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Do Simple Things in Larger Scale

A (106, 10~7,107~8, 107~9, &)
A
A (e.g., lllumina)
A
A
A (e.g., MapReducg
AK K
A

A
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A
A Find all elements i that A(x;,q) < €
A
A Find all pairs (i,j), i <j,that A(x;,x;) < e
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¢ D A

A | s - Wafi 2dk ™M= t 4l |

A O(n log n)

A —t D) %N 8 Logn| %™ (20-30)
A = AL . O(n)

A Nelk4l % O(l) %

A - Jacobsonds PhD thesis
A Elias (1975), Tarjan/Yao (1979), Chazelle( 1 985) é
A -  RRR (2002),SadakanéNavarro
(2010)

A Big Data— © = ' . Google IME
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¢ D 2 —
At e —V E—
A i - 7 %
A rank.(B,i): return the numberofce { 0, 1} i n B]
A ™Y = Yg— % |9 = ™ : rank9sel

Ex) B=0110011100

112345678910
rank,(B,8)=5 0110011100
rank,(B,5)=3 01100/11100
|

25/10/2013 6
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J (SN G G (S R N (S S S e—y

l )

Divide bit array B into large blocks of length I=log®n

RL = Ranks of large blocks
Divide each large block to blocks of length s=(log n)/2
RS= Ranks of small blocks relative to the large blk

rank,(B,)=R[i/l]+R[i/s]+(remaining rank)

Time: O(1)
Memory: n +o(n) bits



Cl

CHs OH CH,
OH O
o]
HO | o]
HO

A 2500

A

A = Bag-of-Words (Weisfeiler-Lehman )
A 0 O AND

A

A
A 0

O(n), n:

o I



AND-. <«

Word 1 2.10
Word 2 3,4,6

AK — . :))»L ~ o <l Word 3 26,7
A (Word 2, Word 4) Wordd 4,810
A D e, — LooLy
2 2
A

A O(|Al+|B]) Yoo  Fe - 4
A1 |If'_ 3 5'5%-” Ys



Alternation A

Asdys oV — 4 —d4—

1T

A mafi 2D ¥ wo | fidOWlogm) % Z %
¢ D 2 Y8 A -” (Barbay/Kenyon, 2002)
Am: —



— Range intersection

A — dL = = AL~ 9] -”
A Array A of length n, val uilgs miL O A
| J k ?
A 1368257 4 5
AeD: D) =
A Range intersection: rint(A,[1,J],Ik,?])
A Alij] < ALk, 71— L H]

A» <K es £ ™I -O(Ulog m)



Lower half = left, Higher half=right

[1,8]
136825717245
1,4] /\ 5,8
6857 75
[1,2 /\[34] [5,6] /\7,8]
1 655 8 7 7
/\ /\ I\ /\
11 22 3 4 55 6 77 8




¥ lower half (0)# Nei| ¥ higher
half (1) 2 Nej| ¥s2-

[1,4]

[1,8]

001

1

01

1

0

10

0 1

—

01

0001

[5.8]

01

0 1

1

0

12] o u[B34][5.6] . ~[7.8

01

01

N\

1

2

K

3 4

100

J\

5 6

100

2222222

N\

013



{ P LY fi . 2 #

A

~ |
-

A fi - A T (R 7 #
4
A rank.(B,i): return the numberofce { 0, 1} i n B]

Ex) B=0110011100

112345678910
rank,(B,8)=5 0110011100
rank,(B,5)=3 0110011100
|
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» 4D K™ P | =" fl # 7
L J
tolrel v —
[1,8]
001101 1001
01000 1 010110

[1,2] /\[3 4] [5,6] /\[7 8]

01

01

N\

1

2

K

3 4

1

00

/\

5 6

100

N\

2222222222



(1+n) n log m bits

. n: Number of all words in the database
. m: Number of unique words
. N: Overhead for rank dictionary (around 0.6)

. Not so different from simply storing the array (n log
m Dbit)



Range intersection

A — Loy = Loy
A Array A of length n, val uilgs mi O A]J
i J k ?
A 1368257 4 5
A«D: D) =
A Range intersection: rint(A,[i,j],[k,?])
A Alij] < Ak, 72— = 4

Aw»<dK ps & ™I -O(Ulog m)



#
fie & ™ - Y

A rank, for left child and rank, for right child

[1,8]

Aot 1468 257 17245

[1,4] [5,8]

Aleft 1 32/ 2| 4 Aright57|75

25/10/2013 18




»<OK el - |H —

Pruned [1’8]

. 1368257 172465

[1.2
1

solution!!



Height log m

5

[5,8]




- h —

A =~ ' h — Bag-of-words

A Weisfeiler-Lehman (Shervashidze and Borgwardt,
2009)

‘ S \ W=(A,D,E,H)

A €O wfl - <
A Find all graphs W whose cosine similarity
(kernel) to the query Q is at least 1-U

En(W,Q) =W nQl/vIWllel




Weisfeller-Lehman

@) At o=t zi 4L k
1 ex){51,4}
- @ 5D ex) 1,4,5
@ EERELE
QD ex) 2,1,4,5
t Po”
9—® ex) 2,1.4, 5k 9
(4) teor L o™y, t g
Bag - of -words i~ A

{1, 2,4,5, &9, é}



1st iteration

Given labeled graphs G and G Result of steps 1 and 2: multiset-label determination and sorting
4
G G’
a b
1st iteration 1st iteration
Result of step 3: label compression Result of step 4: relabeling
14 —— 6 3245 —— \ ,
23 —— 7 41135 — 11 11
235 — 8 41235 — 12
245 —— 9 5234 ——— 13 (6) (6) (6) @
G G
C d

Courtesy K. Borgwardt

25/10/2013 23



v 4 —

A O —='h-—
In ={i| Kn(Q,W;) > 1—¢}
En(W,Q) = [WnQl/VIW]lQ].
Alf Kn(Q,W)>1— chen

(1 o E)Z‘Q‘ < ‘Wﬂ Q| < (1|52€|)2



AND- «' +—

A €O wafl - < | —Fer 2 9%
I={t][|QNW;| >k}
k=[(1-¢?%Q]]

A Find all graphs W which share at least k words to the

guery Q
AL Ars<|om™mIyCI

A A | B N<ZHWVYEe o= 0



Inverted index, Array, Wavelet Tree

A= L 2 A

A 1,3,6,8 A = d~ o = _
B 2,5,7 ) L .
c 127 A =p» 4D K P #
z 1
T A Graph query = Multi-interval

Aroot | 1 36 8 2 5 712745

— =

extension of range intersection

A Find graph ids which appear at
least k times in the array

Wavelet

ree

25/10/2013 26



25 million chemical compounds from PubChem
database

Use search time and memory as evaluation
measures

Cosine thresholds :0.3.0.35,0.4

Compare our method gWT to
Inverted index (concatenate all intervals and sort)

Sequential scan implemented in G-Hash (Wang et al,
2009)



Search time

4091 —— gwTo4
—=+— gWT0.35
—s— gWT 0.3
—=— |nverted index
—+— Seq. Scan

30+

20 4

average search time (sec)

10 R

~

440 sec

~~ @38 sec

T:1
'D ] -i_i!_:—'____'_.—_._;g— —

- €8 secC
—:¥3 sec

2 sec

I I I
0.0e+00 5.0e+06 1.0e+07 1.5e+07 2.0e+07

# of graphs

I
2.5e+07



Overheadof rank dictionary

2.0e+04
I overhead
bv

1.5e+04-

1.0e+04-

memory (mega byte)

5.0e+03-

0.0e+00-

0.0e+00  5.0e+06 1.0e+07 156407  2.0e+07 25e+07
# of graphs



Construction time

5.0e+03-

0.0e+00-

0.0e+00 5.0e+06 1.0e+07 1.5e+07 2.0e+07 2.5e+07
# of graphs






I N —

A3D'Dfi‘r||-IE
8 s ) ) 9

At FEfi= - %9

A SketchSort « O mmfi
Al e fi ) O

A SlideSort -
A Short readst —

Z)

Z D

25/10/2013

32



1011
1101

1111
0111

0011
0111

1110
0001

: 1100

1000

1101

1100

: 0100
: 1010

0001
0010

0111
1110

1101
1010

1111

0011

1001

0111

: 0000
: 0101

0001
1001

0011
0111

1110
1000

11101

1000

1101

1110

= | V= o = B B (e R [ B N RN LS

=

: 1001

0011

1001

0111




A 0 1t |—
At Ffia=

A —(J-
A 50 ) 4
AL — =
5 ™y ~ |
AK. Peo¥ @v —

;|

TM_”

25/10/2013
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Special Case: (d=0)

A , Equivalence class - O(n)
A quivalence class . O(m)
A : O(n+m)

EMILY ALICE

DAVID ALICE

CHRIS BOBBY al

ALICE = CHRIS Equivalence

SO Classes

DAVID DAVID

BOBBY DAVID 4

DAVID DAVID

ALICE EMILY



A d

> D> D

0001
0001
1001
0010
1000

O(n+m)

0011
0111
0111
1110
1101

1110
1101
1000
1010
1100

ok

odll
0011

1001
1001

0111
0111

14

d
F7:000{( ODD1 0011 11{ 0O
4:010{( 0001 0111 11{(d
§:010{( 1001 0111 10{ O
10:100(| 0011 1001 D01 1
5:101)( 0010 1110 10{ 0O
1:101)( 1111 0011 11{ 0O
2:110(( 0111 0111 00
J:110( | 1000 1101 11( 0
9:110{( 1000 1101 11{ 0
6:111)( 0011 1001 O1ffd

BT = ] = =, UV & R - B SR

el I E-E-N—

e = = =

0111
1000
1111

0111
1101
0011

o001
1110
1110




=y BLT=T R VI R R — - B |

=T =RV I e R R RN

: 0000
:0100
:0101
;1001
:1010
;1011
;1100
11101
11101
11111

o001
0001
1001
0011
o010
1111
1000
0111
1000
0011

0001 0011
0001 0111
0010 1110
0011 1001
0011 1001

0111 0111
1000 1101
00T U

1111 0011

7:0000 0011 F:0000 1110
4:0100 0111 4:0100 1101
8:0101 0111 §:0101 1000
0:1001 1001 10:1001 0111
5:1010 1110 5:1010 1010
1:1011 0011 1:1011 1110
3:1100 1101 J:1100 1100
2:1101 0111 2:1101 o001
9:1101 1101 9:1101 1110
6:1111 1001 6:1111 0111
4: o001 1101 1

T o001 1110 7

5: o010 1010 2

6 o011 0111 &

0: 0011 0111 4

2: 0111 o001 G

3: 1000 1100 10

9: 1000 1110

G: 1001 1000 1101 1110
1: 1111 1110 a 1110 1010

25/10/2013
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1001
1111

« i
A3 —K. e<dsd1 =8 Equivalence classt
A 1 —Equivalenceclass <=8 —K. p<d
DL A
A kd —K. B«%=0%[] V|8 Equivalence Class |
G L o= 8 9 L e
A % [VAs - o=8¢Ffia L -
7: 0001 0011.
2 0001 ~7 41 00010111
7:0 | 0001 I ~._ 4 0001 . 1101
5: 0010 7: 0001 1110
6:1 | 0011 0011 1001
10:" " 0011 I N 0011 1001
2:888 0111 B 0011.0111
g; 1888 I 0011 5 0111
o 1000 1101
1:

NG

1000 1101
1000
1000

1100
1110

25/10/2013
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A K. P« 8 Lexicographical Orderd-
AN K. 2« - =

8 K. P e 333 9$QTJI|I_8 o ™
A

—d= 3 :1/8.[ =

* *

Ke B = =Ko oofqbe oNej Keooe-%

;,-éoTM

25/10/2013
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Algorithm 1 Multiple Sorting Method. d: Hamming dis-
tance threshold. k: number of blocks.

1: function MULTIPLESORTINGMETHOD

2: I—{1,..n}

3: B — o

4: REcuUrsioN(I, B)

5§ return

6: end function

7: function RECURSION(], B)

8: if |B| =k —d then

9: for (i,j) el xI,i< jdo

10: if s? # s? for all b < max(B),b ¢ B then
11: if HamDist(s;,s;) <d then
12: Report (i, j) to output file
13: end if

14: end if

15: end for

16: return

17: end if

18: for bin (max(B)+1)..(k+ |B|+1) do

19: J «— Sorted indices based on b-th block {SE}E;
20: T «— Intervals of equivalence classes in {s};e s
21: for each interval (z,y) € T' do

22: RECURSION(J [z : y], BUD)

23: end for

24: end for

25: return

26: end function

Equivalence Class

25/10/2013
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A
A Locality sensitive hashing

( ).
A
A
A
A Missing edge ratio

A Cover tree (Beygelzimer et al., ICML2006)
A

Jaccard

10"-6

25/10/2013
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0/1

.
, . . . B £ - ZL‘]
A Ay, @5) = 1 = i
A Locality sensitive hashing

AD | 0/1

A

<4 N N P P

0 0 0
\¢
A A A A




Cosine LSH

AR e RP*£: N(0,1)

A

sik i=sign(r ),k =1,....,¢
A

Pr (Szk = Sjk) = %, VEk,

f;; = arccos (||meT|\Tagj|\) .
A

(Raginskyand Lazebnik, NIPS 2009)



SketchSort

A

A Not good:

A
AL Q
A

Eq = {(i,j) | HamDist(s], 331.) <d,i<j}.

E=FE;U---UEjg.

A A(x;,x;) <€



HY fl - —

A C]-”hL[" fl e  0dnx 34 :1/8-||S8 Y8 A

1

Aw' fie £8+LFTfia= — A= % = W[ V
-8 W' fi- 1,.,0-12L Ffi = — L
— %o ™ w0

A — H VP - Z %] 01 €O wall — AL




SketchSort—

I: function SKETCHSORT(®q,...,T5)
2 Use LSH to obtain sketches {sy;,...,: Sgi fi—q from
data {z:i}io, ‘ D ﬁ
3: I—{1,...,n}
4: forg=1:0 do
5 B—¢ .
fi: Recursion(I, B, q) HY fl » — A ‘” .
T end for
& return

9: end function
10: function REcursion(!, B, q)

11: if |B| =k —d then
12: for (i,j)el x1,i<jdo
13: if -‘-‘E:‘ -+ .*;gj- for all b < max(B).b & B then
14: if HamDist(sq:i, 5q5) < d then
15: if HamDist(sp,5.5) >dforallr <gq
then Q= — 4 R
16: if A{z;, ;) < € then
17: Report (i, j) to output file — i VP -
18: end if
19: end if
20: end if
21: end if
232: end for
23: return
24: end if
25: [ for bin (max(B) + 1)..(k + [B] + 1) do
26: J +— Sorted indices based on 5-th block {sgi}ie I
27: T+ Intervals of equivalence classes in {sgj }ices EqUivalence Class
28: for each interval (z,y) € T do
29: ReEcursion(J[z : y], BUb, q) -
30: end for
a1: end for
32: return

33: end function

25/10/2013



A E*, SketchSort E
A alse positive:

Fr ={(07) | (5,5) € E,(4,5) ¢ E™}.

A False negative:



False negative rate . Missing edge ratio

A False negative
A False positive
A Missing edge ratio (False negative rate)

|| A k (—k ¢
ELE*JS 1_k§O(k)p(l_p) :

__arccos(1 —¢)

P — .
s




| anczosBisection

A (60,000 points, 748 dims)
A Tinylmage (100,000 points, 960 dims)
A Missing Edge Ratio
U

: (2,5), (3,6)
2,6,10, ¢é,50

A LanczosBisection (JMLR, 2009)

A Lanczos

v > v

25/10/2013

49



MNIST, 0. 150
1.0 —+—SketchSort d=2
—a4—SketchSort d=3
e 0g - —+-SSM w=50
E . . ——SSM w=100
o ) Lanczos-glue
% 06| Lanczos-overlap
S
LL +
o 04 | 4
£ 1
7)) w0
k%) K
= 0.2 - +\
\+\:\X
OO 7 A% ‘+\h'>-<|- PEFX — X — X x X - X
o

500
1000 -
1500 A

CPU time (sec)




Tinylmage

1.0 7 N ——SketchSort d=2
o +\\ ——SketchSort d=3
Losl | > —+-SSM w=50
© N\ ——SSM w=100
a'a N Lanczos-glue
U6 T Lanczos-overlap
o) Y. o \+\X\
© o
LL] +\++ T~
D04 - \ T
.E w \X\x\
024 =«
= |\\*
aly &
& o
0.0 - 23%a - amm
o o o o o o o
o - o - o o
LN o LN o LN -
— — ~ N o

CPU time (sec)




160

A Missing Edge Ratio <1.0 10°6

A 160 4.3
0. 05 ¢

Zat(5 —e— SketchSort 22405 — ;"" =&= Sketchsort Ze+05 |1 " |~e= Sketchsort
—=— Covertree i —=— Covertreg | —=— Covertree °
brute-force ! brute-force f brute-force
E 1.5e+05 - T 15e+05 o "8‘ 1.5e+05 S |
ol 1.%.- 'II 2 |I o
w le+05 o lesd5 | @ letD5-{ |
£ | = | = \ n/
= | v— I| E= [}
-, VI * setpa] | _—9° se+l4— | 7
! . —0 g ‘_.,p-"ﬂ
il —_—n—0 s .--ﬂ"'fu o -9
Oe+00 - cbo -0 — @ ——0—0 0e+00 -{cfo-0—*° Oe+00—{c00-°
T T T T T T T T I
= o Ly o 0 o Ly 0 s]
i i ¢ 3 A T A SR S
= LA " L'H & X 2 ._H o e — e
# of data points # of data points # of data points

Near duplication detection in up to 1.6 million images at
t hresholds 0.05U (left), O0.10U (



1fiRe —! ofi» —

A - i =mfafir-
A 1,260,627 —' e fi ) (w= e )t
A/ — — 20 | - e fi ) %

A SketchSort A as L

A | 8 » |} — — ||—I = 8 AL
(Homolog)
A Yo ¥ [ = ™= Ls ¥ 0 # Nej

A (Analog)
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PDBwide)

A
A Minai et al. (2008):

A

25/10/2013
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