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CSA-Tree: An Optimized High-Dimensional Index Tree for Main Memory Access
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? (Faculty of Mathematics & Computer Science , Hubei University, Wuhan —430062)

Abstract In main-memory databases, the number of processor cache misses has a critical impact
on the performance of the system. Cache-conscious indices are designed to improve performance
by reducing the number of processor cache misses that are incurred during a search operation.
Considering the disadvantage of SA-Tree inefficient for main memory access, the authors present
its variant called CSA-Tree, which is a multi-level structure where each level of the tree repre-
sents the data space at different dimensionalities by using Principal Component Analysis. Each
level of the tree serves to prune the search space more efficiently as the reduced dimensions can
better exploit the small cache line size. Moreover, the distance computation on lower dimension-
ality is less expensive. Extensive experiments show that the CSA-Tree is superior in most cases

compared with other methods.

Keywords high-dimensional main memory index; L2-cache misses; distance computation;

K-Nearest Neighbor queries; principal component analysis
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CL) A 7 A8 J2 550 L AR T 3 A58 B R B LR B
ARG SN E n TS B CSA-Tree (24 L=
[logm |.

(2) W 2 B ) 2 m. AR E L4, FRATAT LA
BEHE - ZRITMERME Q =1 —2)XI/L+
Ay T=UUINL, R Qo= QF W de/ b {E S5 L
JARHERE my, Horp A 2 2R TTERCR RS E. ik
O OB ARG FRAT Y 52 50 25 2R 4 B 45 ok 1, FRATT 0 5
ISR S MW | UCT KDD ATCHIVE {4 g 43 Bt
14 B0 €2 R AR AL o AR B 3K 28 [RIR Y 0 68 R AR T 3R B AT
) FE 5 RIEE — F o 1) B AR TR R
T0% N T 45 2 W 4k B Ay A 8 1 50 ATk e B 2
(2 B BTk 3 22 0k 7026 (B A= 0. 7)), 3X B 11 4t
JEFRR AR X SR i s B A R, wT DL g
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K2 CSA-Tree BEENHRERTHE (n=1000.4=0.7)

7 o
s L HE 4 ¥ o5 R
m Q/% m Q/%
(=1 2 85.53 48 75. 00
(=2 2 51 79.69
[=3 2 54 84. 38
(=4 3 91. 90 56 87.50
[=5 3 59 92.19
[=6 5 96. 66 62 96. 88
(=7 64 100 64 100

FATH — A~ 52 5 o U W b 3 33k /9 Al AT
RS T T PR s 4. — A2 L UCT KDD
ATCHIVE #£ g 1000 15 & 15 350 (8 1 75 P 24 52 4K
i 5 — Bl 2 5 00 A B N 3 Bt OF HLARE 64 4

MBS . 3R 2 1Y PCs 1 BB BT ik 5 0] DL 28 b
B BRI AT JLZE PCs 5t 2 DLAE R BLECHE
RS IR R T 0. BT 2 4k Bm T R 4R
85 V0 W AR AR BE . AEZ o B T 150 40 A ) B 4 1 A
PRt S 345 43 A 14 5 T LA TG 2 8 FH i L 4 ok J
BB B 1 AR A 0 T T A8 2 AT R T Al 4R
750 AR AL I B R FATT T CSA-Tree 192
B L=7, DL L PP E i 52 % B CSA-Tree £)2
() 4 3 I L BB DTk R AN 2% 2 .

3.2 CSA-Tree ¥J3&

X A2 BB AE  FRATTR A A T R A 5
K& B CSA-Tree KIRE. &% . S, 18 &
Wit 2 PCA, , # 52 FRAE A 4 Eigenmatrix FI4EFE 7]
it om. ARG IR AR A WAL - (Y Eigenmatrix
m ML 28 &5 .78 PCA,, =5 R r 1948 & 5
NG 43X 88 SRR+ 0105 S50 AR L Xt 2

CSA-Tree 55— 245 . UL I 250 B 10 F — 2
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Algorithm BuildTree(dataset S)

Input: a high-dimensional dataset

Output; CSA-tree

1. Transform S into PCA space.

2. Select the centroid of S as root r, denoting a.
Initialize a with Eigenmatrix, I and vector
m=(my smy 5=+ ymp_1).

3. Let the level of the tree is /., for each a; € N(a),
project a; on m, dimensions and add a; as a
child of a.

4. For each a; € N(a), replace a with a;. Repeat from
step 3.

AHER I CSA-Tree FFA & — B V-7 L 31X S

PRl Ay 5tk A 23 A AN 4 2 3 LAY . AR SCRRL4 ] vp B2 58 30

FI] 0 S50 4 20T 2R 5 AR F e E AR IS 2 %2 Y

R R L 8 52 W L B A B Ok 1 5 )

R AERCHE B I/ HR TR) 9 1 DL T o 28 2 B iy, A 3 Y

KO 0BAR OZ ) 45475 5 (TreeNode) Y

HH B A (B v A OO R 39 B0 B SRR R A7

il 5 I B 23 )l R L S 2 i KNN3 R

I L2-cache AR Ay PR, L, 283 PCA B4k b 7

JEHE ) CSA-Tree BARANJE — A F R (HEE

A LARRAR AR A 35 00 79 s B O R (ED - LR

ek 24 J Al 2 s AR BT B L OR i /N T A fif 3 )

fIFLL CSA-Tree Hif & T R HEE.
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TR REREAR CSA-Tree B9 K. FATTTE %
T CSA-Tree IR HT 1 45 98 A9 AL B AR T AR Y A
J2 NBSCHE 75 ) i AT B I — A4S 0L CSA-Tree
T 25 6] 523 AR B JLAR] H O AR AR R O T R
HHE L AR AERTILYE PCA 23 8] 45 3 45 AE 24 {1 1 &
PR B B % B i B9 s, LAZ s A O CSA-Tree
AR i AR R 36t P R 25 4 A S B — T R 1 D
AT LR R B 58 B L A 2% A R 1 i R 2R R
JIN N B R R R AR R R R Y R
3.3 KNN &%

M4 CSA-Tree HyH3E AT LUA H - 76 KNN £ if]
AR BESE B S AL 5] 1R B R gk Az, [l
Jot PCA PEBT 1, A MEAS b 2538 . il T I 4 =[] o
PP TR] 9 B /N T AT A e 4 s T v RS L
DA 3 3o 7 ARG A 25 ) ool A8 A2 A5 18 0 0 3BT 25 il
AN W9 AR RH LAY e 4E S 18] 1L H AR B, KNN £ if)
If o N CSA-Tree MY g T 4h . So 78 21 88 (IR4E
23 ] PP 2 R AR BT RO T AN R AR T
. p(Dist(q, p) >R (p) +MaxDist (KNNList)),
A LLE A p MRS S0 R AR R p T
WL SR AR ) p g (A EE R O
HH AR VI A3 S DU A A e A s 18] v Y B R (E R
SR RIVEE AN R] REAF AR 6 2 A5 AR I (U R E
(EE N e R A TR AR g (P o
Tt B BEA® 2 1 77 B 4E B R R BRAIR 3 AR A Y
WD B TS SRR E L B RE ST 0 AT L2-cache &%
[F1] S0 G A7 R il v R X 8 IE S A e 4E R 5
Air kBB H AR,

CSA-Tree iy KNN £ ) HR 4 47 50 19 5 KB i
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Algorithm KNN-search (Root r, Query ¢, K)

KNNList< NewList(K)

PriorityQueue <— NewPriorit yQueue()

//Order by the distance to ¢ (closer first)

PriorityQueue<—{r})

While not EMPTY (PriorityQueue) and MinDist( Pri-

orityQueue) <MaxDist(KNNList) do

a<the first element of PriorityQueue

If Dist(a,q)<<MaxDist(KNNList) then

Remove the element with largest distance from

KNNList

Insert(KNNList.a,d(a,q))
If Dist(a,q) <R(a)+MaxDist(KNNList) then
i< min,c (, neor { Dist(coq)}
for each b€ N(a) do
if Dist(b,q) <d i +2*% MaxDist(KNNList) then
KNN-search (b,q.K)
TP A Mgz B KNN3 L 55 5k Hp ik it
T AR
(1) PriorityQueue: fif 27 18] 5 &5 3.
(2) KNNList: 25 45 £ 51 3.
Horp, PriorityQueue EZ M T35 248 KT & A 7]
RE A 73 307 1) FEAT + BE RS g BT B9 A5 B S 7 318
K. KNNList J] T 17 H i Ry 1k 4% 30 10 55l 48 15 5
£OZERT q BRI B A R R 5k ]
P T BIRCH W LAob B B S B X P8 R b
AR AR R R G S g BRI R Y.
3.4 CSA-Tree fiN
i ffi SA-Tree & M T3 A ¥ 55, SCHRL5-6 145
T AR Z ARG 04 AR B B 0 AR G A L AR
I [ B S5 R ok S B AR A SE R R B S B T 5
S E R, 5T IR — 7 2 B AE T AR
L R — A AR
F52 |, CSA-Tree W ARIER A 5 LB B
6 AR Y SUA7 68 189 Eigenmatrix 7 5 4 AW 5
Wbt # PCA #s ). K5 . 7 CSA-Tree H F 4l A
B A ZALE A AT S ] R A A
BOWE TG E R B BRI A p F
AT AL E I FRATE R AR ST ST 4R N BB
FH p BT ARG HE p AE BT S A
B .
B T CSA-Tree R T 5L AT R IE 5 117
fift 548 CH [) J2 7719 s U A7 4D 3k R AE 4 A — 1
IR ENS PO WA R EIN S N ) e s S [ T
Hrir R KBS R R 1 8 D5 num 19550
B X AE A FH AT b i 98 1] 1719 5 A B Sk 48 £
AL LA R BT R AL
ARV A AR IR U B B R AR A 1B
WO AE | PRI TE 28 1 K A 4 A TS D AR i 2 B
AN REAR - b, 52 BT 14 5080 5 ) 28 AL 1 O AL L X
FRAEHE MR B A& 2k, ¥ 51 i PCA #3 [B] 5 1 R n th g 2
AR B B, 3k IR A B R I a] RE AL Ul
TEPRIER G — & MR RS AT T PG5
p AL A IO ALE 7 0 AL 2R 5 AR, 0 A A s A A
AAREZENE L RTS8 h R 1WA 7
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K5 m e B it .
3.5 HiESmW

N T IT T CSA-Tree 14 3 53 15 F 45 ) 5305
(I 28 52 R L i i CSA-Tree RIS, %5 [H] 1Y 5
o3 At DL — B 7 CSA-Tree H, B Y4 — )2 Y
AR R A [ B o XA R B 23 AT 1 D0 44 SR A
Sy SR 43 A BL A B 22 00 {H 25 1 )R T PCA
Wee A 7 1% R 0% o K R b R B 509 4R i A8 Ak, TR
WCFATT AT DA Z2 W X il 25 5. X T Sy B AT B A
q1+q2 s 8% Dist (qisq) =X HIMEEN p.. NITH

fﬂh:L%ﬁﬂmwmm<xmm%ﬁa:

1— Jﬁzdl

H 6 Bt CSA-Tree 1 3 595 1 I 25 52 7% B2
TE IS [A) 52 4% B 19 7o A o 32 B8 2% B 2 L A 1 PR AT
YR AR B 25 18] vh B A B s DU R ARORS Th
SEX AR FE S A Fh @ Clog n) s B A S 2 IR N

_logn ) e Y .
(ToBr ). 4 CSA-Tree a3 oo i 4541

A& J 1 RS A SCRR L4 J A SA-Tree 5L 2 —
B WO TEAR A . FEE A Q(a) T T3R5
a BARJE N (@) BB Q(a) S BN ng  IF 4
Hh a B4R FE ST I B L BOIR BN nglogng s N a
P18 08 T pi A T2 AT 1 408 T e 5 A BT T 1) RS L

BB A nglogng A —9 A A F] a Y

log ng

LB JE A e e A rh L XA AR T SRS X TR —
A EAT ERERAE W] DL B 3 SR B I ) A2 R
JEE R 3 A A 2

107; n ) - (fongl?(%;:lq ) ’

T L AE & CSA-Tree 1, 75 F 48 1 a 1940
J& N (@) 1yt B v % FAE TR A RZ R R as
LR B T BRI )R AN [ Y. B AR T SR
FR s LA B2 B /) | R R SR A 2 ) ) b ity
FUB YR BE f R PR TR 2 I [ Bt B £ T SA-
Tree By T3 A M SUBHEHEAT B 4E 40 21 3 rh B4 2
YR A5 R () 4 B AR — R (A4 o5 A0 B B 3 580 A (i)
5 CSA-Tree M5 S 2 —FEM, H 1tk CSA-Tree
1) 14 38 B 2 AE I (] P4 BB J7 T 2200 T SA-Tree.

25t CSA-Tree 155 [0] 5 24 3 1 SA-Tree
— L OGo) AH J2 33 B BA 25 1 R 48 Ak X35
KNI . PCA FE4EJ5 . CSA-Tree H1 4 )2 135 15
(773 SR AP A He SA-Tree B35 05 JH Y 23 1]
BMRZ.

T4 B CSA-Tree 25 1f) 595 1 B 1] &2 2% B
SCHRL4A 146 55 % T fe i 4B 45 i) . SA-Tree 1Y £ i &2
VN - /N

Q(n) = log(n) (14 P,,..Q(n/logn)).

TE CSA-Tree th, FE LM A M H L E K i
AR5 iR I A B AT LAk B, KT AT A 1 ) B ) AR
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Background

In main memory systems, distance computations and 1.2
cache misses contribute significantly to the overall cost.
Presently, several main memory indexing schemes have been
designed to be cache conscious. These schemes are targeted
at single or low dimensional data, which can not efficiently
deal with high-dimensional data. In high-dimensional data
space, distance calculations are computationally expensive.
Therefore, the authors present an efficient main memory in-
dex that can exploit the L2 cache effectively and minimize the
distance computation to improve the performance.
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