Towards Efficient Index Construction and Approximate
Nearest Neighbor Search In High-Dimensional Spaces

AMiciste HyrE{ st} ok s
20244 128

% Of M| Cjj St 2l

Ministry of Science and ICT YONSEI UNIVERSITY

O 12 e% 2T

SV STOR LAB

Software Technology Advanced Research

DA H: 10T &F2 st 185 ECiA| H e
AEZ|X| 7|4t ol 22| 24 DBMS 71

N HS: 2017-0-00477

NTP z=st



Towards Efficient Index Construction
and Approximate Nearest Neighbor Search
In High-Dimensional Spaces

o3 A

01




Table of Contents

01 Abstract & Instruction

02 Related Work

03 Preliminaries

04 LSH-APG Framework

05

06

07

08

LSH-Based Pruning Condition
Index Maintenance
Experimental Study

Conclusion



1. Abstract & Introduction

 Nearest Neighbor Search Problem
« GO[HAl & AHY =t7F O[S I,
- ORI H ZEAELFS| A2 (distance)?f 71 Af = OIO|E{Al ZRIE S 2= 40| =&

© SHAIF MRPE i 2 GIO|E A, ;g 2ot NN A= A+ H|-E0] 0f % 30, time-consuming

o ZH Z7F0| Al Approximate Nearest Neighbor Search H{QFC. = A|A|
« LSH(Locality-Sensitive Hashing) Based Method

e Locality-Sensitive sjA| &t H|O|E|Q] SAHY HE
o  1UZpHE Bt HO|E ERIEF A 2fE J{t2= OjTB oL, FAfRt HO|E{ 7 S Yt ofjA| Bf7

+ Hash-boundary 24| Tj 20 &2 #2| B0 =2517| 93 B 80| Ho| &

 (Graph-Based Methods
« Approximate Proximity Graph, APGE 0| 2510 O L2 2| M52 #|&
« LSH 7|gt =0 Hlof He| &7 H =&
*  APG = H| 8O offA| 7|t A A 4 HIEEL 1~2 order §= H =&

» 7| CIO|H O] Hate I {22 FAlof= O e A7t &

S IIEEES 248



1. Abstract & Introduction

MZF A W : LSH-APG
= FFetE LSH QIEA IUY T AESI] APG 1=, 2=4< ANN ZAH 2| 2| X|H
= | SH(Locality-Sensitive Hashing) Based Method &4 : hash-boundary issues &3t
= Graph-Based Methods &8 & 1ef & 1= A[7F, 54 HO|E{Al FA| &&] O] Z &3t

LSH QlElA 2 APG EAH entry point 24
+ LSHQIHAS ALSS| 27| 2| Z2 W27 ZASHD 0§ APG HA9| entry point2 &8
= O|%, I 7[Hl 7| &5 Af&off Y Z249 4=t & O3 FSAIZ

Hel 289 Fd= A 7IR#[7(pruning) 4=

= | SH 7|HF 7}A|X| 7| ZZ(pruning condition) 7%t

= 2| ZOIEO|AM HE| HO{Z 0|22 LEY — JjI EFM = M IF[0F & [|O|E| EQIE A2 Z0{ A

APG L& 1H oM A& 4 (consecutive insertion) M2 &-&
» D= HQIEES =2}
* LSH Z2YA IS &85 M =895 /lidofd & L= H|&
R

=
= ZEY E4(formal correctness)if 579 =4 (complexity analysis)= 7f-sof e

A
—

422 APGO| WY, 4 ZAES 8 EAER {t5o10] off 5 ZAES] 2| <7 0| 2= 18 &



1. Abstract & Introduction

Do| X
- =22 F82 7|9
+ 2|41 LSH 7|99 T 7|5t WS BYHO 2 24510 LSH-APG MEZE 224
" LSH-APGZ %= A5 H| &5 F 80X, Hd 288 L= He 8= oA &5

= LSH-APGE| 2 J}-§ ¥ Sot7/| ¥t H|-& EE(cost model) 4|5
. LSH-APGS| O 4 2| £ 0] HIO[E{A! Cardinalityd] #o] £l

= | SH ZYQUYFO it LstOo|REHOZ ZHE

* GO[EH|O] £7F Hafetof my2f, M A 125 R
= RAIES L 2| B HU/AAO| CIO|EA Ca

" 2% 24, LSH-APGE ¢UHE &= 37 0| =
= 7| CIO|E{ AT B CIOJE{AIoIA Madst AT, 7|20 DT 7|t e B

—

S2I517| 93t BEAO
(=]

rdinalityd]] 32| ¥k
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2. Related Work

2.1 LSH-based Methods

* LSH &S A8t 1LxiE 574 H|Oo|E] ZRIES 08 A X[E hash bucket2 = O 'F
« HE7F S HIAlE =5 ANN(ZA 228 OI-?:) HeY ol &5 A&t

. S e HE| HEE, ME-ME(sub-linear) 2| H|R HABIT M2 THE 63! L{H| S 7t Off LSH QIMA ZH| TQ > H|EEHOR 2 A T
+ hash boundary 27 20 &2 H2| 21U wA5t7| oz

» & OoJE EAEIF LA 2= 717t A0l fx|el AS0 = S+toriL, oA &2 S5 HE ofA| M2 O EE = 3%

ol

= LSH(dynamic LSH) gt A A | P L

. 2t 2| ZOIEO| s 2| FAO A HUS SHO 2 A OV A ) ST
« collision counting-based strategy, metric-based strategy 2% LSH Z&|Q4 3 ": Ir.*... - . i T“:\‘fﬁ - ’
« A HZlat(dynamic bucketing)?] 2H 5| E(overhead) .' ' .. ..,:/ N
S Y| M HA LSH Z2|QY IS ZEH5 DB-LSH #|oF AC Ve ¢ o e
. ' . ; Entry point

(a) Search in the LSH-Based Method  (b) Search in the Graph-Based Method

Figure 1: I[llustration of LSH-based and graph-based meth-
ods. The red triangle is the query point g. The three points
in the black dashed circle are the 3NN of g. The orange points
denote those that are accessed during the search.



2. Related Work

2.2 Graph-based Methods

« Approximate Proximity Graph(APG)2 &-&aoff ANN A x| &
- HiE OIO[E{ Ao 2| =4 O] Z(Nearest Neighbor) =Y E HMSE| ofl AFEL = 12 E 7|8 B[O]E
H

g 283
© YEYT BSY SN L2 WHSEG H LS A 452

+ St APGQ| £ H| 80| O(n?), h+= H|O|E{ A0 CH3H AMRSH7| o212

« NSW (Navigable Small World): Consecutive Insertion Strategy Ar£5l{A Approximate KNN Graph2} Delaunay Graph(DG) /1=
* hubness &4 £ G52 out-degree’t =0 HE| d55 AotAZE &= U A
« HNSW (Hierarchical Navigable Small World): NSW2} SsF H £ 4 MEFS AF%EFZIE.'_ ZF ZRIE Q| X|T{ degree& A|2Fo0| hubness =4|&
« HCNNG (Hierarchical Clustering and NN Graph), VRLSH: H|O|E{ & 32| subgroup2. £ clusteringst{ L4 &&otlil, ZF ofY 1&0|A APGE 1=
+ Jmolm Ao T2 HS 0N EY £ US

AN
C O 22 452 PSRN JUIE o3 W 2E5H0F &

=)
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2. Related Work

2.3 Other Methods

Tree-based Methods
e M-Tree, R-Tree, KD-Tree & 1 HA =

* pivot I£= hyperplanes ArEot0] {5 O otf| e & =&, SFE=°

-

=
« SHAI- HOIH Y 2E0| SME = 2 U5 2id7F g4, AxpE S0 EE| 7|8

Quantization-based Methods
« VA-file, Product Quantization(PQ)

« [|O|E{& quantizestil, quantization valuedj f2f 22| A Y, | EAEQL FUSH LFAteF 2F= 7t

= o
« 2tA: quantization errors2, 55| IxfE 70N =2 A A=t & 28517 o8&

Tree-based Methods: C2[H &7F0|| A exact nearest neighbors= =0 A2

=
Quantization-based Methods: well-clustered datasetsO|Ao 2 d&

of A|BF ARE S0 M=, LSH 7| 2F &5 aF J12f & 7|2k &f550] Z= OO|E AU0f| Hioff == HE =

=] —g?_r(overlapping subspaces)ftg 1

>l ANN Z{A40f| 2315

o ->
2]

50 DY
oo J1=

e
mjo
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3. Preliminaries

3.1 Problem Definition

. 922|E Z7H0|A c-ANN T (c, k)-ANN H2| S &7

« Definition 1 : (c, k)-ANN #&J
« ZO{ZI RA: q(FE| EQIE) c>1(approximation ratio, A} H| &), 20| A £ k
« HE 7t gt ZAF 2|28 0|22 Aef= =t 2|28 0|22 AR S cHiE =dolA| Y=
* (c, k)-ANN #Hz|: k7| EQIE o1, ..., 0kS HI=F
e 01,..,0k: q2t9] H2|Of [t QEXECE FHE A Z 2™ 0|2
* llgoill< c-llg,oill
« Remark 1. c-ANN H & = (c, k) —=ANN HH M k=12 B, 71 7172 E2I E SfL-F Hhrerat

H
+ Remark 2. I 7|5t W0l A= LU O 2 2 HA|MO R AMRSI] H2| EAUS 0517 %L, &

=0 #3

5| 2

Table 1: List of Key Notations.

Notation Description
R4 d-dimensional Euclidean space
D The dataset
n The cardinality of dataset
LID The local intrinsic dimensionality of dataset
0.7, U A data point
q A query point
lo1. 02| The distance between o7 and o2
e =(01.02) The directed edge from o; to o7
h*(o), h(o) Hash function
i (m) The y? distribution with freedom m
Co The expected number of points accessed per query

&= Wat7| #lsfl (c k)

—ANNZ 7FHs5| KANNL =



3. Preliminaries

3.2 Locality Sensitive Hashing, LSH

« Definition 2: Locality Sensitive Hashing, LSH

IS HEL 2o S5 2 ZF2 SA| 20| HiX|, H HEL Y2 S5 2 722 l|A| ZHoj| HYX| DEerFINITION 2 (LocaLiTy SENsITIVE HasHinGg (LSH) [42, 47]).
Given a distance r and an approximation ratioc > 1, a family of
O ZE|E Z7H0|M YHFH Ol [ SH & 9 hash functions H = {h : R? — R} is called (r.cr.p1.p2)-locality-
. L - sensitive, if for Vo1, 09 € R4, it satisfies both conditions below:
h“(o)=a-o0 (1)

(1) If llo1. 02| < r.Pr[h(e1) = h(02)] = pu1;
(2) If ||o1, 02|| = er, Pr[h(o1) = h(o2)] < pa,
where h € H is chosen at random, p1. p2 are collision probabilities

h*(o) + b‘ and p; > ps.




3. Preliminaries
3.3 Graph-Based Methods

e Jefj= 7|gtHIHO|l 7| & 1 21X __LEHE(Proximity Graph), G=(V,E)

« V:D(H[o|E{AN0f| = 2= O|o|E EQAEE LtEFL= Vertex Set
7

- E: @ S0 20| 772 ZAEF 7F E= Edges Edof= Edge ¥E

« Cluster & Merge (2| AE{Z 2 H3H
. Tteration (HFE 74Al)

« Consecutive Insertion (< 4/)

-
o
(@]
Q)
10
5
rir
.|
L
ox
olr
=2
g
A
|o
i
of
oot
ufo
d

+ 0|2 Mef X2F edge 49 HEEZ X0{5}7| 9|3t
« Simple S
o 71 7tk MZHS] o2 ME (M2 O] FelH AL

election Strategy

* Heuristic Selection Strategy
«  HNSW, NSGOY| Al o7} edge (0,v), (o,u)E 7[A|= A%
e lloull<lluvli<loyvl I, edge (o,v)= (o,u)2r ==2f

« (ou)& (o V)7F H&FE FAHH, & O A ER7F Gla, H

|4FO] Rl &| 1L, query 23] £7F LAY
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3. Preliminaries
3.4 7| ANN 0| 5t

LSH Based Method
C|O[E] ZZRIET} & sljA| H{Zl(hash bucket)d|| Of =
222 EHE 70| A hash table, B+-Tree, R-Tree2} &

» LSH HE A= 54 OO 20| sl A &&of7|7F 8Ol
« ANN 2| &g
- HE EAETF &t offA| H{ZI2] ST FArer (Figure 1(a)2] 37l =24 83)
» Equations 11 298] LSH A€ 4& {F 712{0f| L2} collision probability®] monotonically decreasing
- LSHZ|EFE= Y 20 iz 2= A&
-« 2
« =35k query strategy2 hash boundary =4| £ high recall& E/d5}7| 0|8 &
Y Figure 1(a), A0 M 371 & 27112 O] 20| LSH index9| 2ofl AME|A| FUS

%E 0|28 7| YISA S B UL LSH index 75 BR — Cf £ 2| 8] 80| w4y

.
e | -
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| 4 # b
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| = r L
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-' - -I T "
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P i i y ! Iy
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L 18 d 4@ : - /
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- # A - .
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o .
A0 A %
o -
| - ¥

Entry paini

(a) Search in the LSH-Based Method  (b) Search in the Graph-Based Method

Figure 1: I[llustration of LSH-based and graph-based meth-
ods. The red triangle 1s the query point g. The three points
in the black dashed circle are the 3NN of g. The orange points
denote those that are accessed during the search.
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3. Preliminaries
3.4 7| = ANN B2 obA|

Graph Based Method

« 2 g-(vertex)2 2~4719] 0| 2= 7Y

ANN 2| =z{]
-« Y29l entry point(ofef] 2EE H)OM A2, APGO|A greedy search= &ofl EHFE 210 {2
» 3ANNEZHS] ZAF 2|2 0| 2)E dMst= 3 T2ot 430 MO E HAIF
O

F
» O|=24YU BEY 2 AlSorA| AT e LSH 7|8 R d5 F=+

oFA|: BrjoF ;1= H|-&(huge construction cost)0j| A ErAl

Cluster & Merge strategy: ZFZto| cluster?t 22| &0 Q! 11, subgraph Z210| LOtA| 2 S o2

Iteration strategy: 2= vertex2| O| 2= O} iterationOC ¥ L|O| E oj{Of aF

ot
o=

Consecutive Insertion: Construction cost2r APGS| &4 0| FHg| XA=0f| A <
« Heuristic Selection Strategy: 2= O|-2 &2 H| W o{{Of s{{ A AlAFH|E I A 7t

» Simple Selecting Strategy: & 282 0[Z|2F, HIO|E{7} RYH FHA M= FAFRH edge’t HHE 71578

rN

1
. ! -._,_---.. | ._.-"!. P N
r - | L ‘ # ]
S A ! - 1 o i i
| . Ir. r ! (Y —i-
¢ ® A% e L e " ) e
o P i __r' i . e --n' !
o il e g o il o~
{ TR ~
. I .-"- i .-'.-. i/ ! i
9 e A ® | & | -,
1 ."' et I
b ® L e & i
- T
| __.-"r' |..-"
1 UL J 1 Entry poimi

(a) Search in the LSH-Based Method  (b) Search in the Graph-Based Method

Figure 1: Illustration of LSH-based and graph-based meth-
ods. The red triangle 1s the query point g. The three points
in the black dashed circle are the 3NN of g. The orange points
denote those that are accessed during the search.

H BF=ol{OF 2F — time-consuming

=O0F HY XY A 2289 A4t H|-E =&



4. LSH-APG Framework

* ANN(ZAF 2|29 0| %) AMYM HE| d55 aldotA| E2BM A5 HE= 2€ + U ME= Z8YATLYU LSH-APG | 2F

+ 29 ofo|fjof
« Consecutive insertiondt Simple selection strategy= &oll APG(Approximate Proximity Graph) W27 1=
+ O|F 7|T2E LSH frameworkE F712 g-&910] APG £ T He| *{2|F 7f&et
« LSH framework: & 7t7}-2 entry point& #||8ot1l & Q= edgeE BEHT

+ Fig2. LSH-APGE 2| ZQUE q(Zt of4d)7t fe MM 71 717h2 3 (A H)= entry point® A1 &510] M HA(hops) & 22 &Y

F

Ol

» LSH 7[%t pruning condition(Z7FZ| 27| 27)= 2=l g2t A7t ALz H H=2 F4 S =00|A 4|2

1]

 Low construction cost

+ 7Hd(edge)] REE DESIA| 7| TR0 2| A4 v 80| I A3

* (Guaranteed query cost and quality

+ LSH-APGLE 712 LSH QI A S-S ALl I Zofl 4 2|0 & H3Hat 21U (entry point)S W27 22

* Accurate pruning condition

 LSH 7[%t 7FZ|2[7] 2 (pruning condition)E AFEoI M & @& 1S5S BEHTH

 Incremental index maintenance
* LSH-APGE= H|O|E| 7| Bl e} AH[§2 2 HRA QA |2 &e] & A[H Figure 2: Search in LSH-APG

14



4. LSH-APG Framework

4.1 Naive-APG: the Basic Structure

« Naive-APGY| QIEl A 1G=(V,E)= directed NN graph

e 7|& NN 12{ZE: vertex?| 18 = 49| edge2 HZE=
« APG: G|O|E| X0 O Mot & Z2F YA 7t £~(degree)E [T, T 1Y WolM 7MiMz HH
« OOl 7} 2iHE FFOM= 24t FEY U= MOl ZRAEHL O B2 7HMO0| B8R
- ZtOo|H ERIEJ £H OO|E EQEFUF AEHS7| O HYR| 7| L=
« Consecutive insertion strategy(d < oY AEH)Z ol I, & ++= (Algorithm 1)
« T'=TH 0, HEZ2 NN 1 ZO|Mef Oz 7tR| 2 [; o] 2= HH 2 Yt 2 7HAZ 71| A
¢ 450| +3
- HA HIOoIEHAMZ 2§ =55 X, 0] Bd 2 O|&8|3h 20| F {5 115 A| &
- A HUH =52 0|20 ZAESS Y & I Ak 2, o d=9 4 T2 7Hd 2 AlE5HH Ol oY
o T U2 AYR|A T dGoH AM F Al4boliofF & AY #7F S7fot &= HE] H|-E0| H/d
« J|EUT=2T2 3%

Algorithm 1: Building Naive-APG(D, T, T")

Input: Dataset D and parameter T, T’
Output: /g
In «— @;
for each pointo € D do
candidates «— T ANN results of o found in J5;
for each e € candidates do
Ic « Ig U{(o,e), (e, 0)};
if e.degree > T’ then
L of < e’s furthest neighbor in Ic;

I <« I —{(e, 0f)};
9 return J;;

[y

L H

=] =

= 450 6 42 ANN 2145 =0

=50 &8



4. LSH-APG Framework

4.2 LSH-APG: Optimized by LSH Indexes

* Algorithm 1
- 02 ANN 215 =0 B2t Ay ALHTE 38, 2 H| &2 = APGE +5, E query H[&
- A4 e E FEO| EFEHA E=
« oY Hiolf S| 2 ANN ZIUFE ZFR| ZoH -> 02| edge F&0| AoHE

e 20 M Heof ieh & L= entry pointS WfEZ| 27| 9fslf 78 = LSH QHA oF M ES [&st 2 5L 24
» offAl AL [y WEEA LZE[00F of, NN HH 0| 28422 S5 7fsalof 2

« ZF ANN Z= IeffE QHAQM MEHDd o= ZHE 0], Y FEO| & =

[0
ne
Fo
rir

Q
Ojo

Algorithm 2: Building LSH-APG(D, T, T')

Quality and efficiency in high dimensional nearest neighbor search, SIGMOD, 2009 =29] Input: Dataset O and parameter T, T’
Output: LSH-APG index Jg and /g
oto =3
o4O 71A 3 In «— @, Ig < @;
for each pointo € D do

—
[=

KIS LSH &t4 hy ... by 2RI MEH

=]

2. 09| K7HQ] SHA| Zf hy(0) ... hi(0) & A4t 3 candidates « call
3. H(0)E Zorder curves &all 121E 4f z(H(0))& &, O[5 B+-Tree €= 2 index2 XY kANN-Query(o, A.TG'IH*pT = 0.95.1);
i 1 for each e € candidates do
4.0] TS LY ur=5t0f LO| B+-TreeS M4, OISR Iy & 74 3 T < I U {(o. ). (e, 0)}:
f if e.degree > T’ then
. Algorithm 2: I; 9 I, & SA|0f| J1&56t= it M 7 of « e’s furthest neighbor in Ia:
8 I «— Ig —{(e.o)};
9 Insert o into the corresponding LSB-Tree in the Jpy;

10 return /gy and J4;




4. LSH-APG Framework

4.3 ANN Query in LSH-APG

« Algorithm 3: LSH-APG2| ANN query processing € 12| &

« FIMA| 8 UA Egf
« LSHQIHA ], & AFESIH entry points 7| (Line 1-4)
e SHA| BILES ARSI S B 7l (hash bucket)S ZAXA

* 1z0A a2 KANN ZHA 28

¢ AT QAYA I, S ALESIO] H2 B T (Line 5-21)
© EPSHSZ 1,014 KANN H2| QMO 2 Arg

« LSH frameworkE £35l| entry points A4 -> 27| EfAM HEH 2 37| =2

. YDEE ZRO| LR hop 4 & > W2 BBHS T

e O 717712 entry point= #H&2|7F &AM BHFHO| & [ocal minimalOf|M S =

£ 3t

Algorithm 3: kANN Query(q. /g, Iq. pr. k)

Input: A query point g, LSH-APG index /5 and 7y, pr, k

Output: k nearest points to g
1 Compute g’s projected values hi(q). .. .. hy 1 (q);

2 EPs< the set of k approximate nearest points to g in Jpy;

3 V « the set of visited pDiIltS‘ during the above search;
1t R < EPs; //the result set of k best results found so far

5 m«— K, P(q) — (hi(q)..... hm(q));
[
6 1 «— \.,,"IXPE?r (m);
7 while |EPs| > 0 do
8 ep < pop the nearest element in EPs to g;

9 R;. < the furthest points in R to g;

10 if |lep.q|| > ||g. R || then
11 L break:

12 for each o € N(ep) do

13 if o ¢ V then

14 V«— VUuo};

15 if ||P(g), P(o)|| < t - ||g.R;| then

16 Compute ||g. 0||;

17 Insert o into EPs;

18 Insert o into R:

19 if |R| > k then

20 L Remove the furthest point to g in R;

21 return R:

17



4. LSH-APG Framework

4.4 Cost Model of LSH-APG

LSH-APGS| 452

USot7| Holl, HeEl B[ & & HE FE= =4of7/| Hzr & 222 24
- H BH[E F H FEHO| OB Q] cardinality0f| H2| = &HA| f&= €S (Theorem 2)
- Hefvt S=E O vt Hup Ae| XIE 7k AEVF S5 222 S8
« LSH QI A7} | H[-ZO| O]z|= O] ALt (Lemma 2)
- HY H[EY FE &4 Co = IT;
. H|2(CQ)e =& DO A ZIAH = HFAISES 7| Al H| 20| A H| 2= L i B
?“IEI |O( ) T EH O" -I ool- 7:" |OO1| -I | & )” _r_l__l ”ef":}”)\— TE‘EI_[ -5-1"‘%‘ 6{,/_”'] —r p ‘ength-._é[ [[" ;U: Slf',—,;—) El,%
. 2 =2 2|7t 22 E Uje A A HtZ(search radius) s7} A|5HE S = MOy =p) - b+ =pilidr= el +:1] (3)
s(r)=p(r)-r+[1—p(r)]s(r — (r)) |
° A Hl 271 Ig 1] Z‘l )
42| 1. LSH-APGS| #Hg| H| &1} H2| &4 2 data cardinality n1} =4 p(r) = Pr|r’ 5 r] _ Pr|5[r3 - '5:||
- de] 2. ep2| Ol 7t ZO|7F roO| 1L O| Z2E0| ep Y| HE5IA =X 78 [Mff, 2/ A4
© M (s HE 2 2710] 0|29 X
Iy0lM &

2 S M EFE s (1 +y)roZ2 AetE A= O dd, (v<1)
oF B Aeje et 2 2O 2 2|0 Tt5
L 0|™: O 77712 entry point ohS A|-25t0 27| M

HF74 S ZO] _ .
o= = EI”—Ir‘l_f'j]—Jr[r['
2 0(n)
= A S5 0(ndCy) (Co 7F nOl| SFA)
LSH-APG #




5. LSH-Based Pruning Condition

« eI 7|8F EHO|AM HE| H|E2 q2f epS O] 2 {F 7
+ 7|Z0| 2| YL ep BE 0|2 A — 2R, AT

. 2| g 7t

olr
ox

0| 9j= 2
L

AT @R 0lZz= BHT

« 05 HAlofal Il g, 0 1Y A Z AlxrorA| = 2l &4 (A (4))

« Lemma 4. LSH 7|8 BMO|AM FB = AHAZ[ | P(q), P(o) I2F EH HE| || g,0 112
2AE HENHCE HE

« Lemma 5. LSH-based pruning condition &, | q,0 17t 725 ZQE o7}

ZHIE =&50| =0ty

-

- 2ol e 8= A0 2HE0HE =228 Ar| Altts S ol He
& H[EO0| ZAotof ™A A I80] O 22507 =
o JFRIKIZ| ZHL pr #2 7IWOR BE, pr g2 £ Mol HYLX A2 &E BH

e Po): Lemma 1M E2IE m-AHN2ZE FFE HH
o 2 [m] Yi(m) BZ0AM p O siEsSts £22h(quantile)

- (};_.: ST EAE R-BW ZHE 7H7H2 NN(nearest neighbor) 2 1}

IP(q). P(o)I| < \[xp, (m) - dk, (4)

LEMMA 4 (LEMMA 4 1N [47]). Given a gquery q, an approximation
ratio ¢ and parameter t, we define the following two events:

e E1: For a point o that ||g,o|| £ r, its projected distance to g,
P(q), P(0)||, is smaller than tr.

e E2: There are fewer than fin (f > a2) points whose distances

to q exceed cr but projected distances to g are smaller than tr.

LEMMA 5. With the LSH-based pruning condition, the probability
that a point o is filtered increases with ||q, o||. Assume pr = % and
the current search radius isr, for any c = 1, the point whose distance
to q is less than r will not be filtered with at least the probability of

% and we access af most O(n™) points whose distance to q is greater

ox(c™%3-1)°

than cr, wherea = 1 — 3 a8

logn-®

and k =




5. LSH-Based Pruning Condition

« LSH 7|8F 71X 2| 7| Z2HE AtE5SI= LSH-APGO|M k=221 KANN F2] Al3H

* Naive-APG
* A3 entry point 0215 AFE9I HM
« 021,019, 015,010, 012, 098 &MU= 2
o AHAHH|E 12

« LSH-APG

- Hel ZUE o(E o433
0100 HA ¥, 0108 0|22
090 E, 09= qOllA 28 X
0120 ¥ 013,014
ALtH|-& 8

=ol= 822 08,010, 0112 23
09,

012, 015& Epsof| &7}

« LSH-APG + Pruning condition
« = LSH-APGO||A 08, 010, 011 2f11, 010, 012, 092 =M 2 25 & Lol|OF gF
- 0100 {2 U, o15 HH T &1L, 09, 0128t EPsO|| 27}
- 0120 { I, 013, 014 TEF H
« 099 ot He F&
- A4HH[ES

2 A(R,=010)20 O EE| Hoj- JALBE HE 090 M T&

Figure 2: Search in LSH-APG



6 Index Maintenance

« LSH-APGE= G|O|EHZt Hgt [ff, 2tH =l B0 Ciet 2t S R/ dslioF et
« &2 (Insertion)

« LSH-APGE= =%} &f Q¥ M =F(Consecutive Insertion Strategy)= 7|BI2 2 3=

[ H —
- MEZ B2 &Rots X2 LSt NAAFHA A E

« ALK (Deletion)
«  I;0M 09 2E out-edges?t in-edgesE HMHSIL oE Iy OIA AtK|SHOF &
o Iy oM AHISHE ZH2 ZHEHSER|BE [ O A in-edgesE AtKStE A2 =0 7| 250 UX| LS

1. 02} 098] © = out-edgesE Deleting AEj 2 HA| (Line 4)
2. LSH-APGO||A 09 712t 77712 0|5 7| =22, ZAM B4 dm WOJ|A Range Search& 43 (Line 9-15)
3. 4 uE ZCM™H uZt RN(0)Y| =R &2l (Line 16-24)

e UERN(0)O|H, (u, o) ZtMZ A A, 02| in-degreeE 1 ZrAA|Z

» u® Xf£7t T O[O, ul| O|22] 0| Z(neighbors of neighbors)Oi|A] &7} O] 2 2O T'7FZ| O| 22| £~ 59

* Range Search?| H| &= A|01o(7| Rofl 2| M B|ECpy= 2%

21

Algorithm 4: Delete-Point (0, /5. /7. Cpm)

11
12
13
14

15

Input: A point to be deleted o, I, Ty, Cpm
Output: The updated indexes I and Ty

RN(o0) «— {v|(v,0) € E};

dm < maxgern(o) ll0. V|l;

Delete o from fgy;

Mark o and all the out-edges of o as the Deleting status;
EPs— {v|(o.v) € E};

V «— @ stores the set of visited points;

me— K, t — \fl;(lgr (m),cnt «— 0;

— q’xﬁr (m);
di < the current k-th while |EPs| > 0&&cnt < Cpm do
cnt < cnt + 1;
ep < pop the nearest element in EPs to g;

for each u € N(ep) do
if u g V then

V—Vulu};
call Access(u);

i6 Function Access(u) is

17
15
19
20
21
22
23

24

if [|[P(g). P(u)|| < t-dm then
Compute ||g. u||;
Insert u into EPs;

if u € RN(o) then
Remove the edge (u, o) from J;

if [IN(u)| < T then
L N(u) « N(u) U {yly € N(N(u))};

N(u) < The T’ closest points in N(u) to u;




/. Experimental Study

/.1 Experimental Settings

« Dataset

. HlZ

 Eval

6712 4| H|o& A

27112] gk H|O|E{All: Rand10M, Gauss10M

3 ¥maE

[ —

LSH based Method

+ DB-LSH: §AM7| H2| BUEI 7MY F2 HOR U

Graph based Method
« HNSW, HCNNG, NSG

uation Metric

Index size (IS)

Table 2: Summary of Datasets

Datasets Cardinality | Dim. | LID | Size (GB)
MNIST® 60,000 784 12.7 0.184
Deep1M* 1,000,000 256 26.0 1.00
Gauss10M?T 10,000,000 32 26.3 1.19
Rand10M' 10,000,000 32 23.9 1.19
Gist1M* 1,000,000 960 36.2 3.58
SIFT10M™ 10,000,000 128 22.0 477
SIFT 100M* 100,000,000 128 23.7 1.7
Tiny80M* 79,302,017 354 44 6 113

*Real-world Datasets; TSynthetic Datasets

The normalized maximum common subgraph (NMCS): the similarity between a graph index G for the ANN query and the exact NN graph

Maximum common subgraph (MCS): similarity of two graphs

Indexing Time (IT), Query time (QT)




/. Experimental Study

o OlElA 37| (Index Size)

+ LSH-APG7} J§Z 7|4t ¢ 12| Z £ 713 2 QA 37| 72|20 DB-LSHECHS &

«  HNSW: GistTM1f Tiny80M H|O|E{ Al A O 2 2F2 QIElA 7|5 E¢
« 3S2|AHE neighbor selection A= AfE

- @4 3E Fs(query performance)df| 2541 &= O1F = XU

Ojo

« NMCS (Normalized Mean Cosine Similarity)
« LSH-APG: JI8jZ 7|HF & n2|= = 742 =2 NMCSE 7|2
« H2 F&(query quality)d| |5

« IT (Indexing Time)
. DB-LSH: RE ¢12|Z £ 7MY F2 TS
. O|O Z—IOJ\ on| St 7

A = &
© LSH-APG: 8| E 7|2 I F T 71 X2 IT 7| =, HNSWSf A

« Data Cardinality n2| GgF
- HE=R0E|FO| 2| AZHQAT)S S7otiL A=
« LSH-APGQ| QT Z7t= Ao 2 zte

I_

m10
=
D
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QL
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(=]

E L5H-ARGH ) Bl | 5H-APG{TE] B HNEW B sl EEE HOWNG EE DE-L5SH

10
—
o a]
-
=25
wh
—
]
10 MMIST DEEPIM GaussIOM RandlOM GISTIM  SIFTIOM SIFTIOOM  Tiny3084
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0.8
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;{}.4
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MHNIST DEEPIM GausslOM RandlOM  GISTIM  SIFTIOM SIFTI00M  Tiny80M
B LSH-APG B HNSW B NSG Bl HONNG S DBLSH

2
10 MNIST DEEPIM GausslOM RandlOM  GISTIM  SIFTIOM SIFTIOOM  Timy®0M

Figure 8: Indexing Performance in All Datasets
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Figure 9: Performance on SIFT100M when Varying n




8. Conclusion

e JEfI 7|Hl HftHO| O 2 ZA5t7| 5, 84 0|1L HEetst LSH 7|8t H2| M2 M7
» APGO| GO|H & =222 Hfst= Y4

« 1 IZ2l entry point selection 7| =1t LSH 7|Ht pruning condition= 71 -> EFAH TH 0| A Q15[ OF & o] £ & =l

- OIO|E{All 37|(Cardinality)7} H2| H|-£0 O|X|= Gk

o
o = (|
o 2 X2 AZH QA AZHS SO ZAAY £ USSO|BHOE 5T

o
—

« Oi= HojE M 2|0 &t 2= 5ol

o

* Ojo[EAlo] Leratof| Iref LSH-APGE AH| 2= U2 E RA| I8y +~ US= 3T
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