld s , o n e  fo r th e  e n tit ie s  

a n d  o n e  for th e  a t t r ib u te s  (a s  d e p ic te d  in  F ig . 3 .4 ). In  o u r  a p p ro a c h , in s te a d  o f  

s to r in g  all c o n te x t s ta te s  in  a  cu b e , w e use  th e  c o n te x t  t r e e  to  s to r e  th e  s ta te s  

t h a t  a re  p re v io u s ly  re q u e s te d . So, w e avo id  to  s to re  w a s te fu l in fo rm a tio n , w h ile  

th e  n u m b e r o f  c o n te x t  s ta te s  in c reases  e x p o n e n tia lly  w ith  th e  n u m b e r  o f  c o n te x t 

p a ra m e te rs .

In  o rd e r  to  c o m p a re  th e  to ta l  s to ra g e  sp a c e  o f  th e  c u b e s  u sed  in  b o th  a p ­

p ro ach es , w e su p p o se  t h a t  w e s to re  th e  a g g re g a te  p re fe re n ce s  in  a  cu b e . W e 
.r  co n sid e r t h a t  w e h av e  n  c o n te x t p a ra m e te rs . T h e  c a rd in a li ty  o f  e a c h  d o m a in  

o f  each  p a ra m e te r  is m . W e su p p o se  fu r th e r , t h a t  w e h av e  a  re la t io n  w ith  k  

a t t r ib u te s ,  n ' o f  w h ich  a re  c o n te x t re la te d . T h is  re la tio n  h a s  t  tu p le s . In  o u r  

a p p ro a c h , th e  c u b e  h a s  o n e  d im en sio n  fo r each  c o n te x t  p a ra m e te r ,  a n d  o n e  d i-
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F ig u re  3.4: A  c u b e  in  th e  C o n te x t R e la tio n a l m o d e l.

m en sio n  fo r th e  tu p le s . So, th e  n u m b e r o f  cells is m n  x  t .  W e n e e d  a lso , e x t r a  

sp a c e  fo r s to r in g  th e  t  tu p le s  o f  th e  re la tio n . T h e  c u b e  in  th e  a p p ro a c h  p re ­

se n te d  in  [18] h a s  o n e  d im en sio n  for th e  w o rld s , o n e  d im e n s io n  fo r th e  tu p le s  

a n d  o n e  d im en sio n  fo r th e  n o n -c o n te x t r e la te d  a t t r ib u te s .  T h u s , th e  n u m b e r  o f  

cells is m n  x  ( k  — n ')  x  t .  C o m p a rin g  th e  tw o  a p p ro a c h e s , n o te  t h a t  d iffe ren t 

in fo rm a tio n  is s to re d . In  o u r  m o d el, w e s to re  d eg rees  fo r d a t a  o b je c ts  in  o rd e r  

to  ra n k  th e m  acc o rd in g  to  th e  u s e r ’s in te re s t , h ow ever in  [18] d iffe re n t va lu es  

a re  s to re d  fo r th e  sa m e  o b je c ts  w h e n  th e  c o n te x t c o n d itio n s  a re  d iffe ren t.

'r

to

>
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C h a p t e r  4
φ

Querying Context

4.1 Q u e ry in g  S im p le  P re fe ren ces

4.2  Q u e ry in g  w ith  A g g re g a te  Scores

4 .3  C o m p u tin g  A g g re g a te  Scores

4 .4  T ra d itio n a l O L A P  O p e ra to rs

In  th is  c h a p te r , w e c lassify  th e  q u e ry  o p e ra t io n s  t h a t  c a n  b e  p o se d  to  o u r  

c o n te x t-a w a re  D B M S , by  e x p lo itin g  th e  co m b in ed  in fo rm a tio n  o n  p re fe ren ces  

a n d  c o n te x t. W e fu r th e r  p re se n t t r a d it io n a l  O L A P  o p e ra to r s  su ch  a s  slice, d ice, 
ro ll-u p  a n d  d rill-d o w n , a n d  how  th e y  can  b e  u sed  in  o u r  q u e ry  o p e ra tio n s .

4.1 Querying Simple Preferences
F irs tly , th e r e  a re  q u e rie s  ex e c u te d  w ith o u t a  n eed  fo r th e  c o m p u ta t io n  o f  th e  

a g g re g a te  sco re . In  th is  c a te g o ry  o f  q u erie s , u se rs  e x p lic itly  define  t h a t  th e y  a re  

n o t  in te re s te d  in  specific  c o n te x t p a ra m e te rs . F o r e x a m p le , th e  fo llow ing  q u e ry  
c o m p u te s  th e  u se rs ’ p re fe ren ces d irec tly .

Q u e r y  1 L o o k  f o r  M a r y ' s  m o s t  p r e fe r a b le  r e s ta u r a n t s  n e a r  A c r o p o l i s ,  i n d e p e n - * •
r  d e n t l y  o f  th e  s t a t u s  o f  w e a th e r .

In  S Q L , t h e  q u e ry  is:

•  s e l e c t  R .n a m e , F L .sco re

f r o m  U se rs  U , R e s ta u ra n ts  R , F a c t L o c a tio n  F L , L o c a tio n  L
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w h e r e  U .u id = F L .u id  a n d  R .r id = F L .r id  a n d  L .l id = F L .l id  a n d  U .n a m e = lM a r y f 

a n d  L .lo c a t io n = ‘A c r o p o l i s '  

o r d e r  b y  F L .sco re  d e s c ;

A n o th e r  s im ila r  q u e ry  w ould  b e  “L ook for th e  u se rs  n e a r  A c ro p o lis  t h a t  p re ­

fer r e s ta u ra n t  B eau  B ru m m el in d e p e n d e n tly  o f  w e a th e r” t h a t  c a n  b e  u sed  to  

a d v e rtise  a  specific  r e s ta u ra n t  in  th e  c o n te x t o f  “A cro p o lis” .

4.2 Querying with Aggregate Scores
A n o th e r  usefu l o p e ra tio n  is th e  c o m p u ta tio n  o f  a g g re g a te  sco res  fro m  sim p le  

ones. F o r ex am p le , th e  follow ing q u e ry  need s to  c o m p u te  th e  a g g re g a te  score: 

Q u e r y  2  L o o k  f o r  M a r y ' s  m o s t  p r e fe r a b le  r e s ta u r a n t s  ( i n  th e  c u r r e n t  c o n te x t ) .

T h e  ex e c u tio n  o f  Q u e r y  2  lead s to  th e  e x e c u tio n  o f  th e  fo llow ing  su b q u e rie s  

(we su p p o se  t h a t  C S ( c u r r e n t )  =  { A c r o p o l i s ,  s u n s h i n e } ) :

•  s e l e c t  R .n a m e , F L .sco re

f r o m  U sers  U , R e s ta u ra n ts  R , F a c t L o c a tio n  F L , L o c a tio n  L

w h e r e  U .n a m e = ‘M a n / '  a n d U .u id = F L .u id  a n d  R .r id = F L .r id  a n d  L .l id = F L .lid

a n d  c u r re n t  lo c a tio n  =  1 A c r o p o l i s ';

a n d

•  s e l e c t  R .n a m e , F W .sc o re

f r o m  U sers U , R e s ta u ra n ts  R , F a c t W e a th e r  F W

w h e r e  U .n a m e = ‘M a r y '  a n d  U .u id = F W .u id  a n d  R .r id = F W .r id  a n d  c u r­

r e n t  w e a th e r  =  ' s u n s h i n e ' ;

U sing  th e  re su lts  o f  su b q u e rie s , we c a lc u la te  th e  a g g re g a te  sco res  fo r r e s ta u r a n ts  

u sing  th e  v a lu e  fu n c tio n , as d e sc rib ed  above. In  th is  case , w e h a v e  th e  m o s t 

p re fe rab le  M a ry ’s r e s ta u ra n ts  in d ec rea s in g  o rd e r.

4.3 Computing Aggregate Scores
T h e  te c h n iq u e  used  for p ro cessin g  q u e rie s  invo lv ing  a g g re g a te  sco res  (e .g ., Q u e r y  

2  above) is th e  follow ing.

1. F ir s t ,  w e se lec t specific  va lues for U s e r s  a n d  for th e  c o n te x t  p a ra m e te r . 
F or in s ta n c e , for th e  firs t c u b e  a  se lec tio n  cou ld  b e  on  a  v a lu e  o f  l o c a t i o n , 

e .g ., A c r o p o l i s  a n d  for a  va lue  o f u s e r , e .g ., M a r y .

2. S econd , h av in g  p in n ed  all d im en sio n  a t t r ib u te s  to  a  specific  v a lu e , we h av e  

all th e  p re fe ren ce  in te re s t  sco res av ailab le . In  fac t, th e  in d iv id u a l sco res
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for each context parameter are collected from each context table (although 
this practically involves a relational join on all non-context parameters, it 
is quite more easy to simply collect the values from the respective cubes 
from a set of point queries over them). So, we can compute the aggregate 
score of a preference by using a value function (as described in the previous 
sections).

3. In the context of an OLAP session, the aggregate scores just computed for 
a user can be stored in a new transient cube. As with cubes concerning ba­
sic preferences, a cube concerning aggregate preferences has one attribute 
for each context and non-context parameter and an extra attribute for 
the interest score. Then, the user can reuse the result of a query, by just 
using the last cube, without executing all the above steps. In Section 5, 
we describe a space-efficient structure for storing such results.

4.4 Traditional OLAP Operators
OLAP provides a principled way of querying information. The traditional tech­
niques for relational querying are enriched with special purpose query operators, 
such as roll-up and drill-down [19, 7].

Slice-n-D ice. The dice operator on a data set corresponds to a selection (in 
the relational sense) of values on each dimension. A slice is a selection on 
one of the N dimensions of the cube. A dice operator can be implemented as 
a sequence of slices. Simple preference queries can be computed using slice 
operators. For instance, Query 1 can be implemented using slice operations on 
User and Location.

R oll-up. The roll-up operation provides an aggregation on one dimension. 
More specific, roll-up corresponds to the aggregation of data from a lower to a 
higher level of granularity within a dimension's hierarchy. Assume that the user 
has executed Query 1 over the database and receives an unsatisfactory small 
number of answers. Then, she can decide that is worth broadening the scope of 
the search and investigate the broader Athens area for interesting restaurants. 
In this case, a roll-up operation on location can generate a cube that uses cities 
instead of regions. The following query express this roll-up operation in SQL: •

•  select Rename, FL.score
from  Users U, Restaurants R, Fact Location FL, Location L
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where U.irid=FL.md and R_rid=FLjid and L.lid=FL.iid and Ujoame =  
'M ari/ and L.city =  'Athens? 
order by FL^core desc;

D rill-down. Similarly, drill-down is the reverse of roll-up and allows the de- 
aggregation o f information moving from higher to lower levels of granularity. 
So, when we have the result of a query which includes restaurants that are 
located in Athens, we can take a result that includes restaurants located at 
Acropolis, using the drill-down operator.
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Chapter 5

Caching Context States

5.1 T h e  C o n te x t  T ree

5.2 Q u e ry in g  th e  C o n te x t T ree

5.3 Q u e ry in g  w ith  A p p ro x im a te  R e su lts

5.4 Q u e ry in g  U sing  H ie ra rch ies

5.5 A d d itio n a l Issu es

5.6 B lo o m -B ased  In d e x  for th e  C o n te x t TVee

In  th is  c h a p te r , w e d iscu ss  issues re g a rd in g  im p ro v in g  th e  p e rfo rm a n c e  o f  

o u r  sy s te m . In  p a r t ic u la r ,  w e d iscu ss  how  w e c a n  s to re  (cach e) r e s u lts  o f  p re v i­

o u s q u e rie s  e x e c u te d  a t  a  specific  c o n te x t, so t h a t  th e s e  re s u lts  c a n  b e  re -u sed  

by  su b se q u e n t q u e rie s . F ir s t ,  w e d esc rib e  a  h ie ra rc h ic a l d a t a  s t r u c tu r e ,  ca lled  

c o n te x t  tr e e , t h a t  is u sed  to  in d ex  th e se  re su lts . T h e n , w e show  h ow  se a rc h  in  

th is  d a t a  s t r u c tu r e  ca n  b e  im p ro v ed  u s in g  a n  a d d it io n a l  h a s h -b a s e d  in d e x  to  
te s t  for m e m b e rsh ip  in  th e  c o n te x t tre e .

5.1 The Context Tree
A ssu m e t h a t  th e  c o n te x t e n v iro n m e n t C x  h a s  n  c o n te x t  p a ra m e te rs  { c i ,  C2, . . . ,  

Cn}. A n  a l te rn a tiv e  w ay  to  s to re  a g g re g a te  p re fe ren ces  u ses a  c o n t e x t  tr e e , a s  

show n in  F ig . 5 .1 . T h e  c o n te x t tre e  is u sed  to  s to re  a g g re g a te  p re fe ren ces  
t h a t  w ere  c o m p u te d  a s  re su lts  o f  p rev io u s  q u e rie s , so  t h a t  th e s e  re s u lts  c a n  b e
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F ig u re  5.1: A  c o n te x t tre e .

re -u sed  by  su b se q u e n t ones. T h e re  is o n e  c o n te x t tr e e  p e r  u se r  o r  p e r  sy s te m - 

'd e f in e d  p ro file  (i.e ., p e r  g ro u p  o f  u se rs  w ith  s im ila r  in te re s ts , see  S e c tio n  2 .5). 

T h e  m a x im u m  h e ig h t o f  th e  c o n te x t tre e  is e q u a l to  th e  n u m b e r  o f  c o n te x t 

p a ra m e te rs  p lu s  one. E a c h  c o n te x t p a ra m e te r  is m a p p e d  o n to  o n e  o f  th e  levels 

o f  th e  tr e e  a n d  th e re  is o n e  a d d itio n a l level fo r th e  leaves. F o r s im p lic ity , a ssu m e  

th a t  c o n te x t p a ra m e te r  c* is m a p p e d  to  level z. A  p a th  in  th e  c o n te x t  tre e  

d e n o te s  a  c o n te x t s ta te , i.e ., an  a ss ig n m e n t o f  v a lu es  to  c o n te x t  p a ra m e te rs .

A t th e  lea f n o d es, w e s to re  a  lis t o f ids, e .g ., r e s ta u r a n t  id s , a lo n g  w ith  th e ir  

a g g re g a te  sco res for th e  a sso c ia te d  c o n te x t s ta te ,  t h a t  is, for th e  p a th  fro m  th e  

ro o t  lead in g  to  th e m . In s te a d  o f s to r in g  a g g re g a te  v a lu es  for a ll n o n -c o n te x t 

p a ra m e te rs , to  b e  sto rag e-e ffic ien t, w e ju s t  s to re  th e  to p  — k  id s  (k ey s) , t h a t  is 

th e  ids o f  th e  ite m s  h av in g  th e  /^-highest a g g re g a te  sco res  fo r th e  p a th  lead in g  to  

th em . T h e  m o tiv a tio n  is th a t  th is  allow s us to  p ro v id e  u se rs  w ith  a  fa s t  an sw er 

w ith  th e  d a ta  ite m s  th a t  b e s t  m a tc h  th e ir  query . O n ly  if  m o re  th a n  A:-results 

a re  n eed ed , a d d itio n a l c o m p u ta tio n  w ill b e  in it ia te d . T h e  lis t o f  id s  is s o r te d  in  

d ec rea s in g  o rd e r  acco rd in g  to  th e ir  scores.

T h e  c o n te x t tre e  is c o n s tru c te d  in c re m e n ta lly  each  tim e  a  c o n te x t-a w a re  

q u e ry  is c o m p u te d . E a c h  n o n -lea f n o d e  a t  level k  c o n ta in s  cells o f  th e  fo rm  

[ k e y ,p o in te r ] ,  w h ere  k e y  is eq u a l to  Ckj €  d o m (c k )  for a  v a lu e  o f  th e  c o n te x t 

p a ra m e te r  Ck t h a t  a p p e a re d  in  som e p rev io u sly  c o m p u te d  c o n te x t  q u ery . T h e  

p o in te r  o f each  cell p o in ts  to  th e  n o d e  a t  th e  n e x t low er level (level k  -1-1) 

c o n ta in in g  all th e  d is t in c t  va lues o f th e  n e x t c o n te x t  p a ra m e te r  (p a ra m e te r  

Ck +i )  t h a t  a p p e a re d  in  th e  sam e  c o n te x t q u e ry  w ith  c^·. In  a d d it io n , k e y  m ay  
ta k e  th e  sp ec ia l v a lu e  a n y ,  w hich co rre sp o n d s  to  th e  lack  o f  th e  sp ec if ica tio n  

o f th e  a s so c ia te d  c o n te x t p a ra m e te r  in th e  query . F o r ex a m p le , a s su m e  tw o 

c o n te x t p a ra m e te rs , lo c a t io n  a n d  w e a th e r  an d  th a t  w e a th e r  is a ss ig n ed  to  level 
m  o f th e  tre e  a n d  lo c a t io n  to  th e  level ju s t  below  it, level m  +  1. T h e n , ta k e  for 

in s ta n c e  a  query , w h ere  th e  u ser specifies w e a th e r  =  c lo u d y , b u t  g ives no  va lue
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query 1 /  cloudy /  Plaka 
query 2 /  cloudy / Acropolis 
query 3 / sunshine /  Plaka 
query 4 / cloudy / *

F ig u re  5.2: A  s e t  o f  a g g re g a te  p re fe ren ces .

fo r lo c a tio n . T h e n , th e re  w ill b e  a  cell [ c lo u d y , p o i n t e r ]  a t  level m  p o in tin g  to  a  

n o d e  a t  level m -f  1 c o n ta in in g  a  cell [a n y ,p o in te r ] .  In itia lly , th e  c o n te x t  t r e e  is 

em p ty , t h a t  is  th e  ro o t  n o d e  c o n ta in s  a  s ing le  cell o f  th e  fo rm  [ a n y ,  n u l l ] .

T h e  w ay  t h a t  th e  c o n te x t p a ra m e te rs  a re  a ss ig n ed  to  th e  levels  o f  th e  c o n te x t 

tr e e  affec ts  i ts  size. A s a  sim p le  h e u ris tic , c o n te x t p a ra m e te r s  a re  a ss ig n ed  to  
levels b a se d  on  th e  c a rd in a lity  o f  th e ir  d o m a in s : th e  b ig g e r  th e  n u m b e r  o f 

«^distinct va lu es  a  c o n te x t p a ra m e te r  ta k e s , th e  h ig h e r  i t  a p p e a rs  in  th e  c o n te x t 

tre e . W e e x p la in  fu r th e r  th e  m a p p in g  o f  c o n te x t p a ra m e te r s  to  lev e ls  in  S ec tio n  

5 .5 .2 .

In  F ig . 5 .2 , w e p re s e n t a  s e t o f  c o n te x t p re fe ren ces  e x p re sse d  in  fo u r p re v i­

o u sly  s u b m itte d  q u erie s . A ssu m e t h a t  w e h av e  tw o  c o n te x t  p a ra m e te r s ,  w e a t h e r  

a n d  l o c a t i o n  a n d  t h a t  w e a t h e r  is  a ss ig n ed  to  th e  f ir s t  level o f  t h e  t r e e  a n d  

l o c a t i o n  to  th e  n e x t  o ne . L e a f  n o d es  s to re  th e  id s  o f  th e  t o p  — k  r e s ta u r a n ts ,  

t h a t  is  th e  r e s ta u ra n ts  w ith  th e  t o p  — k  h ig h e s t a g g re g a te  sco res . R e la te d  w o rk  

h a s  b een  d o n e  in  th e  a r e a  o f  c o m p u tin g  th e  t o p  — k  o b je c ts  fo r a  q u e ry ’s  r e s u l t  

in  [20, 21, 22]. T h is  w o rk  is p re se n te d  in  c h a p te r  7. F o r  th e  a b o v e  p re fe re n ce  

q u erie s  w e c o n s tru c t  th e  c o n te x t  t r e e  o f  F ig . 5 .3 .

In  th is  tre e , fo r th e  f irs t p re fe ren ce  ( c l o u d y / P l a k a )  w e c o n s t ru c t  th e  f irs t  

p a th  o f  th e  t r e e  ( th e  le f tm o s t o n e). T h e  n e x t  p re fe re n ce  ( c l o u d y / A c r o p o l i s )  h a s  

th e  sa m e  v a lu e  fo r th e  c o n te x t  p a ra m e te r  w e a t h e r  w i th  t h e  f ir s t  o n e , so  w e d o  

n o t  a d d  a n y  n ew  cell to  th e  r o o t  n o d e . N e x t, w e a d d  a  cell fo r A c r o p o l i s  t o  th e  

n o d e  t h a t  th e  r o o t  p o in ts  to .  T h e  th i r d  p re fe re n ce  ( s u n s h i n e / P l a k a )  h a s  v a lu e  

s u n s h i n e  fo r w e a t h e r  a n d  th is  le ad s  to  th e  c re a tio n  o f  a  n ew  cell in  th e  ro o t  

n o d e . A s be fo re , th e  la s t  p re fe ren ce  ( / c l o u d y / * )  h a s  a  c l o u d y  v a lu e  a n d  so , th e  

re m a in in g  p a th  fo r t h a t  p re fe ren ce  h a s  a s  a  p re d e c e sso r  th e  c l o u d y  cell o f  th e  

ro o t. I f  w e follow  th e  a n y  cell o f  th e  c o rre sp o n d in g  n o d e  o f  th e  sec o n d  level, th e  

* o p e ra to r  o f  th is  p re fe ren ce  is sa tisfied .

T h e  a g g re g a te  p re fe ren ces  in  F ig . 5 .2  c a n  b e  d e riv e d  fro m  s im p le  u se rs ’ 
q u e rie s  t h a t  h av e  p re se n te d  in  th e  p re v io u s  c h a p te r . F o r in s ta n c e , th e  q u e ry  
w L o o k  f o r  M a r y 's  m o s t  p r e fe r a b le  r e s ta u r a n t s  i n  t h e  c u r r e n t  c o n t e x t , w h ile  

C S (c u rre n t)  =  { c l o u d y ,  P l a k a } ” , c o rre sp o n d s  to  th e  f irs t  p re fe re n ce  o f  F ig . 5 .2 . 

R esp ec tiv e ly , th e  p re fe ren ce  ( c l o u d y / * )  c a n  b e  ex p re sse d  b y  th e  q u e ry  uL o o k  f o r  

M a r y 's  m o s t  p r e fe r a b le  r e s ta u r a n t s , w h e n  th e  w e a th e r  i s  c lo u d y , i n d e p e n d e n t l y



F ig u re  5.3: A  c o n te x t tre e  for a  specific  pro file .

o f  h e r  lo c a t io n ” . T h is  q u e ry  in  S Q L  is:

•  s e l e c t  R .n a m e , F W .sc o re

f r o m  U sers  U , R e s ta u ra n ts  R , F a c t W e a th e r  F W  

w h e r e  U .u id = F W .u id  a n d  R .r id = F W .r id  a n d  U .n a m e = ‘M a r y '  

a n d  w e a th e r  ̂ c l o u d y '  

o r d e r  b y  F W .sc o re  d e s c ;

W h e n  a  q u e ry  is issued , w e firs t check w h e th e r  th e re  e x is ts  a  c o n te x t  s ta te  

t h a t  m a tc h e s  i t  in  th e  c o n te x t tre e . I f  so, w e re tr ie v e  th e  t o p  — k  r e s u lts  fro m  

th e  a sso c ia te d  lea f n o d e . O th e rw ise , we c o m p u te  th e  a n sw e r a n d  in s e r t  th e  

new  c o n te x t s ta te  in  th e  tree . T h e re  is a  n u m b e r o f  in te re s t in g  v a r ia tio n s . F o r 

in s ta n c e , if th e  q u e ry  in c lu d es  th e  * o p e ra to r  fo r a  c o n te x t  p a ra m e te r ,  w e c a n  

com bine  th e  t o p — k  r e su lts  t h a t  a re  a s so c ia te d  w ith  th e  p a th s  t h a t  h a v e  a n y  v a lu e  

for th is  p a ra m e te r  a n d  th e  sa m e  va lues for a ll th e  o th e rs , to  p ro d u c e  th e  new  

lis t o f t o p  — k  re su lts . F u r th e rm o re , in s te a d  o f  s to r in g  th e  re s u lts  o f  a ll q u e rie s , 

w e m ay  ju s t  s to re  th e  re su lts  o f  th e  m o s t f re q u e n tly  re q u e s te d  o n es. T h is  ca n  

b e  easily  im p le m e n te d  b y  a sso c ia tin g  a  c o u n te r  w ith  ea c h  p a th  a n d  re p la c in g  

(d e le tin g ) fro m  th e  t r e e  th e  p a th  t h a t  is less fre q u e n tly  u sed . O th e r  issu es  re fe r 

to  q u e rie s  w ith  a p p ro x im a te  re su lts  o r  to  q u e rie s  t h a t  th e ir  c o n te x t  p a ra m e te rs  

p a r t ic ip a te  in  d iffe ren t levels o f  h ie ra rchy . A ll th e se  issu es  a re  i l lu s tr a te d  fu r th e r  

in  th e  fo llow ing  sec tio n s .

In  su m m a ry , a  c o n te x t tre e  for n  c o n te x t p a ra m e te rs  sa tis f ie s  th e  fo llow ing 
p ro p e rtie s :

•  I t  is a  d ire c te d  acyclic  g ra p h  w ith  a  s ing le  ro o t  n o d e .

Tt- ·  T h e re  a re  a t  m o s t n + 1  levels, each  o n e  o f  th e  f irs t n  o f  th e m  c o rre sp o n d in g  

to  a  c o n te x t  p a ra m e te r  a n d  th e  la s t  o n e  to  th e  level o f  th e  le a f  no d es.

•  E a c h  n o n -le a f  n o d e  a t  level k  m a in ta in s  cells o f  th e  fo rm  [ k e y ,  p o i n t e r ]  

w h ere  k e y  €  d o m ( c k )  for som e v a lu e  o f  c/t t h a t  a p p e a re d  in  a  q u e ry  o r  k e y  34
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=  a n y .  N o tw o  cells w ith in  th e  sam e  n o d e  c o n ta in  th e  s a m e  key  value . 

T h e  p o in te r  p o in ts  to  a  n o d e  a t  level k  -1- 1 h a v in g  cells w ith  key  va lu es  

w h ich  a p p e a re d  in th e  sam e  q u e ry  w ith  th e  key.

•  E a c h  lea f n o d e  s to re s  a  s e t o f so r te d  p o in te rs  to  d a ta .

T h e  c o n te x t tr e e  resem bles th e  D w arf d a ta  s t r u c tu r e  [23] u sed  to  c o m p u te  

a n d  s to re  d a ta  cu b es. W h ereas  D w a rf  is b u ild  by  sc a n n in g  th e  fa c t  ta b le  a n d  

inc ludes all e x is tin g  c o m b in a tio n s  o f va lues for a ll c u b e  d im en s io n s , th e  c o n te x t 

tre e  is in c re m e n ta lly  c o m p u te d , each  tim e  a  p re fe ren ce  q u e ry  is e v a lu a te d  a n d  

inc ludes o n ly  p a th s  (c o n te x t s ta te s )  p rev io u sly  q u e rie d . F u r th e rm o re , D w a rf  

lea f n o d es  c o n ta in  a g g re g a te  values, w h e reas  th e  c o n te x t  t r e e  le a f  n o d e s  c o n ta in  

o rd e re d  se ts .

5.2 Querying the Context Tree
T h e  c o n te x t tre e  p ro v id es  a n  efficient w ay  to  re tr ie v e  th e  t o p - k  r e s u lts  t h a t  a re  

re le v a n t to  a  p re fe ren ce  query . W h e n  a  q u e ry  is p o sed  to  th e  s y s te m , w e f irs t 

check  if th e re  ex is ts  a  c o n te x t s ta te  t h a t  m a tc h e s  i t  in  th e  c o n te x t  tre e . I f  

so, w e re tr ie v e  th e  to p - k  re su lts  fro m  th e  a sso c ia te d  le a f  n o d e . O th e rw ise , w e 

c o m p u te  th e  an sw er a n d  in se r t  th e  new  c o n te x t s ta te ,  i.e ., th e  n ew  p a th  a n d  
th e  a sso c ia te d  to p - k  re su lts , in  th e  tre e .

H ow ever, in  som e cases, even  if a  p a th  c o rre sp o n d in g  to  a  q u e ry  d o es  n o t 

ex is t in  th e  c o n te x t tre e , th e re  is no  need  to  c o m p u te  th e  an sw e r fro m  s c ra tc h  for 

all k in d s o f qu erie s . In s te a d , i t  m ay  b e  p o ssib le  to  d e riv e  th e  t o p - k  r e s u lts  from  

a  c o m b in a tio n  o f  o th e r  re la tiv e  re su lts . In  o u r  a p p ro a c h , w e use  th is  m e th o d  

w hen  a  o p e ra to r  is co n ta in e d  in  th e  query . M o re  specifically , w h e n  a  q u e ry  

inc ludes th e  v a lu e  for a  c o n te x t p a ra m e te r , we m erg e  th e  t o p - k  r e s u lts  o f  th e  

p a th s  t h a t  h av e  an y  va lue  for th is  p a ra m e te r  a n d  th e  sa m e  v a lu es  for all th e  
o th e rs , in o rd e r  to  ta k e  th e  to p - k  re su lts  o f th e  new  query .

F o r ex a m p le , for th e  c o n te x t tre e  o f F ig . 5 .3 , w h en  w e h av e  th e  q u e ry  

* /P laka>  w e e x e c u te  a  m erg e  s o r t  a lg o rith m  to  m erg e  th e  r e s u lts  o f  th e  f irs t an d  

th e  la s t  p a th . N e x t, w e in se r t  th e  new  c o n te x t s ta te  in  th e  tre e . F ro m  th is  new  
p a th ,  we can  re tr ie v e  th e  com bined  to p - k  re su lts .

A s re fe rred  ab o v e , a  q u e ry  is a  s im p le  tra v e rsa l on  th e  c o n te x t  t r e e  fro m  th e  

ro o t  to  a  leaf. A t level z, we sea rch  for th e  cell h a v in g  as  key  th e  i th  v a lu e  in 
th e  q u e ry  a n d  d escen d  to  th e  n e x t level. I f  th e  i Ul v a lu e  is a n y  ( re sp e c tiv e ly  

th e  o p e ra to r ) ,  we follow th e  p o in te r  o f th e  a n y  cell. F o r a  c o n te x t  tr e e  w ith  

n  c o n te x t p a ra m e te rs  (c i,C 2, . . .  , c n ), if each  p a ra m e te r  h a s  \ d o m ( c i ) \  va lu es  in 

its  d o m a in , th e  m ax im u m  n u m b e r o f cells t h a t  a re  re q u ire d  to  b e  v is ite d  for
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a  q u e ry  is \ d o m ( a ) \  4* \d o m ( c 2 )\ 4· . . .  +  \d o m { c n ) \ .  E a c h  q u e ry  is fa s t , sim ply , 

b ecau se  i t  involves e x a c tly  such  n o d e  v is its  as th e  h e ig h t o f  th e  t r e e  m in u s  one, 
i.e., as  th e  n u m b e r o f th e  c o n te x t p a ra m e te rs . A lg o rith m  1 below  p re s e n ts  th e  

sea rch  p ro cess  in  th e  c o n te x t tree .

A l g o r i t h m  1 S e a rc h JP a th -A lg o rith m ___________________________________________

I n p u t :  n o d e , q u e ry [ ]

O u t p u t :  t o p  — k  r e s u l t s  

i f  q u e r y  [ctr] ! =  — 1 t h e n

/*  c tr  re fe rs  th e  level o f th e  q u e ry  * /  

w h i le  n o t  all th e  ex is tin g  cells a re  ex am in ed  d o  

i f  th e  key  o f  a  cell is eq u a l w ith  q u e r y  [ctr] t h e n  

c t r  -f 4 ;
i f  th is  is th e  la s t  level o f  th e  q u e ry  t h e n  

r e t u r n  th e  t o p  — k  lis t 

e n d  i f

call S e a rc h -P a th _ A lg o rith m  (n o d e  -*  c h i l d , q u e r y )  

r e t u r n  

e n d  i f  

e n d  w h i le  
e n d  i f  * So,

5.3 Querying with Approximate Results
W e fu r th e r  e x te n d  o u r  a p p ro a c h  by  check ing  w h en  th e  t o p  — k  r e s u lts  c a n  b e  

deriv ed  fro m  a  c o m b in a tio n  o f  re la tiv e  re su lts  for a  q u e ry  w ith  a  **’ o p e ra to r .

So, for a  specific  c o n te x t p a ra m e te r , if  i ts  v a lu e  is a  c* ’, w e check  if th e  n u m b e r 

o f th e  e x is tin g  v a lu es  o f  th e  sam e  p a ra m e te r  in  th e  sa m e  n o d e  in  th e  c o n te x t  tre e  

is la rg e r th a n  a  th re sh o ld  value. O n ly  in  th is  case , i.e ., in  th e  case  t h a t  th e re  

a re  m o re  th a n  x %  va lues o f th e  c o rre sp o n d in g  p a ra m e te r  in  th e  tre e , w e m erg e  

th e  re la tiv e  re su lts . O th e rw ise , w e c o m p u te  th e  an sw er. T h e  th re s h o ld  x %  is 

ca lled  a p p r o x im a t io n  c o v e r a g e  th r e s h o ld . T h e  v a lu e  for th e  th re s h o ld  p a ra m e te r  
m ay  b e  e ith e r  sy s te m  defined  o r  g iven as  in p u t  by  th e  user.

F or in s ta n c e , for th e  p rev io u s q u e ry  ( * / P l a k a ), th e  c o r re sp o n d in g  n o d e  in 
. th e  c o n te x t tre e  (F ig . 5.3) h as  tw o o f th e  th re e  va lues o f  th e  w e a th e r ’s d o m a in . 

W e rem in d  t h a t  th is  d o m a in  h as  th e  values: r a i n y , c l o u d y , a n d  s u n s h i n e .  So, 

if th e  a p p ro x im a tio n  coverage  th re sh o ld  h as  a  v a lu e  t h a t  is less o r  e q u a l to  

66 .67%  th e  re s u lt  com es as befo re . O th e rw ise , w e c o m p u te  th e  t o p  -  k  re su lts  
from  sc ra tc h .
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A n a lte rn a tiv e  m e th o d  su p p o r ts  q u erie s  t h a t  g ive as  a n sw ers  a p p ro x im a te  

re su lts . So, in s te a d  o f d escen d in g  to  th e  n e x t level o f th e  tr e e  o n ly  if  a  cell h a s  

th e  sam e  v a lu e  w ith  th e  co rre sp o n d in g  q u e ry ’s v a lu e , w e c o n tin u e  to  tra v e rse  

th e  tre e  if  a  cell h a s  a  re la tiv e  to  th e  q u e ry ’s v a lu e  a n d  n o t  th e  s a m e  one. W e 
in tro d u c e  a  neighborhood approximation threshold to  ex p re ss  w h en  tw o  va lu es  

a re  re la tiv e . T h e  v a lu e  for th is  th re sh o ld  is d iffe ren t for each  c o n te x t  p a ra m e te r  

an d  d e p e n d s  'on i ts  d o m a in . A s before , th e  th re sh o ld  m a y  b e  e i th e r  d e te rm in e d  

by th e  u se r o r  is sy s te m  defined . In  an y  case, i t  is n e c e ssa ry  to  s to re  so m e  e x tr a  

in fo rm a tio n  t h a t  co n cern s  th e  values th a t  a re  a p p ro x im a te  v a lu es  w ith  o th e rs .

F or ex am p le , th e  q u e ry  rainy/Plaka  c a n  g ive us th e  re s u lts  o f  th e  f irs t top-k 
lis t, (F ig . 5 .3 ), if  a  u se r co n sid e rs  th a t  th e  va lu es  ra in y  a n d  cloudy  a re  s im ila r. 

A s d ep ic te d  in  F ig . 5 .3 , th e se  re su lts  a re  a sso c ia te d  w ith  th e  q u e ry  cloudy/Plaka.
F u rth e rm o re , w e a re  in te re s te d  to  know  how  th e  t r a n s i t io n  fro m  a  c o n te x t 

^ t a t e  to  a n o th e r  affects th e  a g g re g a te  sco res o f  th e  tu p le s . In  p a r t ic u la r ,  in  o rd e r  

to  show  how  m uch  s im ila r th e  top-k re su lts  a re , w h en  tw o  a p p ro x im a te  q u erie s  

a re  posed  in th e  sy s tem , we firs t p ro v e  th e  in tu it iv e  p ro p e r ty  t h a t  ev en  “sm a ll” 

ch an g es in  c o n te x t va lues m ay  lead  to  d iffe ren t r a t in g . T h e n , w e p ro v e  t h a t  

“sm a ll” ch an g es in c o n te x t va lues betw een  a  c o n te x t s ta te  s  a n d  a  c o n te x t  s ta te  

s '  lead s to  “sm a ll” ch an g es in  th e  r a t in g  o f  th e  q u e r ie s ’ re su lts .

S u p p o se  for ex am p le , tw o c o n te x t p a ra m e te rs  as re le v a n t: weather a n d  lo­
cation. A ssu m e t h a t  w e a th e r  h a s  w eig h t w\ =  0 .6  a n d  lo c a tio n  h a s  w e ig h t 

W 2 =  0.4. A lso, su p p o se  re su lts  th a t  in c lu d e  tw o  tu p le s : th e  r e s ta u r a n t  Ith a k a  
(£i) an d  th e  r e s ta u ra n t  Golden Lake (£2)· W e a ssig n  d eg rees  to  p re fe re n ce s  as 

follows. T u p le  t\ h a s  d eg ree  o f in te re s t  0 .9  w h en  th e  w e a th e r  is sunshine , 0 .7  for 

cloudy w e a th e r  a n d  0 .6  for rainy  w e a th e r . A lso, t\ h a s  d e g re e  0 .9  w h e n  th e  u se r 

is in Ioannina  a n d  0 .7  w hen  th e  u ser is a t  Anatoli. T u p le  £2 h a s  d e g re e s  0 .6 , 0 .8 , 

0.9 w hen  we h av e  sunshine , cloudy a n d  rainy  w e a th e r , re sp ec tiv e ly . F in a lly , th e  

degrees o f in te re s t  a re  0 .6  a n d  0.8, w hen  th e  u se r is in  Ioannina  o r  a t  Anatoli.
N o te  t h a t  w e su p p o se  th a t  th e  values cloudy a n d  rainy  for th e  c o n te x t  p a ­

ra m e te r  w e a th e r  a re  s im ila r  an d  so, th e ir  sco res h av e  n e a rb y  v a lu es . In  th a t  

way, for th e  q u e ry  c lo u d y /Io a n n in a , t \  h a s  a g g re g a te  sco re  w \  * d \  4- =

0.6 * 0 .7  -1- 0 .4  * 0 .7  =  0 .78  a n d  £2 h a s  sco re  0.6 * 0 .8  +  0 .4  * 0 .6  =  0 .72 . F o r th e  

s im ila r  q u e ry  r a in y /Io a n n in a , t \  h a s  sco re  0.72 a n d  £2 0 .78 . C o n seq u en tly , as 

re fe rred  ab o v e , sm all ch an g es in c o n te x t va lues lead s  to  a  d iffe ren t r a t in g  o f  th e  
q u e rie s ’ re su lts .

N ex t, w e p ro v e  th a t  “sm a ll” ch an g es in  c o n te x t v a lu es  lead  to  “sm a ll” 
ch an g es in th e  ra t in g  o f th e  q u e rie s ’ re su lts .

M ore  ‘specifically , le t £1 an d  £2 b e  tw o tu p le s  a n d  s a n d  s ' b e  tw o  c o n te x t 

s ta te s . A ssum e th a t  in s, t\ a n d  £2 have  a g g re g a te  sco res d\ a n d  d 2 re sp e c tiv e ly  
an d  in  .s', d[ a n d  d'2 respective ly . W h en  th e  tw o c o n te x t s ta te s  a re  s im ila r , we
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w ould  like th e  fo llow ing to  hold:

Mi — cfel <  e  =>· (5.1)

Mi-41 <5 (5 .2 )

w h ere  ε  a n d  δ  a re  “sm a ll” p o s itiv e  c o n s ta n ts .

♦  A ssu m e fu r th e r , t h a t  if tw o  c o n te x t s ta te s  h av e  s im ila r  v a lu es , th e n  th e  sco res

o f th e  tu p le s  a re  s im ila r  t h a t  is, for ev e ry  t  a n d  fo r a  specific  c o n te x t  p a ra m e te r ,

I da — d'it | <  ε (5 .3)

for a  sm all c o n s ta n t  ε ',  w ith  0 <  ε ' <  1.

W ith  th e  fo llow ing p ro p e rty , w e p ro v e  t h a t  w h en  o n ly  o n e  o f  th e  d eg rees  o f  

“t h e  c o n te x t p a ra m e te rs  is ch an g ed , ί  =  ε  +  2 * ^ ι * ε / , w h e re  ε ' is th e  d ifference  

b e tw een  th e  d eg rees  o f  in te re s t  o f th e  sam e  c o n te x t  p a ra m e te r  o f  tw o  s im ila r  

c o n te x t s ta te s , a n d  w \  is th e  w eig h t o f  th e  c o n te x t p a ra m e te r  t h a t  i t s  v a lu e  is 

ch an g ed .

P r o p e r t y  1 Let t\ , t2 be two tuples that have aggregate scores d \ , d2 in  a 
context state s and d [ , df2 in  a context state s ' respectively. When s, s '  are 
sim ilar, i.e ., \dit —d'it \ < ε ', and only one o f the degrees o f the context parameters 
is changed, i f  \d\ — cfel <  ε then, \d[ — d'2\ < ε +  2 * w\ * ε '.

P r o o f  S ince o n ly  o n e  o f  th e  d eg rees  o f  th e  c o n te x t  p a ra m e te r s  is c h a n g e d , w e 

have:

d i =  w i * ditl 4* Σ ”β 2 Μ* * d+h

d2 = w i *  d u 2 +  T ^ 2 wi *

a n d

d\ — -f· 5j£_2Wi * diti

d 2 — W \ * d n 2 -f * d a 2

*  F ro m  (5 .3 ), for th e  ab o v e  tw o tu p le s  w e have:

\diti — d'Ul | <  ε '

(5 .4)

(5 .5)

(5 .6)

(5 .7)

(5 .8)
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\ ά ΐ Η - < ί Ι Η \ < ε '  (5 .9)

P ro m  (5 .4 ), (5 .5) a n d  (5 .6 ), (5 .7 ), E q u a tio n s  (5 .1 ), (5 .2 ) c a n  b e  w r i t te n  as:

\w \  * d i tl  4- Σ ”=2^ ι  * d it l  - w i *  d u 2 -  * d u 2 \ <  ε  (5 .10)

|w i * d fl t l  4- Σ"=2 w i * d it l  -  w i *  d!lt2  -  Σ ”_ 2^ ί  * d i t2 1 <  δ  (5 .11)

a n d  so, w e w ou ld  like to  p ro v e  th a t  if  (5 .10) h o ld s , th e n  E q u a t io n  (5 .11 ) h o ld s , 

w ith  th e  a s su m p tio n s  o f  (5 .8) a n d  (5 .9).

F ro m  (5 .10 ), w e have: - ε  <  w \  * ά ι ι 1 + Σ * - 2υ , ί * d iti  — w i * d i t2 — ^>Z=2w i * d i t 2 

<  £ =>

a < w  i *  dfl t l  4- EJLjWi * d u  i -  w i *  d flt2 -  Σ-ι=2^  * d%t2 <  b (5.12)

w ith  a = —e — w i*  d i t ,  4- w i * d!Ul +  w i * d\t2 —w \ *  d!lt2 a n d  6 =  e — w\ * d\tl 4- 

w i * d'ltl + W X *  dU2 -  w i *  d'lt2.
P ro m  (5 .8 ), a n d  (5 .9) w e c a n  ta k e  th a t :  d\t2 — dflt2 > —s ' a n d  dflt l — d\tl > 

- ε ' ,  a n d  so, a =  —ε + υ ) ι * ( ά 'η ι  - d i t l ) 4 - w i* ( d i t2 - d [ t2) >  - £ - w i * e r- w i * e '  =  
—ε — 2 * w i * ε ',  i.e ., a >  — ε  — 2 * w\ * ε '.

F u r th e rm o re , from  (5 .8 ), a n d  (5 .9) w e ca n  ta k e  th a t :  d u 2 — d'l t2  <  e '  a n d  

d'l t l  -  d U l <  ε ',  a n d  so , b =  ε +  w i  * (d'l t l  -  d U l ) +  w i  * ( d U2 -  d fl t 2 ) <  

ε  -I- w \  * ε ' 4- w \  * ε ' =  ε  4- 2 * w \  * ε ',  i.e ., 6 <  ε  4· 2 * w \  * ε '.

P ro m  th e  ab o v e , (5 .12) can  b e  w ritte n : — ε  — 2*u>i * ε ' <  w \  * d 'l t l  4- %Z=2w i * 

ditl - w \ *  d'lt2 -  * du2 < £  +  2 * w i * £ r =>

\w i  * d [ tl  +  Σ JL2iUi * d itl -  w i * d'lt2 -  Σ 5L2^ i  * d iia | <  ε  4- 2 * w i * £ f (5 .13)

a n d  th u s , th e  e q u a tio n  (5 .11) ho lds, w ith  δ =  ε  4- 2 * w i * ε '.
W e g en e ra lize  P ro p e r ty  1 for th e  case  w h e re  m o re  th a n  o n e  o f  th e  d eg rees  o f  

th e  c o n te x t p a ra m e te rs  a re  ch an g ed . T h u s:

Property 2 Let t\,  t i  be two tuples that have aggregate scores d \, d2 in  a 
context state s and d [ ,  d'2 in  a context state s ' respectively. When s, s ’ are 

sim ilar, i.e ., \du - d 'i t | <  ε ',  i f  \di -  Gfe| <  ε then, \d[ — d 2 | <  ε 4- 2 * (w i 4-W 2 +  
r . . .  4- wn) * ε ' .

T h e  p ro o f  o f  P ro p e r ty  2 p ro ceed s  s im ila r  to  th e  p ro o f  o f  P r o p e r ty  1.
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F ig u re  5.4: T h e  h ie ra rc h y  t r e e  o f  lo c a t io n .

5.4 Querying Using Hierarchies
A e x ten sio n  o f o u r m o d el s u p p o r ts  h ie ra rch ies  in  p o s in g  a n d  a n sw e rin g  c o n te x t-  

aw are  q u eries . W ith  th is  e x ten s io n , a  q u e ry  m ay  c o n ta in  a  c o n te x t  p a ra m e te r  

th a t  p a r t ic ip a te s  in  a  n o n  lea f  level o f th e  h ie ra rch y . W h e n  a  q u e ry  is issu ed  

a n d  th e  value  o f a  c o n te x t p a ra m e te r  is g iven  in  a n  u p p e r  level o f  th e  h ie ra rch y , 

we com bine  th e  to p - k  re su lts  th a t  a re  a s so c ia te d  w ith  p a th s  t h a t  c o n ta in  th e  

co rre sp o n d in g  values o f  th e  g iven  va lue  in  th e  query .

T h e  o n ly  e x t r a  in fo rm a tio n  th a t  needs to  b e  s to re d  c o n c e rn s  th e  h ie ra rc h y  

o f th e  c o n te x t p a ra m e te r . W e s to re  th is  h ie ra rc h y  in  a  tre e . T h e  h e ig h t o f  th e  

h ie ra rc h y  tre e  is eq u a l to  th e  n u m b e r o f  th e  h ie ra rc h y  levels m in u s  1. E a c h  n o d e  

o f th e  tre e  c o n ta in s  cells o f  th e  fo rm  [key , p o i n t e r ], w h e re  k ey  is e q u a l to  a  v a lu e  

o f th e  c o rre sp o n d in g  level o f th e  h ie ra rchy . T h e  p o in te r  o f  ea c h  ce ll p o in ts  to  

th e  n o d e  a t  th e  n e x t low er level.

In  th e  fo llow ing ex am p le , w e show  how  th is  v a r ia tio n  o f  th e  c o n te x t  t r e e  is 

used . F ig u re  5.4 re p re se n ts  th e  h ie ra rc h y  tr e e  for th e  c o n te x t  p a ra m e te r  lo c a t io n .  

In  th e  ro o t  o f  th e  tre e , we s to re  in fo rm a tio n  a b o u t  c itie s  in  G r e e c e .  E a c h  cell 

o f th e  ro o t  p o in ts  to  specific  reg ions o f a  city. So, fo r th e  c o n te x t  t r e e  o f  F ig . 

5.3, w hen  we have  th e  q u e ry  c l o u d y / A t h e n s ,  we re tr ie v e  th e  reg io n s  o f  A t h e n s  

from  th e  h ie ra rc h y  tre e  a n d  th e n  we m erge  th e  to p - k  r e s u lts  t h a t  a re  a s so c ia te d  

w ith  th e  c o n te x t s ta te s  t h a t  have  for w e a th e r  th e  v a lu e  c lo u d y  a n d  fo r lo c a tio n  

values re tr ie v e d  fro m  th e  h ie ra rch y  tre e . In  t h a t  w ay, th e  sy s te m  r e tu r n s  a  lis t 
o f to p - k  re su lts .

5.5 Additional Issues

5.5.1 Replacement Policies
T h e  c o n te x t tre e  is an  a l te rn a tiv e  s t ru c tu re  to  th e  cu b e . W e u se  i t  to  s to re  

a g g re g a te  p re fe ren ces th a t  w ere c o m p u te d  as re su lts  o f  p re v io u s  q u e rie s , so  t h a t  
th e se  re su lts  can  b e  re -u sed  by su b se q u e n t ones. T h e  m a in  re a so n  is sp ace
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an d  tim e  efficiency. T h is  tre e  is c o n s tru c te d  in c rem en ta lly . In  t h a t  w ay, each  

tim e  a  p re fe ren ce  q u e ry  is ev a lu a ted , th e  p a th  t h a t  c o rre sp o n d s  to  th e  c o n te x t 
s ta te  o f th e  q u e ry  is ad d ed  to  th e  tree . In  o rd e r  to  keep  th e  tr e e  in  m em ory , 

it  is d e s irab le  to  ta k e  up  lim ited  space . T h u s , in s te a d  o f  s to r in g  th e  re su lts  o f 

all c o n te x t-a w a re  queries, we m ay  ju s t  s to re  th e  re su lts  o f  th e  m o s t f req u en tly  

re q u e s te d  ones. T h is  v a r ia tio n  o f th e  c o n te x t tre e  im p ro v es q u e ry  p e rfo rm a n c e , 

b ecau se  in th is  case  less tim e  is req u ired  for tra v e rs in g  th e  c o n te x t  tre e .

In  g en e ra l, th e  c o n te x t tre e  is used  to  cache  c o n te x t s ta te s  t h a t  a re  re la te d  

w ith  p rev io u s  su b m itte d  queries. T h is  tre e  can  s to re  a  specific  n u m b e r  o f  c o n te x t 

s ta te s , a n d  so, i t  m ay  b e  needed  to  d e le te  som e o f th e m . W e c o n s id e r tw o 

re p la c e m en t po lic ies for choosing  w hich  p a th s  to  d e le te  fro m  th e  c o n te x t  tree . 

T h e  firs t one  uses th e  L R U  ( L e a s t  R e c e n t l y  U se d )  a lg o rith m : we re p la c e  th e  

p a th  th a t  w as used  le a s t recen tly . To im p lem en t th is  po licy , w e s to re  th e  tim e  

£ f  th e  la s t access o f a  p a th  a t  each  p a th  o f th e  tre e  a n d  w e re p la c e  - d e le te  th e  

p a th  w ith  th e  o ld es t (sm alle s t)  such  value. T h e  seco n d  re p la c e m e n t p o licy  uses 

th e  L F U  ( L e a s t  F r e q u e n t ly  U se d )  a lg o rith m : w e re p la c e  th e  p a th  t h a t  is le a s t 

freq u en tly  used. T h is  can  b e  easily  im p lem en ted  by  a s so c ia tin g  a  c o u n te r  w ith  

each  p a th . T h e  c o u n te r  m a in ta in s  th e  n u m b e r o f tim e s  t h a t  th e  c o rre sp o n d in g  

p a th  is accessed . So, we d e le te  from  th e  tre e  th e  p a th  h a v in g  th e  c o u n te r  w ith  

th e  sm a lle s t value.

5.5.2 Mapping Context Parameters to Levels
T h e  choice o f th e  o rd e r in g  o f th e  c o n te x t p a ra m e te rs  h a s  a n  effec t o n  th e  to ta l  

size o f th e  c o n te x t tre e . In  p a r t ic u la r , c o n te x t p a ra m e te rs  w ith  h ig h e r  c a rd in a l­

ities  in th e ir  d o m a in s  a re  m o re  b enefic ia l if th e y  a re  p la c e d  o n  th e  h ig h e r  levels 

o f th e  c o n te x t tre e . U sing  th is  m ap p in g , w e e lim in a te  th e  to ta l  s to ra g e  sp a c e  o f  

th e  c o n te x t tre e , b e c a u se  th e  to ta l  n u m b e r  o f  cells is sm a lle r . F o r in s ta n c e , if 

th e  d o m a in  o f th e  f irs t level o f th e  tre e , i.e ., th e  ro o t  o f  th e  tre e , h a s  no v a lues, 

th e  second  level h a s  n \  values, an d  th e  la s t  o n e  n ^ , th e  to ta l  n u m b e r  o f  cells is 

no * (1 4- r i\ * (1 -f . . .  (1 +  n ^ )) ) .  T h u s , w h en  no <  n \  <  . . .  <  n*  th e  ab o v e  
n u m b e r is a s  sm a ll as possib le .

T h is  w ay o f  ass ig n in g  p a ra m e te rs  to  levels is a  s im p le  h e u r is tic  m e th o d . 

U n fo rtu n a te ly , th e  b e s t m a p p in g  d e p e n d s  on  th e  q u e ry  w o rk lo ad . F o r ex am p le , 

if w e h av e  m an y  q u e rie s  w ith  a  **’ o p e ra to r  for a  specific  c o n te x t  p a ra m e te r ,  i t  is 

efficient to  ass ig n  th is  p a ra m e te r  to  th e  h ig h e s t level o f  th e  tre e . C o n seq u en tly , 
th e  se m a n tic s  o f  each  p a ra m e te r  in  co m b in a tio n  w ith  th e  q u e ry  w o rk lo a d  o f  th e  

sy s te m  c o n s ti tu te s  a  b as ic  fac to r for ass ig n in g  c o n te x t  p a ra m e te rs  to  levels.
T h e  o rd e r in g  used  w ill e ith e r  b e  th e  o n e  g iven  by  th e  u se r  (if o n e  h as  been  

specified ), o r  w ill b e  a u to m a tic a lly  chosen  by  th e  sy s te m  a f te r  d e te rm in in g  th e
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F ig u re  5.5: A  B lo o m  filte r w ith  4 h a sh  fu n c tio n s .

c a rd in a litie s  o f  th e  p a ra m e te rs  d o m a in s  a n d  p o te n tia l ly  th e  q u e ry  w o rk lo a d .

£.6 Bloom-Based Index for the Context Tree
In  o rd e r  to  im p ro v e  th e  q u e ry  p e rfo rm a n c e  o f th e  c o n te x t  tre e , w e p ro p o se  u sin g  

B loom  filte rs  [24]. A B loom  filte r is a  m a in -m e m o ry  d a t a  s t r u c tu r e  t h a t  su p ­

p o r ts  v e ry  efficient m em b ersh ip  queries. W h e n  a  new  q u e ry  fo r a  c o n te x t  s ta te  

is s u b m itte d  by th e  user, in s te a d  o f  se a rc h in g  th e  c o n te x t  t r e e  for a  m a tc h in g  

c o n te x t s ta te ,  th e  B lo o m -b ased  d a ta  s t ru c tu re  is c o n d u c te d  f irs t. G iv e n  a  con ­

te x t  s ta te ,  th e  B lo o m -b ased  d a ta  s t ru c tu re  p ro v id es  a  q u ick  a n sw e r o n  w h e th e r  

th is  s ta te  ex is ts  in  th e  tre e . I f  th e  c o n te x t s ta te  d o es n o t  e x is t, th e n  re tr ie v in g  

th e  e n tire  c o n te x t tre e  is avo ided .

5.6.1 Bloom Filters Preliminaries
A B loom  filte r is a  space-effic ien t p ro b a b ilis tic  d a t a  s t r u c tu r e  t h a t  is u sed  to  

te s t  w h e th e r  o r  n o t  a n  e lem en t is a  m em b er o f  a  se t. T h is  m e th o d  is u sed  for 

re p re se n tin g  a  s e t  A  =  a i ,  a 2, . . . ,  a* o f l e lem en ts  (a lso  ca lled  keys) to  s u p p o r t  

m e m b ersh ip  q u e rie s  ( i s  e l e m e n t  X  i n  s e t  Y ? ) .  T h e  id e a  is to  a l lo c a te  a  v e c to r  

v  o f m  b its  (F ig . 5 .5 ), in itia lly  all s e t to  0, a n d  th e n  ch o o se  /  in d e p e n d e n t h a sh  

fu n c tio n s , h i ,  /12, . . . ,  h / ,  each  w ith  ra n g e  1 to  m . F o r each  e le m e n t A , th e  b its  

a t  p o s itio n s  h i (a ) , /12( a ) , . . . ,  h / ( a )  in v  a re  s e t  to  1. A  p a r t ic u la r  b i t  m ig h t b e  

s e t to  1 m u ltip le  tim es , b u t  o n ly  th e  firs t ch an g e  h a s  a n  effect. G iv en  a  q u e ry  

for b we check th e  b its  a t  p o s itio n s  h i  (6), /i2(&), . . . ,  h / (6 ) .  I f  a n y  o f  th e m  is 0, 

th e n  c e r ta in ly  b is n o t  in th e  se t A .  O th e rw ise  we c o n je c tu re  t h a t  b is in th e  se t 
a lth o u g h  th e re  is a  c e r ta in  p ro b a b ility  th a t  we a re  w ro n g . T h is  is c a lled  a  fa l s e  

p o s i t i v e  (o r a  fa lse  d ro p )  a n d  it  is th e  payoff for B lo o m  f il te rs ’ c o m p a c tn e ss . T h e  

p a ra m e te rs  k  a n d  /  sh o u ld  b e  chosen  such  t h a t  th e  p ro b a b ili ty  o f  a  fa lse  p o s itiv e  

(an d  hen ce  a  false h it)  is a ccep tab le . A lth o u g h  false p o s itiv e s  a re  p o ss ib le , fa lse  
n eg a tiv e s  a re  n o t.
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F ig u re  5.6: T h e  B B F  fo r th e  c o n te x t  t r e e  o f  F ig  5 .3 .

T h e  p ro b a b ili ty  o f  a  fa lse  p o s itiv e  fo r a n  e le m e n t n o t  in  th e  s e t ,  o r  th e  

fa lse  p o s itiv e  r a te ,  c a n  b e  c a lc u la ted  in  a  s tra ig h tfo rw a rd  fa sh io n , g iv en  o u r  

a s su m p tio n  th a t  h a sh  fu n c tio n s  a re  p e rfe c tly  ra n d o m . A f te r  a ll th e  e le m e n ts  o f  

A  a re  h a sh e d  in to  th e  B lo o m  filte r, th e  p ro b a b ili ty  t h a t  a  specific  b i t  is  s t i l l  0  is  

(1 — 1 / τ η Υ 1 ~  w h e re  m  is th e  size  o f  th e  B lo o m  f ilte r , /  is  th e  n u m b e r

o f  h a sh  fu n c tio n s  a n d  l  is th e  n u m b e r o f  e le m e n ts  t h a t  w e in d e x  in  th e  f ilte r .

^  In  th e ir  o rig in a l fo rm , B lo o m  filte rs  p ro v id e d  s u p p o r t  o n ly  fo r s im p le  k ey w o rd  

q u erie s  a n d  n o t  fo r p a th  q u e rie s  su ch  a s  th o se  re p re s e n tin g  c o n te x t  s ta te s .  T o  

th is  en d , in  o u r  p re v io u s  w ork  w e h av e  in tro d u c e d  m u lti- le v e l B lo o m  filte rs , 

n am e ly  B r e a d t h  a n d  D e p t h  B lo o m  f i l t e r s  [25, 26].

5.6.2 Multi-level Bloom Filters
L e t a  c o n te x t tr e e  T  fo r n  c o n te x t p a ra m e te rs  a n d  le t  th e  level o f  th e  r o o t  b e  

level 1. T h e re  a re  tw o  w ays to  h a sh  th e  tre e , c o rre sp o n d in g  to  i t s  b r e a d th  a n d  

d e p th  f irs t tra v e rsa l.

T h e  B r e a d th  B lo o m  F i l t e r  (B B F ) for a  c o n te x t  t r e e  T  w ith  n  c o n te x t  p a r a ­

m e te rs  is a  s e t  o f  n  B lo o m  filte rs  { B B F \ ,  B B F 2 , . . . ,  B B F » } , w h e re  e a c h  B lo o m  

filte r, B B F * , c o rre sp o n d s  to  a n  in te rn a l (i.e ., n o n  le a f)  level i  o f  th e  c o n te x t 

tre e , t h a t  is, th e re  is o n e  f ilte r fo r each  c o n te x t p a ra m e te r  Cj. In  e a c h  B B F , ,  w e 

in se r t a ll k e y s  t h a t  a p p e a r  in  cells in  n o d es  a t  level i  o f  th e  c o n te x t  tre e . F o r 

ex am p le , th e  B B F  for th e  c o n te x t tr e e  o f  F ig . 5 .3  is a  s e t  o f  tw o  B lo o m  filte rs  
(F ig . 5 .6 ).

D e p th  B lo o m  filte rs  p ro v id e  a n  a l te rn a tiv e  w ay  to  s u m m a riz e  c o n te x t  tre e s . 

W e use d iffe ren t B loom  filte rs  to  h a sh  p a th s  o f  d iffe re n t le n g th s . T h e  D e p th  

B lo o m  F i l t e r  ( D B F )  for a  c o n te x t t r e e  T  for n  c o n te x t  p a ra m e te rs  is a  s e t  o f  

B loom  filte rs  { D B F o ,D B F i ,D B F 2, . . . ,  D B F * - 1}, i  <  n .  T h e re  is o n e  B lo o m  

filte r, d e n o te d  D B F , ,  for each  p a th  o f  th e  tr e e  w ith  le n g th  i, t h a t  is, h a v in g  

( i - 1-1) n o d es, w h e re  we in se r t  a ll p a th s  o f  le n g th  i. N o te  t h a t  a  p a th  w ith  le n g th  
r i  <  n  c o rre sp o n d s  to  a  c o n te x t s ta te  in  w hich  th e re  a re  v a lu es  sp ec ified  o n ly  for 

th e  f irs t f  p a ra m e te rs . N o te  t h a t  w e in se r t  p a th s  a s  a  w ho le , w e d o  n o t  h a sh  

each  e le m e n t o f  th e  p a th  se p a ra te ly ; in s te a d , w e h a sh  th e ir  c o n c a te n a tio n . T h e  

D B F  for th e  c o n te x t  tre e  in  F ig . 5 .3  is a  s e t  o f  tw o  B lo o m  f ilte rs  (F ig . 5 .7 ).
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C h a p t e r  6

I m p le m e n t a t io n  an d

E v a lu a t io n

6.1 P ro to ty p e  Im p le m e n ta tio n

6.2 P e rfo rm a n c e  E v a lu a tio n  o f  th e  C o n te x t T ree

6.1 Prototype Implementation
F ig u re  6.1 d e p ic ts  th e  o vera ll sy s te m  a rc h ite c tu re  o f  a  p re fe re n ce  d a ta b a s e  sy s­

tem . T h e  C o n te x t-A w a re  P re fe ren ce  D a ta b a s e  M a n a g e m e n t S y s te m  (D B M S ) 

s to re s  b o th  d a ta b a s e  re la tio n s  a n d  p re fe ren ces t h a t  r e la te  th e  c o n te x t-d e p e n d e n t 

a t t r ib u te s  o f  th e  re la tio n s  w ith  th e  c o n te x t p a ra m e te rs . T o  p ro c e ss  c o n te x t-  

d e p e n d e n t q u erie s , p re fe ren ces a re  ta k e n  in to  a c c o u n t to  p re s e n t  th e  re su lts  

b ased  on  th e ir  p re fe ren ce  sco re  a t  th e  specified  c o n te x t s ta te .  W e a ssu m e  th a t  

th e  va lu es  o f th e  c u r re n t  c o n te x t s ta te  a re  p ro v id ed  as  in p u t  to  o u r  sy s te m .

T o  d e m o n s tra te  th e  feasib ility  o f o u r a p p ro a c h , we h av e  d e v e lo p ed  a  p ro ­
to ty p e  a p p lic a tio n  b ased  on  o u r re fe ren ce  ex am p le . T h e  a p p lic a t io n  is ca lled  

P r e fe r e n c e  R e s t a u r a n t  G u id e  an d  m a in ta in s  in fo rm a tio n  a b o u t  r e s ta u r a n ts  a n d  
r users. I ts  sc h e m a  is th e  one  d ep ic ted  in F ig . 3.2. W e co n s id e r tw o  c o n te x t 

p a ra m e te rs  as re lev an t: l o c a t i o n  a n d  w e a t h e r .  T h e  p ro to ty p e  a p p lic a tio n  is 

b u ild  on  to p  o f  O ra c le  8i, u sing  B o rla n d  JB u ild e r  7. T h e  p ro to ty p e  im p le m e n ts  
all m o d u le s  o f o u r  a p p ro a c h  e x c e p t o f  th e  c o n te x t tre e .
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F ig u re  6.1: O v e ra ll sy s te m  a rc h ite c tu re  o f  a  C o n te x t-D e p e n d e n t P re fe re n c e  

D a ta b a se .

^  W h e n  a  u se r jo in s  th e  sy s te m , sh e  re g is te rs  h e r  a t t r ib u te s  a n d  th e n , sh e  

se lec ts  w hich  c o n te x t p a ra m e te rs  sh e  co n sid e rs  a s  re le v a n t. U se rs  e x p re ss  th e ir  
p re fe ren ces a b o u t  r e s ta u ra n ts  by  p ro v id in g  a  n u m e ric a l sco re  b e tw e e n  0 a n d  

1. T h e  deg ree  o f  in te re s t  t h a t  a  u se r ex p resses  for a  r e s ta u r a n t  d e p e n d s  o n  

th e  va lues o f  th e  c o n te x t p a ra m e te rs , sh e  co n sid e rs  a s  re le v a n t. I f  m o re  th a n  

o n e  c o n te x t p a ra m e te r  is defined  as re lev an t, i.e ., b o th  l o c a t i o n  a n d  w e a t h e r , 

w eigh ts a re  specified  to  ex p ress  how  each  p a ra m e te r  affec ts  th e  c o m p u ta t io n  o f  

th e  a g g re g a te  score.

B esides u se r re g is tra tio n , th e  o th e r  p a r t  o f  th e  a p p lic a tio n  in c lu d e s  q u e ry  

p rocessing . Q u e ry  p ro cess in g  ru n s  in  tw o m odes: c o n te x t-a w a re  a n d  n o n  c o n te x t-  

aw are . In  th e  n o n -c o n te x t aw are  n o d e , p re fe ren ces  a re  ig n o red . In  th e  c o n te x t-  

aw are  m o d e , th e  u se r specifies th e  values o f  th e  c o n te x t-p a ra m e te r s  sh e  is in ­

te re s te d  in , a n d  th e  re su lts  a re  so r te d  acco rd in g  to  th e  u s e r ’s p re fe re n c e  in  th e  

specified  c o n te x t s ta te .  T h e re  is a  d e fa u lt s ta te  t h a t  c o rre sp o n d s  to  th e  c u r re n t  
c o n te x t s ta te .  In  a d d itio n , a  u ser m ay  use a n  O L A P  o p e ra to r  to  e x e c u te  a  

r o l l -u p  o r a  d r i l l - d o w n  to  th e  re su lts  o f  a  query . F o r ex a m p le , su p p o se  a  re su lt  

th a t  c o n ta in s  r e s ta u ra n ts  lo ca ted  in  th e  reg io n  o f A c r o p o l i s .  A  s in g le  r o l l  — u p  

p ro v id es  r e s ta u ra n ts  in  th e  c ity  o f A t h e n s .  In  follow ing, w e p re s e n t a  seq u en ce  

o f in s ta n c e s  o f  th e  a p p lic a tio n  P r e fe r e n c e  R e s t a u r a n t  G u id e .

S u p p o se  t h a t  M a r y  is a t  K i f i s i a  a n d  th e  w e a th e r  is s u n s h i n e , i.e ., th e  

c u r re n t c o n te x t s ta te  is C S (c u rre n t)  =  { K i f i s i a ,  s u n s h i n e ] ,  w h en  s h e  w ou ld  
like to  know  th e  b e s t tw o re s ta u ra n ts ,  a c co rd in g  to  h e r  p re fe re n ce s  t h a t  a re  

r  lo c a te d  a t  K i f i s i a .  T h e  ab o v e  q u e ry  is e x p re ssed  as sho w n  in  F ig . 6 .2  a n d  
th e  re su lt  is d e p ic te d  in  F ig . 6.3. I f  M a r y  chooses to  use  a n  O L A P  o p e ra to r  

to  ex e c u te  a  r o l l  — u p  to  th e  re su lts  o f  th e  q u ery , th e  a p p lic a tio n  r e tu r n s  th e  

r e s ta u ra n ts  t h a t  a re  lo c a te d  in  th e  c ity  o f A t h e n s .  T h e  re s u lts  o f  th is  o p e ra t io n
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K3 find restaurant ... . , ; ^  , · Λ;„  ..·.>.- B l l l j l j S

Query Execution

p

[NAME, score 

[restaurants

[REGION = KHFISIA

Ok I Quit

User's id: 

Select: 

From: 

Where:

F ig u re  6.2: Q u e ry  E x a m p le .

W i show restaurants _

R_NAME
PIAZZAMELA_________ 23
BEAU BRUMMEL 3

R ID
1
1

UJD AGG_SCORE
0.90____________
0.86

F ig u re  6.3: R e su lt E x a m p le .

a re  show n  F ig . 6 .4 .

6.2 Performance Evaluation of the Context Tree
In  th is  sec tio n , w e e v a lu a te  th e  p e rfo rm a n c e  o f  th e  c o n te x t  t r e e  o n  an sw erin g  

q u eries . W e ru n  a  s e t  o f e x p e rim e n ts  w ith  d iffe ren t v a lu es  o n  th e  in p u t  p a ­
r a m e t e r s .  T h e  in p u t  p a ra m e te rs  o f  o u r  e x p e r im e n ts  a re  su m m a riz e d  in  T ab le  

6.1.
•f

W e d iv id e  th e  in p u t p a ra m e te rs  in to  th re e  ca teg o rie s : c o n t e x t  p a r a m e t e r s , 

q u e r y  w o r k lo a d  p a r a m e te r s , a n d  q u e r y  a p p r o x im a t io n  p a r a m e te r s .  In  p a r t ic u la r ,
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RJMAME RJD UJD

— a i m
AGG_SC0RE_0LAP

PIAZZAMELA 23 1 0.90
BEAU BRUMMEL 3 1 0.86
VARDIS 6 1 0.80
MILOS ESTIATORIO 12 1 0.78
BIG DEALS 16 1 0.76
INTERNI 19 1 0.72
HYTRA 10 1 0.68
THE RESTAURANT 13 1 0.60
EDWDH 18 1 0.54

F ig u re  6.4: R e su lt E x a m p le .

w e use  th re e  c o n te x t p a ra m e te rs  as re lev an t a n d  th u s , th e  c o n te x t  t r e e  h a s  th re e  

levels (p lu s  one  for th e  top — k lis ts) . T h e re  a re  tw o  d iffe ren t n u m b e r  o f  sizes for 

th e  cardinalities o f  th e  d o m a in s  o f th e  c o n te x t p a ra m e te rs :  th e  sm all d o m a in  

w ith  5 values a n d  th e  large one  w ith  50 values. F u r th e rm o re , w e use  a  hierarchy 
tree w ith  th re e  levels. T h is  tre e  is a sso c ia te d  w ith  o n e  o f  th e  c o n te x t  p a ra m e te rs .

T h e  approximation coverage threshold re fe rs  to  th e  p e rc e n ta g e  o f  v a lu es  in  

a  n o d e  th a t  need  to  b e  p re se n t for a  c o n te x t p a ra m e te r ,  in  o rd e r  to  c o m p u te  

th e  top — h lis t co m b in in g  o th e r  co m p u te d  lis ts  w h e n  th e re  is a  o p e ra to r  

a t  th e  c o rre sp o n d in g  level in a  new  query . In  a  s im ila r  w ay, th e  neighborhood 
approximation threshold re fers to  th e  a p p ro x im a te  v a lu es  t h a t  a re  re la t iv e  to  th e  

values o f  th e  q u e rie s , w hile  th e  p a ra m e te r  e '  e x p re sse s  th e  d iffe ren ce  b e tw een  

th e  d eg rees o f  in te re s t  o f th e  sam e  c o n te x t p a ra m e te r  o f  tw o  s im ila r  c o n te x t 

s ta te s . F u r th e rm o re , w e use  v a rio u s  va lues for w eights. In  p a r t ic u la r ,  th e re  a re  

tw o cases: a t  th e  f irs t o n e  all th e  w eig h ts  h av e  th e  v a lu e  0 .33 , a n d  a t  th e  second  

o n e  th e  w e ig h ts  w \, W2, a n d  sh a re d  th e  va lues 0 .5 , 0 .3 , a n d  0.2 .

F in a lly , w e p e rfo rm e d  o u r  e x p e rim e n ts  w ith  v a rio u s  n u m b e rs  o f  stored queries 
from  50 to  200 w ith  a  s te p  o f 50 qu erie s , w h ile  th e  n u m b e r  o f  tu p le s  is 1000. 

10%  o f th e  va lu es  a re  T h e  o th e r  90%  a re  e ith e r  uniform ly random  va lues 

from  th e  d o m a in  o f  th e  re la tiv e  c o n te x t p a ra m e te r , o r  follow  th e  z ip fd a t a  d is t r i ­

b u tio n . U sing  th is  d is tr ib u tio n , we can  se lec t th e  v a lu es  t h a t  a re  m o re  fre q u e n t 

in qu erie s , a n d  c h a n g in g  th e  va lue  o f  p a ra m e te r  a , w e ca n  sp ec ify  how  fre q u e n t 
th e se  va lu es  a re . So, for a  d o m a in  w ith  5 va lues (1 to  5 ), w h en  th e  ra n k in g  

d e te rm in e s  t h a t  1 is m o re  freq u en t th a n  2, 2 m o re  fre q u e n t th a n  3, a n d  so  on , 

th e  freq u en c ies  o f th e  values, w hen  we se lec t 100 o f  th e m , a re  re p re se n te d  in  

F ig .6 .5 . I f  a  =  1.5, th e  f irs t va lu es  o f th e  ra n k in g  a re  m o re  fre q u e n t, th a n  w h en

4 8



Table 6.1: Input Parameters

C o n t e x t  P a r a m e t e r s D e f a u l t  V a lu e R a n g e

N u m b e r o f  C o n te x t P a ra m e te rs 3

C a rd in a lity  o f  th e  C o n te x t 
P a ra m e te r s ’ D o m ain s

S m a l l 5
L a r g e 50

L evels o f  h ie ra rc h y 3

Q u e r y  W o r k l o a d

N u m b e r o f  T u p les  

N u m b e r o f  S to re d  Q ueries
1000

50-200
P e rc e n ta g e  o f  va lues 10%
D a ta  D is tr ib u tio n s u n i f o r m  

z i p f  - a = 1 .0  

z i p f  - a = 1 .5

Q u e r y  A p p r o x i m a t i o n

A p p ro x im a tio n  C o v erag e  
T h re sh o ld

N e ig h b o rh o o d  A p p ro x im a tio n  
T h re sh o ld

>  40% , >  60% , >  80%

F or a  S m a l l  D o m a in

I f  Vi o d d Vi -f  1
E lse

F or a  L a r g e  D o m a in
Vi -  1

I f  v[ m o d  5 ! =  0 [ M / 8 j * 5  +  l , [ « i / 5 l * 5 ]
E lse [ K / 5 - l ) * 5  +  M < ]

P a ra m e te r  ε ' 0 .04

0.08
0.12

D iffe ren t W eig h ts 0.5 , 0 .3 , 0.2
*-

0.33



F ig u re  6.5: Z ip f D a ta  D is tr ib u tio n .

a  =  1.0.

6.2.1 Evaluating the Size of the Context Tree
W ith  th e  firs t e x p e rim e n t, w e show  th a t  th e  m a p p in g  o f  th e  c o n te x t  p a ra m e te rs  

to  levels is m o re  efficient, a s  co n cern s  th e  size  o f  th e  c o n te x t  tre e , w h en  th e  

c o n te x t p a ra m e te rs  w ith  h ig h e r c a rd in a litie s  in  th e ir  d o m a in s  a re  p la c e d  o n  th e  

h ig h e r levels o f  th e  tre e , i.e ., low er a t  th e  tre e . In  th is  e x p e r im e n t, w e c o u n t 

th e  to ta l  n u m b e r  o f  cells in  th e  tre e . N o te  t h a t  w e c o u n t th e  n u m b e r  o f  cells, 

in s te a d  o f  c o u n tin g  th e  n u m b e r o f n o d es  in  th e  c o n te x t  tre e , b e c a u se  th e  size  

o f  each  n o d e  m ay  b e  d iffe ren t d e p e n d in g  o n  th e  n u m b e r  o f  d iffe re n t v a lu es  o f  

c o n te x t p a ra m e te rs  t h a t  a p p e a r  in  th e  s u b m itte d  q u e rie s .

F or a  c o n te x t tr e e  w ith  th re e  p a ra m e te rs , w e ca ll o r d e r in g  1 t h e  o rd e r in g  

o f  th e  c o n te x t p a ra m e te rs  w h en  th e  d o m a in  o f  th e  p a ra m e te r  o f  th e  f irs t level 

h a s  5 values, th e  n e x t d o m a in  h as  5 va lues to o , a n d  th e  la s t  o n e  h a s  50 values. 

O r d e r in g  2  is th e  o rd e r in g  w h en  th e  d o m a in s  h av e  5, 50, 5 v a lu es  re sp ec tiv e ly , 

a n d  for th e  o r d e r in g  3  th e  d o m a in s  h av e  50, 5, 5 va lues. 10%  o f  th e  q u e ry  va lues 

a re  se lec ted  to  b e  th e  a n y  va lue . T h e  re s t  90%  o f  th e  v a lu es  a re  se le c te d  fro m  th e  

c o rre sp o n d in g  d o m a in , e ith e r  u sing  a  u n i f o r m  d a t a  d is tr ib u t io n , o r  u s in g  a  z i p f  

d a ta  d is tr ib u tio n . W e use  th e  z i p f  d is tr ib u tio n  w ith  a  =  1.0 a n d  a  =  1.5. W e 

p e rfo rm ed  th is  e x p e r im e n t 50 tim e s  for each  c o m b in a tio n  o f  o rd e r in g  a n d  d a ta  

d is tr ib u tio n  for 50 to  200 q u erie s  w ith  a  s te p  o f  50 q u e rie s . T h u s , in  F ig . 6 .6  w e 

ca n  see t h a t  u sin g  a  u n ifo rm  d is tr ib u tio n , th e  to ta l  s to ra g e  sp a c e  is m in im ized  
* w hen  th e  p a ra m e te r  w ith  50 va lues in  i ts  d o m a in  is a ss ig n ed  to  th e  la s t  level 

o f th e  tre e . In  th is  case , th e  to ta l  n u m b e r  o f  cells is sm a lle r . T h e  r e s u lts  a re  
s im ila r  w h en  w e use  th e  z ip f  d is tr ib u tio n . In  p a r t ic u la r ,  in  F ig . 6 .7 , w e see  th a t  

th e  n u m b e r o f  cells is sm a lle r , .c o m p arin g  th is  n u m b e r  w ith  th e  p re v io u s  o ne ,
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Figure 6.6: Uniform Data Distribution

Figure 6.7: Zipf Data Distribution with a =  1.0 (left) and a =  1-5 (tjg lt)

because using the zipf distribution tbe “hot* values are more frequent in queries7 
Le.r more values are tbe same. In Fig. 6.7 (left) tbe parameter a has value 1.0r 
and in Fig. 6.7 (right) a has value 1.5. This large value for a. eliminates further 
the number of cellsT because too many query values are the same.

6.2.2 Evaluating the Accuracy of Approximate Results
With the second experiment, we show how accurate are the top-k results of a 
preference query, using previous results of a relevant query. In particular, there 
are many cases that there is no need to compute the answer from scratch. So, 
we can avoid computing the answer for a query similar with a previous one, 
paying the cost of loosing some accuracy in the results.

We performed this experiment using the results of tbe previous one as con- 
v  cerns the mapping of the context parameters to the levels of the tree. Thus, 

the first $nd the second levels take values from the smalt domain and the third 
from the large domain. Furthermore, we use initially the neighborhood approx­
imation threshold and then, the approximation coverage threshold We ran our
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■*

1 level 2 level 3 level 

Level of Query that Changed

F ig u re  6.8: D ifferen t R e su lts  b e tw een  tw o  s im ila r  Q u e rie s .

-ex p erim en ts  100 tim es  for each  case, u sin g  in te g e r d is c re te  v a lu es . A lso , th e  

n u m b e r o f  tu p le s  is 1000.

U sing the N eighborhood Approxim ation Threshold

In  th is  s e t o f e x p e rim e n ts , w e ex am in e  how  a c c u ra te  a re  th e  t o p - k  r e s u lts ,  w h en  

we do  n o t  c o m p u te  th e m  b u t  we use p rev io u s  re su lts  to  p ro d u c e  th e m . T h a t  

h a p p e n s  for a  q u e ry  s im ila r  w ith  a  p rev io u s  one , e x p re ss in g  th e  s im ila r ity  by  

closely  re la te d  values. In  o rd e r  to  ex p ress  w h en  tw o  v a lu es  a re  c lo se ly  re la te d , 

we use  th e  n e ig h b o r h o o d  a p p r o x im a t io n  th r e s h o ld .

W h ile  a  q u e ry  is m a p p e d  to  a  c o n te x t s ta te ,  w e c o n s id e r a t  f irs t t h a t  a  q u e ry  

is s im ila r  w ith  a n o th e r  one, w h en  th e y  h av e  th e  sa m e  v a lu es  fo r a ll th e  c o n te x t 

p a ra m e te rs  e x c e p t one . T h is  d ifference b e tw een  th e  v a lu es  o f  th e  s a m e  c o n te x t 

p a ra m e te r  for tw o  q u e rie s  is ex p ressed  by  n e a rb y  v a lu es . M o re  specifica lly , we 

su p p o se  t h a t  a  v a lu e  Vi t h a t  be lo n g s to  a  sm all d o m a in  h a s  a s  c lo se ly  re la te d  

th e  v a lu e  Vi + 1 ,  if v \  is o d d . I f  is even , h a s  a s  c lo se ly  r e la te d  th e  v a lu e  Vi — 1. 

F or in s ta n c e , th e  ab o v e  m ean s  t h a t  4 h a s  a s  c lose ly  r e la te d  th e  v a lu e  3 a n d  

resp ec tiv e ly , 1 h a s  a s  closely  re la te d  th e  v a lu e  2. T h e  c lo se ly  re la te d  v a lu es  for 

a  v a lu e  v \  t h a t  b e lo n g s  to  th e  la rg e  d o m a in  a re  in c lu d ed  in  th e  r a n g e  [|_i^/5j * 

5 +  1, [ ν '/ δ ]  * 5], if  v \  m o d  5 ! =  0. O th e rw ise , th e  ra n g e  is [(u J /5  — 1) * 5 + 1 ,  t $ .  

T h a t  m ean s , t h a t  th e  values t h a t  in c lu d ed  for e x a m p le  in  th e  ra n g e  [6,10] o r  
[21,25] a re  c losely  re la te d . T h e  ab o v e  s im ila r ity  b e tw een  tw o  q u e rie s  c a n  b e  

g en era lized  for q u e rie s  w hose  c o rre sp o n d in g  c o n te x t s ta te s  h av e  m o re  th a n  o n e  
d iffe ren t a n d  n e a rb y  values.

In  o rd e r  to  e x a m in e  th e  ac c u ra cy  o f a p p ro x im a te  re su lts , w e use  th e  p ro p ­

e r tie s  p roved  in  S ec tio n  5.3. T h e se  p ro p e r tie s  e x p re ss  th e  fa c t t h a t  “sm a ll” 
ch an g es in  c o n te x t va lues lead  to  “sm a ll” ch an g es  in  th e  r a t in g  o f  th e  q u e r ie s ’
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Figure 6.9: Different Results between two similar Queries with or without sim­
ilar Degrees.

results. More specific, let #2 be two tuples that hare aggregate scores dj, 
dz in a context state s  and ίζ , ιξ  in a  context state s' respectively- When s, 
s’ are similar, Le~ Ida ~~ <41 <  and only one of the degrees of the context 
parameters is changed, if fdi — d*\ <  ε then, |«ζ — ίζΙ <  e -3- 2 * icj * £*.

In Fig. 6.8. queries are used whose context states hare different values in 
one context parameter. With this experiment, we show that the percentage 
of different results in the top-k list between two similar queries is independent 
of the context parameter whose value is changed. Here, we used the weights 
w\ =  0.33, tr>2 =  0.33. and tc* =  0-33. Also, the degrees o f interest between two 
relative values differ at most s' — 0.08.

In Fig. 6.9, we show that the percentage of different results in the top-k 1st 
between similar queries is not random, but depends on the parameter s' (this 
can be understood from the above property). So. in this figure we compare 
the following two cases. In the first case, the degrees of interest between two 
similar values differs at most s' =  0.08. In the second one. die degrees of closely 
related values are independent (selected randomly). In both cases, the weights 
are tt*i =  0.33, u>2 =  0.33, and tra — 0-33.

Next, we use three values for the parameter s': 0-04, 0.08, and 0.12. Also, 
the weights hate the values 0.5, 0.3. and 0 2 . We compare first, the number 
of different results between two similar queries that differ at the value of one 
context parameter. This context parameter has a weight itj that is 0.5, 0.3, 
and 0 2 , respectively. We run this experiment for each value of the parameter 
£% and the results are depicted in Fig. 6.10. Then, we eramii*» the case in 
which the values of two context parameters are different between the gm ihr 
queries (Fig. 6.11). In this case, using the property that generalize the above 
one, note that the results depend on both the weights that correspond to the



w l =0.5,w2=0.3,w3=0.2

Different Values for Parameter e

F ig u re  6 .12: D iffe ren t R e su lts  b e tw een  tw o  s im ila r  Q u e rie s  w h e n  ε '  =  0 .0 4 , 

s '  =  0 .08 , a n d  e ' =  0 .12 .

Level of Query that Changed

F ig u re  6 .13: D iffe ren t R e su lts  w h en  th e  A p p r o x i m a t i o n  C o v e r a g e  T h r e s h o ld  h a s  

th e  v a lu es  40% , 60% , 80% .

U sing th e A pproxim ation Coverage Threshold

A n o th e r  c a se  w h e re  th e  t o p - k  re su lts  a re  d e riv ed  fro m  a  c o m b in a tio n  o f  o th e r  

re la tiv e  r e s u lts  is w h en  a  q u e ry  c o n ta in s  th e  **’ o p e ra to r ,  i.e ., t h e  a n y  v a lue . In  

th is  s e t  o f  e x p e rim e n ts , w e use  th e  a p p r o x im a t io n  c o v e r a g e  th r e s h o ld  t h a t  re fe rs  

to  th e  p e rc e n ta g e  o f  th e  va lu es  o f  a  c o n te x t p a ra m e te r  t h a t  is e x p re sse d  w ith  

th e  a n y  v a lu e  a t  th e  query , t h a t  m u s t e x is t in  th e  c o n te x t  tre e .
W e ru n  o u r  e x p e rim e n ts  g iv ing  to  th e  p a ra m e te r  e '  th e  v a lu e  0 .0 8 , w h ile  

^ t h e  w e ig h ts  ta k e  th e  va lues 0 .5 , 0 .3 , a n d  0 .2 . A d d itio n a lly , w e u se  th r e e  va lu es  

for th e  a p p r o x im a t io n  c o v e ra g e  th r e s h o ld  nam ely , 40% , 60% , a n d  80% . N o te  

fu r th e r , t h a t  a n  a p p ro x im a tio n  coverage  th re sh o ld  o f  k %  m e a n s  t h a t  a t  le a s t  
k %  o f  th e  re q u ire d  v a lu es  a re  av a ilab le , i.e ., th e re  a re  a lre a d y  c o m p u te d  a n d
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Levels of Query that Changed

40% -------
60% -------
80% .........

F ig u re  6.14: D iffe ren t R e su lts  w h en  th e  A p p r o x i m a t i o n  C o v e r a g e  T h r e s h o ld  h a s  

va lues 40% , 60% , 80% .

s to re d  in  th e  c o n te x t tre e .

In  F ig . 6 .13, w e p re se n t th e  p e rc e n ta g e  o f  d iffe ren t r e s u lts  in  th e  to p - k  

lis t, w h en  th e  o p e ra to r  is p laced  a t  th e  f irs t, seco n d  a n d  th i r d  level, for 

each  th re sh o ld  value . In  F ig . 6 .14, th e re  a re  tw o  v a lu es , a t  th e  f irs t a n d  

seco n d  levels, a t  th e  f irs t a n d  th ird  levels, a n d  a t  th e  seco n d  a n d  th i r d  levels, 
re spec tive ly .

In  b o th  cases, th e  a p p ro x im a tio n  is b e t te r  w h e n  th e  v a lu e  is p la c e d  a t  

th e  th ird  level, w h ich  is th e  level t h a t  ta k e s  va lu es  fro m  th e  la rg e  d o m a in . T h a t  

h a p p e n s  b ecau se  in  th is  case , m o re  p a th s  o f  th e  c o n te x t  t r e e  a re  in c lu d e d  to  th e  

re la tiv e  p a th s , a n d  so, m o re  to p - k  lis ts  o f  re su lts  a re  m e rg e d  to  p ro d u c e  th e  new  
to p - k  lis t.
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C h a p t e r  7

R e l a t e d  W o r k

7.1 C o n te x t-A w a re n e ss

7.2 In f ra s tru c tu re s  for C o n te x t

7.3 C o n te x t-a w a re  D B M S

7.4 C o n te x t-M a n a g e m e n t

7.5 T o p -K  Q u ery in g

In  th is  c h a p te r , re la te d  w ork  is p re se n te d . F ir s t ,  w e p re s e n t  in f ra s tru c tu re s  

for c o n te x t, w h ich  a re  m id d lew are  sy s te m s  t h a t  a d d re s s  issu es  c o m m o n  to  all 

a p p lic a tio n s  t h a t  w a n t to  ta k e  a d v a n ta g e  o f  c o n te x t. T h e n , w e d isc u ss  how  

c o n te x t ca n  b e  in te g ra te d  in to  a  D a ta b a s e  M a n a g e m e n t S y s te m . S in ce  th e re  

a re  m a n y  ty p e s  o f  c o n te x t in fo rm a tio n , a  u n ify in g  m o d e l fo r m o d e lin g  a n d  a  

g en e ra l a p p ro a c h  for s to r in g  c o n te x t p a ra m e te rs  a re  c h a lle n g in g  issu es . In  t h a t  

way, w e p ro v id e  a  su rv e y  o f  v a rio u s  a p p ro a c h e s  to  b o th  p ro b le m s. F u r th e rm o re , 

in  a  d iffe ren t re se a rc h  to p ic , w e p re se n t re la te d  w o rk  for d e te rm in in g  th e  to p - k  

re su lts  for a  query .

7.1 Context-Awareness
A  s y s te m  is c o n te x t - a w a r e  if i t  u ses c o n te x t to  p ro v id e  re le v a n t in fo rm a tio n  
a n d /o r  se rv ices  to  th e  u se r, w h e re  re lev an cy  d e p e n d s  o n  th e  u s e r ’s ta s k . E a c h  

c o n te x t-a w a re  a p p lic a tio n  m a y ‘s u p p o r t  o n e  th e  fo llow ing  fe a tu re s  [1]:
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•  p re s e n ta tio n  o f  in fo rm a tio n  a n d  serv ices to  a  user;

•  a u to m a tic  ex ecu tio n  o f a  serv ice  for a  user; a n d

•  ta g g in g  o f  c o n te x t to  in fo rm a tio n  to  s u p p o r t  la te r  re tr ie v a l.

T h e re  a re  v a rio u s  ty p e s  o f  c o n te x t-a w a re  a p p lic a tio n s  d e p e n d in g  o n  th e  w ay 

c o n te x t is u sed . A  n ice c lassifica tion  is p ro v id ed  in  [27] w h ich  id en tifie s  th e  

fo llow ing c a te g o rie s  o f c o n te x t-a w a re  a p p lica tio n s :

•  P r o x i m a t e  s e le c t io n  is a  u se r-in te rface  te c h n iq u e  w h e re  th e  o b je c ts  lo c a te d  

n e a rb y  a re  em p h asized  o r  o th e rw ise  m a d e  e a s ie r  to  choose .

•  A u t o m a t i c  c o n te x tu a l  r e c o n f ig u r a t io n  is th e  p ro cess  o f  a d d in g  n ew  c o m p o ­

n e n ts , rem o v in g  ex is tin g  co m p o n en ts , o r  a l te r in g  th e  c o n n e c tio n s  b e tw een  

c o m p o n e n ts  d u e  to  c o n te x t changes. T y p ic a l c o m p o n e n ts  a n d  c o n n e c tio n s  

a re  se rv e rs  a n d  th e ir  co m m u n ica tio n  ch an n e ls  to  c lien ts . H ow ev er reco n - 

f ig u rab le  c o m p o n e n ts  m ay  also  in c lu d e  lo a d a b le  d ev ice  d r iv e rs , p ro g ra m  

m o d u le s  a n d  h a rd w a re  e lem en ts.

•  C o n te x tu a l  i n f o r m a t i o n  a n d  c o m m a n d s  c a n  p ro d u c e  d iffe re n t r e s u lts  ac­

co rd in g  to  th e  c o n te x t in  w h ich  th e y  a re  issu ed .

•  C o n te x t - t r ig g e r e d  a c t io n s  a re  sim p le  IF -T H E N  ru le s  u sed  to  sp ec ify  how  

c o n te x t-a w a re  sy s te m s  sh o u ld  a d a p t .  T h e re  a re  s im ila r  to  c o n te x tu a l  in ­

fo rm a tio n  a n d  c o m m an d s , e x c e p t t h a t  c o n te x t- tr ig g e re d  a c tio n  c o m m a n d s  

a re  invoked a u to m a tic a lly

7.2 Infrastructures for Context
In f ra s tru c tu re s  fo r c o n te x t a re  m id d lew are  sy s te m s  t h a t  a d d re s s  issu es  co m m o n  

to  all a p p lic a tio n s  t h a t  w a n t to  ta k e  a d v a n ta g e  o f  c o n te x t. S u ch  issu es  in c lu d e  

c a p tu r in g , accessin g  a n d  s to r in g  c o n te x t. E ffic ien t d is t r ib u t io n  a n d  s u p p o r t  for 

in d e p e n d e n t e x e c u tio n  from  a p p lic a tio n s  a re  d e s ira b le  fe a tu re s  for su ch  a rc h i­
te c tu re s . S om e p o p u la r  c o n te x t in f ra s tru c tu re s  in c lu d e  th e  fo llow ing.

C o n t e x t  T o o l k i t .  T h e  C o n te x t T o o lk it [28] is a  d is tr ib u te d  a r c h ite c tu re  t h a t  

s u p p o r ts  I t  is b a sed  on  th re e  a b s tra c tio n s : c o n te x t w id g e ts , c o n te x t  in te rp re te r s  

a n d  c o n te x t a g g re g a to rs . A c o n te x t w id g e t a cq u ire s  a  c e r ta in  ty p e  o f c o n te x t 

in fo rm a tio n  a n d  m ak es th is  in fo rm a tio n  av a ilab le  to  a p p lic a tio n s . A  c o n te x t 
in te rp re te r  a c c e p ts  o n e  o r  m o re  ty p e s  o f c o n te x t a n d  p ro d u c e s  a  s in g le  p iece  o f 

c o n te x t. A c o n te x t a g g re g a to r  ag g re g a te s  o r co llec ts  c o n te x t. I t  is re sp o n s ib le  

for all th e  c o n te x t for a  sing le  en tity . A p p lic a tio n s  can  su b sc r ib e  to  p re -d e fin ed  
a g g re g a to rs  a n d  su p p ly  a p p ro p r ia te  filters.
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f Solar. The Solar system [29, 30| advocates a graph-based abstraction for con-
| text aggregation and dissemination. Context information is modeled through
[ events which are produced bv sources. Events flow through a directed acyclic
| graph of events-processing operators and are delivered to subscribing applica­

tions. Applications subscribe by describing their desired event stream as a tree 
of operators that aggregate low-level context information published by existing 
sources into the high-level context information needed by the application.

♦
C ooltow n. The Cookown project [31| proposed a web-based model of context 
in which each entity (person, place or thing) has a corresponding description 
that can be retrieved via a URL. Using URLs for addressingr physical URL 
beaconing and sensing of URLs for discovery, and localized web servers for 
directories, they create a location-aware but ubiquitous system to support no­
madic users. On top of this infrastructure, the Internet connectivity is used to 
support communications services.

C oolA gent. CoolAgent [32] is a context-aware multi-agent system. Ontology 
sharing, sensing and reasoning is supported through the use of the Resource 
Description Framework (RDF) and a Prolog-based system.

7.3 Context-Aware DBMS
In this section, we consider how context can be integrated into a Database Man­
agement System. Context information related to a DBMS includes user-related 
information (such as information provided through a user profile), computational- 
related (such supporting small device, limited energy, quality of network con­
nection (e.g., in terms of reliability, frequent disconnections, intermittent con­
nectivity an low bandwidth) and environmental conditions (weather, location, 
time of the day).

7.3.1 Context-Aware Query Processing
Context-aware query processing has many aspects. We consider how context 
affects (i) the results returned by a query, (ii) query optimization and (ifi) the 
way the results are presented to the users.

Although, there is some research on location-aware query processing, inte- 
r *  grating other forms of context in query processing is a new issue. The only
| - related work that we are aware of is the context-aware query' processing fam e·

work of [33}. In this framework, context-aware query processing is divided into 
three-phases: query pre-processing, query execution and query post-processing.
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Q u ery  p re -p ro cess in g  is p e rfo rm ed  in  tw o s tep s : a  q u e ry  re fin em en t a n d  a  con­

te x t  b in d in g  s te p . T h e  goal o f  th e  q u e ry  re fin em en t s te p  is to  fu r th e r  c o n s tra in t  

th e  q u e ry  c o n d itio n  by  m ean s  o f  d ifferen t c o n te x tu a l in fo rm a tio n . C o n te x t  b in d ­

ing  in s ta n tia te s  w ith  e x a c t va lues th e  c o n te x tu a l a t t r ib u te s  inv o lv ed  in  th e  re ­
fined query . A fte r  q u e ry  ex ecu tio n , a t  th e  q u e ry  p o s t-p ro c e ss in g  p h a se , th e  

re su lts  a re  so r te d . E x te rn a l  serv ices m ay  th e n  b e  invoked  for th e  d e liv e rin g  o f 

re su lts  to  th e  u sers. F iv e  c o n te x t-a w a re  s tra te g ie s  a re  defined . S tr a te g y  1 re fe rs  

to  q u erie s  th a t  co n sid e r th e  c u rre n t va lue  o f  c o n te x t a s  th e ir  re fe re n ce  p o in t, for 

ex am p le  such  q u erie s  in c lu d e  look ing  for th e  c lo sest r e s ta u r a n t ,  th e  n e x t  fligh t, 

th e  s h o r te s t  ro u te . To im p le m e n t th e m , th e  c o n te x tu a l a t t r ib u te s  a re  b o u n d  to  

th e ir  c u rre n t values. S tra te g y  2 inc lu d es q u erie s  t h a t  access fa c ts  a b o u t  th e  p a s t  

(i.e ., h is to ry  d a ta )  w hich  a re  reca lled  b ased  on  th e  re le v a n t c o n te x t. In  th is  case, 

a rch iv ed  d a ta  a re  linked  b ased  on  th e ir  co m m o n  c o n te x tu a l a t t r ib u te s .  S tra te g y  

3 co n sid e rs  c o n te x t a s  a n  a d d itio n a l c o n s tra in t  to  th e  q u ery . A  g iv en  q u e ry  is 

refined  to  in c lu d e  re le v a n t c o n s tra in t  ru les . S tra te g y  4 re d u c e s  th e  re s u lt  s e t 

by  o rd e rin g  th e  p ro d u c e d  re su lts  based  on  th e  u se r p ro file . T h is  is a ch iev ed  by  

usin g  an  a sso c ia te d  so r tin g  ru le . S tra te g y  5 co n sid e rs  th e  d e liv e ry  a n d  p re se n ­

ta t io n  o f re su lts  to  th e  u se r by  o b se rv in g  re la te d  d e liv e ry  ru le s . T h is  fram ew o rk  

is o r th o g o n a l to  o u r  a p p ro a c h  a n d  a  p o te n tia l  e x te n s io n  o f  o u r  w o rk  in c lu d es 

en rich in g  o u r  m o d el w ith  c o n s tra in s  invo lv ing  c o n te x t  a t t r ib u te s .

In  th e  follow ing, w e sh a ll use as a  s im p le  ru n n in g  e x a m p le  a  d a ta b a s e  o f  

in fo rm a tio n  a b o u t  r e s ta u ra n ts .  T h e  ty p e  o f  th e  re c o rd  e n tr ie s  fo r r e s ta u r a n ts  

a re  tu p le s  o f a  re la tio n  sch em a  R e s t a u r a n t  ( id , t y p e - o f- fo o d ,  a d d r e s s ,  o u td o o r s ,  

o p e n in g - h o u r s ,  p r ic e ) .  T h e  c o n te x t p a ra m e te rs  a re  w e a th e r , lo c a tio n , t im e  a n d  
th e  u ser profile.

C o n t e x t - A w a r e  R e s u l t s

C o n te x t m ay  affect th e  re su lts  p ro d u ced  by  a  query . In  th is  case , th e  s a m e  q u e ry  

m ay  p ro d u c e  d iffe ren t re su lts  d ep e n d in g  on  th e  c o n te x t  in  w h ich  i t  is  e x e c u te d . 

C o n te x t-a w a re  q u e ry  p ro cessin g  m ay  b e  seen  as a  tw o -s te p  p ro cess . In  th e  firs t 

p h ase , th e  c o n te x t re le v a n t to  a  specific q u e ry  is in itia lly  id en tified  a n d  th e n  

acq u ired . D u rin g  th e  second  p h ase , th e  re le v a n t c o n te x t  is in te g ra te d  w ith in  
th e  query .

Q u e r y i n g  C o n t e x t  P a r a m e t e r s .  O n e  w ay to  invo lve c o n te x t  w ith in  q u erie s  
is by  a llow ing  ex p lic it access to  c o n te x t p a ra m e te rs  w ith in  a  q u ery . C o n te x t 

p a ra m e te rs  a re  tr e a te d  as a t t r ib u te s  o f a  v ir tu a l  re la tio n ; le t u s  ca ll th is  re la ­
tio n  C o n te x t. T h e  a t t r ib u te s  o f C o n te x t a re  b o u n d e d  to  th e  c u r r e n t  v a lu e  o f 

c o n te x t w hen  th e  q u e ry  is ex ecu ted . In  th e  fo llow ing e x a m p le , w e a ssu m e  th a t
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th e  a t t r ib u te  t im e  o f  C o n te x t is  b o u n d  to  th e  c u r re n t  t im e  w h e n  th e  q u e ry  is 

e x ecu ted . T h e  q u e ry  r e tu rn s  a ll r e s ta u ra n ts  t h a t  a r e  c u r re n t ly  o p e n .

s e l e c t  R e s ta u r  a n t .id

f r o m  r e s ta u ra n ts ,  C o n te x t
w h e r e  C o n te x t .tim e  i n  R e s ta u ra n t.o p e n in g -h o u rs

C o n t e x t  a s  a  P r e d i c a t e .  A n o th e r  w ay  to  ach iev e  c o n te x t-a w a re n e s s  is to  

a u g m e n t th e  q u e ry  w ith  a p p ro p r ia te  p re d ic a te s . In  p a r t ic u la r ,  a  g iv en  q u e ry  is 

tra n s fo rm e d  to  a  d iffe ren t o n e  b y  a d d in g  a d d itio n a l c o n s tra in ts  to  i t .  O n e  w ay  

th is  m ay  b e  ach ieved  is b y  a d d in g  c o n s tra in ts  u s in g  th e  c o n te x tu a l  a t t r ib u te s .  

A n o th e r  w ay  is b y  a sso c ia tin g  ru les  w ith  specific  a t t r ib u te s  o r  re la t io n s  a n d  

a d d in g  th e se  ru le s  to  th e  q u ery . F o r e x am p le  a s su m e  t h a t  a  u se r  sp ec ifie s  t h a t  

w h en  th e  w e a th e r  is g o o d , th e  u se r  likes to  e a t  o u td o o rs . T h e  fo llow ing  e x a m p le  

^ r e tu r n s  a ll r e s ta u r a n t  w ith  a n  o u td o o r  fac ility  w h e n  th e  w e a th e r  is  g o o d  a n d  

a n y  re s ta u ra n t  o th e rw ise .

A n  in it ia l  q u e ry  s u b m it te d  b y  th e  u ser:

s e le c t  R e s ta u ra n t . id  

f r o m  R e s ta u ra n ts

is tra n s fo rm e d  to

s e le c t  R e s ta u ra n t . id  

f r o m  R e s ta u ra n ts ,  C o n te x t

w h e r e  (C o n te x t .w e a th e r  =  “su n n y ” a n d  R e s ta u ra n t .o u td o o r s  =  “a v a ila b le ” ) o r  

C o n te x t, w e a th e r  =  “ra in y ”

C o n t e x t  a s  P r e f e r e n c e .  C o n te x t c a n  b e  u se d  to  co n fin e  d a ta b a s e  q u e ry ­

in g  b y  se le c tin g  a s  re su lts  th e  b e s t m a tc h in g  tu p le s . T h is  c a n  b e  a c h iev ed  b y  

defin ing  p re fe ren ces  b a se d  o n  c o n te x t, so  t h a t  u n d e r  a  spec ific  c o n te x t  a  tu p le  

is p re fe rred  o v er a n o th e r . In  o u r  a p p ro a c h , e a c h  u se r  ex p re sse s  h is  p re fe re n ce  

b y  p ro v id in g  a  n u m e ric  sco re  b e tw een  0  a n d  1. T h is  s c o re  e x p re sse s  a  d e g re e  

o f  in te re s t. F u r th e rm o re , w e d iv id e  p re fe ren ces  in to  b a s ic  (c o n c e rn in g  a  s in g le  

c o n te x t p a ra m e te r )  a n d  a g g re g a te  o n es  (co n c e rn in g  a  c o m b in a tio n  o f  c o n te x t 
p a ra m e te rs ) .

C o n t e x t  f o r  A s s o c i a t i v e  R e c a l l .  F in a lly , c o n te x t  c a n  b e  u sed  fo r a s so c ia tiv e  
*  re c a ll o f  p a s t  e v e n ts . F o r ex am p le , in  a  “m em o ry ” d a ta b a s e ,  c o n te x t  (su ch  a s  

t im e  o r  lo c a tio n )  c a n  b e  u sed  to  re tr ie v e  th e  a s so c ia te d  fa c ts . F o r in s ta n c e , i t  
m a y  b e  ea s ie r  to  re tr ie v e  fa c ts  (su ch  a s  w ho  w as th e  p r im e  m in is te r  o f  G re e c e ) o r  

o b je c ts  (su ch  a s  fo r e x a m p le  p h o to g ra p h s  o r  fa v o rite  m u sic  a lb u m s)  b y  re fe rr in g
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to  th e  p a r t ic u la r  t im e  p e rio d  o f  o n e ’s life (e .g ., w h en  u se r  “J o h n ” w as d a tin g  

“M a ry ” ) o r  a  g eo g rap h ic  lo ca tio n  (e.g ., d u r in g  o n e ’s v a c a tio n  in  H aw aii)  c losely  
a sso c ia ted  w ith  th e  fac ts  o r  o b je c ts . T o ach ieve  su ch  re tr ie v a l, s to ra g e  o f  fa c ts  

o r o b je c ts  in  a  d a ta b a s e  m u s t inc lu d e  in fo rm a tio n  a b o u t  th e  c o n te x t  p a ra m e te rs  

w h en  th e y  o ccu rred .

C o n t e x t - A w a r e  Q u e r y  O p t i m i z a t i o n

B esides a ffec tin g  th e  re su lts  o f  a  query , c o n te x t in fo rm a tio n  m a y  b e  u sed  in  

q u e ry  o p tim iz a tio n  to  ach ieve  m o re  co st-effective  p la n s . C o m p u tin g  c o n te x t is 

v e ry  re le v a n t in  th is  case. In s te a d  o f  o p tim iz in g  d isk  access, q u e ry  p la n s  m ay  

b e  d e riv ed  to  o p tim ize  o th e r  p e rfo rm a n c e  m e tr ic s  su c h  a s  e n e rg y  (w h en  en erg y  

pow er is a n  issue). F u rth e rm o re , th e  u se r c o n te x t c a n  a lso  b e  e x p lo ite d . F o r 

in s ta n c e , q u e ry  p ro cess in g  m ay  b e  su ch  th a t  th e  m o s t re le v a n t r e s u lts  (b a sed  

v>n th e  u se r’s p rofile) a re  re tu rn e d  first.

C o n t e x t - A w a r e  Q u e r y  P r e s e n t a t i o n

T h e  w ay  th e  re su lts  a re  p re se n te d  to  a  u se r d ire c tly  d e p e n d s  o n  th e  dev ice  

c u rre n tly  u sed  by  th e  u ser. F or in s ta n c e , w h en  a  u se r  is  in te re s te d  in  rece iv in g  

p ic tu re s , if h e  uses a  P D A  receives p ic tu re s  o f low er re so lu tio n  th a n  w h e n  u sin g  

a  P C . In  a d d itio n , en e rg y  a n d  n e tw o rk in g  c o n s id e ra tio n s  m a y  a ffec t th e  w ay  

q u e ry  re su lts  a re  d e livered  to  th e  user.

7.3.2 Architecture of Context-Aware DBMS
A  overv iew  o f how  c o n te x t can  b e  in te g ra te d  w ith in  a  D a ta b a s e  M a n a g e m e n t 

S y stem  (D B M S ) is d ep ic te d  in  F ig u re  7.1. T h e  A w a r e n e s s  M o d u le s  co m m u ­

n ic a te  w ith  th e  so u rces  t h a t  p ro d u c e  d a ta  (for in s ta n c e , t e m p e r a tu r e  sen so rs) 

a n d  p ro p a g a te  a n y  u p d a te s  to  th e  C o n te x t M a n a g e r . T h e  C o n t e x t  M a n a g e r  

is re sp o n sib le  for m a n a g in g  (m o deling , s to r in g , u p d a tin g )  a n y  c o n te x t  re la te d  

in fo rm a tio n . T h e  C o n te x t R e p o s ito ry  is th e  m o d u le  w h e re  c o n te x t  is s to re d . 

T h e re  a re  tw o  w ays o f  in te g ra tin g  c o n te x t in  a  D B M S : (a )  th e  c o n te x t  m a n ­

ag e r m ay  b e  p a r t  o f  th e  D B M S o r (b ) th e  c o n te x t m a n a g e r  m a y  b e  se e n  a s  a n  
in te rm e d ia te  m id d lew are  layer.

7.4 Context Management
T h e re  a re  m a n y  ty p e s  o f c o n te x t in fo rm a tio n  th u s  p ro v id in g  a  u n ify in g  m o d e l for 

m o d e lin g  a n d  a  g en e ra l a p p ro a c h  for s to r in g  c o n te x t  p a ra m e te rs  a re  ch a llen g in g  

issues. W e p ro v id e  n e x t a  su rv ey  o f v a rio u s  a p p ro a c h e s  to  b o th  p ro b le m s.
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F ig u re  7 .1 : C o n n e c tin g  C o n te x t  a n d  D a ta b a s e s

7.4.1 Model of Context
A  v a r ie ty  o f  m o d e ls  h av e  b e e n  in tro d u c e d  fo r c o n te x t . D iscu ss io n s  o f  th e  d if­

fe re n t m odels c a n  b e  fo u n d  in  [2, 34]. S u ch  m o d e ls  fa ll in  o n e  o f  th e  c a te g o rie s  

d e sc rib e d  n e x t.

M o d e l s  f o r  L o c a t i o n .  L o c a tio n  is a  c o n te x t p a ra m e te r  t h a t  h a s  a t t r a c te d  

a  lo t  o f  a t te n tio n . M o d els  fo r lo c a tio n  a re  d iffe ren t th a n  o th e r  v a lu e s  o f  co n ­

te x t  m a in ly  b ecau se  th e  lo c a tio n  o f  m o v in g  o b je c ts  is  a  p a r a m e te r  w h o se  v a lu e  

ch an g es  co n tin u o u sly  w ith  tim e . T h e re  a re  b a s ic a lly  tw o  d iffe re n t w a y  to  r e p ­

re se n t lo ca tio n : a  sym b o lic  a n d  a  g eo m e tric  m o d e l. W ith  th e  sy m b o lic  m o d e l, 

lo c a tio n  is re p re se n te d  u s in g  a b s tr a c t  sy m b o ls , w h ile  w ith  th e  g e o m e tr ic  m o d e l, 

lo c a tio n  is re p re se n te d  u sin g  c o o rd in a te s . A  n ice  o v e rv iew  o f  c u r r e n t  re se a rc h  

o n  th e  to p ic  c a n  b e  fo u n d  in  [35].

K e y - V a lu e  M o d e l s .  T h e  s im p le s t m o d e l is  t o  r e p re s e n t  c o n te x tu a l  in fo rm a ­

tio n  in  th e  fo rm  o f  (c o n te x t-v a r iab le , v a lu e ) p a ir s . K ey -v a lu e  p a ir s  c a n  b e  u se d  

fo r efficient e x a c t m a tc h  q u e rie s  fo r e x a m p le  fo r a u to m a tic  c o n te x tu a l  recon fig ­

u ra t io n . S u ch  m o d e ls  a re  g e n e ra l a n d  e a sy  to  m a n a g e  b u t  la ck  in  e x p re s s ib ility  

o f  se m a n tic  in fo rm a tio n .

M a r k u p  S c h e m e s .  C o n te x t is m o d eled  u s in g  “c o n te x tu a l” ta g s . C o m m o n  to  

su ch  schem es is a  h ie ra rc h ica l d a ta  s t r u c tu r e  t h a t  is e x p re ss  th ro u g h  th e  n e s tin g  
o f  ta g s .

A n  e x a m p le  o f  su ch  re p re se n ta tio n  is a  C C / P P  p ro file  [36]. A  C C / P P  p ro file  
^  is a  d e sc r ip tio n  o f  dev ice  c a p a b ilitie s  a n d  u se r  p re fe ren ces  t h a t  c a n  b e  u se d  to  

g u id e  th e  a d a p ta t io n  o f  c o n te n t p re se n te d  to  t h a t  dev ice . C C / P P  is  b a se d  o n  

R D F , th e  R eso u rce  D e sc rip tio n  F ram ew o rk , w h ich  w as d es ig n ed  by  th e  W 3 C  

a s  a  g e n e ra l p u rp o se  m e ta d a ta  d e sc r ip tio n  la n g u a g e . T h e  R e so u rc e  D e sc r ip tio n  63
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F ram ew o rk  (R D F ) is used  to  c re a te  profiles t h a t  d e sc r ib e  u se r  a g e n t  c a p a b ili­

tie s  a n d  p re fe rences. A  C C /P P  profile  c o n ta in s  a  n u m b e r  o f  C C / P P  a t t r ib u te  
n am es a n d  a sso c ia te d  values th a t  a re  used  by  a  se rv e r to  d e te rm in e  th e  m o st 

a p p ro p r ia te  fo rm  o f a  re so u rce  to  deliver to  a  c lien t. I t  is s t r u c tu r e d  to  allow  

a  c lien t to  d e sc rib e  i ts  c a p ab ilitie s  by  re fe ren ce  to  a  s ta n d a r d  p ro file , accessi­

b le to  an  o rig in  se rv e r o r o th e r  sen d er o f re so u rce  d a ta ,  a n d  a  sm a lle r  s e t o f 

fe a tu re s  t h a t  a re  in  a d d itio n  to  o r d ifferen t th a n  th e  s ta n d a r d  p ro file . A  se t o f 

C C /P P  a t t r ib u te  n am es, p e rm issib le  values a n d  a s so c ia te d  m e a n in g s  c o n s ti tu te  

a  C C /P P  v o cab u la ry .

A n e x am p le  o f  u sing  a  m a rk u p  schem e is “s tic k -e ” n o te s  [37] w h ich  a re  

th e  e lec tro n ic  eq u iv a len ts  o f p o s t- i t  no tes . C o n te x t  in fo rm a tio n  is m o d e le d  as 

ta g s  a n d  c o rre sp o n d in g  fields. T h e  stick -e  fields ca n  re c u rs iv e ly  c o n ta in  o th e r  

ta g s  a n d  co rre sp o n d in g  fields. T h e  n o te  o f th e  < b o d y >  ta g  is a u to m a tic a l ly  

tr ig g e re d  w hen  th e  c o n te x tu a l c o n s tra in ts  in  th e  < re q u ir e >  ta g  a re  m e t. T h is  

m o d e l h a s  evolved in to  th e  C o n teX tM L  m o d el w h ich  is a n  X M L -b a se d  p ro to c o l 

for ex ch an g in g  c o n te x tu a l in fo rm a tio n .

G r a p h i c a l  M o d e l s .  A  v a rie ty  o f g en era l m o d e ls  (su ch  a s  th e  E / R  m o d e l a n d  

U M L ) a re  g ra p h ic a l. S uch  m odels a re  v e ry  ex p re ss iv e  a n d  a re  m a in ly  u sed  as 

c o n c e p tu a l m odels. H ow ever, th e y  convey  l i t t le  in fo rm a tio n  a t  th e  in s ta n c e  level 

o r  on  im p le m e n ta tio n  issues.

O b j e c t - O r i e n t e d  M o d e l s .  I m p o r ta n t  fe a tu re s  o f  o b je c t-o r ie n te d  m o d e ls  a re  
e n c a p su la tio n  an d  re -u sab ility .

L o g ic - B a s e d  M o d e l s .  A  la rg e  n u m b e r o f p ro p o sa ls  to  re p re s e n t  c o n te x t  a re  

b ased  on  logic. Im p o r ta n t  in  th is  re sp e c t is th e  fo rm a liz a tio n  p ro p o se d  in  [38]. 

C o n te x ts  a re  co n sid e red  as firs t c lass o b je c ts . T h e  basic  r e la t io n  is is t(c ,p ) . I t  

a s se r ts  th a t  th e  p ro p o s itio n  p  is t ru e  in th e  c o n te x t c. T h e  m o s t im p o r ta n t  

fo rm u las  r e la te  th e  p ro p o s itio n s  t r u e  in d iffe ren t c o n te x ts . I n tro d u c in g  c o n te x ts  

as fo rm al o b je c ts  p e rm its  a x io m a tiz a tio n s  in  lim ited  c o n te x ts  to  b e  e x p a n d e d  

to  tra n sc e n d  th e  o rig in a l lim ita tio n s . T h is  seem s n ec e ssa ry  to  p ro v id e  A I p ro ­

g ra m s using  logic w ith  c e r ta in  c a p a b ilitie s  th a t  h u m a n  fa c t r e p re s e n ta t io n  a n d  

h u m a n  rea so n in g  possess. F u lly  im p lem en tin g  tra n sc e n d e n c e  seem s to  re q u ire  

fu r th e r  e x te n s io n s  to  m a th e m a tic a l logic, i.e ., b ey o n d  th e  n o n -m o n o to n ic  in fe r­
ence  m e th o d s .

O n t o l o g y - B a s e d  M o d e l s .  O n to lo g ies  h av e  c u rre n tly  a t t r a c te d  m u ch  a t te n ­
tio n  for sp ec ify ing  c o n cep ts  a n d  in te rre la tio n s .
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7.4.2 Storing Context
A n im p o r ta n t  issue  is w h a t is an  a p p ro p r ia te  m o d el for s to r in g  c o n te x t. B esides 

s to r in g  th e  c u rre n t c o n te x t for bu ild in g  c o n te x t-a w a re  sy s te m s  a n d  a p p lic a tio n s , 

th e re  is g row in g  effo rt to  e x tra c t  in te re s tin g  know ledge  (su ch  ru les , re g u la r itie s , 

c o n s tra in ts , p a t te rn s )  from  la rg e  co llec tions o f c o n te x t d a ta .
S to r in g  c o n te x t d a ta  u sing  d a ta  cubes, ca lled  c o n te x t cu b es , is p ro p o se d  

in  [17] for d ev e lop ing  co n te x t-a w a re  a p p lic a tio n s  t h a t  use  a rch iv e  se n so r d a ta .  

T h e  c o n te x t c u b e  p ro v id es  a  m u ltid im en sio n a l m o d e l o f  c o n te x t  d a ta  w h e re  each  

d im en sio n  p re se n ts  a  c o n te x t d im en sio n  o f in te re s t. T h e  c o n te x t  c u b e  a lso  p ro ­

v ides a  n u m b e r o f to o ls  for accessing , in te rp re tin g  a n d  a g g re g a tin g  c o n te x t  d a ta  

by usin g  c o n cep t re la tio n sh ip s  defined  w ith in  th e  re a l c o n te x t  o f  th e  a p p lic a ­

tio n . T h e  basic  c u b e  o p e ra tio n s  a re  slice, d ice, ro ll-u p  a n d  d rill-d o w n . A  slice is 

a  se lec tio n  o f one  d im en sio n  o f an  n -d im e n s io n a l cu b e . T h e  d ice  is a  se lec tio n  

'-.applied to  all d im en sio n s o f th e  cube . R o ll-u p  g e n e ra te s  a  new  c u b e  b y  a p p ly in g  

a n  a g g re g a te  fu n c tio n  on  one  d im ension . D rill-d o w n  is th e  in v erse  o f ro ll-u p ; 

i t  g e n e ra te s  a  c o n te x t cu b e  w ith  finer g ra n u la r ity  o n  o n e  o f  th e  n  d im en sio n s . 

So in  th is  w ork , d a ta  cu b es a re  used to  s to re  h is to r ic a l c o n te x t  d a t a  a n d  to  

e x t r a c t  in te re s tin g  know ledge from  co llec tio n s o f  c o n te x t d a ta .  F u r th e rm o re , 

a  c u b e  can  b e  used  to  c re a te  new  c o n te x t from  a n a ly s is  o f  th e  e x is tin g  d a ta .  

In  o u r  w ork , we use d a ta  cu b es for s to r in g  c o n te x t-d e p e n d e n t p re fe re n ce s  a n d  
an sw erin g  re la te d  queries.

7.4.3 Updating Context
Since c o n te x t p a ra m e te rs  ch an g e  w ith  tim e , d e riv in g  a  m o d e l o f  how  th e y  ch an g e  

is im p o r ta n t. T h is  en ab le s  th e  p re d ic tio n  o f  fu tu re  v a lu es  o f  c o n te x t . F u r th e r ­

m ore , such  in fo rm a tio n  ca n  b e  u sed  to  f in e -tu n e  v a rio u s  sy s te m -re la te d  p a ra m e ­

te rs  as well a s  a  v a r ie ty  o f p ro to co ls . F ina lly , h a v in g  a  m o d e l for c o n te x t  u p d a te s  

allow  b u ild in g  sy s te m s  th a t  a re  m o re  cost-effective . T h e re  a re  in  g e n e ra l tw o 

w ays for c o m m u n ic a tin g  u p d a te s : a  p u sh  a n d  a  pu ll m o d el. In  th e  p u s h  m o d e l , 

th e  so u rce  o f th e  c o n te x t u p d a te  p u sh  th e  new  v a lu e  o f  th e  a s so c ia te d  c o n te x t 

p a ra m e te r  to  th e  c o n te x t-a w a re  sy s tem . In  th e  p u l l  m o d e l , th e  c o n te x t-a w a re  

sy s te m  po lls  th e  so u rce  to  le a rn  a b o u t  a n y  u p d a te s . In  b o th  m o d e ls , th e re  is 

c o s t a s so c ia ted  w ith  u p d a te  p ro p a g a tio n . A m o d e l o f  c o n te x t  w ou ld  re d u c e  su ch  

co s t, s ince  i t  w ill e lim in a te  th e  co s t o f  c o m m u n ic a tio n  b e tw een  th e  so u rc e  a n d  

th e  c o n te x t-a w a re  sy s tem . I t  w ill a lso  re d u c e  th e  c o m p u ta tio n  c o s t a t  b o th  en d s.

D eriv in g  g en e ra l m odels for c o n te x t u p d a te s  is a  fo rm id a b le  ta s k , b e c a u se  o f 

th e  g re a t  v a rie ty  o f  c o n te x t in fo rm a tio n . M odels h av e  b een  a d v a n c e d  fo r lo c a tio n  

u p d a te s , s ince  i t  is p o ssib le  to  p re d ic t fu tu re  lo c a tio n s  w h en  th e  m o v in g  o b je c ts
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In s te a d  o f  ex e c u tin g  th e  n a iv e  a lg o rith m  to  o b ta in  th e  t o p - k  an sw e rs  (look  

a t  every  e n try  in  each  o f  th e  m  so r te d  lis ts , c o m p u tin g  u s in g  t  th e  o v e ra ll g ra d e  
o f  every  o b je c t a n d  r e tu rn  th e  to p - k  an sw ers), sev e ra l a lg o r ith m s  h av e  b een  

p ro p o sed . A t firs t, F ag in  [20] in tro d u c e d  a n  a lg o rith m , n a m e d  F A  (F a g in ’s 
A lg o rith m ). In itia lly , th e  FA  ex ecu tes  so r te d  access to  each  o f  th e  m  s o r te d  lis ts  

in  p a ra lle l, i.e., access th e  to p  m em b er o f each  o f  th e  lis ts , th e n  th e  second  

m em b er a n d  so on. FA  w a its  u n til  th e re  is a  s e t  o f  a t  le a s t  k  o b je c ts , su ch  th a t  

each  o f th e se  o b je c ts  h a s  b een  seen  in  each  o f th e  m  lis ts . FA  fin d s th e  i th field 

o f £ i ,  for each  o b je c t w ith  a  ra n d o m  access to  each  lis t L { .  F in a lly , c o m p u te s  
th e  overa ll g ra d e s  a cco rd in g  to  th e  a g g re g a tio n  fu n c tio n  t  fo r a ll o b je c ts  t h a t  

h av e  b een  seen  a n d  re tu rn s  th e  o b je c ts  w ith  th e  k  h ig h e s t g ra d e s .

T h e  T h re sh o ld  A lg o rith m  (T A ) ex ecu tes  s o r te d  access in  p a ra lle l  to  each  o f 

th e  m  so rte d  lis ts  L i .  F o r each  o b je c t R  is seen  e x e c u te s  r a n d o m  access  to  th e  

o th e r  lis ts  to  find  th e  g ra d e  X i o f R  in  ev ery  lis t L*, a n d  th e n  c o m p u te s  th e  

o vera ll g ra d e  o f R .  F or each  lis t L i , le t χ* b e  th e  g ra d e  o f  th e  la s t  o b je c t  seen  

u n d e r  so r te d  access. T A  c o m p u te s  a  th re sh o ld  v a lu e  r  to  b e  t ( x i , . . .  , x m ). T h e  

a lg o r ith m  s to p s  w h en  a t  le a s t k  o b je c ts  h av e  b e e n  seen  w h o se  g ra d e  is a t  le a s t 

eq u a l to  r  a n d  re tu rn s  th e  k  o b je c ts  w ith  th e  h ig h e s t g ra d e s . A n  in te re s tin g  

v a r ia tio n  o f T A  a lg o rith m  is th e  a p p ro x im a tio n  a lg o r ith m  TA #. T h is  a lg o r ith m  

s to p s  w h en  a t  le a s t k  o b je c ts  h av e  b een  seen  w hose  g ra d e , w h e n  m u ltip lie d  by  

Θ (Θ >  1), is a t  le a s t eq u a l to  r .

F u r th e rm o re , a  N o R a n d o m  A ccess A lg o rith m  (N R A ) is p ro p o se d  fo r sy s te m s  

w h ere  ra n d o m  accesses a re  fo rb id d en . N R A  e x e c u te s  s o r te d  access  in  p a ra lle l 

to  each  o f th e  m  so r te d  lis ts  L i .  A t each  d e p th  d  (w h en  d  o b je c ts  h av e  b een  

accessed  u n d e r  so r te d  access in  each  lis t)  th e  b o t to m  v a lu es  . .  . , x f f

en c o u n te re d  in  th e  lis ts . F o r ev e ry  o b je c t R  N R A  c o m p u te s  th e  low er b o u n d  

W ^d\ R )  a n d  th e  u p p e r  b o u n d  B ^ ( R ) .  T h e  low er b o u n d  fo r a n  o b je c t  R  a t  

d e p th  d  is th e  g ra d e  o f  th e  a g g re g a te  fu n c tio n  t  w h e re  fo r ea c h  u n k n o w n  g ra d e  

X i w e p u t  0. In  th e  c o m p u ta tio n  o f  th e  u p p e r  b o u n d  fo r each  u n k n o w n  g ra d e  

X i w e p u t  th e  v a lu e  χ , ,  w h ere  χ* is th e  sm a lle s t v a lu e  o b ta in e d  v ia  s o r te d  access 

in  lis t L i .  T h e  a lg o rith m  m a in ta in s  th e  k  o b je c ts  w ith  th e  la rg e s t W ^dK I f  tw o  

o b je c ts  have  th e  sam e  values, th e  o b je c t w ith  th e  h ig h e s t B ^  v a lu e  w ins. 

N R A  s to p s  w h en  k  d is t in c t  o b je c ts  h av e  b een  seen  a n d  all th e  o th e r  o b je c ts  

h av e  an  u p p e r  b o u n d  v a lu e  less o r  eq u a l w ith  th e  low er b o u n d  v a lu e  o f  th e  k l h  

o b je c t. A m o d ifica tio n  o f  th e  N R A  a lg o rith m  is th e  c o m b in ed  a lg o r i th m  C A  

t h a t  uses ra n d o m  accesses a n d  ta k e s  th e ir  co s ts  ( re la tiv e  to  s o r te d  access) in to  
-  a cc o u n t. T h e  m a in  id ea  o f  C A  is to  ru n  N R A , b u t  ev e ry  h  =  c r / c s  s te p s , w h e re  

c r  is th e  c o s t o f  a  so r te d  access a n d  c s  th e  c o s t o f  a  ra n d o m  access , to  ru n  a  
ra n d o m  access p h a se  a n d  u p d a te  th e  u p p e r  a n d  low er b o u n d s .

A d d itio n a lly , th e re  is som e s im ila r ity  w ith  th e  w o rk  d o n e  in  th e  c o n te x t  o f  th e
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P R E F E R  sy s te m  [22] for p ro cessin g  r a n k e d  q u e r ie s  t h a t  a re , q u e rie s  t h a t  r e tu r n  

th e  to p  o b je c ts  o f  a  d a ta b a s e  acco rd in g  to  a  p re fe ren ce  fu n c tio n . T h e  focus 
o f  th is  w ork  is on  a  d iffe ren t to p ic . In  p a r t ic u la r , th is  a p p ro a c h  p re c o m p u te s  

m a te r ia liz ed  ra n k e d  view s, in  o rd e r  to  g u a ra n te e  b e t te r  q u e ry  p e rfo rm a n c e , a n d  

th e n  an sw ers  a  ra n k e d  q u e ry  q  w ith  a  p re fe ren ce  fu n c tio n  / ' ,  fro m  a  m a te r ia liz e d  

ra n k e d  view  v  t h a t  is b a sed  o n  a n o th e r  p re fe ren ce  fu n c tio n  / ,  w h e n  fo r ex a m p le  

th e  tw o  fu n c tio n s  /  a n d  / '  h av e  d iffe ren t w e ig h t v a lu es . In  t h a t  w ay, a t  f irs t 

th e  a p p ro p r ia te  v iew  is se lec ted , find ing  w h ich  v iew  h a s  th e  m a x im u m  co v erag e  

a re a  w ith  th e  query . In  follow ing, th e  a lg o rith m  ta k e s  th e  n  f ir s t  o b je c ts  o f  th e  

v iew  o r  m o re  specific  th e  n  f irs t o b je c ts  th a t  h av e  v a lu es  less th a n  a  th re sh o ld  

value . T h e n , re o rd e rs  th e se  o b je c ts  a cco rd in g  to  th e  p re fe re n ce  fu n c tio n  o f  th e  

q u e ry  a n d  re tu rn s  a ll o f  th e m  th a t  a re  befo re  th e  f irs t o b je c t  o f  th e  p re v io u s  

o rd e rin g , i.e ., th e  o rd e r in g  th a t  b ased  o n  th e  v iew ’s p re fe re n ce  fu n c tio n . T h is  is 

th e  o u tp u t  o f  th e  ra n k e d  query .

R e lev an t in  th is  re sp e c t is th e  re sea rch  in  [39, 40]. In  t o p - k  q u e r ie s  [39], u se rs  

specify  ta r g e t  va lu es  for c e r ta in  a t t r ib u te s ,  w ith o u t re q u ir in g  e x a c t  m a tc h e s  to  

th e se  va lu es  in  re tu rn . In s te a d , th e  re su lt  to  su ch  q u e rie s  is ty p ic a lly  a  ra n k  o f 

th e  “to p -k ” tu p le s  t h a t  b e s t  m a tc h  th e  g iven  a t t r ib u te  v a lu es . T h e  s k y l i n e  [40] is 

defined  as  th o se  tu p le s  o f  a  re la tio n  t h a t  a re  n o t  d o m in a te d  b y  a n y  o th e r  tu p le . 

A  tu p le  d o m in a te s  a n o th e r  tu p le  if  i t  is a s  g o o d  o r b e t te r  in  a ll d im e n s io n s  a n d  
b e t te r  in  a t  le a s t o n e  d im en sio n .

ts
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Chapter 8

C o n c lu sio n s  an d  
F u t u r e  W o r k

T h e  use  o f  c o n te x t is im p o r ta n t  in  m an y  a p p lic a tio n s  su ch  a s  in  p e rv a s iv e  com ­

p u tin g  w h ere  i t  is im p o r ta n t  th a t  u sers receive  o n ly  re le v a n t in fo rm a tio n . In  

th is  th e s is , w e co n sid er in te g ra tin g  c o n te x t w ith  q u e ry  p ro c e ss in g , so  t h a t  w h en  

a  u se r  p o ses  a  q u e ry  in  a  d a ta b a s e , th e  re su lt  d e p e n d s  o n  c o n te x t. In  p a r t ic ­

u la r , each  u se r in d ica te s  p re fe ren ces on  specific  a t t r ib u te  v a lu es  o f  a  re la tio n . 

S uch  p re fe ren ces d ep en d  on  c o n te x t. U sers ex p re ss  th e ir  p re fe re n ce s  o n  specific  

d a ta b a s e  in s ta n c e s  based  on  a  sing le  c o n te x t p a ra m e te r . S u ch  b a s ic  p r e fe r e n c e s , 

i.e ., p re fe ren ces a sso c ia tin g  d a ta b a s e  re la tio n s  w ith  a  s in g le  c o n te x t  a t t r ib u te ,  

a re  com b in ed  to  c o m p u te  a g g re g a te  p r e fe r e n c e s  t h a t  in c lu d e  m o re  th a n  o n e  con ­

te x t  p a ra m e te r . W e s to re  basic  p re fe rences in  d a t a  c u b es  a n d  show  how  O L A P  

tech n iq u es  ca n  b e  used  to  c o m p u te  c o n te x t-a w a re  q u e rie s , t h a t  is q u e rie s  w hose  
re su lts  d e p e n d  o n  c o n te x t.

A g g reg a te  p re fe ren ces a re  n o t ex p lic itly  s to re d . T o  im p ro v e  p e rfo rm a n c e , we 

p ro p o se  s to r in g  a g g re g a te  p re fe rences c o m p u te d  as  re su lts  o f  p re v io u s  q u e rie s  

u sin g  an  a u x ilia ry  d a ta  s t ru c tu re  ca lled  c o n te x t  tre e . A  p a th  in  th e  c o n te x t 

tre e  c o rre sp o n d s  to  an  a ss ig n m en t o f  va lues to  c o n te x t p a ra m e te rs ,  t h a t  is, to  a  

c o n te x t s ta te , for w hich  th e  a g g re g a te  sco re  h a s  b een  p re v io u s ly  c o m p u te d .

T h e  c o n te x t tre e  p ro v id es  an  efficient w ay  to  re tr ie v e  th e  to p - k  r e s u lts  th a t  

a re  re lev an t to  a  p re fe ren ce  query . W h e n  a  q u e ry  is p o sed  to  th e  sy s te m , we 
firs t check if th e re  ex is ts  a  c o n te x t s ta te  th a t  m a tc h e s  i t  in  th e  c o n te x t  tre e . If  

so, we re tr ie v e  th e  to p - k  re su lts  from  th e  a sso c ia te d  lea f n o d e . O th e rw ise , we 

c o m p u te  th e  an sw er a n d  in se r t  th e  new  c o n te x t s ta te ,  i.e ., th e  new  p a th  a n d  
th e  a sso c ia ted  to p - k  re su lts , in  th e  tre e . F u r th e rm o re , th e  r e s u lts  s to re d  in  th e
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c o n te x t tre e  ca n  b e  re -u sed  to  sp eed -u p  q u e ry  p ro cess in g . T h is  h a p p e n s  for a  

s im ila r  query , i.e ., for a  q u e ry  th a t  h as  s im ila r va lu es  to  i ts  c o n te x t  s ta te  w ith  
a  p rev io u s  one. In  th is  case, th e  re su lts  o f  th e  new  q u e ry  a re  a p p ro x im a te . W e 

also  show  how  sea rch  in  th e  c o n te x t tre e  ca n  b e  im p ro v ed  u s in g  a  v a r ia t io n  o f a  

B lo o m -b ased  filte r for te s tin g  m em b ersh ip  in  th e  tre e .

F inally , w e d e m o n s tra te  th e  feasib ility  o f o u r a p p ro a c h  th ro u g h  a  p ro to ty p e  
a p p lic a tio n -re g a rd in g  a  c o n te x t-a w a re  r e s ta u ra n t  g u id e , a n d  w e e v a lu a te  th e  

p e rfo rm a n c e  o f  th e  c o n te x t tre e  on  an sw ering  q ueries.

T h is  w ork  is a  firs t s te p  to w a rd s  u sing  th e  c o n te x t tre e . T h e re  a re  m an y  

issues th a t  need  fu r th e r  in v es tig a tio n . So far, we used  p o in t q u e rie s . A  point 
query is a  s im p le  tra v e rsa l on  th e  context tree s t r u c tu r e  fro m  th e  r o o t  to  a  leaf. 

A t level i , we sea rch  for th e  cell h av in g  as key th e  i th v a lu e  o f th e  q u e ry  a n d  

descend  to  th e  n e x t level follow ing th e  a p p ro p r ia te  p o in te r . I f  th e  i th v a lu e  is 

a n y , we follow th e  p o in te r  o f  th e  any  cell.

Range queries differ from  p o in t qu eries  b ec a u se  th e y  c o n ta in  a t  le a s t one  

c o n te x t p a ra m e te r  w ith  a  ra n g e  o f  values. I f  a  ra n g e  is specified  for th e  i th 
c o n te x t p a ra m e te r , i.e., for th e  i th level o f  th e  query , for each  key  sa tis fy in g  th e  

specified  ra n g e  we recu rsiv e ly  descen d  to  th e  c o rre sp o n d in g  s u b tre e  in  a  d e p th -  

firs t m a n n e r. In  th is  case, th e  top-k re su lts  t h a t  a re  re le v a n t to  th e  q u e ry  can  

b e  p ro d u c e d  m erg in g  th e  in d iv id u a l re su lts  o f th e  c o rre sp o n d in g  p o in t  q ueries.

W e ca n  fu r th e r  e x te n d  o u r  m odel, as  co n ce rn s  th e  ra n g e  q u e rie s , m o d ify in g  

th e  m odel of p references. So far, each  basic preference is d e sc r ib e d  b y  a  c o n te x t 

p a ra m e te r , a  se t o f n o n -c o n te x t p a ra m e te rs , a n d  a  d e g re e  o f  in te re s t ,  w h ile  

an  aggregate preference is ex p ressed  by  a  s e t  o f  c o n te x t  p a ra m e te rs ,  a  s e t  o f 

n o n -c o n te x t p a ra m e te rs , a n d  s im ila rly  h a s  a  d eg ree  o f in te re s t .  In  a n  e x te n d e d  

a p p ro a c h , u se rs  can  ex p ress  th e ir  basic  p re fe ren ces g iv in g  sco res  t h a t  re fe r to  a  

ra n g e  o f va lues o f  th e  c o rre sp o n d in g  c o n te x t p a ra m e te r . R esp ec tiv e ly , a  c o n te x t 

p a ra m e te r  o f  a n  a g g re g a te  p re fe ren ce  can  refe r to  a  ra n g e  o f  v a lu es , b ec a u se  
each  a g g re g a te  p re fe ren ce  is deriv ed  from  a  c o m b in a tio n  o f  b a s ic  o nes.

T h e  c o n te x t tre e  is used  to  cach e  c o n te x t s ta te s  t h a t  a re  re la te d  w ith  p rev io u s  

s u b m itte d  q u erie s . W e s to re  to  each  c o n te x t s ta te  th e  c o rre sp o n d in g  to  th e  q u e ry  

top-k re su lts , so  t h a t  th e se  re su lts  c an  b e  re -u sed  by  su b se q u e n t q u e rie s . W h ile  

th e  c o n te x t tre e  ta k e s  up  lim ited  space , we co n sid e r tw o  re p la c e m e n t po lic ies 

for choosing  w hich  p a th s  to  de le te . T h e se  po lic ies use  th e  L R U  a n d  th e  L F U  
a lg o rith m , respec tive ly . H ow ever, a  c o n te x t s ta te  is n o t se lec ted  to  b e  d e le ted , 

som e o f its  to p -k  re su lts  m ay  b e  n o t fresh . In  th is  way, we p ro p o se  to  d e le te  
. th e  old p a th s . T o im p lem en t th is  policy, we can  s to re  a t  each  p a th  th e  tim e  

th a t  th e  p a th  is in se rte d  in th e  tre e  a n d  p e rio d ica lly  to  d e le te  th e  p a th s  w ith  

sm all such  values. A lte rn a tiv e ly , w hen  a  ch an g e  in a  b as ic  sco re  is o c c u rre d , we 
c o m p u te  from  sc ra tc h  th e  a g g re g a te  sco re  o f th e  a s so c ia te d  d a t a  o b je c t  a n d  w e
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ex am in e  if i t  n eed ed  an  u p d a te  to  th e  top-k lis ts .

A n o th e r  in te re s tin g  issue, in  a  d iffe ren t a re a , is how  c o n te x t  t r e e  c a n  con­
tr ib u te  to  th e  c re a tio n  o f c lu s te rs  o f n o d es in  d e c e n tra lize d  p 2 p  sy s te m s . In  

g en era l, all th e  nod es o f a  c lu s te r  have  s im ila r  in te re s ts . U sua lly , c lu s te rs  in 

u n s tru c tu re d  p 2 p  sy s tem s a re  o rg an ized  acco rd in g  to  th e  c o n te n t  o f  d a ta  files 

s to re d  a t  each  node . S evera l a p p ro ach es  h av e  b een  p ro p o se d  in  p re v io u s  w ork . 

F o r in s ta n c e , in  th e  associative overlays ([41]), a ll n o d es  t h a t  b e lo n g  to  a  c lu s te r  

sa tis fy  a  predicate. T h is  s e t  o f  nod es is ca lled  a  guide rule a n d  all th e  g u id e  ru les  

define th e  n e tw o rk  topo logy . E ach  n o d e  m a in ta in s  a  sm a ll l is t o f  o th e r  n o d es  

t h a t  b e lo n g  to  th e  sa m e  g u id e  ru le . A  sea rch  p ro cess  in  a  g u id e  ru le  is p e rfo rm e d  

like th e  b lin d  sea rch  in  u n s tru c tu re d  sy stem s.
In  a  s im ila r way, Semantic Overlay Networks (S O N s - [42]) c o n s is t o f  c lu s te rs  

o f  no d es. E ach  c lu s te r  inc lu d es n o d es th a t  a re  s e m a n tic a lly  r e la te d . T w o  n o d es  

a re  se m a n tic a lly  re la te d  w h en  th e  c o n te n t o f th e ir  d a ta  files a re  s im ila r . A ll 

co n n ec tio n s  a re  b e tw een  n o d es th a t  be long  to  th e  sa m e  S O N , w ith o u t  th e  need  

th a t  in  a  S O N  all n o d es a re  co n n ec ted  to  each  o th e r . F u r th e rm o re , a  n o d e  

m ig h t be long  to  m o re  th a n  one  SO N . Q u eries  a re  p ro cessed  f irs t b y  fin d in g  th e  

a p p ro p r ia te  S O N  to  an sw er it. T h e n , th e  q u e ry  is p ro p a g a te d  to  th is  S O N  a n d  

finally , is p e rfo rm ed  a  b lind  sea rch  in  th e  specific  S O N . T h is  p ro c e ss  red u ces  
th e  tim e  to  answ er a  query .

A n o th e r  w ay to  ex p lo it th e  s im ila ritie s  o f c o n te n t o f  th e  n o d e s ’ d a t a  files is 

to  p lace  th e m  (o r th e ir  ind ices) to  specific no d es. F o r each  d a t a  file a  v e c to r  is 

c re a te d , a c co rd in g  to  i ts  c o n te n t. T h is  v e c to r  is u sed  to  p la c e  th e  d a t a  file. A lso, 

each  q u e ry  h a s  a  v ec to r. T h e  s im ila rity  b e tw een  a  file’s v e c to r  a n d  a  q u e ry ’s 

v e c to r , lead s  th e  q u e ry  to  a n  a p p ro p r ia te  n o d e , i.e ., a  n o d e  t h a t  m a y  h av e  th e  
r e s u lt  o f  th e  query . T h is  a p p ro a c h  is p re se n te d  in  [43].

In  a  d iffe ren t a p p ro a c h , w e can  use th e  q u e ry  w o rk lo ad  o f  each  n o d e  a n d  n o t  

o n ly  th e  c o n te n t o f  i ts  d a ta  files to  c o n s tru c t c lu s te rs  o f  n o d es . In  p a r t ic u la r ,  th e  

c o n te x t tre e  ca n  b e  u sed  as  a n  in d ex  th a t  ex p resses  th e  local q u e ry  w o rk lo a d  o f  

a  specific  n o d e . T w o  n o d es a re  in c lu d ed  in  th e  sa m e  c lu s te r  if th e y  h a v e  s im ila r  

c o n te x t tre e s . T h e  s im ila r ity  b e tw een  tw o c o n te x t tre e s  re fe rs  th e  p e rc e n ta g e  o f  

sa m e  p a th s  in  th e  tree s . In  th is  p a r t  o f  o u r  fu tu re  w ork , th e  m u lti- lev e l B loom  

filte rs  can  b e  u sed  to  c h a ra c te r iz e  if tw o c o n te x t tre e s  a re  s im ila r  o r  n o t.
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