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FH Lo <lFA AL (Neural network) ] #H|eEAQ AlFdAro=r
B kR

AFE 23 BAHNA =Y FE AZEo7tA] thekst Hofe A
AdeAdEs AHFsks  dyse JAFHR . dF3AAFE

XA 0T AMEHE Fol= HAFE AlZ(Computer vision), AFo]
2] 2] (Natural language processing) 1331 24 <121 (Speech
recognition) ©. 2, 9]¢ FAE 7|78 (Machine learning) & &34
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GEA 7 9Es st 1 9ok, LSM Tree(Log—Structured

Merge—Tree) oAl A&E dolg o] £A RS sty YA &
IH (Bloom filter) & A9 ~% AR-3HT}
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The case for Learned Index Structures[2] o4& 7] &0 ALE5 =
el Al EF HH| RES FrHHo=r AEE AL ARt ol&
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I (Extended learned bloom filter)

e g5 A &4 (Learned hash function)
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Bloom Filter

Lolofofofo]o]o]

5 o
H('Hello) = 1
Q 5 Swelinnononn
Hello World

Query 1. Is 'Hello' inside the set? | 0 I 1 | 0 I 0 | 0 I 0 I 1 |
H('Hello) = 1

Yes, pass filter

Query 2. Is 'Foo’ inside the set? |0|1|0|0|0IDI1|
H('Foo’) = 3
do not pass filter
Query 3. Is 'Bar’ inside the set? |0|1|D|0|D|0|1|
H('Bar’) = 6

Yes, pass filter

but it's a mistake!
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A715 T FALS [-nlog(p) / (log2)?] °lx, &1 &2elA]
AR&SHE nd p WF ol z+zh 29} 0.22 AASL. ol F
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0
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A7), AR ¥4 FEE 29 HE HEY AV(me &

Roevz HAo A g5 (k) Fehe TS AFEE 4 U
ok HA Al e ANFE Tete %*ﬁ~ (m/n) * log(p) =,
AellA 8zl m, n 283 po] & A7 7, 2, 0.2E fdlTh ol &
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AFE-3FA T Murmurhash3 9]ol = xxHashE d|A] =2 ALES =2
qom, 4 Al vt sk WS7E 32, 64, 128RER HER
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Memory Disk
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Bloom Filters Fence Pointer LSM Tree

[ ("Jelly”, "Jelly”) ] | ("Jelly", 800) |
E“Bar", 1000), ("Candy", 40@

("Choco", 900), ("Coke", 500),
("Foo", 800), ("Mint", 300)

Read("foo")

True Negative

("Bar”, "Candy")

False Positive

("Choco", "Mint")

/0
True Positive

[Z238 7] Monkeyol X <] E8 HE ALE

HTTPS:= HTTPS R wAS didsty] deliA Abgshe
HESA ZREFo|th. «dF &
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Browser

3. Is site’s certificate
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Yes

Return certificate error
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*.google.com
* facebook.com

| Bloom Filter 1

(160414150741 |

1. Request

e

Z01411129080
| 35820

L

Browser

3. Is site's certificate

2. Send Revocation List

Bloom Filters

| Bloom Filter N |

CRLite Certificate Authority

\inside CRLite?

Yes
Return certificate error
Access Web Server
No
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2.3 st £¥ EH

Learned Bloom Filter

Training Set Model

S N
Hello Foo [:> Positive
World Bar

G Negative

Backup Filter

[o[zTeo o o o] 5> posiive
CLNegative

Model

Query 1. Is 'Hello' inside the set?

Meodel('Hello") = Positive

Yes, pass filter

Model
Query 2. Is 'World' inside the set?
Model('World") = Negative I:> | 0 | 1 I 0 | 0 I 0 | 0 I 0 |
H('Woerld) = 1 Yes, pass filter

No, but check backup Filter

Model
Query 3. Is 'Foo’ inside the set?
°]
Meodel('Foo’) = Megative E> | ° I 1 I 0 I 0 I 0 | 0 l
H(Foo’) = 3 MNo, do not pass filter

No, but check backup Filter

[2¥ 10] g+ EF ¥H 9 /s

5} + The Case for Learned Index Structures/[2] el
oA AbE AR oIt EF FHE 47 FoAHE, 9

a7t Fetel &HoteA oF-E wbEes AR Folvh olF HolE

v/l EAEA ke W, REs
/g0l A v wEbA, EEeM ERskA XE AR S
Aty flaid £8 HBEE F7HH R AREstaL ol Bz HEEL
FEW =8 ZHe A3 840 veA @ 5Aol 7w,
AyHor nay &5 FHE @A AR st BF ZHAM = A
/g0l EAsHA oA Ao &, S =¥ FHe &% ZHE sdT
se FRT A "Ed S5 &5 dEe 2§ FHIE $dT
Ies wRATAE =7, S5 5% FEHE ARESIok sk olhe
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S P |
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Learned Bloom Filter
Computer Model
2021 Backup Filter
Information 1 11--- 0 1
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e Ad¥ URL 555 d¥
ARSI Bld =EelAY JAFAAEE FxReE F O33N ASTE
7, 32249 EAF AWld, 16399 GRU(Gated Recurrent
Unit) [6] Z18]31 1x4e] ¢kd A4 ASS ARtk X3k, viA e

o} 9 1=

AZe Aol &3t 45 A715 o= (Sigmoid) T2 ARES}]
el AFAAFG] FHa2 [0, 1] Atele] ghol »YeA Hr}. o]+
URLe] EHAEe]| & g5& dstta & 5 QU
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RS AT w AREEHE glolth die] did mde] E¥ ko]
PAAESG A9, g dihes Yol EAsta ddsit, wigE
Axel disiA 2o E8gto] dAXEG 2AY o, g dihe
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Edolq wgste AF A gEo]l wWEhA Hu, AAE St
dolHe &4 dHeolHE Abgstel AAsH. odE =] AREAL
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HolBE d¥oz Yol
AA 54 dolye] A 5
ARE-siTh S dlolHE =
HAE dojee] tsire A ds& 7HvE 215 A model for
learned bloom filters and related structures[7]o4] F&Ho=
CRia= g

Model Threshold

= D > |

[23 12] s EF e dAA

dolg= 718k 717k obd dolEi7h @A EAEloF ek V&S]

% HH @AMz Tldl dsiAe dEe sk, Rde
stEot7l SlsiM s 718k 717F obd dleolErE Eesiuh whebAd, 7wk
A= Aol 717 obd HolHE FUHAoR HAY A
de7t Stk oE =ol, URL delge] dhair EHeAEd o
dolg7k  dvar ZpgsiRA. Bl sgs fEid 717 ofd
SPolET|AE figk dolEE FrhHoR  ebAY, SHYAE
deojel WA wo]=E ARESl] EHYAETE ofbd AER HOlHE
Ao A Rds SFdfor I F, S5 =w THE
Agst7] fldiM= 7178 obd dolEHE FrHH e Ao I 2
wrold= 7] HolHE 4 HolH=E FE=i, 717F obd HolHE
w4 HolHz 24

Rz e RN AR AR 45 AAS7] &AM
AREEE it Bx dE = &5 FHY olgn uE B, V=9
5 FHe 54 AsT ot |, Sty 28 FHAAM FAT A
¥ SAsk= A, VIS &v ZHE ARt 545k HAW
S5 v ZHO deide 3= SH4E W 2Eo AY|eh Bx
e e A7E @7 Felok 72 5 A= Aol

Usow s &5 Y 2713, A9 aga doel disiA
AR Es dn os 55 49 Ve fdMe Ry Bz
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0.005¢] AR X4 HES BAsER LA ojFoles RES
stiste e AA=H, o W VASE dadsel S5 dHolEE
desto] RES SEAIY. 2 =EeAME s, Y, HAER
dolE o] Hl&S 8:1:1 HER ARSIt o dHojEle RES
steete Aol AREET, A dHeolEle dAAE AAeeH
AREE AL, HIAE dHolB= dAAQ s BF FHY des 54
W ARGET R o R AR A2 iR @73 A dHolEE
sted Bl dideid ue EHEe ARgee] AAdd. i
dolele] g wHe ZHge A, dA =HE FTolM S
0.5%° #idst= EH#U= JAAR Ab&shd Hrh Sfolx 247
PAA = Bdo] FAFAow SFH A= 7P stel 0.0059 A3 A

Hl &5 7 A "
Input

Model ‘L—v Positive

——

Negative
Backup -
Filter }—. Positive

Negative
[2¥ 13] = &% 29 7&

g5 25 I f"E 3 dol”el disiAnt Fasit S
EF ZHE AEFEE AT d9HSds dHeolHe disiAw "€
Tt 9k Zo] Fxske olfre dE EF IHE FUHHOE
=74 HolHE Abgete] REAS stEstu AXE AASAN, AT
dolH+= 85 &% v d8aA gss 48] fstelt. Ay
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shdow Age Besk dn wAe FAA A9 gl AHAcky
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EASA getn A8 £ vk F g5 2% "HC dA
sHdow HRE 945 s 2F HO JPE Ao Ao AL
e 4 g

Model(*www.google.com”) = |0.25 * 9] = |2.25| =2

4

Bitvector (0 [0 [1 o Jo fo Jo Jo [+ Jo |

Model(“www.9cogle.com”) = |0.95* 9] = |8.55| =8
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o O —%
GHol vk JhdE AR A vlEH el AQHE A
nds Hgstn g Yebd d4oltl. Adaptive Learned Bloom Filters
under Incremental Workloads [8] oAl = tl|o]Elwo] A%} f-AFsE 31
Aoz A3 A77F AA= FAHAA s 5 ZHE A
AxnA oz Hdo] stFsl=H 2 Alhe &
AHE 4% Ao+ A&7 AAdv= d5 3
&5 EF FHv ARtel disk ok FAlel FA < Y3 (Dynamic
Set) ol thallA] 2 &o] offrk= TR0 vk

JHe: =98t g5 BF FHO dd §4S A7 FA=E

Al g (Static Set) ol

o =1
gl FE3] AR F Ak B3 Hdold wdd ATFEol
SEEE

Qlt}= o] 8 uwFoltl 20189 EEA ZAF ! o s
2025W7Hx] AAARCRZ  175AEMH}O] E (Zetabyte) o TR
ol 7F A& Aoz oistar . "HolE 7 AXH AZASFE A stH

Mg okl BE S d9sA 2T bsAel EAwh 99 2ol

HRel7l 53k AeM e B el vuste]l o A4S 3kE
AHgskE S EE ZHE 2dE & 5 v o5 EE dEHe
muel Abgow Aole Azte] HE Be] walA A, Ak
st Aokl wEeANE W FxkE Fde® s dHoly
Aoskt-2~ (Data warehouse) H+= AET A (Storage) oA AFE-E <=
Ne Zolnt. 1 gelx g5 EF ZHE ofZAleldel A&kt
st ddTtsel HESASE AEZW dolE ofelA SH
ATHO1[10]. F7HA o=, 7AsEs dolgulolxe] ARt o5
Ae A Fope] A47F s HaAH QQu(11][12]. 5 EF
el Bl Algoz A st=dojdll= AZFAQ WA=
AgHolx] 9k Fi= AT o] = Tdol JfHoR <A
o] 58 &2 F Ue steAol SASH

LT, Coughlin, ‘175 Zettabytes By 2025°, 175 Zettabytes By 2025, Forbes,
2018, https://www.forbes.com/sites/tomcoughlin/2018/11/27/175-

zettabytes—by—-2025 (2021.6.25 <), . :
18 -":r‘-q 'I‘T’I . 1_] | [« ] T]I
¥ — I =



https://www.forbes.com/sites/tomcoughlin/2018/11/27/175-zettabytes-by-2025
https://www.forbes.com/sites/tomcoughlin/2018/11/27/175-zettabytes-by-2025
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Model  Negative Negative
Backup Filter

URL Request I:> I:> 11|01 |:> Access Denied
@ Positive @ Positive

Access Web-server

Check Blacklist E ':>

=] 1= ]_

g0l 7hsst] Uﬂ"ﬁ"ﬂ % Iyl HlsiA AlgHAA Fokel ARt

ArEE ¢ QY B =R Zel= Ao (Content control) ol thdt
g5 5% ZH9 /\}ﬁoﬂ el A AR EE s

ZER= Aol oAZYA)AL falst HR=E Adetr]  2lEA

et oS Bol, of"ol7h 194 #Evte] Y3k e Kb
gz Alefoltt, A= skaxk sk Adl=e] URL=
12 dAsta, 882 staxt sk 7wz URLS &4
dlejel= dAdteh 3 54 dold dAE AMgste St BE
i : | S5 =5 el Adstuashs
gt AR= Ao ofFeAleldelA s
7

R =
B2 g2 ALES 2 9lA "l o2 So]. Alext xe® URLS
= st st dld URLS o &% FEA dgddn. o=
of v Ed E= BE FHE T8A 2Akdd® URLAA

= 2pgker URLOIYG Tty #dtsE = A9 AAZ
g AEo EAS=A Folstt), B AES | URLo] =4

MW TS s &atA Fevh o, gF 55 YA AdE

Flas RS —‘%% LHA AekE A > URLZ
Badlgl ~Eo] URLO] &A1t k&S e 5 9l
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ol Bg BE Felols nz AHY AFOR AWM AR Aol
EASA @] WEolh. wepd, o Afels FHHQ Bagax
91 A9 glo] URLYl th@ Ael=2 38354 Ak

5 2HE 53 Ad= Ao E i AgE S 9l
J dlo|E 7} A8ttty /M EE S w, 0.019 AA A

g55 /e E% FHE o 1.777He] E(Megabyte) 18] k|
S % dHE o l2drbelER 2dd 5 9dd 5, sd@
A5 AA & vES o A 3hE AREste] YEbd 4 glA "k

URLE st/ fleid ARss e dagaddelt. s
AM7AE The Case for Learned Index Structures[2]oA] A
322+ Bk deld, 1639 GRU 28] 12¢9] ¢+d A4 AFez
Tl gtk 32akel A geEe A URLB] TS 327kel9
e 2 W3] e AFgEY. =, 2719 U3 B2 323199
A2 vhrod g WEES s9s s 7 3248 A

oMy S T3] YElA+=  GloVe(Global Vectors for Word
Representation) [13] & AFg&jofF st}

nicou sam  (nice, to) : 1, (nice, meet) : 1/2

[ nice/to|meet you sam  (to, nice) : 1, (to, meet) : 1, (to, you) : 1/2

[nice tojmeet|you san]  (meet, nice) :1/2, (meet, to) : 1, (meet, you) : 1, (meet, sam) : 1/2
niceou (you, to) : 1/2, (you, meet) : 1, (you, sam) : 1

nice tosam (sam, meet) : 1/2, (sam, you) : 1
[Z2¥ 17] GloVed] FA] A dE

GloVew w@ol& xndst7] fst HIAE g5 (Unsupervised
learning) HHHolth BIXE ShE2 go]Bo] Fojx| x| o2 AlEf oA
SAAR ZIHE ol &AM dHeole Wi EHE e o ot
GloVeE 2&3t7] f8iA+= A 24 34 (Co—occurrence Matrix) =
et Aol desit w4 B8 qEe 2xkdoln 7} 2R wof
A (Vocabulary) o] =ZL7]el olaix A At A A dFHo g
A7 faiAds A2 (Window) 8l A715 AAsloF af=dl, ol&
71E0] He wo] FHOE Wfe WolE & QA AA s Wgo|th

= o] FojH L Ax=f-E

A717F 28k 7FESlEA “meet” B ©@olE J|FoR 359
“nice” ¢} “to” wol7} WASA I, =9 “you” £ “sam” ©@ol

20 A &t

o= E9], “nice to meet you sam’ =
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o
ol
ol
¥
o
o
il

Z3A, “meet” e Wojzt @ASthA  “nice”

to” , “you” , “sam” I} T Tyt dAAET £ S E FAAHOE
Axst= Aolth. ©, 7lEo] HeE wolQl “meet” & 7h7Ro]f
EATHE Dol =2 vFe Al (weight) & T3, HElo] EA8H=
G dFE vFs WET mebA 919 oAl o] He wolgt
woly] 17ro® TR toldl “to” 9+ “you” o 19 FAE FI,
2zto®2 Fad ol “nice” “sam” o= 1/29] FAE Ft}
A B FEY] S BT A4S FHel: GloVedld AR &4
s AMEEA S5 SISt 5ol Eud 23 o]
A=, AUA 2> do] 3] A7]ola FHA xS AREA}TL
stolsstetn|glE AAe dst= A Folth. &, GloVer ol
Aol EAsteE 7 do] MR AFEAE XA e Ao 75 vhEolFe
71AI g5 otk

apple 3 6 1
bean 4 6 0 Sum for each dimension
car 1 8 9
dawn 0 4 10
Char Embedding
sum 8 24 20 a 2 6 5

[ |
Divide by 4 : A total of 4 words using "a"
[Z¥ 18] &= M4

Bal QRe GloVert Sh4dt 249 HUL AgsM T
wo] gugolck. wof 9

AFgste] ¢ #e u T 5 Y. dEF =9,

A= GloVeell A A7 g :
A3dEe] FuA ASel AHE¥ GRU= RNN(Recurrent
Neural Network) X# I dFoz o] HElE F3st=d
21 i’—-! -ff,- o

| 3]
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AFEETE GRUE 24 A5 (Hidden Layer)ol #4 Al°]E (Reset
Gate) 9} ¢ Hlo]E Ao]E (Update Gate)E F7}st Fx&2 A5
Atk YA AllEx o] AHEHAWE AHE AAGE &%

AFEEYE &, @] (Short—term) FHEE FAsE=Y 7] d)
AHolE Ao]EE o] AFSEHHE AHE %U}Ur AHEEA ARk
Sz AlgdY. = A7) (Long—term) A sh=dl 7)o gt

(;E,
2t
:q

AxHor  wr)g Ayl WU B ARE BE £33
AgAATe] AdolE olFFd 4 Y= L ALL I B

N H
oA GRU+= URLS ZRE QAsh=d AME-#).
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The Case for Learned Index Structures[2]+ 85 &
Hzx=2 AFo3t =wolt}. Y =Tl EF T X

2dS dAeg HHow Agste] g5 EF ZHE UeE ¢ e
HoFEY, ol EF ZHE dHoly g #AFGAA siAstd o]

L
ERZ B 5 e Adstn BE BHO T2E WA Ao
B\ =
=7

> le e

0

SHA| R, e AR S40] vheA o= mbelAd ol EF
mEe AR Aol EAEY. webM, Bz dHeZe &5 dEe
AT F2E AR AR e WA dYd =22 REs
dAe 3 gel st A s Al RS AAEE ¢ e
HoFEH ot A e 7Y EEE wEs Ikl dal g
o=, REeM wradt [0, 119 EHas HE #EQ] lHAe)
sgets Zle 2n dd =22 o &5 2E ok B-Tree:
REE wgef Ao ¢ Ss TokH, o dHA FokE AlE

Adaptive Learned Bloom Filter (Ada—BF) [14]+ 2719 8% &5
e e HPdE 72 E AYEH AFoR Acbd 7% Ada-BFe
2dlo =43k [0, 11+ o9 7He o= yHA 2z EE A
o] s gEA AE8T AS ARsth dE o], A delyrt
EA Jhedol =2 [0.9, 1.0] FFHdAM= SilAl st E skt
ARgsto], AR A HlES AT = du RidE, 4 dHolgrt
EAE ThsAdol w2 [0.0, 0.1]1 FRFelAE 3iAl &FE ofg i
3

Abgste] AR A vHlEs IS S dn AYskA, AR YA



HlEo] U3 gHEo] e XoM e s dE e ) ARgese Al
HlolE R A g s Eole deldh wiE AR A
Hlgo] u& FEo A=, o A A FFEE ARk

AR G vEs WEe Zolth webA, o= bl mebA A=

=i’
lo
>H

Al o JiFE SEAY Eol=F AAY g5 EF '”Eio]‘:}

207 Aoty %<l Disjoint Ada—BF+= Rl =97k | =
ofg] 7o #7kE WA, 7]Ee shelE BE HEHE oy 7H4 Bz
R v A& Ajksith o5 =591, &4 dHole7 &4 7o
=2 [0.9, 1.0] F2ellM = Bz IE Y 7|5 #A gdste] 3k
aEAC0E AHEE F Ak WE, A HolHF EAE ThsA ol
S [0.0, 011 FRtelME Bz FEHE Ar71E aA d9ste] AR
FA HES Eolde Aolth &, e Bx Ay E AHgeke ARG
o 7o Bz Ay E AR&ste] AR ¢ vlE&s AN s EF
Ayjolth, ARA oz, AREA7E J=sk Mol Helxe] efiAl g i
T EF ZHY A7]E $48 7HE £ AF A eSS THAE

Ada—BF T3+ Disjoint Ada—BFE Ztol A ARE3SHA ).
Partitioned Learned Bloom Filter [15] + Disjoint Ada—BF2]
Aol Disjoint Ada—BF+ AFExp7F AAst H9 yelA
Ay o] A71E AdEsted, ole AREAE AAsh WHele] webA
AR E= do] SAFT webs, ek 22 FelAY (Heuristic

o

2 ox
to o ofr EX b

ARESRAl kol FEA e R T £ Bx dEe A8 e 3

Ajrstet, sd s FaAA Y dolH et &4 dolEte] ZW-
glo] &2 ¥k (Kullback—Leibler Divergence) ¥ 13E o] Bz HE 9
A717F AR EE vEbdTh o714 I -go] &y AR Folxl 270 €]
b5 TX9 AolE AAteteH AREEY. Zu-gholEe dalo] oA
ol e} 5743 dolEl Fx it Aol7t AeFE, BE FEd o @
e AREsfiof sttt Wiz, ZWl-glolEe] Ato] oA HlolE 9}
=74 dHolEl ExIbe] o7} FFF, Hx Y AlEsteE ¥1bo]
ZoET=E AS B 1 9ox T4 =ZZ7#Y (Dynamic

Programming) & &34 E#e Z=Hg [0, 119 s U= #,
HAe| 7HA dvre wHs st 2 3k A7)= A1l
Eal= A doly e gt 54 dloly el Jigel osiA AP
AfAo g, 99 271x HHS AFEsle] wHEo]A Partitioned Learned
Bloom Filteri= Ada—BFRET} 7/§AE AR A v]&S 71}

g5 B gES #-HY d4eES BEF A A vlEs

24 A & T} ¢



NAAZ17] Q15 BHoletes s 7HH & =EolAx & sk
EF FHE AREste] JHdE AA A vES VHAE T EF
Y E &SNtz shoh
3.2 §% g5 £F 9
Training Set Model
S N
Hello Foo » E> Positive
& Coe
& Negative
Hash(x)
Backup Filter
(1 - a) Rate Assignment |0|1|0|0|0|0|D|
Backup Filter
+ E>Positive
Model(x) * m
Learned Hash Function \l
a Rate Assignment |0|0|0|0l1|0|0|
Learned Hash Function
&Negatlve
[ 19] &% &x EF ¥HY &

g sy BF AP sy 2E AP wdolnh sy BE
e o] dFeo] AMgHe ®Hx dEE IdE ARESHA ¢a, BE
Aejo] F7HA oz 8t sA] &E A &ste Aaxolv. 99 22
T %+ The Case for Learned Index Structures[2] A ©o]u] & 2% o
Rnom, & =i e stolHaetnE o FIHA o2 AYEH. av= [0,
119 W9E /A e ¥R, 44 Bz e 33k SolA shg dA
g AR HES YERT TR, 1 - a9 TR 7)Y HE
dHE AT vE&S YHeRdt sE A 9 B dEHE 3
AREsEH 71E9 S B ZHE HlsiA " AR 8 BlES
7HAl= R Rbe] EAlEt, & 5 EF HHE S

34 5 B9 FEH= 2Y, 9AA, dHeoldH, Bx IH, ShF A
R T b7 8AR FAET. ol st Al s 47FA 84
g5 Al FE FUEeE Aolw, sk SiA] FeE AR&slr] 9%

4
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Query 1. 1s 'Hello' inside the set?
Model('Hello') = Positive

Query 2. Is 'World' inside the set?
Model("World') = Negative
Hash('Werld’) = 1
Model('World") * m = 4

Query 3. Is 'Foo’ inside the set?
Model('Foo') = Negative
Hash('Foo') = 3
Meodel('Foo’) *m = 4

Query 4. Is 'Bar’ inside the set?
Model('Bar’) = Negative
Hash('Bar) = 1
Model(’Bar) *m = 6

Bz dHd &9
ARz, = B
9 A7)

o i

m] o B & el
SR [(1-a) « m] ©

$3 e 2F B

27149 397}
AARG = 7

A
§319 2709) B4 go] EgEo] Aol FAHA Y

-, AT das

Model S N

Hello

World Bar

Yes, pass filter
Model

Hash('World") Model('World') * m

N
o1 o|o|o]o|o|+|o|o|n|n|1|o|o|

Yes, pass filter

o

No, but check backup Filter

Model Hash('Foo’)

Meodel('Foo’) * m

o L >
Loffefefofofo]+[o]ofofo]afo]o]

No, do not pass filter

Mo, but check backup Filter

Model S
Hash('Bar’) Model('Bar’) * m

\
e nhonoooRoooonnn

No, do not pass filter

No, but check backup Filter
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AAY 2 Aol Bx ZEHd JdAE dgste #Ade el
A 2 g BE UHel wx W 8% A4 F5E Ages
o 12 A g4E A nE UE Uyt o
YES faixe 7Y BHx ZHE S dEHS IH FIsta
o Fol B AN FFE oG AL AW o sk dt. =,
nz Aol e F 2w At

Algorithm 1 Insert of Extended LBF

L. Function insert(x):

2. if f(x) > threshold:

3 pass

4, else!

5 fori=1, ..,k

6. Belhi(x)] = 1

7, end

8. Blf(x)] =1

9. end

10. end

[29 21] &% S EF 9H9 949 ¢udF

S gt EF ZH Y e A delHel 34 dloly ol thafA
R5 FdEn. Aot RS JEsts A fFAbskH, dojstaiat
st Al Y EEgte] AAARYG oW Y] At
sttt w2, dojstaxt sk 94y Ed EH ko] dAA KT
ZAY Ao Bx dHAA FrPHoR [ A f7E gl
Bz dyolA gelste= Agol, old¥ wdaA Bz e i
Aostar, o]Fo k& A F4E o] &3 HE T U Fs ok
ca=3

44 gE EF ZHY AR A8 vES Rl A= AR
Fd ISPy BE FEAA BAG AA G HES daElN 7
T Adnk Bz FHAdA TAsts AR FA HES E S
(P Bx H(P)E 7 AMEstEE, o] wddtom xdET
T At &, 4 gF EF Ay dA AA A8 HES FAHLE
xS o 2

P =Py + (Pg*P) D
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Algorithm 2 Query of Extended LBF

Function query(x):
if f(x) > threshold:
return True

else:

1

2

3

4

5, fori=1,.., kt

6 if Bglhi(x)] == 0:
7 return False
3 end

9 end

10, if Brlf(x)] == 0:

11. return False
12, end

13. end

14, return True
15, end
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1 8 23
Sign  Exponent Mantissa

1 11 52
Sign Exponent Mantissa
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l 32-Dimensional Char Embedding ‘ ‘ 16-Dimensional Char Embedding ‘
‘ 16-Dimensional GRU ‘ 16-Dimensional GRU ‘

l 1

‘ 1-Dimensional Dense Layer 8-Dimensional Dense Layer
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Hgola, s dlA Fae HOlEE A AHow A=
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Abstract

Efficient Implementation of
Extended Learned Bloom Filter

Soohyun Yang
Department of Computer Science and Engineering
The Graduate School

Seoul National University

Existing data structures aim to have constant performance regardless
of data distribution. However, a study is being conducted under the
name of learned index, that the performance can be improved by the
use of data distribution.

In this study, we focus on extending and implementing learned
bloom filter, which is one of the types of learned index. This is called
as an extended learned bloom filter, and it is a data structure which
adds a learned hash function into the structure of learned bloom filter.
Experiments show that false positive rate can be improved through
changing the ratio of learned hash function and the auxiliary filter
using the hyperparameter a.

Additionally, we introduce the model precision problem that
occurred during the implementation of the extended learned bloom
filter, which can be solved by using 64 —bit floating point. In addition,
we show that the performance of the extended learned bloom filter
can be improved by tuning the model, and we try to understand how

the learned hash function contributes to performance improvement.
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