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Abstract. In this paper we survey column-store database technology. We describe
column-store database management system and point out the distinctions from the
classical row-store DBMS. We present strong and weak points of the column-stores,
the reasons of their appearance and success. We survey a variety of technical solu-
tions, which provide these systems with the advantage. We also describe workloads
which benefit this approach the most and thus constitute the area of application
of commercial column-store DBMS systems. Then, we present a brief introduction
into the problem of DBMS physical design. We analyze the perspectives of various
classical approaches (allocation, partitioning etc), as well as column-store specific
ones (column sort orders and join index application).
Keywords: databases, physical database design, database tuning, column-stores,
vertical partitioning, horizontal partitioning, allocation.

✶✳ ➶#$%$&'$✳ ➘!""!# $!%&'! #()#*'+# ,$&-&).*"/*0 $!%&'1

❬✸❪✱ ( 6&'&$&7 01 $!++0!'$/(!)/ (&,$&+1 (1%&$! +'$86'8$ 9/:/✲

<*+6&=& 8$&("# -)# 6)!++/<*+6/> +/+'*0 + ,&+'$&<"10 >$!"*"/*0

(row-store DBMS). ➶ "!+'&#@*7 $!%&'* 01 $!++0&'$/0 6&)&"&<"1*
AB➪➘ (column-store DBMS), $!:%*$*0 /> 8+'$&7+'(& / $!++0&'$/0
(&,$&+ (1%&$! +'$86'8$ 9/:/<*+6&=& 8$&("# -)# +/+'*0 -!""&=&

'/,!✳
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✶✳ 6+#!$&$--.$ 67➪➘ :!$%+,)(#;<=) >+?().@ #.>+! #(!"(-✲

)+# +!?(-"/(*"" +>!(>().#($&.B %(--.B ❬✼✱ ✶✼✱ ✶✽✱ ✷✵✱ ✸✽✱ ✹✶✱

✹✺❪✳ ❰:)"&(;K-+,)K #.>+!( ,)!L')L! M"/"N$,'+?+ L!+#-< "?✲

!($) -$&(;+#(O-L= !+;K # +>$,:$N$-"" #.,+'+@ :!+"/#+%"✲

)$;K-+,)" 67➪➘✳

✷✳ PMM$')"#-(< +!?(-"/(*"< M"/"N$,'+?+ L!+#-< 67➪➘ &+✲

O$) :+/#+;")K✿

✭❛✮ 7#$;"N")K %+:L,)"&.@ +>T$& /(?!LO($&.B " +>!(>().✲

#($&.B %(--.B /( ,N$) #-$,$-"< # ,",)$&L -+#.B L/;+#

" L,)!+@,)# B!(-$-"<❀

✭❜✮ 7&$-KW")K #!$&< #.:+;-$-"< +)%$;K-+?+ /(:!+,( :+✲

,!$%,)#+& ",:+;K/+#(-"< ,:$*"(;K-.B ,)!L')L! %(--.B

" &$)+%+# "B +>!(>+)'"✱ ( )('O$ , :+&+XK= ",:+;K/+✲

#(-"< #-L)!"/(:!+,-+?+ :(!(;;$;"/&(❀

✭❝✮ 7&$-KW")K #!$&< #.:+;-$-"< -(>+!( /(:!+,+# , :+&+✲

XK= ",:+;K/+#(-"< &$O/(:!+,-+?+ :(!(;;$;"/&( ✭:+✲

#.W$-"$ ,)$:$-" :(!(;;$;"/&( ,",)$&.✮❀

✭❞✮ 7&$-KW")K /()!(). -( +>,;LO"#(-"$ ,",)$&. " )$& ,(✲

&.& :+-"/")K ,+#+'L:-L= ,)+"&+,)K #;(%$-"< ✭&()$!"✲

(;K-.$ !(,B+%.✮✳

✸✳ ➶+/&+O-. ,;$%L=X"$ #(!"(-). L,)!+@,)#( M"/"N$,'+?+ L!+#✲

-<✿

✭❛✮ \!(?&$-)"!+#(-"$ %(--.B (partitioning, fragmentation).
 +%!(/%$;<$),< -(✿ ?+!"/+-)(;K-+$ (horizontal partition-
ing), #$!)"'(;K-+$ M!(?&$-)"!+#(-"$ (vertical partition-
ing), " "B '+&>"-(*"" ✭?">!"%-+$ ";" ,&$W(--+$ M!(?✲
&$-)"!+#(-"$✮✳ ➶ ,#+= +N$!$%K✱ ?+!"/+-)(;K-+$ M!(?✲

&$-)"!+#(-"$ :+%!(/%$;<$),< -( +,-+#-+$ (primary frag-
mentation) " :!+"/#+%-+$ (derived fragmentation);

✭❜✮ ](/&$X$-"$ %(--.B :+ L/;(& # ,;LN($ !(,:!$%$;$--+@

67➪➘ (data allocation problem);

✭❝✮ ➮,:+;K/+#(-"$ %+:+;-")$;K-.B ,)!L')L! ✖ "-%$',+# "

&()$!"(;"/+#(--.$ :!$%,)(#;$-"@ (index selection prob-
lem, materialized view selection problem);
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✭❞✮ #$%&'()*'+ ,)--./ (replication).
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%87&$,-$: 7&6?)$ 4 %58*$77$ 5)@83. 6?'3.4)$37+ '=:$-$-'$

%)5):$3584 -);56=('✳

✺✳ ➬),)?) 8%3':)&<-8;8 4.@85) 7356(365 C'='?$7(8;8 6584-+

NP ✲356,-)✳ G8H38:6 -) %5)(3'($ %5':$-+I37+ )&;85'3:.✱
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4:$L)3$&<734) ?$&84$() 4 %58*$77 4.@85) 7356(365 C'='?$✲

7(8;8 6584-+✱ 38 $73< -) %8&-6I )438:)3'=)*'I %58*$77)✳

➬),)?$9 4.@85) 7356(365 C'='?$7(8;8 6584-+ 4 (8-3$(73$ (&)7✲

7'?$7('/ NO➪➘ '77&$,84)3$&' =)-':)I37+ ?5$=4.?)9-8 ,8&;8$

45$:+✳ ❮)(8%&$- 8;58:-.9 8%.3✱ (8385.9 %8,58@-8 )-)&'='56$37+

4 -)L$9 %5$,.,6J$9 5)@83$✱ 5)77:)35'4)I37+ @8&$$ ✶✺✵ -)6?-./

5)@83 ❬✸❪✳

❰(8&8 ,$7+3' &$3 -)=), %5'8@5$& %8%6&+5-873< -84.9 3'%

NO➪➘ ✲ (8&8-8?-)+ NO➪➘ (column-store DBMS) ❬✾✱ ✶✵❪✳ ➶ 7845$✲

:$--./ 5)@83)/ 8- %583'48%873)4&+$37+ ❬✻❪ (&)77'?$7(': NO➪➘ 7

/5)-$-'$: %8 7358(): (row-store DBMS).
❮$7:835+ -) ()K6J6I7+ %5873836 (8&8-8?-8;8 %8,/8,)✱ 8-

35$@6$3 -84./ :$38,84 %5' 4.@85$ 7356(365 C'='?$7(8;8 6584-+✳

238 %58'7/8,'3 47&$,734'$ '-8;8 %58*$77) 8%3':'=)*'' =)%587) '

48=:8K-873' %5':$-$-'+ '-./ 7356(365 C'='?$7(8;8 6584-+✳

Z$&< -)738+J$9 5)@83. ✖ -) 87-84$ )-)&'=) 76J$7346IJ'/

%8,/8,84 ( %87358$-'I (8&8-8?-./ NO➪➘ 4.5)@83)3< 6()=)-'+

,&+ 4.@85) 7356(365 C'='?$7(8;8 6584-+✳ ➘)--.$ 6()=)-'+ %8=48✲

&+3 78=,)3< )438:)3'='584)--6I 7'73$:6 4.@85) 3)('/ 7356(365✱

-)%8,8@'$ 76J$7346IJ'/ 4 -)738+J$$ 45$:+ ,&+ (8::$5?$7('/

7'73$: 7 %87358?-.: /5)-$-'$:✳

❰7-84-)+ ?)73< -)738+J$9 5)@83. 78738'3 '= 35$/ 5)=,$&84✳ ➶

7&$,6IJ$: 5)=,$&$ :. 8=-)(8:':7+ 7 76J$7346IJ':' %8,/8,):'

( %87358$-'I (8&8-8?-./ NO➪➘✱ 5)77:835': 83&'?'+ 83 (&)77'✲
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(5)8! $- "$"(!+ (5A5 3)!+!4$ 08/$ 25"()5!48 4, 25%5F$% 2)$4✲

H$2,% ❬✶✹✱✸✸❪✳

➶ #/,""$ !"#$% "$"(!+,% " 25"()5 48+ %),4!4$!+ $"25/*-1!(✲

"@ (,# 4,-83,!+,@ "/5($)53,44,@ "(),4$H, (slotted page) ❬✹✼❪✳ ❰4,
2)!."(,3/@!( "505? 50/,"(* 2,+@($✱ -,25/4!441J -,2$"@+$ 25"/!✲

.53,(!/*45 " 4, ,/, "(),4$H8✳ :#,-,(!/$ 4, ",+$ -,2$"$ ✭"+!7!✲

4$@ 5( 4, ,/, "(),4$H8✮ -,2$"83,J("@ 3 50),(45+ 25)@.#!✱ 4, $✲

4,@ " #54H, "(),4$H8✳ ➮ ",+5! 3,F45! ✖ #,F.,@ -,2$"* %),4$( 3"!

,()$01(8 (,0/$H8✳ ✃)5+! D(5A5✱ "(),4$H, %),4$( "$"(!+41J $4✲

I5)+,H$J✱ "2!H$I$ 41J ./@ #,F.5? 9:➪➘✳ ❰2$",448? 25.%5.
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&%&)%* " +!- 6#*✳

✶✳ 1-)+9!+!49%! &% '( $)* +!, "- 4 $)!, ➽+' -69➾ <#")+) )<

&#' -# 6 3 & 6✱ 4 3)!%-#!9-% &#<54#%*#/ *#!%-)#3)<#>)%?✳

@! 4%+,*# $ - A +! /.)? "- >%++✱ 6 ! -5? "-) &%"-#4)3,✲

& * "- 4%$%&)) * B%! +4%+!) &# &%! 4+% "3C+5 6 3 & 2& A 

" $( $# ❬✸✹❪✳ H#<3)2#C! $4% +!-#!%A)) *#!%-)#3)<#>))✱ 6#B✲

$#/ )< 6 ! -5(  '3#$#%! +4 )*) $ +! )&+!4#*) ) &%$ +!#!✲

6#*) ❬✸✹❪✳ ❒#!%-)#3)<#>)C 6#6 "- >%++ +' -6) <#")+) )< &#✲

' -# 6 3 & 6 &% +3%$9%! "9!#!, &) + *#!%-)#3)<#>)%? 4 +*5+✲

3% &#6 "3%&)/ " 3& A -%<93,!#!# "- *%B9! 2& ?  "%-#>))

4 )!%-#! -& ? * $%3) ❬✷✷❪✱ &) + *#!%-)#3)<#>)%? 4 +*5+3%

"-%$+!#43%&)? <#")+#&&5( &# $)+6 (materialized view).

✷✳ 1 $( $ 6 "-%$+!#43%&)C $#&&5( &# $)+6% !-%'9%! "- $9*#&✲

& +!) ) #669-#!& +!) -%#3)<#>))✳ ➶ -#' !% ❬✻❪ "-)4 $)!+/

M#6!✱ 2! "-) "- 4%$%&)) N6+"%-)*%&! 4 6 3 & 2& % "-%$✲

+!#43%&)% <#&)*#3 "-#6!)2%+6) 4 !-) -#<# ' 3,O% $)+6 ✲

4 A "- +!-#&+!4#✳ @! '53 45<4#& !%*✱ 2! 6 3 & 2&#/

PQ➪➘ $ " 3&)!%3,& (-#&)3# )$%&!)M)6#! -5 6#B$ ? <#✲

")+)✳ ➘3/ -%O%&)/ '53 )+" 3,< 4#& >%35? &#' - *%! $ 4

+B#!)/ $#&&5(✳ ➚3,!%-&#!)4 ? * A9! 45+!9"#!, -%#3)<#✲

>))✱ &% (-#&/.)% 4 /4& * 4)$% $#&&5% )$%&!)M)6#! -5 ❬✾❪✳

✃- *% ! A ✱ "-) " 45O%&)) $ 3) 452)!54#%*5( 6 3 & 6

+!#& 4)!+/ 45A $&%% )+" 3,< 4#!, 63#++)2%+6)? " $( $ ❬✸✾❪✳

✸✳ ➮&$%6+5 4 63#++)2%+6 * +*5+3% +3#' "-)*%&)*5 )3) &%

"-)*%&)*5 4 4+% ✭$%!#3) <#4)+/!  ! 45'-#&&5( *%! $ 4 -%✲

#3)<#>)) PQ➪➘✮✳ ➶*%+! &)( '53 "-%$3 B%& >%35? -/$ *%✲

! $ 4 )&$%6+)- 4#&)/ $#&&5( $3/ 6 3 & 2&5( +)+!%* ❬✷✸✱✸✵✱

✸✶❪ ✭#$#"!)4& % )&$%6+)- 4#&)%✱ adaptive indexing).

✹✳ 13#& <#2#+!9C &% /43/%!+/ $%-%4 *✱ &% '( $)* 6#6)*✲!  '✲
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# 24&$($'(A 0" #,4"+&A✳ F&!",& G(-'+"A ' 0"-$"#,>< 0"#%H:($&

)+#0(4'A($,&A # +"-"$".$"@ BC➪➘ C-Store, +","43( 04"%"1H,#H
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1&$$3@ ,(#,"%3@ $&!"4✱ &%,"43 04"%"1'-' #4&%$($'( 04",",'0&

+"-"$".$"@ #'#,(A3 C-Store ' +"AA(4.(#+"@ #'#,(A3 # 24&$($'(A
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,"/"✱ ,&+"( 04(1#,&%-($'( 1&(, 4H1 1"0"-$',(->$32 %"=A"X✲

$"#,(@✱ &$&-"/'.$32 04(1"#,&%-H(A3A' '$1(+#&A' ❬✶✾❪✳

✷✳ ➶"=A"X$"#,> )**(+,'%$"/" '#0"->="%&$'H 4&=-'.$32 A(,"✲

1'+ #X&,'H ❬✹✱ ✶✹✱ ✷✻❪✳ ➮##-(1"%&,(-' ;X( 04'A($H-' #X&,'(

% BC➪➘✱ "1$&+" $(->=H #+&=&,>✱ .," !3-' 1"#,'/$;,3 !"->✲

Y'( ;#0(2'✳ ➶ +"-"$".$32 #'#,(A&2 #',;&G'H /"4&=1" -;.Y(

0" #-(1;<:(@ 04'.'$( ✖ 1&$$3( -;.Y( 0"11&<,#H #X&,'<

%#-(1#,%'( /"A"/($$"#,'✳ _&+'A "!4&="A✱ ;1&-"#> 0"%3#',>

+")**'G'($, #X&,'H 1" 1(#H,' ❬✺✱ ✹✵❪ ✭1-H #4&%$($'H +-&#✲

#'.(#+'( #'#,(A3 'A(<, +")**'G'($, ✷✲✸ ❬✺❪✮✳

Труды СПИИРАН. 2013. Вып. 7(30). ISSN 2078-9181 (печ.), ISSN 2078-9599 (онлайн)  
SPIIRAS Proceedings. 2013. Issue 7(30). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 

www.proceedings.spiiras.nw.ru

209



✸✳ ➶#$%#&'#()* #+,-.-#/0'.1 ',+#(-,2()/,''# '02 (&0)3%.
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a,+,-* -0((%#)-.% +-,2+#(3:<. 2:1 +#+@:1-.$0?.. <#:#'#A✲
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N., #;c,%3 #+,-0)./'#B +0%1). . ('.&,'., $02,-&,< +-. 2#()@✲
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P%6)>?% 1 '@5%@%3+1%29+/ 6%-5'4%/ '@74('1(2)% 5%6)>?2, 1

?2(0/ :3>/ 4>4329✳ S2(8 -251', ✖ >9238 1+4'&7C 432-2)8 -%5%((2✲
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02/*"9✱ 4 2'* G!0 / ! $ 1 OLAP ("P#H,'3✱ .!#'3' !,HG" '0> ✭*5

H?/ #"00*"2#!4" ! O2'2 4'-#'0 4 #"6'2/ ❬✸❪✮✳

❮"-#!*/#✱ 4 #"6'2/ ❬✸✺❪ '2*/G"/201✱ G2' 3' '('G("1 0!02/*"

Vertica '6 "$"/2 0'6024/((5* !(02#H*/(2'* "42'*"2!,"+!! #",✲

#"6'23! 09/*5 )#"P*/(2!#'4"(!1 $"((59✳ a2'2 !(02#H*/(2 ("✲

,54"/201 Vertica Database Designer ❬✹✹❪✱ ! '( #/."/2 ,"$"GH 45✲

#"6'23! -'$9'$1I/U 09/*5 )#"P*/(2!#'4"(!1 ✭P'#!,'(2" >('P'

! 4/#2!3" >('P'✮✱ !09'$1 !, ("P#H,3! $ 1 #"0-#/$/ /(('U 3' '✲

('G('U QR➪➘✳ ❰$("3' 40 /$024!/ 2'P'✱ G2' O2" 0!02/*" 14 1/201

3'**/#G/03'U✱ $/2" ! // H02#'U024" (/ #"03#54"M201 ❬✸✺❪✳ F"3?/

!,4/02(' ❬✷✾❪ G2' ! *('P!/ 3 "00!G/03!/ 3'**/#G/03!/ QR➪➘ -#/$✲

 '?! ! "(" 'P!G(5/ 0#/$024" $ 1 3' '('G('P' 9#"(/(!1✳ &#' !9

H02#'U024' 2"3?/ -#"32!G/03! (!G/P' (/ !,4/02('✳

❰$("3' 4/#2!3" >('/ ! P'#!,'(2" >('/ )#"P*/(2!#'4"(!/ (/'6✲

9'$!*' $ 1 -'02#'/(!1 450'3'-#'!,4'$!2/ >('U #"0-#/$/ /(('U
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 !"!#!$#!% &'➪➘✳ &+,-./0+1,2- 3!4-"2 #- 5!46!47/ 4"7 8/26

.2./-3✱ /:  : #- +$2/;0:1/ .5-<2=2 + 26 =+# <2!#2>!0:#27

2 2.5!"?@+-3;- ./>+ /+>; =2@2$-. !A! +>!0#7✳ B!8/!3+ ."-4+-/

.!@4:/? 3!4-"?✱ +$2/;0:1,+1 !.!C-##!./2 23-##!  !"!#!$#!A!

5!46!4:✿ !/"2$#+1 !/  ":..2$-. !% 5>2>!4+ !C>:C!/ 2 @:5>!.!0 2

!/ >;0E2-.7 0!@3!F#!./2 6>:#-#27 4:##;6✳ ❮2F- >:@C->-3 8/2

!.!C-##!./2 C!"-- 5!4>!C#!✳

✶✳ ➶ #:./!7,-- 0>-37 C!"?E!% 2#/->-. 5>-4./:0"71/ >:.5>-4-✲

"-##;- .2./-3; C-@ .!03-./#!A! 2.5!"?@!0:#27 >-.+>.!0 ❬✷✺❪✳

B!8/!3+ 4"7 5!./>!-#27 >:.5>-4-"-##!%  !"!#!$#!% &'➪➘

5!/>-C+-/.7 >:..3:/>20:/? 2 0->/2 :"?#!-✱ 2 A!>2@!#/:"?#!-

=>:A3-#/2>!0:#2- 4:##;6✳ O: F- #-!C6!423! C+4-/ >-E:/?

0!5>!. ! >:@3-,-#22  !"!#! #: +@":6✳ ➘"7 3: .232@:<22

5>!2@0!42/-"?#!./2 F-":/-"-# 2#/-A>2>!0:##;% 5!46!4 ❬✹✸❪

2 +$-/ 5>!2@0!4#!A! =>:A3-#/2>!0:#27✳ ❒2A>:<27 4:##;6✱

. !>-- 0.-A!✱ #- 5!/>-C+-/.7 0."-4./02- OLAP #:A>+@! ✳ O!

-./? :"A!>2/3 3!F-/ C;/? ./:/2$-. 23✳ O: F- 3!4-"? #- 5!✲

/>-C+-/ +$-/: />:#@: <2!##!% .!./:0"71,-%✱ @:/! 5!/>-C+✲

-/.7 A"+C! :7 5>!>:C!/ : ./!23!./-% !5->:/!>!0❀

✷✳ ❮-!C6!423 +$-/ .-3-%./0  !"!#! 2 26 0@:23!4-%./02%✳ &-✲

3-%./0!  !"!#! ✖ .!03-./#! 6>:#7,2%.7 #:C!>  !"!#! ✳

➶ >:.5>-4-"-##!%  !"!#!$#!% &'➪➘ Vertica /: 2- .-3-%✲

./0: 5>2.+/./0+1/ 2 #:@;0:1/.7 .+5->5>!- <2-% (superpro-
jection) ❬✶✵❪❀

✸✳ ❮-. !"? ! 0!@3!F#;6 5!>74 !0 .!>/2>!0 2  :F4!A! .-3-%✲

./0: 5>2 =2@2$-. !3 >:.5!"!F-#22 4:##;6 #: 42. - ❬✶✵✱✶✸❪✳

❮:5>23->✱  !"!# :✱ .!./!7,:7 2@ !4#!A! :/>2C+/:✱ 3!F-/

C;/?  ":./->2@!0:#: #: 42. - 5! @#:$-#21 :/>2C+/:✱ : 3!✲

F-/ 2 5! 24-#/2=2 :/!>+ @:52.2✳ ➶ 5->0!3 ."+$:- C+4-/

0!@3!F#! 8==- /20#! 5>!2@0!42/? 5!2. 5! 5>-42 :/+✱ 0!

0/!>!3 ✖ 0!../:#!02/? @:52.?✳ ❮:"2$2- #-. !"? 26  !52%

4:##;6✱ >:@"2$#;3 !C>:@!3 +5!>74!$-##;6✱ 5!"!F2/-"?#!

0"27-/ #:  :$-./0! 5":#!0 A-#->2>+-3;6 !5/232@:/!>!3 @:✲

5>!.!0✱ : @#:$2/ 2 #: 5>!2@0!42/-"?#!./? .2./-3; 0 <-"!3✳

V/!/ =: /!> #2 !23 !C>:@!3 #- +$2/;0:".7 0 5>-4;4+,26

>:C!/:6 5! =>:A3-#/2>!0:#21❀

✹✳ ➮.5!"?@!0:#2- 2#4- .!0 .!-42#-#27 (join index) ❬✶✵❪✳ ➘:##+1
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 !"#$!#"# %&'(& #)"&*+((& )"+, !-./!0 $-$ !-12/3#✱ )&✲

 !"&+((#6 ,27 ,.#8  +%+9 !.✳ ➶ (+9 <(-=+(/7 )+".&>& -!"/✲

1#!- ✭)& $&!&"&%# &(- / $2- !+"/<&.-(- (- ,/ $+✮  &,+"'/!

(&%+" <-)/ / /< )+".&>&  +%+9 !.-✱ - <(-=+(/7 .!&"&>& -!✲

"/1#!- ✖ (&%+" <-)/ / .& .!&"&%  +%+9 !.+✳ ❰(- (+&18&,/%-

,27 # $&"+(/7 "-1&!C )"/ .&  !-(&.2+(// <-)/ / /< (+ $&20✲

$/8  +%+9 !.✱ $2- !+"/<&.-((C8 )& "-<2/=(C% -!"/1#!-%✳

D-$/% &1"-<&%✱ .%+ !+  "-  %&!"+(/+% "-<2/=(C8 )&"7,✲

$&.  &"!/"&.$/ (+&18&,/%& #=/!C.-!0 /(,+$ C  &+,/(+(/7✳

E!&! F-$!&" !-$ '+ (+ #=/!C.-2 7 "-((++❀

✺✳ I+)2/$-3/7 ,-((C8✱ $&!&"-7 %&'+! )"&/ !+$-!0 $-$ /< )+"+✲

$"C.-6*/8 7  +%+9 !. $&2&(&$✱ !-$ / "+)2/$-3/7✱ $&!&"-7

%&'+! )"&/ 8&,/!0 /< $&2&(&$✱ 8"-(7*/8 7 . &! &"!/"&.-(✲

(&% ./,+ )& "-<2/=(C% -!"/1#!-%✱ - !-$'+ /< )"7%&>& "+)✲

2/3/"&.-(/7 ,-((C8❀

✻✳ D"+1#+! 7 #=+!  )+3/F/$/ &)+"-!&"&.✱ (-)"/%+"✱ #=+! (+&1✲

8&,/%& !/ %-!+"/-2/<-3// "+<#20!-!- ✭%-!+"/-2/<-3/7 $-$

)"&3+   1&"$/ <-)/ / /< (-1&"- $&2&(&$✮✳ D-$'+✱ $&2&(&=✲

(C+ &)+"-!&"C  /20(& &!2/=-6! 7 &!  !-(,-"!(C8✱ / K!&✱

1+<# 2&.(&✱ (+&18&,/%& #=/!C.-!0❀

✼✳ ➮(!+"+ )"+, !-.276! / %&,+2/✱ #=/!C.-6*/+  +2+$!/.(&✲

 !/ )"+,/$-!&. ,27 .C1&"- )&,8&,7*+9 $&(F/>#"-3//✳ ✃-$

 2+,#+! /< &1<&"- ❬✸❪✱ K!- /,+7 (+ )&20<&.-2- 0 )&)#27"(&✲

 !06 . 2/!+"-!#"+ ✭2/R0 %-2-7 =- !0 "-1&! / )&20<&.-2-

)&,&1(#6 /,+6✱ (-)"/%+" ❬✶✶✱ ✶✺✱ ✷✼❪✮✳ ❰,(-$& <-)"& C✱ &"/✲

+(!/"&.-((C+ (- =!+(/+✱ / /8 8-"-$!+" ,+2-6! ++ )"/.2+✲

$-!+20(&9 ,27 "-  %&!"+(/7✳ ❮-)"/%+"✱  +2+$!/.(& !/ )"+✲

,/$-!&. %&>#! ,-!0 ,&)&2(/!+20(C+ #$-<-(/7 (- !&✱ $-$/+

 +%+9 !.-  2+,#+!  !"+%/!0 7  F&"%/"&.-!0✳

✺✳ ➬#$%&'()*(✳ ➶ (- !&7*+9 "-1&!+ %C "-  %&!"+2/ .&)"& 

&">-(/<-3// F/</=+ $&>& #"&.(7 ,27 $&2&(&=(C8 VW➪➘✿

✶✳ ➶& ..+,+(// 1C2/ )"+, !-.2+(C )&,8&,C $ &">-(/<-3// F/✲

</=+ $&>& #"&.(7✳ ➶$"-!3+ &)/ -(C .&<%&'(C+ .-"/-(!C

# !"&9 !.-✿ .+"!/$-20(&+ / >&"/<&(!-20(&+ F"->%+(!/"&.-✲

(/+✱ "-<%+*+(/+❀
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✷✳ ❰#$%&'(✱ * (+,$- ./01&-✱ .1( 1&2(/ 2(3('(.'&4 56➪➘ $ /➻

(13$.$4 (1 23&%%$./%2(: 56➪➘ % #(%10(.';< -0&'/'$/<✳

=1$ 56➪➘ (#$%&'; * $%1(0$./%2(: #/0%#/21$*/✿ '&.$'&4 (1

%&<;- 0&''$- $ 2('.&4 %(*0/</'';<$✳ ?0$*/@/'; #0/@#(✲

%;32$ @34 $- #(4*3/'$4 $ B%#/-&❀

✸✳ ?0($E*/@/' (+E(0 1/-'(3(F$./%2$- 0/G/'$:✱ $%#(3HEB/<;-

#0$ #(%10(/'$$ 2(3('(.';- 56➪➘✳ ➶;@/3/'; *&J';/ @34

@(%1$J/'$4 *;%(2(: #0($E*(@$1/3H'(%1$ 2(<#('/'1;❀

✹✳ ➪;3$ (#$%&'; %$3H';/ $ %3&+;/ %1(0('; 2(3('(.';- 56➪➘✳

❰#$%&'; @*& 1$#& %1&'@&01';- '&F0BE(2 @34 56➪➘ ✭OLAP
$ OLTP✮✱ #0$*/@/'; $- %*(:%1*&✳ 62&E&'; 0&+(1;✱ #;1&N✲

,$/%4 0&%G$0$1H '$GB #0$</'/'$4 2(3('(.';- %$%1/< '&

OLTP '&F0BE2$❀

✺✳ ❰-&0&21/0$E(*&'; @*& '&$+(3// $E*/%1';- $%%3/@(*&1/3H✲

%2$- #0(1(1$#& 2(3('(.'(: 56➪➘✿ (0$/'1$0(*&'';: '& 0&✲

+(1B % @$%2(< C-Store $ (0$/'1$0(*&'';: '& 0&+(1B * (#/0&✲

1$*'(: #&<41$ MonetDB;

✻✳ ❮&2('/R✱ +;3 #0/@%1&*3/' &'&3$E 'BJ@ S$E$./%2(F( B0(*'4

2(3('(.'(: %$%1/<;✱ 0&%%<(10/'; (13$.$4 (1 23&%%$./%2$-

%$%1/<✳ ➪;3$ *;0&+(1&'; 10/+(*&'$4 2 SB'2R$('&3B 0/2(✲

</'@&1/3H'(: %$%1/<; %10B21B0 S$E$./%2(F( B0(*'4 @34 2(✲

3('(.'(: 56➪➘✳

 !"#$% &"'()*'+),

❬✶❪ ✃$%&'()*✳ ,✳➘✳ ➹)/ 01)23 1'4'5'& * 6'2&)7)833 9:% /:&&;2 ✴✴ =4$/;

➮&?636$6: ?3?6'5&)8) 14)84:5534)*:&3@ A➚❮✳ ❱♦❧✳ ✶✾✳ ❝✳ ✾✕✸✹✳ ✷✵✶✵✳

❬✷❪ ✃$%&'()*✳ ,✳➘✳ ▼❛♣Q❡❞✉❝❡✿ *&$643✱ ?&:4$W3 373 ?9)X$ )6 1:4:77'7Y&;2

?$9/❄ ✴✴ =4$/; ➮&?636$6: ?3?6'5&)8) 14)84:5534)*:&3@ A➚❮✳ ❱♦❧✳ ✶✾✳

❝✳ ✸✺✕✼✵✳ ✷✵✶✵✳

❬✸❪ ]'4&;^'* ➹✳➚✳ ❰9%)4 1)/2)/)* X )48:&3%:(33 `3%3a'?X)8) $4)*&@ * ?$9/

✴✴ =4✳ ,b➮➮A➚❮✳ ❱♦❧✳ ✶✭✷✹✮✳ ❝✳ ✷✷✷✕✷✼✼✳ ✷✵✶✸✳

❬✹❪ ❆❜❛❞✐ ❉✳✱ ▼❛❞❞❡♥ ❙✳✱ ❋❡QQ❡✐Q❛ ▼✳ ■♥"❡❣%❛"✐♥❣ ❝♦♠♣%❡,,✐♦♥ ❛♥❞ ❡①❡❝✉✲

"✐♦♥ ✐♥ ❝♦❧✉♠♥✲♦%✐❡♥"❡❞ ❞❛"❛❜❛,❡ ,②,"❡♠, ✴✴ lQ♦❝❡❡❞✐♥❣n ♦❢ p❤❡ ✷✵✵✻

❆❈▼ ❙■●▼❖❉ ✐♥p❡Q♥❛p✐♦♥❛❧ ❝♦♥❢❡Q❡♥❝❡ ♦♥ ▼❛♥❛❣❡♠❡♥p ♦❢ ❞❛p❛✳ ❙■●✲

▼❖❉ ✬✵✻✳ ◆❡✇ ❨♦Q❦✱ ◆❨✱ ❯❙❆ ✿ ❆❈▼✱ ✷✵✵✻✳ l✳ ✻✼✶✕✻✽✷✳ ❯❘▲✿

❤""♣✿✴✴❞♦✐✳❛❝♠✳♦%❣✴✶✵✳✶✶✹✺✴✶✶✹✷✹✼✸✳✶✶✹✷✺✹✽✳

h
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