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@ mame mnoZinu S
o dat je vela
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@ vedeli by sme reprezentovat S priblizne s malou pamitou?
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Filtrovanie
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Figure 5: On a typical CDN server cluster serving
web traffic over two days, 74% of the roughly 400
million objects in cache were accessed only once and
90% were accessed less than four times.
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Figure 6: Byte hit rates increased when cache filter-
ing was turned on between March 14th and April
24th because not caching objects that are accessed
only once leaves more disk space to store more pop-
ular objects.
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Bloomove filtre
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{x,y, 2}
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© S={x1,....xn}
@ m bitov

@ k nezdvislych hedovacich fn. hy,..., hg : % — [m]
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@ m bitov
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{x,y, 2}

[oftfofrfrfrfofofofojofijoJiJojofi]o]

S={x1,....xn}
m bitov

k nezavislych hedovacich fn. hy,... hg: % — [m]
insert(x): nastav bity B[h;j(x)] =1 (Vi)
query(y): skontroluj, & Vi: B[hi(y)] =1
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{x,y, 2

[oftfoftf1]1fofofofojofi]o[iJoJof1][O]

o predpokladajme tplne ndhodné h;
e akd je 0 = Pr[FP]?

@ pre dané m, n, aké k mame zvolit pre min §
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{x, y, z}

[oftfofrfrfrfofofofojofijoJiJojofi]o]

w

aka je pp., Ze k ndhodnych poli¢ok budd 1, ak predtym zaheSujeme
n prvkov k-krat?
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{x, v 2}

‘of1Jofrjrf1]JofJoJoJofJoltr]ofJ1[oJo]1][0]

w

aka je pp., Ze 1 ndhodné poli¢ko bude 1, ak predtym zaheSujeme n
prvkov k-krat?
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{x, v, 2}

‘oJoJofJoJoJoJoJoJoJoJo[1]oJoJoJo]o[o]

w

aka je pp., Ze 1 ndhodné poli¢ko bude 1, ak predtym zaheSujeme 1
prvok jedenkrat?
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{x, v, 2}

‘oJoJofJoJoJoJoJoJoJoJo[1]oJoJoJo]o[o]

w

e Pr[B[i]=1]=1/m
e Pr[Bli]=0]=1-1/m
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ix, vz}

‘oJoJofrjof1]JoJoJoJoJo[1]oJoJoJo]o[o]
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ix, vz}

(oJofJofrjof1]ofJoJo]ofJo[1]ofof[o]o]o[O]

o Pr[B[i]=0]=(1-1/m)*
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ix, vz}

(o1 fJofrjr][1]ofJoJojofJo[t]of[L[o]o]1][0]

w
@ akd je pp., Ze 1 ndhodné poli¢ko bude 1, ak predtym ozna&ime

k x n ndhodnych politok?
e p=Pr[B[i]=0]=(1-1/m)"
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{x,y, 2

[oftfoftf1]1fofofofojofi]o[iJoJof1][O]

@ aka je pp., Ze k ndhodnych poli¢ok budid 1, ak predtym
oznatime k x n ndhodnych poli¢ok?

o § =Pr[FP] = (1—p)*
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o p=Pr[Bi=0]=(1—1/m)k" = ((1—1/m)™) "™ ~ e=kn/m
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o p=Pr[B=0]=(1-1/m)" = ((1—1/m)m)*"/" ~ ~kn/m
® 8 =Pr[FP] = (1—p)* = exp(kIn(1—p)) =
exp(kIn(1— e kn/m))
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o p=Pr[Bi=0]=(1—1/m)k" = ((1—1/m)™) "™ ~ e=kn/m
® 8 =Pr[FP] = (1—p)* = exp(kIn(1—p)) =
exp(kIn(1— e kn/m))

@ ak zvolime fixné m/n =#bitov na jeden prvok
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pre m/n=2:

y = exp(xIn(1—e/?))
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N - ‘0
pre m/n = 10:

y = eXp(XIn(]_ B e_X/].O))
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Analyza

exp(x log(1 - ¢ ¥1%))
minimize
0=x=20

Global minima

al minimum:

6.93147

minfexp(x log(1 - ¢ ")) |0 = x = 20} ~ 0.00819255

006

@ customize

A Plain Text
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m

o p=eknim k=—"Inp
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e p=ek/m __, k=—"1Inp

o d =exp(kin(l—p)) =

exp (—

33

-Inp~|n(1—p))
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y =exp(—2InxIn(1—x))
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pre m/n = 10:

y =exp(—10InxIn(1—x))
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e opt p=1/2=ek/m — k=1In2-(m/n)~0.693(m/n)
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e opt p=1/2=ek/m — k=1In2-(m/n)~0.693(m/n)
e pre takto zvolené k je & =1/2K ~0.619™/"
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e opt p=1/2=ek/m — k=1In2-(m/n)~0.693(m/n)
e pre takto zvolené k je & =1/2K ~0.619™/"
@ resp. m/n=~1.4451g(1/6)
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e opt p=1/2=ek/m — k=1In2-(m/n)~0.693(m/n)
e pre takto zvolené k je & =1/2K ~0.619™/"
@ resp. m/n=~1.4451g(1/6)

@ napr. ak chceme 8 = 1%, zvolime m/n~ 9.6, k =6 alebo 7
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k = #heSovacich funkcii

1 2 3 4 5 6 7 8 9 10
63.21 74.76 85.80 92.87 96.68 98.52 99.36 99.73 99.89 99.95
39.35 39.96 46.89 55.90 65.16 73.61 80.68 86.25 90.43 93.46
28.35 23.68 25.26 29.41 35.11 41.79 48.97 56.21 63.15 69.54
22.12 15.48 14.69 1597 18.49 21.98 26.28 31.25 36.70 42.46
18.13 10.87 9.18 9.20 10.09 11.64 13.78 16.46 19.67 23.36
1535 8.04 6.09 561 578 6.38 7.34 865 10.31 12.33
1331 6.18 4.23 359 347 364 403 463 544 6.46
1175 489 306 240 217 216 229 255 292 342
91052 397 228 166 141 133 135 145 161 184
10 952 329 174 118 094 084 082 085 091 1.02
11 869 276 136 086 065 055 051 051 053 0.58
12 800 236 108 065 046 037 033 031 032 0.33
13 740 203 088 049 033 026 022 020 019 0.20
14 689 177 072 038 024 018 0.15 0.13 012 0.12
15 645 156 060 030 0.18 0.13 0.10 0.09 0.08 0.07
16 6.06 138 050 0.24 0.14 0.09 0.07 0.06 0.05 0.05

% EP

w N -

IN

#bitov na jeden prvok

m/n =
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Existuje DS, ktorej stati ~ 1.4451g(1/8) bitu na prvok
o p=(1—1/m)k" ~ e kn/m optimélne p~1/2
e FPR § =(1—p)*
@ napriklad sta&i 10 bitov/prvok a 5 hes. fn. pre FPR< 1%
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Dolny odhad

@ pre BF nam vy3lo m/n~1.4451g(1/4)
@ v skutoZnosti zhruba tolko bitov potrebujeme:
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Dolny odhad

@ pre BF nam vy3lo m/n~1.4451g(1/4)

@ v skutoZnosti zhruba tolko bitov potrebujeme:

@ porovnajme poclet n-prvkovych mnozin vs. polet m-bitovych
stringov

gL ) s ()

poet m-bit. stringov ——
pocet n-prvkovych mnozin

kaZdy reprezentuje najviac tolkoto mnoZin

=18 (n+5(?/7n)) ~lg

n

4
(6;% >lgdo " =nlg(1/6)

n
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Odhad po&tu prvkov

e pre dany Bloom filter — vedeli by sme odhadnit poget prvkov
v fiom?
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Odhad po&tu prvkov

e pre dany Bloom filter — vedeli by sme odhadnit poget prvkov
v lom?
o Pr[Bj=0]=p=ekn/m
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Odhad po&tu prvkov

e pre dany Bloom filter — vedeli by sme odhadnit poget prvkov
v fiom?
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Odhad po&tu prvkov

e pre dany Bloom filter — vedeli by sme odhadnit poget prvkov
v fiom?

o Pr[Bj=0]=p=ekn/m

o teda E[#o] = me n/m

e odtial odhad pottu prvkov: n* = m/k-In(m/#o)
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Nevyhody

@ BF sa nedd zva&it — vybudovany pre konkrétne n,
@ vedeli by sme pridat operdciu delete?

@ nevyhodné pre cache (k ndhodnych pristupov)
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Podielové filtre

Hae
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e myslienka: h: % — [2P], budeme exaktne reprezentovat
multimnoZinu h(S)
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e myslienka: h: % — [2P], budeme exaktne reprezentovat
multimnoZinu h(S)

{X17X27---,Xn} '_>h {h(Xl),h(Xz),...,h(Xn)}
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FRP je pp. kolizie h(x) = h(x"), pritom h: % — [2P]

§=1-(1-1/2P)"~1—e "% < p/2P
= p~lg(n/8) pre FPR &
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@ zoznam h(xi), h(x2),...,h(x,)
o hladanie O(n) ®
o pamit lg(n/8) =Ign+Ig(1/8) bitov/prvok ®
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@ heSovanie
o hladanie O(1) ®
o pamit 64 +Ig(n/8) bitov/prvok @
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Podielové heSovanie

p-bitovy odtlagok, p~lg(n/d)

h(x) = q bitov r bitov

podiel — pozicia v H zvy%ok — uloZime
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Podielové heSovanie

)
-

Hea
TommoAnw> "

DO P WWWER
SQ o QN T QO

@ hedovanie so zretazenim; 29 = ©(n) politok, r-bitové zvydky
uloZime
o pamit 64 +1g(1/8) bitov/prvok @
o vieme zrekon$truovat cely he§ = vieme mergovat, vieme
postupne zvi&Sovat hestabulku
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() 1 2 3 4 5 6 7 8 9
| ¢ | ] l ¢ | ] 1 ]
f S fa| S
LiJ = ][] @ | Sl I
B 1 b
h C 3
ENI S .
E 3 e
KN I
G 6 g
H 6 h
f cluster )
X run ) '
) 1 2 3 4 5 6 7 8 9
occupied |0 1 Q 1 1 Q 1 [4 Q 0
end_of_run [} (7} 1 () () 1 1 0 1 [}
a b c d @ f g h

@ otvorené adresovanie s linedrnym sondovanim

e bitvektory pre ,,zaliatky” a konce
e vieme zrekon$truovat vietky hede, mergovat, dynamicky
zva&éovat

65/78



Algorithm 1 Algorithm for determining whether = may have been
inserted into a simple rank-and-select-based quotient filter.

1: function MAY_CONTAIN(Q, x)

b« ho (x)
if Q.occupieds[b] = O then
return 0
t < RANK(Q.occupieds, b)
£ < SELECT(Q.runends, t)
v < hi(z)
repeat
if Q.remainders[/] = v then
return 1
L+ 0—1
until £ < b or Q.runends[/] = 1
return false
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9: function INSERT(Q, )

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:

25:

26:
27:

r < RANK(Q.occupieds, ho(z))
$ — SELECT(Q.runends, 7)
if ho(z) > s then
Q.remainders|ho ()] « hi(z)
Q.runends|ho(z)] 1
else
s+ s+1
n < FIND_FIRST_UNUSED_SLOT(Q, )
while n > s do
Q.remainders[n] < Q.remainders[n — 1]
Q.runends[n] < Q.runends[n — 1]
n<n-—1
Q.remainders|s] < h1(z)
if Q.occupieds[ho(z)] = 1 then
Q.runends[s — 1] <- 0
Q.runends|s] < 1
Q.occupieds|ho(z)] + 1
return
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] 1 2 3 4 5 6 7 8 9
| | l | I
v vy v
%l T : A 1 a
B 1 b
: i -h C 3 c
D 3 d
E 3 e
] i
G 6 g
H 6 h
| cluster >
run
1 2 3 4 5 6 7 8 9
occupied |0 1 ] 1 i Q 1 [ [ 2
end_of_run Q Q 1 Q Q 1 1 [ a o
a b c d e f g h

ako najst koniec runu?
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] 1 2 3 4 5 6 7 8 9
| | l | I
' v v
%l T : A 1 a
B 1 b
: i -h C 3 c
D 3 d
E 3 e
] i
G 6 g
H 6 h
| cluster >
run
1 2 3 4 5 6 7 8 9
occupied |0 1 ] 1 i, Q 1 [ [ 2
end_of_run Q Q 1 Q [ 1 1 [ a o
a b c d e f g h

ako najst koniec runu?

@ v linedrnom &ase? ®
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A 1 a
B 1 b
C 3 c
D 3 d
E 3 e
Fl o4 f
G 6 g
H 6 h
f cluster -
N run !
1 2 3 4 5 6 7 8 9
occupied |0 1 ] 1 i, Q 1 [ [ 2
end_of_run Q Q 1 Q [ 1 1 [ a o
a b c d e f g h

ako najst koniec runu?
@ v linedrnom &ase? ®

e predpotitat rank & select — O(1) &as
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] 1 2 3 4 5 6 7 8 9
L 1 1 I T [ [ T ]
' v v
% T : % A 1 a
B 1 b
: i -h C 3 c
D 3 d
E 3 e
] i
G 6 g
H 6 h
| cluster >
run
1 2 3 4 5 6 7 8 9
occupied |0 1 ] 1 i, Q 1 [ [ 2
end_of_run Q Q 1 Q [ 1 1 [ a o
a b c d e f g h

ako najst koniec runu?
@ v linedrnom &ase? ®
e predpotitat rank & select — O(1) &as
e predpotitat offsety — (1+¢€)(10+1g(1/8)) bitov :-/
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1 2 3 4 5 6 7 8 9
L 1 1 I T [ [ T ]
' v v
i -c -F i
(2] @
f cluster -
N run '
1 2 3 4 5 6 7 8 9
occupied |0 1 ] 1 i, Q 1 [ [ 2
end_of_run Q Q 1 Q [ 1 1 [ i o
a b c d e f g h

ako najst koniec runu?
@ v linedrnom &ase? ®
e predpotitat rank & select — O(1) &as
e predpotitat offsety — (1+¢€)(10+1g(1/8)) bitov :-/
@ bloky po 64: (1+¢€)(2.125+1g(1/8)) bitov/prvok ©
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@,

= RANK(occupieds[i + 1,...,j],j —i —1)

J

i
7 occupieds |1 | | 1 |
runends | 1 | 1
O; Oj:i+6h+t7jC)

ot= SELECT(runends[z + O; +1,...,27 — 1], d)
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|offset |occupieds | runends | remainders
8 64 64 64r

Figure 3: Layout of a rank-and-select-based-quotient-filter block.
The size of each field is specified in bits.
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@ pocet jednotiek v prvych i bitoch:
PopCount(v & (2" — 1))
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@ pocet jednotiek v prvych i bitoch:
PopCount(v & (2" — 1))

@ pozicia i-tej jednotky:
TZCnt(PDep(2',v))

PDEP — Parallel Bits Deposit TZCNT — Count the Number of Trailing
Zero Bits

Description
FDEP uses a mask inthe second source oparand (he L operand) to ransfescattar Description

contiguots low order bits in the first source operand (the second operand) into t

Gatination (the st operand) PDE takes tho ow bts rom the At soutce oporand TZGNT counts the number o riling lsst significant 7o bi i source operand

and deposit them in tho destination operand at the corcsponding bit locations that are | (second operand) and returns the result in destination operand (frst operand). TZCNT is
Set in the second soutce operand (mask). ALl other bits (hits not set in mask) in oh cxtonsion of the BSF instruction. Tho koy ditf

destination are set to zero inshuction s tat TZNT provdos porand size 33 outut whessouecesperandfs st

while in the case of BSF
Pt ate wadebned On proceseors thal o nos support TGN, the seatcuction byts
encoding is execuled as BSF.

Intel C/C++ Compiler Intrinsic Equivalent

2N unsigned _snts2 _tzent uazunssgned _ants2 arc);

20 e _intea_toent uedtmsisnod _intes <rc);

b3 =
Figure 4. PDEP Examplo
Intel C/C++ Compiler Intrinsic Equivalent

PO wnsigued _int3z _plep_uszlunsigned _int32 see, uosigned _int32 mask)
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/] 1 2 3
(I I | I
v vy v , }
£
B0 1
1
L) o s
3
3
=] 4
6
6
f cluster 4
A run -
1 2 3 4 5 6 7 8 9
occupied | @ 1 [ i i Q 1 4 [ 4
end_of_run Q 0 1 0 [ 1 i [ 1 o
a b c d e f g h

o delete?
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Count Encoding Rules
c=1 x none
Cc=2 T,T none
C>2 =xc-1,...,c0,¢ x>0
Cr—1 <X
Vic #x
Vi<t—1¢#0
Cc=3 0,0,0 =0
C>3 O,Cg_l,...,CD,0,0 z=0
Vi C; 7&0

Table 3: Encodings for C' occurrences of remainder x in the CQF.
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Data Structure QF | RSQF | CQF | CF | BF

Uniform random inserts per sec 1112 | 1206 | 11.19 | 14.25 2.84

Uniform successful lookups per sec | 3.39 17.13 | 11.16 | 18.87 2.55

Uniform random lookups per sec 5.71 25.09 | 2593 | 18.84 | 11.56

Bits per element 12.631 | 11.71 | 11.71 | 12.631 | 12.984

(a) In-memory uniform-random performance (in millions of operations per second).
Data Structure | CQF | CBF Data Structure | RSQF | CQF | CF
Zipfian random inserts per sec 13.43 0.27 Uniform random inserts per sec 69.05 | 68.30 | 42.20
Zipfian successful lookups per sec | 19.77 2.15 Uniform successful lookups per sec | 3542 | 34.49 | 12.26
Uniform random lookups per sec | 43.68 1.93 Uniform random lookups per sec 31.32 | 29.87 | 11.09
Bits per element 11.71 | 337.584 Bits per element 11.71 | 11.71 | 12.631
(b) In-memory Zipfian performance (in millions (¢) On-SSD uniform-random performance (in thousands of  opera-

of operations per second).

Table 1: Summary of evaluation results. All the data structures are configured for 1/512 false-positive rate. We compare the quotient filter
(QF) [5], rank-and-select quotient filter (RSQF), counting quotient filter (CQF), cuckoo filter (CF) [17], Bloom filter (BF) [26], and counting

Bloom filter (CBF) [31].

tions per second).

79/78



