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Abstract 
The paper is concerned with the time efficient 

processing of spatiotemporal predicates, i.e. spatial 
predicates associated with an exact temporal 
constraint. A set of such predicates forms a buffer 
query or a Spatio-temporal Pattern (STP) Query with 
time. In the more general case of an STP query, the 
temporal dimension is introduced via the relative order 
of the spatial predicates (STP queries with order). 
Therefore, the efficient processing of a spatiotemporal 
predicate is crucial for the efficient implementation of 
more complex queries of practical interest. We propose 
an extension of a known approach, suitable for 
processing spatial predicates, which has been used for 
the efficient manipulation of STP queries with order. 
The extended method is supported by efficient indexing 
structures. We also provide experimental results that 
show the efficiency of the technique. 
!
1. Introduction 
 
56.! .::&;&.'/! 6#'7<&'$! %:! (=#/&%/.>=%-#<! 7#/#! &(! #'!

&';-.#(&'$! 7.>#'7! %:! >%7.-'! ?@A2(,! >%/&B#/.7! CD!
<%;#/&%'! C#(.7! (.-B&;.(! E.*$*! )F2! #==<&;#/&%'(G! #'7!
/.<.;%>>3'&;#/&%'(! E;.<<3<#-! './H%-I(G*! 23;6!
#==<&;#/&%'(!(%%'!.J=#'7.7!&'!#-.#(!(3;6!#(!-%C%/&;(,!
>.7&;#<! &>#$&'$,! >3</&>.7&#! #==<&;#/&%'(,! ./;! KLM*!
2=#/&#<!#//-&C3/.(!;#'!C.!B&.H.7!#(!N?,!+?,!9?!%-!4?!
=%(&/&%'(*! 5.>=%-#<! #//-&C3/.(! ;#=/3-.! /6.! /.>=%-#<!
.J&(/.';.!%:!.'/&/&.(!#'7,!&'!/6.!$.'.-#<!;#(.,!/6.D!;#'!
C.! -.=-.(.'/.7! #(! /&>.! =%&'/(! %-! /&>.! &'/.-B#<(*! 56.!
>%(/! /D=&;#<! :%->! %:! (=#/&%O/.>=%-#<! 7#/#! &(! /6#/! %:!
/-#P.;/%-&.(*!Q!(=#/&%O/.>=%-#<!=-.7&;#/.!&(!#!=#&-!E2,5G,!
H6.-.! 2! -.=-.(.'/(! #! (=#/&#<! ;%'(/-#&'/! #'7! 5!
-.=-.(.'/(!#!/.>=%-#<!;%'(/-#&'/,!H6&;6!;#'!C.!.&/6.-!#!
/&>.O&'(/#'/!/!%-!#!/&>.!&'/.-B#<!!/*!Q!R3.-D!%:!/6.!:%->!

!!!!S+!TUE2+,5+G,E29,59G,!V,!E21,51G,W! !!!!!!E+G!
&(!-.:.--.7!/%!#(!STP query with time*!
2=#/&%O5.>=%-#<!X#//.-'! E25XG!R3.-&.(! KYM!7.=.'7!%'!
/6.!.::&;&.'/!>#'&=3<#/&%'!%:!(3;6!=-.7&;#/.(*!!
56&(!=#=.-!&(!;%';.-'.7!H&/6!/6.!.::&;&.'/!=-%;.((&'$!

%:!(3;6!R3.-&.(!CD!3(&'$!#'!#==-%=-&#/.!&'7.J&'$*!
Z.! (#D! /6#/! #! (=#/&%O/.>=%-#<! =-.7&;#/.! E2,! 5G! &(!

(#/&(:&.7!CD!/6.!/-#P.;/%-D!%:!#'!%CP.;/! &:! /6.!%CP.;/! <&.(!

&'! 2! #/! (%>.! /&>.! H&/6&'! /6.! (=.;&:&.7! /.>=%-#<!
;%'(/-#&'/! 5*! A%-.%B.-,! H.! (#D! /6#/! /6.! /-#P.;/%-D!
(#/&(:&.(!#!R3.-D!S!&:!&/!(#/&(:&.(!#<<!/6.!(=#/&%O/.>=%-#<!
=-.7&;#/.(!%:!S*!
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Figure 1. An example query 
 

Q(!#'!.J#>=<.,!/6.!R3.-D!7.=&;/.7!&'![&$3-.!+!&(!
STUE\+,!K/+,/9MG,E\9,!K/4,/]MG,!E\4,!K/L,/YMGW*!

#'7! &/! &(! (#/&(:&.7! CD! .B.-D! /-#P.;/%-D! /6#/! ;-%((.(! /6.!
-.$&%'(! \+,! \9! #'7! \4! #/! (%>.! /&>.! C./H..'! K/+,/9M,!
K/4,/]M!#'7!K/L,/YM,!-.(=.;/&B.<D*!
56.!(%<3/&%'!H.!=-%=%(.! &'! /6&(!=#=.-! &(!C#(.7!%'!

#'%/6.-!(%<3/&%'!KYM,!(3&/#C<.!:%-!/6.!.::&;&.'/!.B#<3#/&%'!
%:!STP queries with order*!F'!/6.(.!R3.-&.(,!/6.!(=#/&#<!
=-.7&;#/.(! #-.! '%/! #((%;&#/.7! H&/6! /.>=%-#<!
;%'(/-#&'/(*! F'(/.#7,! /6.!7&>.'(&%'!%:! /&>.! &(! &'(.-/.7!
&'/%! /6.! R3.-D! B&#! /6.! %-7.-! %:! /6.! (=#/&#<! =-.7&;#/.(*!
23;6!#'!.J#>=<.!R3.-D!&(!!

S9!TUE2+G,E29G,!V,!E21GW!!! !!!!!E9G!
56.! %3/=3/! %:! /6&(! R3.-D! ;%'(&(/(! %:! #<<! /6.! %CP.;/(!

/6#/!B&(&/.7!/6.!#-.#(!2+,!29,!V,!2-!&'!/6&(!%-7.-*!!
!

2. Related work 
 
56.! =-%C<.>! %:! &'7.J&'$! #'7! R3.-D&'$! (=#/&%O

/.>=%-#<!7#/#!<#/.<D!6#(!$#&'.7!>3;6!#//.'/&%'*!)^/&'$!
./! #<! K]M! =-%=%(.!#!7#/#!>%7.<!#'7!#!R3.-D! <#'$3#$.!
:%-! 6#'7<&'$! #'7! .J=-.((&'$! ;%>=<.J! (=#/&%O/.>=%-#<!
R3.-&.(*!2.B.-#<!/-#P.;/%-DO&'7.J&'$!>./6%7(!6#B.!#<(%!
C..'! =-%=%(.7! :%-! /6.! 6#'7<&'$! %:! (=#/&#<! =-.7&;#/.!
R3.-&.(! E(..! K+NM! :%-!#!(3-B.DG*!56.%7%-&7&(!./!#<*! K+9M!
(/37D! /6.! &((3.(! /6#/! #-&(.! &'! (=#/&%O/.>=%-#<! &'7.J!
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(/-3;/3-.(*!_6#II#!./!#<!K4M!=-%=%(.!#!/H%O<.B.<!>./6%7!
/6#/! 7.;%3=<.(! /6.! &'7.J&'$! %:! /6.! (=#/&#<! #'7! /6.!
/.>=%-#<!7&>.'(&%'(!%:! /6.!7#/#(./(*!X:%(.-!./!#<! K++M!
=-%=%(.! /H%! #;;.((! >./6%7(,! /6.! 25\O/-..! #'7! /6.!
5@O/-..*! 56.! :%->.-! &(! C#(.7! %'! /6.! ;<#((&;#<! \`O/-..!
K9M!H6.-.#(!/6.!<#//.-!&(!#'!\O/-..!6DC-&7!(/-3;/3-.!/6#/!
=-.(.-B.(!/-#P.;/%-&.(*!!
Q!7&::.-.'/!#==-%#;6!:%-!/6.!6#'7<&'$!%:!25X!R3.-&.(!

H&/6! %-7.-! 6#(! C..'! &'/-%73;.7! &'! KYM*! 56.! &7.#!
;%'(&7.-(!#!$-&7!%'!#!9O7&>.'(&%'#<!(=#;.*!8#;6!;.<<!%:!
/6.!$-&7!&(!#((%;&#/.7!H&/6!#!<&(/*!Q((3>&'$!&'!=#-/&;3<#-!
/6#/!#'!%CP.;/!Ol!.'/.-(!;.<<!Cm #/!/&>. tk,! /6.!=#&-!EOl, 
tk)! &(! &'(.-/.7! &'/%!#! <&(/!#((%;&#/.7!H&/6!;.<<!_>*!8#;6!
(3;6! <&(/! &(! %-7.-.7! CD! %CP.;/! F7*! )&B.'! #<(%! /6#/! #'!
%CP.;/!>#D!.'/.-!#!;.<<!>%-.!/6#'!%';.,!#<<!/6.!/&>.(!%:!
.'/-#';.!%:!#'!%CP.;/! &'! /6.!(#>.!;.<<!#-.!%-7.-.7!CD!
/&>.*!Q!(&>=<.!.J#>=<.!%:! /6.!#==-%#;6! &(!7.=&;/.7!&'!
[&$3-.!9,!#'7!.J=<#'#/&%'(!#-.!#(!:%<<%H(a!
56.! #--%H(! %'! #! /-#P.;/%-D! (6%H! /6.! 7&-.;/&%'! %:!

>%B.>.'/! %:! #'! %CP.;/*! [%-! (&>=<&;&/D,! &/! &(! #((3>.7!
/6#/!#'!%CP.;/!-.>#&'(!&'!#!;.<<!:%-!#!(&'$<.!/&>.O&'(/#'/*!
8#;6!C3<<./!%'! /6.! /-#P.;/%-D!%:! #'!%CP.;/! 7.'%/.(! /6.!
/&>.! &'(/#'/! #/! H6&;6! /6.! %CP.;/! (.'7(! #! >.((#$.*!
b.';.,!/6.![&$3-.!(6%H(!/6#/!%CP.;/!c+!.'/.-.7!;.<<!_9!
#/!/&>.!4*!2&>&<#-<D,!%CP.;/!c9!.'/.-.7!_9!#/!/&>.!d!#'7!
#<(%!#/!/&>.!+N*!8#;6!.<.>.'/!%:!#!<&(/!&(!;#<<.7!record*!

Figure 2. A partitioning of space into cells and 
representation of lists 

!
F'!#'!25X!R3.-D!H&/6!%-7.-!E.J=-.((&%'!E9GG,!#<<! /6.!

=-.7&;#/.(! #-.! -#'$.! ;%'(/-#&'/(,! #'7! /6.D! #-.!
.B#<3#/.7!;%';3--.'/<D,!CD!>.-$&'$!/6.!<&(/(!#((%;&#/.7!
H&/6! /6.(.! =-.7&;#/.(*! 56.! #'(H.-(! #-.! -./-&.B.7! &'!
(%-/.7! %CP.;/! &7.'/&:&.-! %-7.-*! F'! /6.! -.>#&'7.-! %:! /6.!
=#=.-,!H.!-.:.-!/%!/6&(!#==-%#;6!#(!the list solution. 
[%-!.#;6!(=#/&#<!%-!(=#/&%O/.>=%-#<!=-.7&;#/.!X&,! <./!

[EX&G!C.!/6.!(./!%:!%CP.;/!F7(,!H6&;6!(#/&(:D!X&*!"./!#<(%!
@!C.!/6.!'3>C.-!%:!-.;%-7(!/6#/!:&/!&'!#!C<%;I!&'!.J/.-'#<!
>.>%-D!#'7!1!/6.!'3>C.-!%:!=-.7&;#/.(!%:! /6.!R3.-D*!
F'! ;#(.! %:! (.R3.'/&#<! =-%;.((&'$! %:! =-.7&;#/.(,! /6.!
3==.-! C%3'7! %'! /6.! '3>C.-! %:! Fec(! :%-! /6.! R3.-D!
.B#<3#/&%'! &(! cE>#JEf[EX&Gf,! +! "! &! "! 1G`1e@G,! H6.-.!

f[EX&Gf! &(! /6.!;#-7&'#<&/D!%:![EX&G*!56&(! &(!C.;#3(.!.#;6!
%CP.;/!C.<%'$&'$! /%![EX&G!6#(! /%!C.!.J#>&'.7! &'!%-7.-!
/%! :&'7! %3/! H6.'.B.-! &/! (#/&(:&.(! #<<! /6.! -.>#&'7.-!
=-.7&;#/.(*!
Q(!H.!H&<<!(6%H!<#/.-,! /6.! <&(/!(%<3/&%'!#;6&.B.(!/6&(!

C%3'7! :%-! 25X! R3.-&.(! H&/6! %-7.-! C3/! &/! 7%.('g/! H%-I!
.::&;&.'/<D!:%-!25X!R3.-&.(!H&/6!/&>.*!
F'!/6&(!H%-I,!/%!.::&;&.'/<D!>#'&=3<#/.!(=#/&%O/.>=%-#<!

=-.7&;#/.(! :%-!25X!R3.-&.(!H&/6! /&>.,!H.!=-%=%(.! /6.!
3(.!%:!=.-(&(/.'/!&'7.J&'$!(;6.>.(*!5%!/6.!C.(/!%:!%3-!
I'%H<.7$.,! =.-(&(/.'/! /.;6'&R3.(! 6#B.! '%/! C..'!
(/37&.7!:%-!/6&(!=3-=%(.*!!
F'!/6.!-.>#&'7.-!%:!/6&(!=#=.-!H.!>#I.!/6.!:%<<%H&'$!

#((3>=/&%'(!e!(&>=<&:&;#/&%'(*!
+*! 8B.-D! (=#/&#<! =-.7&;#/.! >#/;6.(! #! ;.<<*! 1%/.! /6#/!
#</6%3$6!/6&(!&(!-#-.<D!/6.!;#(.,!&/!7%.(!'%/!#::.;/!/6.!
.::&;&.';D!%:!%3-!(%<3/&%'*!F'!#77&/&%',!&/!#<<%H(!3(!/%!
;%';.'/-#/.!%'!/6.!&'7.J&'$!(/-3;/3-.(*!!

9*! Q'! %CP.;/! 7%.(! '%/! .'/.-! #! ;.<<! >%-.! /6#'! %';.!
73-&'$! /6.! /&>.! &'/.-B#<!(=.;&:&.7! &'! /6.!R3.-D*!56&(!
&(!#!-.#<&(/&;!#((3>=/&%',! &:! /6.!/&>.!=-.7&;#/.!7%.(!
'%/! -.=-.(.'/! #'! .J/-.>.<D! <%'$! /&>.! &'/.-B#<*! [%-!
.J#>=<.,! /6.! =.-;.'/#$.! %:! B.6&;<.(! .'/.-&'$! #!
;.-/#&'!;.<<!>%-.!/6#'!%';.,!73-&'$!#!=.-&%7!%:!#!:.H!
6%3-(,!&(!.J=.;/.7!/%!C.!.J/-.>.<D!<%H*!

Q((3>.!'%H!/6#/!#'!%CP.;/!c&!.'/.-(!/6.!;.<<!_I!#/!/&>.!
&'(/#';.(! Y,! +N,! #'7! +L*! F/! &(! /6.'!'%/.7! /6#/,! #/! /&>.!
&'(/#';.!d,!&/!;#''%/!C.!7./.->&'.7!H6./6.-!c&!&(!(/&<<!&'!
_I*!56&(! &(!C.;#3(.!H.!7%!'%/!I'%H!/6.!/&>.!#/!H6&;6!
c&!<.:/!_I*!5%!%B.-;%>.!/6&(!=-%C<.>,!&:!%CP.;/!c&!<.#B.(!
_I!#/!/&>.!h,!/6.'!#!-.;%-7!Ec&,hG!&(!(/%-.7!&'!/6.!<&(/!%:!
_I*! 23;6! -.;%-7(! #==.#-! (6#7.7! &'! /6.! -.>#&'7.-! %:!
/6.!=#=.-*!1%/.!/6#/!/6.!I'%H<.7$.!%:!.J&/!%:!#'!%CP.;/!
:-%>! #! ;.<<! &(! '%/! '..7.7! :%-!25X!R3.-&.(!H&/6! %-7.-*!
?3.! /%! /6&(! :#;/,! /6.-.! &(! '%! '..7! /%! >#&'/#&'! .J&/!
-.;%-7(!&'!/6.!<&(/(!%:![&$3-.!9*!
!
_+a!! Ec+,]G!Ec+,LG!Ec9,hG!Ec9,dG!!
_9a!! Ec+,4G! Ec+,]G! Ec9,dG! Ec9,iG! Ec9,+NG! Ec9,++G!

Ec4,4G!Ec4,]G!!
_4a!! Ec9,4G!Ec9,]G!Ec9,iG!Ec9,+NG!Ec4,9G!Ec4,4G!!

 
Figure 3. The new lists of Figure 2 

 
b#B&'$! &'/-%73;.7! exit records,! /6.! <&(/(! %:! [&$3-.! 9!
;%3<7!6#B.!/6.!:%->!7.=&;/.7!&'![&$3-.!4*!
 
3. Depicting the inefficiency 
!
Z6.'! 7.#<&'$! H&/6! 25X! R3.-&.(! H&/6! %-7.-,! #!

=-.7&;#/.!6#(!:&-(/!/%!C.!;6%(.'!:%-!.B#<3#/&%'*!"./!/6&(!
=-.7&;#/.! C.! _+*! F/! /6.'! (3::&;.(! /%! 3(.! <&(/(! :%-! /6.!
(/%-#$.!%:!/6.!%CP.;/(!/6#/!#-.!&'(&7.!/6.!;.<<(*!F'7..7,!
#<<!/6.!'%7.(!&'!/6.!<&(/!;%'/#&'!%CP.;/(!/6#/!>#D!C.<%'$!
/%![E_+G,!/6.-.:%-.!/6.D!#<<!6#B.!/%!C.!-./-&.B.7*!!
1%H!#((3>.!/6#/!/6.!R3.-D!&'!7&(;3((&%'!&(a!

STUE_9,!YOdG,!E_+,!hG,!E_4,iGW!!

_+a!Ec+,!]G!Ec9,!hG!
_9a!Ec+,!4G!Ec9,!dG!Ec9,!+NG!Ec4,!4G!
_4a!Ec9,!4G!Ec9,!iG!Ec4,!9G!

_+! _9! _4!

c+!

c9!

c4!
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#;;%-7&'$!/%!/6.!<&(/(!%:![&$3-.!4*!2&';.!/6.!=-.7&;#/.(!
#-.! (=#/&%O/.>=%-#<,! S! &(! #'! 25X! R3.-D! H&/6! /&>.*!
_%'(.R3.'/<D,! /6.!%CP.;/&B.! %:! /6&(!R3.-D! &(! /%! :&'7!#<<!
/6.! %CP.;/(! /6#/! .'/.-.7! ;.<<! _9! C./H..'! /6.! /&>.!
&'(/#'/(! Y! #'7! d,! /6.D! H.-.! &'! ;.<<! _+! #/! /&>.! h,! #'7!
/6.D!H.-.!&'!_4!#/!/&>.!i*!!
@D!3(&'$! /6.! <&(/!(%<3/&%',!H.!/6.'!6#B.!/%!.J#>&'.!

#<<! /6.!%CP.;/(!;%'/#&'.7!&'!/6.!<&(/,! &*.*!c+,!c9!#'7!c4,!
7.(=&/.!/6.!:#;/!/6#/![E_9,!YOdG!T!Uc9W*!cCB&%3(<D,!(3;6!
#'!.J#>&'#/&%'!&(!=-%C<.>#/&;!&:!/6.!'3>C.-!%:!%CP.;/(!
&'(&7.! .#;6! ;.<<! &(! <#-$.*! F'7..7,! &'! (3;6! #! ;#(.,! /6.!
;.<<!<&(/(!#-.!/%%!<%'$,!#'7!#!(&'$<.!Fec!7%.(!'%/!(3::&;.!
/%!-./-&.B.!/6.!.'/&-.!<&(/*!F'!/6.!H%-(/!;#(.,!%'.!Fec!=.-!
%CP.;/!H&<<!C.!'..7.7,!=-%B&7.7!/6#/!=%&'/.-(!6#B.!C..'!
3(.7,!/%!=%&'/!/%!/6.!:&-(/!%;;3--.';.!%:!.B.-D!%CP.;/*!F/!
:%<<%H(,! /6.-.:%-.! /6#/,! :%-! #'!.::&;&.'/!=-%;.((&'$!%:!#!
R3.-D!&'!cE>#JEf[EX&Gf,!+!"!&!"!1G`1e@G!Fec(,!#!7&::.-.'/!
#==-%#;6! 6#(! /%! C.! 7.B.<%=.7*! F'7..7,! /6&(! &(! /6.!
%CP.;/&B.! %:! /6&(!=#=.-*!Q!'.H!(%<3/&%'! &(! =-%=%(.7! &'!
(.;/&%'! L,! H6&;6! .'#C<.(! /6.! =-%;.((&'$! %:! #! (=#/&%O
/.>=%-#<! =-.7&;#/.! X! CD! ;%'(3>&'$! cEf[EXGfe@G! Fec(!
#'7! #! (#/&(:#;/%-D! (=#;.! ;%'(3>=/&%'*! @.:%-.!
7.(;-&C&'$! /6&(! (%<3/&%',! #'%/6.-! =-&>&/&B.! (%<3/&%'! &(!
#<(%! =-.(.'/.7! &'! (.;/&%'! ],! H6&;6,! 6%H.B.-,! (3::.-(!
:-%>!.'%->%3(!(=#;.!;%'(3>=/&%'*!!
 
4. The primitive solution 
 
F'!/6&(!#==-%#;6,!.#;6!;.<<!_&!&(!#((%;&#/.7!H&/6!/H%!

(/-3;/3-.(,!2tructure A!#'7!2tructure B.!!
2/-3;/3-.!Q!&(!#!/H%O<.B.<!(/-3;/3-.a!56.!3==.-!<.B.<!

&(! #'! &'7.J! :%-! /6.! %CP.;/! F7(*!8#;6! <.#:! E%CP.;/! F7G! &(!
#((%;&#/.7! H&/6! #'%/6.-! &'7.J! #/! /6.! <%H.-! <.B.<,!
;%';.-'&'$! /6.! /&>.! &'(/#'/(! #/! H6&;6! /6&(! %CP.;/!
.'/.-.7!;.<<!_*!!
2/-3;/3-.!@! &(!#<(%!#! /H%O<.B.<!(/-3;/3-.a!56.!3==.-!

<.B.<! &(! #'! &'7.J! :%-! /&>.! (/#>=(*! 8#;6! <.#:! E/&>.!
&'(/#'/G!&(!#((%;&#/.7!H&/6!#!<&(/!E<%H.-!<.B.<G!;%'/#&'&'$!
/6.!%CP.;/!F7(!/6#/!H.-.!&'!;.<<!_&!#/!/6.!$&B.'!&'(/#'/*!
1%H,!<./!

STUE_+,5+G,E_9,59G,VV,E_-,5-GW!!
C.!/6.!R3.-D*!F'&/&#<<D,!/6.!3==.-!<.B.<!%:!2/-3;/3-.!@!%:!
;.<<! _+! &(! (.#-;6.7,! &'! %-7.-! /%! :&'7! /6.! /&>.O(/#>=(,!
H6&;6!(#/&(:D!/6.!/.>=%-#<!=-.7&;#/.!5+*!Z.!/6.'!:%<<%H!
/6.! ;%--.(=%'7&'$! <&(/! %:! /6.! <%H.-! <.B.<! #'7!H.!(/%-.!
/6.!%CP.;/!F7(!&'/%!#!(./!j*!1.J/,!:%-!.#;6!7&(/&';/!%CP.;/!
c&! &'! j,! H.! 6#B.! /%! ;6.;I! H6./6.-! &/! (#/&(:&.(! #<<! /6.!
-.>#&'7.-!=-.7&;#/.(*!!
"./! /6.-.:%-.! E_9,! 59G! C.! /6.! '.J/! =-.7&;#/.! #'7!

#((3>.! /6#/!59! &(! /&>.! /9*!5%!;6.;I!H6./6.-!%CP.;/!c&!
(#/&(:&.(!/6&(!=-.7&;#/.,!H.!>#I.!3(.!%:!2/-3;/3-.!Q!%:!
_9*!56.!=#/6!%:!/6.!3==.-!<.B.<!%:!2/-3;/3-.!Q!<.#7&'$!/%!
%CP.;/!c&!#'7!/6.!<.#:!;%--.(=%'7&'$!/%!c&!&(!;%''.;/.7!
H&/6! #! <%H.-! <.B.<! &'7.J&'$! (/-3;/3-.! /6#/! ;%'/#&'(! /6.!
/&>.!&'(/#'/(!#/!H6&;6!c&!H#(!&'!_9*!b.';.,!H.!;#'!:&'7!
H6./6.-!c&!H#(!&'!_9!#/!/&>.!/9*!
56.! >#P%-! #7B#'/#$.! %:! /6&(! (%<3/&%'! &(! &/(! /&>.!

.::&;&.';D,! ;%>=#-.7! /%! /6.! <&(/! (%<3/&%'*!5%!>#I.! /6&(!

;<.#-,! ;%'(&7.-! #! ;.<<! &'! H6&;6! #! <#-$.! '3>C.-! %:!
%CP.;/(! 6#B.! .'/.-.7! C3/,! #/! .#;6! /&>.! &'(/#'/,! /6.!
'3>C.-!%:!%CP.;/(!&'!/6.!;.<<!&(!-#/6.-!(>#<<!E&>#$&'.!#!
(R3#-.!%:! #! -%#7!'./H%-I! &'!#!C&$! ;&/D*G![%<<%H&'$! /6.!
<&(/!(%<3/&%',!&/!&(!/6.'!'%/.7!/6#/,!#/!#!$&B.'!/&>.!&'(/#'/!
/,!/6.!.'/&-.!<&(/!%:!/6.!;.<<!6#(!/%!C.!-./-&.B.7,!H6&;6!&(!
<#-$.*! F'! /6.!=-&>&/&B.! (%<3/&%',! &'(/.#7,! %'<D! /6.!(>#<<!
<&(/!#((%;&#/.7!/%!/6.!/&>.!&'(/#'/!/!6#(!/%!C.!-./-&.B.7*!!
c'! /6.! %/6.-! 6#'7,! 6%H.B.-,! /6&(! (%<3/&%'! 6#(! #'!

%CB&%3(! 7-#HC#;I*! 56.! (=#;.! ;%'(3>=/&%'! 6#(! C..'!
73=<&;#/.7,! 73.! /%! /6.! '.;.((&/D! %:! >#&'/#&'&'$! /H%!
(/-3;/3-.(* 
Q! (.;%'7,! >%-.! ;-3;&#<! 7-#HC#;I,! %:! /6&(! (%<3/&%'!

;%';.-'(! 2/-3;/3-.! @,! H6.'! #! '.H! /&>.! &'(/#'/! /! &(!
&'(.-/.7! &'/%! /6.! 3==.-! &'7.J! (/-3;/3-.*! 2/-3;/3-.! @!
&>=<&.(!/6#/!.#;6!/&>.!&'(/#'/!6#(!&/(!%H'!<&(/*!2&';.!H.!
.J=.;/! /6#/!73-&'$!#!(6%-/! /&>.!=.-&%7!#!(>#<<! :-#;/&%'!
%'<D! %:! /6.!%CP.;/(! %:! #! ;.<<!H&<<!>%B.! /%!#'%/6.-! ;.<<,!
H.!;#'!.#(&<D!;-.#/.!/6.!<&(/!%:!/6.!'.H!/&>.!&'(/#'/!CD!
;%=D&'$! #'7!>%7&:D&'$! (<&$6/<D! /6.! <&(/! %:! /6.! =-.B&%3(!
/&>.!&'(/#'/*!cCB&%3(<D,!H6.'!/6.!<&(/(!#-.!/%%!<%'$,!H.!
.'7!3=!H&/6!#!/-.>.'7%3(!H#(/.!%:!(=#;.*!
563(,! /6.! =-&>&/&B.! (%<3/&%'! #;6&.B.(! /6.! 7.(&-.7!

/&>.!;%>=<.J&/D!C3/! &/!>#D!#<(%!(3::.-!:-%>!B#(/!(=#;.!
;%'(3>=/&%'*!b.';.,!&/!&(!'.;.((#-D!/%!>#&'/#&'!#!<#-$.!
'3>C.-!%:!(&>&<#-!<&(/(,!&'!#!(=#;.!.::&;&.'/!>#''.-*!56.!
<#//.-! -.R3&-.>.'/! &'73;/(! /6.! 3(.! %:! =.-(&(/.'/!
&'7.J&'$!>.;6#'&(>(!=-.(.'/.7!&'!KdM*!

 
5. The advanced solution!
 
56.-.! #-.! ;.-/#&'! #==<&;#/&%'! #-.#(,! H6&;6! -.R3&-.!

(/%-&'$!#'7!#;;.((&'$!#<<! /6.!B.-(&%'(! &'!H6&;6!#!7#/#!
(/-3;/3-.! 6#(! 3'7.-$%'.*! 23;6! -.R3&-.>.'/(! 6#B.!
C..'! &7.'/&:&.7! &'! /6.! (.>&'#<! =#=.-! CD!?-&(;%<<! ./! #<*!
KdM,!&'!H6&;6!/6.!'%/&%'!%:!persistent data structures!6#(!
C..'!;%&'.7*!A%-.! /D=&;#<<D,!;%'(&7.-!#!7#/#!(/-3;/3-.!
?*! F:! =.-(&(/.';.! &(! (3==%-/.7,! #<<! /6.! B.-(&%'(!v+,!V, 
vmk+! #-.!>#&'/#&'.7,! #(!D 3'7.-$%.(! #! '3>C.-! %:!m!
3=7#/.!%=.-#/&%'(*!
Z.!&7.'/&:D!/H%!:<#B%-(!%:!=.-(&(/.';.,!'#>.<D!partial 

#'7! full persistence. I'! =#-/&#<! =.-(&(/.';.,! .#;6!
B.-(&%'!;#'!C.!R3.-&.7!C3/!%'<D!/6.!>%(/!-.;.'/!;#'!C.!
3=7#/.7*!F'!:3<<!=.-(&(/.';.,!.B.-D!B.-(&%'!;#'!C%/6!C.!
R3.-&.7! #'7! 3=7#/.7*! 56.-.! &(! #<(%! #! /6&-7! I&'7! %:!
=.-(&(/.';.,! /6.! confluent persistence.! _%':<3.'/<D!
=.-(&(/.'/!7#/#!(/-3;/3-.(!(3==%-/!#'!%=.-#/&%',!H6&;6!
;%>C&'.(! /H%!B.-(&%'(!%:! /6.!7#/#!(/-3;/3-.! /%!D&.<7!#!
'.H!B.-(&%'*!!
Q==<&;#/&%'! %:! =.-(&(/.';.! /%! (.;%'7#-D! >.>%-D!

7#/#! (/-3;/3-.(! &(! %:! =#-/&;3<#-! &'/.-.(/! (&';.!
=.-(&(/.';.! :&'7(! #! :.-/&<.! $-%3'7! &'! 7#/#C#(.(*! Q!
(&>=<.!.J#>=<.!&(!/6#/!%:!/-#'(#;/&%'!7#/#C#(.(,!H6&;6!
(/%-.! 7#/#! H&/6! #! ;.-/#&'! <&:.(=#'*! Q'! .J/.'(&B.!
/-.#/>.'/!%:!/.>=%-#<!#'7!C&O/.>=%-#<!?@(,!#(!H.<<!#(!
/6.&-! -.<#/&%'(6&=! /%! =.-(&(/.';.,! ;#'! C.! :%3'7! &'! /6.!
(3-B.D!CD!2#<0C.-$!#'7!5(%/-#(!K+]M*!"%-.'/0%(!./!#<!KiM!
6#B.!(/37&.7!/6.!;-.#/&%'!#'7!>#&'/.'#';.!%:!B.-(&%'(!
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#/! /6.!7#/#C#(.!7.(&$'!<.B.<*!56.!:3<<D!=.-(&(/.'/!;#(.!
6#(!C..'!(/37&.7!&'!KhM*!F'!/6&(!=#=.-,!H.!>#I.!3(.!%:!
/6.! =#-/&#<! =.-(&(/.'/! ;#(.*! 5H%! %=/&>#<,! =#-/&#<<D!
=.-(&(/.'/!@k! /-..(!6#B.!#<-.#7D!C..'!7.B.<%=.7,! /6.!
A3</&!j.-(&%'!@O5-..! EAj@5G!CD!@.;I.-!./!#<*! K+M! #'7!
/6.!A3</&!j.-(&%'!Q;;.((!2/-3;/3-.!EAjQ2G!CD!j#->#'!
#'7! j.->#! K+4M*! Q</6%3$6! /6.D! C%/6! (6#-.! /6.! (#>.!
&7.#(,!AjQ2!6#(!#! (<&$6/<D! C.//.-! (=#;.!;%'(3>=/&%'!
;%'(/#'/*!!
AjQ2! &(! #! >%7&:&.7! @k! /-..*! F/(! &'/.-'#<! '%7.(!

;%'/#&'! &'7.J! -.;%-7(! #'7! &/(! <.#B.(! ;%'/#&'! 7#/#!
-.;%-7(*! Q! 7#/#! -.;%-7! ;%'/#&'(! /6.! :&.<7(! KI.D,! (/#-/,!
.'7,!&':%M,!H&/6!/6.&-!%CB&%3(!>.#'&'$*!Q'!&'7.J!-.;%-7!
;%'/#&'(! /6.! :&.<7(! KI.D,!(/#-/,!.'7,!=/-M,!H6.-.!=/-! &(!#!
=%&'/.-!/%!#!'%7.!%:!/6.!'.J/!<.B.<*!56.!'%7.!=%&'/.7!CD!
/6.! =/-! =%&'/.-! ;%'/#&'(! I.D(! '%! <.((! /6#'! key,! 6#(!
C..'! ;-.#/.7! #/! /6.! /&>.! &'(/#'/! start! #'7! 6#(! C..'!
;%=&.7!#/!/6.!/&>.!&'(/#'/!end*!!
Q! 7#/#! -.;%-7! &(!active! E<&B.G! &:! &/(!end! :&.<7!6#(! B#<3.!
lmg,! &*.*! &/! 6#(! '%/! C..'! 3=7#/.7,! 7.<./.7! %-! ;%=&.7! /%!
#'%/6.-!'%7.*!F:!/6&(!&(!'%/!/6.!;#(.,!/6.!7#/#!-.;%-7!&(!
inactive!E7.#7G*!Q'!&'7.J!-.;%-7!&(!active! &:! &/!=%&'/(!/%!
#'!#;/&B.!C<%;I!#/!/6.!&>>.7&#/.<D!<%H.-!<.B.-*!
[&$3-.! ]! (6%H(! #! =%((&C<.! &'(/#';.! %:! AjQ2,! #'7! #!
(&>=<.!(;.'#-&%*!Q/!/&>.!L!E3==.-!=#-/!%:!/6.!:&$3-.G,!/6.!
/-..!;%'(&(/(!%:!/H%!'%7.(,!/6.!-%%/!#'7!%'.!<.#:,!H6&;6!
;%'/#&'(!#<<!/6.!7#/#!-.;%-7(*!56.!:&$3-.!(6%H(!/6#/!I.D!
Q!H#(!&'(.-/.7!#/!/&>.!+,!I.D!_!H#(!&'(.-/.7!#/!/&>.!9!
#'7!H#(!(3C(.R3.'/<D!>%7&:&.7!#/! /&>.(!4!#'7!],!#'7!
I.D!@!H#(!&'(.-/.7!#/!/&>.!L*!56.',!#/!/&>.!Y,!I.D!?!&(!
/%!C.!&'(.-/.7*!56&(!&'(.-/&%'!;#3(.(!#'!%B.-:<%H!%:!/6.!
(&'$<.! <.#:*!5H%!'.H! <.#B.(!#-.! /6.'!;-.#/.7!#'7! /6.!
%<7! <.#:! C.;%>.(! &'#;/&B.! E#<<! /6.! -.;%-7(! #==.#-! #(!
(6#7.7G*!56.! &'7.J!-.;%-7!%:! /6.!-%%/,!H6&;6!=%&'/(! /%!
/6.! &'#;/&B.! <.#:,!#<(%!C.;%>.(!&'#;/&B.!E(6#7.7G*!56.!
(./! %:! <&B.! -.;%-7(! %:! /6.! %<7! <.#:! &(! (%-/.7! CD! I.D,! &(!
7&B&7.7! &'/%! /H%! 6#<B.(! #'7! .#;6! %:! /6.(.! 6#<B.(! &(!
;%=&.7! /%! %'.!%:! /6.! /H%!'.H! <.#B.(*!5H%!'.H! &'7.J!
-.;%-7(!#-.!;-.#/.7!&'!/6.!-%%/*!56.&-!(/#-/!B#<3.!&(!/6.!
/&>.!#/!H6&;6!/6.!=%&'/.7!<.#B.(!H.-.!;-.#/.7,!&*.*!/&>.!
Y*! 1%/.! /6#/! &/! &(! '%/! #<H#D(! /6.! ;#(.! /6#/! /H%! '.H!
<.#B.(! 6#B.! /%! C.! ;-.#/.7*![%-! .J#>=<.,! &:! &'(/.#7!%:!
&'(.-/&'$!I.D!?,!H.!6#7!/%!3=7#/.!@!#/!/&>.!Y,!/6.'!/6.!
<&B.!-.;%-7(!%:!/6.!%<7!<.#:!H%3<7!:&/!&'!%'.!'.H!<.#:*!!
5%!7.<./.!#!-.;%-7,!H.!>#I.!3(.!%:!#! :<#$!E(6#7.7! &'!
[&$3-.!]G!#'7!/6.'!;%3'/!/6.!-.>#&'&'$!<&B.!-.;%-7(!%:!
/6.!<.#:*!F:!/6.D!#-.!/%%!:.H,!H.!>#D!C%--%H!(%>.!<&B.!
-.;%-7(! :-%>! #! '.&$6C%-! <.#:,! #'7! ;-.#/.! %'.! %-! /H%!
'.H!<.#B.(*!
Z.!7%!'%/!7.(;-&C.!/6.!%=.-#/&%'(!%:!AjQ2!&'!:3-/6.-!
7./#&<,! C.;#3(.! H.! H#'/! /%! $&B.! %'<D! /6.! &'/3&/&%'!
C.6&'7!/6&(!(/-3;/3-.*! 
5%! (.#-;6! :%-! #! I.D! J,! #/! /&>.! /,! H.! (/#-/! :-%>! /6.!

-%%/*!Z.!&$'%-.!-.;%-7(!H&/6!#!start!B#<3.!$-.#/.-!/6#'!/!
#'7! #'! end! B#<3.! <.((! /6#'! /*! [-%>! /6.! -.>#&'&'$!
-.;%-7(,! H.! ;6%%(.! /6.! %'.! H&/6! /6.! $-.#/.(/! I.D!
B#<3.,! <.((! /6#'! %-! .R3#<! /%! J*! [%-! .J#>=<.,! &:! /6.!
(.#-;6!;%';.-'(!I.D!_,!#/!/6.!/&>.!&'(/#'/!4,!&/!&(!'%/.7!

/6#/!%'<D!/6.! &'#;/&B.!-.;%-7!EQ,!+G!#/!/6.!-%%/!(#/&(:&.(!
/6.! /&>.! ;-&/.-&%',! >.#'&'$! /6#/! &/! H#(! <&B.! #/! /&>.!
&'(/#'/!4*![%<<%H&'$!/6.!=%&'/.-!%:!/6&(!-.;%-7,!H.!-.#;6!
/6.! %<7! &'#;/&B.! <.#:,! H6.-.! H.! :&'7! /6#/! I.D! _! H#(!
-.#<<D!=-.(.'/!#/!/&>.!4*!
56.! I.D! &7.#! &(! /%!>#&'/#&'! /6.! :%<<%H&'$! &'B#-&#'/a!

For any version, the records contained in that version 
are sorted by key value and are clustered into 
secondary memory blocks in such a way, that each 
block contains B records belonging to that version*!!
F:!n! &(! /6.!'3>C.-!%:! -.;%-7(! &'! /6.!;3--.'/!B.-(&%'!

#'7! k! &(! /6.! %3/=3/! (&0.,! /6&(! &'B#-&#'/! 6.<=(! &'!
#;6&.B&'$! cE<%$@nkkeBG! Fec(! E%-! C<%;I! /-#'(:.-(G! :%-!
(.#-;6!#'7!3=7#/.!%=.-#/&%'(*!
 

 
Figure 4. A simple MVAS instance!

!
@#(.7!%'!/6.!#C%B.,!&'!%3-!#<$%-&/6>!H.!3(.!AjQ2!

#(! /6.! ;.<<g(! &'7.J&'$! (/-3;/3-.a!Z6.'.B.-! #'! 3=7#/.!
%;;3-(! E%'.!%-!>%-.! F7(!.&/6.-!.'/.-! /6.!;.<<! %-! <.#B.!
/6.! ;.<<G,! H.! =.-:%->! /6.! 3=7#/.(! &'(&7.! #! ;.<<,! #'7!
;-.#/.!#!'.H!B.-(&%'!%:! &/*!j.-(&%'(!#-.!'#>.7!CD!/6.!
/&>.!#/!H6&;6!/6.D!#-.!;-.#/.7*!!
23==%(.! '%H! /6#/! H.! H#'/! /%! =-%;.((! /6.!

(=#/&%/.>=%-#<! =-.7&;#/.! E_+,5+G*! Q((3>.! #<(%! /6#/,!
&'&/&#<<D,!5+!&(!/6.!/&>.!&'(/#'/!/+*!Z.!(.#-;6!/6.!&'7.J&'$!
(/-3;/3-.!%:! ;.<<!_+,! &'!%-7.-! /%! :&'7!#<<! /6.! <.#B.(! /6#/!
H.-.! <&B.!#/! /&>.! /+*!8#;6!(3;6! <.#:!;%'/#&'(! :-%>!@e]!
3=!/%!@!-.;%-7(!E/6&(!:#;/!;%>.(!:-%>!/6.!7.(;-&=/&%'!%:!
AjQ2!K+4MG,!H6&;6!C.<%'$!/%![E_+,5+G*!Q;;%-7&'$!/%!/6.!
/.;6'&;#<! ;%'(/-#&'/(!%:! /6.!(/-3;/3-.,!H.!;6#-$.!.#;6!
<.#:!H&/6!%'.!#77&/&%'#<!Fec!EZ.!-.;3-(&B.<D!/-#B.-(.!/6.!
/-..!&'!%-7.-!/%!-.#;6!/6.!7.(&-.7!<.#B.(!.#;6!%:!H6&;6!
&(! ;6#-$.7! H&/6! /6.! #;;.((! %:! #'! &'/.-'#<! '%7.*G! F/!
:%<<%H(!/6#/!/6.!/%/#<!'3>C.-!%:!Fec(!&(!'%/!$-.#/.-!/6#'!
d`[E_+,!5+Ge@!E:%-!7./#&<(!(..!K+4MG*!@D!3(&'$!/6.-.:%-.!#!
=.-(&(/.'/! &'7.J&'$! (/-3;/3-.,! H.! 6#B.! >#'#$.7! /%!
(=#-.! #/!>%(/!cE[E_+,! 5+Ge@G! Fec(! &'! %-7.-! /%! -./-&.B.!
[E_+,!5+G*!!
1%H! #((3>.! /6#/! /6.! /&>.! ;%'(/-#&'/! 5+! %:! /6.!

(=#/&%O/.>=%-#<!=-.7&;#/.!&(!#!/&>.!&'/.-B#<!K/+,!/9M*!56.'!
H.! ;#'! :%<<%H! /6.! history! :-%>! /&>.! /+! 3=! /%! /&>.! /9*!

EQ,+G

EQ,+G E_,9G E_,4G E_,]G! E@,LG!

EQ,+G EQ,YG E_,YG!

EQ,+G E_,9G E_,4G E_,]G! E@,LG!

EQ,+G E@,LG

E_,]G ED,YG!

F'&/&#<<D,!#/!/&>.!L!

Q:/.-!&'(.-/&'$!?!#/!/&>.!Y!
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Z6.'! %'.! %-! /H%! <.#B.(! %:! /6.! &'7.J! (/-3;/3-.! 7&.,!
.&/6.-! %'.! %-! /H%! '.H! <.#B.(! #-.! ;-.#/.7*! F'! .&/6.-!
;#(.,!/6&(!7.#/6nC&-/6!(.R3.';.!&(!/-&$$.-.7!CD!3=7#/.!
%=.-#/&%'(*!Z6.'!#!<.#:!"!7&.(!H.!(/%-.!&'/%!&/!#!=%&'/.-!
/%! /6.!'.H<D!C%-'! <.#:*! F:! /H%!'.H! <.#B.(!#-.!;-.#/.7,!
H.!(/%-.!&'/%!"!/H%!=%&'/.-(*![&$3-.!L!(6%H(!/6.!<.#B.(!
%:! /6.! &'7.J&'$!(/-3;/3-.!#/! /6.!/&>.!&'(/#'/(!/&,! /&k+,!V,!
/&k]*!
Q(! &(! (6%H'! &'! [&$3-.! L,! #/! /&>.! /&,! #<<! /6.! <.#B.(!

6#B.! o.J=.-&.';.7p! &'(.-/&%'(,! #(! &(! (6%H'! CD! /6.!
(6#7&'$G*!Q! (.-&.(! %:!7.<./&%'(!%;;3-!3'/&<! /&>.! /&k4*!Q/!
/6&(! /&>.,!#!'3>C.-!%:! &'(.-/&%'(! <.#7! /%!#!(=<&/!%:! /6.!
-.>#&'&'$!<.#:*!23==%(.!/6#/!H.!H#'/!/6.!F7(!%:!#<<!/6.!
%CP.;/(! /6#/! .'/.-.7! /6.! ;.<<! C./H..'! /6.! /&>.(! /&! #'7!
/&k]*! [&-(/,! H.! -./-&.B.! /6.! <.#B.(! /6#/! ;%'/#&'! #<<! /6.!
.'/-&.(! %:! /&>.! /&*! 56.',! CD! :%<<%H&'$! /6.! 7.=&;/.7!
=%&'/.-(,! H.! ;#'! -./-&.B.! #<<! /6.! 7.(&-.7! <.#B.(*! F'!
$.'.-#<,! &/! &(! '%/! 7.:&'&/.! /6#/! H.!H&<<! :&'7! '.H! F7(! :%-!
.B.-D! <.#:! %:! /6.! (3;;..7&'$! /&>.! &'(/#'/(*! [%-!
.J#>=<.,! &'! [&$3-.! L,! '%'.! %:! /6.! <.#B.(! #/! /&>.!
&'(/#'/(!/&k+!#'7!/&k9!;%'/#&'!'.H!.'/-&.(*!

Figure 5. Moving from ti to ti+4!
 !
1.B.-/6.<.((,!/6&(!:#;/!7%.(!'%/!;#3(.!#'D!=-%C<.>*!

56.! /%/#<!'3>C.-!%:!#;;.((.7! <.#B.(! &(!#/!>%(/! /H&;.!
/6.!'3>C.-!%:! /6.!7.#7!E(6#7.7G*!b#B&'$!&'!>&'7!/6#/!
.#;6!7.#7!<.#:!;%'/#&'(!#/!<.#(/!@e]!F7(,!H6&;6!C.<%'$!
/%! [E2+,! 5+G,! &/! :%<<%H(! /6#/! /6.! /%/#<! '3>C.-! %:! Fec(!
;#''%/! C.! $-.#/.-! /6#'! d`[E2+,! 5+Ge@*! b#B&'$! #<(%! &'!
>&'7! /6#/! H.! ;#'! -.#;6! /6.! <.#B.(! %:! AjQ2! CD!
#==<D&'$! #! -.;3-(&B.! =-%;.73-.! /6#/! #;;.((.(! %'.!
&'/.-'#<!'%7.!=.-!<.#:,!H.!.'7!3=!H&/6!#!/%/#<!'3>C.-!%:!
+Y`[E2+,!5+Ge@!Fec(*!!
@D!3(.! /6.-.:%-.! %:! /6.!#7B#';.7!(%<3/&%',!H.!;#'!

=-%;.((!#!(=#/&%/.>=%-#<!=-.7&;#/.!E2+,!5+G!CD!(=#-&'$!
#/!>%(/!+Y`[E2+,!5+Ge@!Fec(*!56.!/.>=%-#<!;%'(/-#&'/!5+!
;#'!C.!.&/6.-!#!/&>.!&'(/#'/!%-!#!/&>.!&'/.-B#<*!Z.!/63(!
;%';<37.!/6#/!/6.!R3.-D!!

S+!TUE2+,5+G,E29,59G,VV,E2-,51!GW!
&(!=-%;;.((.7!&'!cEE>#JU[E2&,!5&GWe@G`1G!Fec(,!>.#'&'$!
/6#/,!H.!6#B.!#;6&.B.7!%3-!$%#<*!!
@.D%'7! /6.! /6.%-./&;#<<D! .J;.<<.'/! =.-:%->#';.! &'!

/.->(! %:! /6.! '3>C.-! %:! C<%;I! /-#'(:.-(! EFec(G,! /6&(!
(%<3/&%'! &(! #<(%! .J=.;/.7! /%! #;6&.B.! $%%7! -.(3</(! &'!
/.->(!%:!(=#;.!;%'(3>=/&%'*!2=.;&:&;#<<D,!/6.!&'7.J&'$!
(/-3;/3-.!(/%-.(!A!B.-(&%'(,!.#;6!%:!H6&;6!&(!=-%73;.7!
CD!%'.!3=7#/.,!&*.*!/6.!(=#;.!;%>=<.J&/D!&(!cEAG*!!
!

5. Experimental Results 
!
F'! /6&(! (.;/&%'! H.! =-.(.'/! /6.! -.(3</! %:! ;%'73;/.7!

.J=.-&>.'/(! &'! %-7.-! /%! ;%>=#-.! /6.! =-&>&/&B.! #'7!
#7B#';.7! (%<3/&%'! H&/6! -.(=.;/! /%! /6.! <&(/! (%<3/&%'*! F'!
=#-/&;3<#-,! H.! 6#B.! ;%'73;/.7! #'! .J=.-&>.'/#<! (/37D!
>#I&'$! /6.! ;3(/%>#-D! #((3>=/&%'! /6#/! /6.! 7&(I! =#$.!
(&0.! &(! (./! /%! L+9! CD/.(,! /6.! <.'$/6! %:! .#;6! I.D! &(! d!
CD/.(,! #'7! /6.! <.'$/6! %:! .#;6! =%&'/.-! &(! ]! CD/.(*!
_%'(.R3.'/<D,!.#;6!C<%;I!;%'/#&'(!@T]9!.<.>.'/(*!Z.!
3(.!#!-.<#/&B.<D!(>#<<!=#$.!(&0.!(%!/6#/!/6.!'3>C.-!%:!
'%7.(!&'!#'!&'7.J!(&>3<#/.(!#!-.#<&(/&;!(&/3#/&%'!H&/6!#!
<#-$.! '3>C.-! %:! %CP.;/(*! Q! (&>&<#-! >./6%7%<%$D! 6#(!
#<(%! C..'! 3(.7! &'! K+LM*!Z.! $.'.-#/.7! (D'/6./&;! 7#/#!
(./(! %:! >%B&'$! %CP.;/! &7(*! 56.! 9O7&>.'(&%'#<! (=#/&#<!
3'&B.-(.! &(! #! +NNNJ+NNN! $-&7,! H6&;6! (&>3<#/.(! #'!
#;/3#<! 3'&B.-(.! %:! +NNN! >&<.(! <%'$! &'! .#;6! 7&-.;/&%'*!
Z.! #<(%! #((3>.! /6#/! H.! 6#B.! #! 6.#BD! /-#::&;,!
$.'.-#/.7! CD! +*NNN*NNN! B.6&;<.(*! 56.! B.<%;&/D! B#<3.!
7&(/-&C3/&%'!&(!(I.H.7!E0&=:G!/%H#-7(!N!&'!-#'$.!KN,!LNM*!
56.!R3.-D!;%(/!&(!>.#(3-.7!#(!/6.!#B.-#$.!'3>C.-!%:!
'%7.!#;;.((.(!&'!.J.;3/&'$!#!H%-I<%#7!%:!9NN!R3.-&.(!
H&/6! /6.! (#>.! =#-#>./.-(*! F>=<.>.'/#/&%'(! H.-.!
;#--&.7!%3/!&'!/6.!j_kk!=-%$-#>>&'$!<#'$3#$.*!
56.! /&>.! .::&;&.';D! %:! /6.! =-&>&/&B.! #'7! /6.!

#7B#';.7! (%<3/&%',! H&/6! -.(=.;/! /%! /6.! <&(/! (%<3/&%',! &(!
(6%H'!&'![&$3-.!Y*!
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Figure 6. Number of I/Os vs. Output size 

!
56.! #B.-#$.! '3>C.-! %:! %CP.;/(! =.-! ;.<<! H#(! '%/!

>%-.! /6#'! LNNN*! 56.! #B.-#$.! '3>C.-! %:! =-.7&;#/.(!
/6#/! #==.#-.7! &'! /6.! H%-I<%#7! %:! /6.! #C%B.! R3.-&.(!
H#(!'%/!>%-.! /6#'!+N*!56.!%3/=3/!(&0.!%:! /6.!R3.-&.(!
B#-&.7!&'!/6.!-#'$.!K9*LNN,!LN*NNNM*!!
56.! >#P%-! #7B#'/#$.! %:! /6.! #7B#';.7! (%<3/&%',!

B.-(3(! /6#/!%:! /6.! <&(/!(%<3/&%',!C.;%>.(!.B&7.'/!H6.'!
/6.!R3.-D!%3/=3/!;%';.-'(!%'<D!#!(>#<<! :-#;/&%'!%:! /6.!
;%'/.'/(!%:!#!;.<<*!5%!>#I.!&/!;<.#-,!#((3>.!/6#/!#!;.<<!
(/-3;/3-.! ;%'/#&'(! /6.! 7#/#! %:! /6.! <#(/! H..I*! Q((3>.!
#<(%!/6#/!H.!(..I!#<<!%CP.;/(!/6#/!H.-.!&'!/6.!;.<<!73-&'$!
#!=.-&%7!%:!%'<D!#!:.H!6%3-(*!E23;6!;#(.(!%;;3-!;<%(.!
/%!/6.!C.$&''&'$!%:!/6.!JO!#J&(!%:![&$3-.!Y*G!Q(!;#'!/6.'!
C.!(..'!&'!/6&(!:&$3-.,!/6.!'3>C.-!%:!Fec(!&(!B.-D!<%H!&'!
/6.!;#(.!%:!/6.!#7B#';.7!(%<3/&%'*!Q(!%==%(.7!/%!/6&(,!
/6&(!'3>C.-!&(!B.-D!<#-$.!&'!/6.!;#(.!%:!/6.!<&(/!(%<3/&%',!
>#/;6&'$! #<H#D(! /6.! H%-(/! ;#(.,! (&';.! /6.! .'/&-.! <&(/!
>3(/!C.!.J/-#;/.7*!c:!;%3-(.,! &:!H.!H#'/! /%!.J/-#;/!#<<!
/6.!%CP.;/(!/6#/!.'/.-.7!#!;.<<!73-&'$!/6.!<#(/!H..I,!/6.!
#7B#';.7!(%<3/&%'!;#'!C.!H%-(.! /6#'! /6.! <&(/!(%<3/&%'*!

/&k+!
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!

!

1%/.! 6%H.B.-! /6#/! (3;6! R3.-&.(! #-.! '%/! -.#<&(/&;! #'7!
#-.!3'<&I.<D!/%!C.!&((3.7*!!
_%>=#-&'$!/6.!'3>C.-!%:!Fec(!C./H..'!/6.!=-&>&/&B.!

#'7! /6.! #7B#';.7! (%<3/&%',! H.! ;%';<37.! /6#/! /6.D! 7%!
'%/!7&::.-!(3C(/#'/&#<<D*!56.!=-&>&/&B.!(%<3/&%'! &(!C.//.-,!
-.R3&-&'$!#C%3/!6#<:!%:!/6.!Fec(!%:!/6.!#7B#';.7*!56&(!&(!
C.;#3(.!/6.!<&(/(!%:!(/-3;/3-.!Q!#-.!%=/&>#<<D!7.'(.,!&*.*!
#<<! /6.! 7&(I! =#$.(! /6#/! (/%-.! #! <&(/! #-.! :3<<,! .J;.=/! :%-!
%'<D! /6.! <#(/! =#$.*! c'! /6.! %/6.-! 6#'7,! /6.! <.#B.(! %:!
AjQ2!#-.!'%/!3(3#<<D!:3<<*!56.!=.'#</D!6%H.B.-!:%-!/6&(!
(3=.-&%-&/D! &(! /6.! .'%->%3(! (=#;.! ;%'(3>=/&%'! %:!
2/-3;/3-.!@!E(..!2.;/&%'!]G*!!
56.!/6.%-./&;#<!(=#;.!;%>=<.J&/D!%:!AjQ2!&(!cE1e@G!

C<%;I(,!H6.-.!1!&(!/6.!'3>C.-!%:!(/%-.7!.<.>.'/(!#'7!
@! /6.! C<%;I! (&0.*! F'! [&$3-.! h! H.! 6#B.! =<%//.7! /6.!
;%'(3>&'$! (=#;.! %:! E#G! (/-3;/3-.! Q! ;%';.-'&'$! /6.!
=-&>&/&B.! (%<3/&%'! E-.;#<<! /6#/! /6.! (=#;.! %:! (/-3;/3-.! @!
>#I.(! /6.!=-&>&/&B.!(%<3/&%'! &>=-#;/&;#<!#'7!H%-(.!CD!
:#-! /6#'! /6.! %/6.-! /H%! (%<3/&%'(G,! ECG! /6.! #7B#';.7!
(%<3/&%'!#'7! E;G! /6.! <&(/! (%<3/&%'*!Q(! &/! ;#'!C.!=-%B.7,!
/6.!/6-..!;%>=./&/%-(!6#B.!/6.%-./&;#<<D!&7.'/&;#<!(=#;.!
;%>=<.J&/D*![&$3-.!h!7.=&;/(!/6#/!/6.!=-.;&(.!;%'(3>.7!
(=#;.! %:! /6.! /6-..! ;%>=./&/%-(! 7&::.-(! CD! #! ;%'(/#'/!
>3</&=<&;#/&%'!:#;/%-*!!
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Figure 7. Space consumption of cell’s indexing 

schemes 
!

[-%>! [&$3-.! h! &/! #<(%! :%<<%H(! /6#/! 2/-3;/3-.! Q!
;%'(3>.(! <.((!(=#;.! /6#'! /6.!#7B#';.7!(%<3/&%',!C3/!
'%/! <.((! /6#'! 6#<:! %:! &/*! 56.! &';-.#(.7! (=#;.!
;%'(3>=/&%'! %:!AjQ2!H#(! .J=.;/.7,! C.;#3(.! &/! &(! #!
;%>=<&;#/.7! &'7.J! (/-3;/3-.,! -.R3&-&'$! >%-.! =%&'/.-(!
#'7!%/6.-!=&.;.(!%:!7#/#!;%>=#-.7! /%! /6%(.!%:! /6.!@O
/-..!%:!2/-3;/3-.!Q*![&'#<<D,!<&(/!(%<3/&%'!(..>(!/6.!C.(/!
%:! #<<,! #'7! /6&(! H#(! #<(%! .J=.;/.7,! (&';.! <&(/(! %;;3=D!
<.((! (=#;.! /6#'! /-..(*! \.;#<<,! 6%H.B.-,! /6#/! /6.!
&';-.#(.7!(=#;.!;%'(3>=/&%'!%:!/6.!#7B#';.7!(%<3/&%'!
<.#7(! /%! #! 7-#>#/&;#<<D! &>=-%B.7! /&>.! .::&;&.';D! %'!
-.#<&(/&;!R3.-&.(,!#(!6#(!C..'!(6%H'!&'![&$3-.!Y*!

  
6. Discussion 
Z.! 6#B.! 7.#</! H&/6! /6.! =-%C<.>! %:! .::&;&.'/!

=-%;.((&'$! %:! (=#/&%O/.>=%-#<! =-.7&;#/.(*! [%-! %3-!
=3-=%(.(,!#!=-.B&%3(!#==-%#;6!KYM,!H6&;6!3(.(!#!$-&7,!
#'7! #((%;&#/.(! #! <&(/! H&/6! .#;6! ;.<<! %:! /6.! $-&7,! H#(!
.J/.'7.7! CD! &'/.$-#/&'$! &'/%! &/! #! =.-(&(/.'/! &'7.J&'$!
(/-3;/3-.*! 56&(! &'7.J&'$! (/-3;/3-.!.'#C<.(! /6.!.::&;&.'/!
>#&'/.'#';.!%:!B.-(&%'(!%:!/6.!<&(/(!/6#/!#-.!;-.#/.7!CD!
3=7#/.! %=.-#/&%'(*! 2&';.! /6.! B.-(&%'(! ;%--.(=%'7! /%!

/&>.! &'(/#'/(,!H6#/!H.!6#B.!:&'#<<D!#;6&.B.7!&(!/%!hide!
/6.! /&>.!7&>.'(&%'! &'/%!#!=.-(&(/.'/! &'7.J&'$!(;6.>.*!
Z6&<.!#;6&.B&'$!/&>.!.::&;&.';D,!H.!6#B.!/63(!>#'#$.7!
/%!>#&'/#&'!/6.!(#>.!(=#;.!;%>=<.J&/D!H&/6!/6#/!&'!KYM*!
c3-! :3/3-.! H%-I! &(! /%! .J/.'7! /6.! H.<<OI'%H'! (=#/&%O
/.>=%-#<! >.;6#'&(>! =-.(.'/.7! &'! K+LM,! (%! #(! /%!
(3==%-/! 25X! R3.-&.(! #(! H.<<*! c3-! $%#<! H&<<! C.! /%!
&'B.(/&$#/.! 6%H! /6.! 73#<&/D! /-#'(:%->#/&%'! /.;6'&R3.!
#<<%H(! /6.! 3(.! %:! #! (&>=<.! &'7.J! E=<#&'!@O/-..! #'7! &/(!
'.H.(/! B#-&#'/(G! %'! /&>.! 7%>#&'! &'! #! (=#;.O.::&;&.'/!
>#''.-*!
!
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