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Abstract  With the continuous progress of data acquisition equipment and the rapid development
of data acquisition technologies, analyzing and mining quick-generated data streams from practical
applications become an urgent problem to solve. Similarity join over data streams, which returns
all similar pairs of tuples from two data streams, is an important operation for analyzing and
mining data streams. Compared with L, norm distance functions, such as Manhattan distance and
Euclidean distance, Earth Mover’s Distance (EMD) is more robust in quantifying the similarities of

histogram-representative tuples and thus receives widespread attentions. EMD is widely applied
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to solve many important application problems, such as content-based image retrieval, duplicated
image recognition and video object tracking. However, the computation of EMD owns cubic time
complexity, which hampers the application of EMD in solving similarity join problem over data
streams. Based on Apache Storm, which is an open source distributed parallel data stream
processing framework, we design and implement a distributed similarity join technique for data
streams based on EMD, named EMD-DDS]. This technique partitions histogram-representative
tuples in data streams based on their similarities in terms of EMD and thus maintains good data
locality on each join-computing node. It is the good data locality that enhances the filtering effect
of joining algorithm to unpromising EMD calculations between dissimilar histogram-representative
tuple pairs, and therefore improves the execution efficiency of join-computing nodes. On the basis
of the cost model of join-computing nodes, we also propose an effective load balancing strategyon
the strength of feedback messages sent by join-computing nodes, which improves the overall
performance of the EMD-DDS] technique. Experimental results on physical-world datasets show
the efficiency and good scalability of the proposed EMD-DDS] technique. Particularly, the
processing throughput of EMD-DDS]J technique is at most 1. 4 times higher than that of the best
related technique and the average tuple processing delay of EMD-DDS] technique decreases up to
44 % compared with the best related technique. Besides, with the growth of the similarity threshold
or the size of sliding window, the throughput improvement ratio of EMD-DDS] technique compared

to the related technique will be further increased.
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J7 TR K BB T R AR ALY LT B DT A R ik g
[f]—4~ Join-bolt Task (0L 3.2 F). #AHL T 2.2 75
281 Shulfle] A , EMD-DDS] 5 A % 504 7% R
T AT RIS e T 4 Join-bolt Task 44 F|
1 R s i o3 7 09 B8 R 2% A Join-bolt Task
A i A 4R A T BB A5 Join-bolt Task 7£ 3K
BMFHEEIE 0N RS BBES R 254 R Al
S BUE 4> B AT T EMD B B 0 R A %
CHEIL 3.3 ). 4 B e R R B0 4 A i 2K
I Jmy BB M ok U8 K S A DL B 5 18] ot 4 X 2 (R Y
EMD B g H 50 e A0 15 H2 45 R 5 S ER 5 s A7 4
A5 .91 Apache HDFS 3 4ii 23U R 4. 45 Join-
bolt Task fEHAT T ML B ic s B 75
IR i Ji) 93 1) 32 2 67 28T A 24 i S i ] A9 45 AR DA
g B H 0 TE 3% 2% 45 FiE A9 Partition-bolt
Chn [l v i 28 455 3K BT 7). Partition-bolt W 4E 3] | —
KAk E T A Join-bolt Task 38 1A 1 2k ) it o 4
ZJ5 s T AR A Y R 2 s 45t R A o U R
(K 43 5K W, 2 17 4% 4> Join-bolt Task I 9 % #2131
AR GEILE 4 9.

Join-bolt
Task 1
<
Inde;

Data stream
***** » Feedback stream

Tuplg / Join results
O’ R
R/S ‘\ /

K 2 EMD-DDS] £ R Ay Storm Topology %514

3.2 ETTFHEBHEMNEERR S RS

BT LR P, SRR 11 3R T
J5 BT % — 4 92 B2 IR i e S L. B A B
Ji B e & on A EE AR AR B X AT A (D
TR B R A EMD [ 25 16 28 1 20 K1 ) R e HLA AT
T — X S 2 0 K] ] A, P

N

Task 2
R,><
Inde:

Task n
R, >
Inde;

Maximize 2501 X pi +E T X qj»
i=1 i=1

s. t. Vl.yj.: §D;+71'_/§Ci,’
Vi: gDieR’

Vj: TfjeR

3



8 W FR%F . ST EMD BE Y B0 2 A SR R I R 1785

DA X {206 T K] [ L ) — 2 T AT R Z= (s
MAAE 2n AR KRN O={¢s ) M I=
(s sm, b BB FEICH P=1{p s\ p. ) WL
JCALTE EMD BB 2 M 0 Rl 1ol @ i) w] 47 g Z =
(DT} T W) — 2 2B 5 25 8] (R b Q(Z2) iy
B SFHAE L B key (P, @) 7] 1 2 () 1H 513 5. T 30K
T2 ST AL AT R Ay B

key (P,@) = > ($, X p) (4)
i=1

S HITEDCA Qg s g ME RN A XT R
B Q Z [\ g EMD B8 AR T A AV B (E 0 1Y
FL7 BTG A R AR P AE X (5D JIr /s 18— 4 S J ke
Sasial Q2 1) F2s A o ckey (Q,ID h 2 1)

X4 Q WA 5 L ckey(Q.ID =Z (g Xm).

[min($, +m) + ey (Qu@) 0.0 — ckey(Q.ID ] (5)

35D Bd Wk T2 (4D 1Y e 55 o5 $0 7T K EMD B
BIAHIT Y B 7 B T4 i 28— ZE SRt s 1] 2(2)
R I 3T X3 B I2 — 4 S ol S 25 (Rl 4E 4 T A 7
JUHLIE T EMD [ B 1 B8 Je

252 EMD FE 2 %0 i 42 M B0 ) [n) 8 1) — 41 T A7
fit Z={@. 1}, HAR B FiERY Join-bolt A & I
FT0AT 1Y Join-bolt Task., 3 T I iR B 5 ¥ Jo 4 i Bk
SEHLT , Partition-bolt 1 55K 1 J7 [ 1 — 4 52 £ e
Syl QO RN 50 R kA 23 6] IF L@ Bt 25
AFasa) b B 7 B Js 4 i 2 @ 4> Join-bolt Task
T T AL R B Y H B B A R (9 JC 4, Partition-
bolt ¥ 3 F 3 (OB Z o 4l B EAE 25 12 (i V5 1
QOB A F s, PR Z Tl R 3 455« A
Join-bolt Task. f1 3 3 (4) Br 7~ 09 B 7 K JT 2H Wi
PRELAEY T 5 BT 4l B T EMD B 5 5 )R
#B M, BT Partition-bolt B4 R Eds i b 1% i AH
Li B 7 Je 4 B 45 [ — > Join-bolt Task, 44
T Join-bolt Task I R B4 i 70 = 09 £ i Ja & 7%
Al LLiE i S 3 Storm HEZR Hh i) B € 341 (Custom
stream grouping) 3% 1 52 ¥ Partition-bolt %] £ 3% i
R ) R B Xl 43 2 5.

3.3 HEMEERERRE

TEAAT i1 3 o0 E BRI R FI S 1 58 B 5K
43 Fr 2 )5 4 Join-bolt Task & H“& 5| —R K"
975 258 R BOHE o S BUHE T oy 2 T T
WS 0I5 X H AT EMD B B Y AR 0 % .
HOETE S BHE o B b Al R A T ) O A A
(1 B™ ZRARE BV e m it 2z R 51 HLE R

KGO EEE L UE S B it 43 h v A i xd g 2z 6]
EMD B 85 K FAH I B8 19 T ¢ B B ool Hak
PR B4y b iy s A o4l r A ix &L FIH S
BRI B BT BRARR G 5E el r 78 S %K
o3 v bvE e i s B H R X H ST EMD R S B A
PIVEZE S G5 r 5 S B o 7 i AL P a5 e 45
R BRE RBRANE 3 BN 1 e S B A A b
) BT BRMRB ST A SERS R r SRS
s A B E T oedl . 15 3] S Bl o A b
1) 20 9 A VR A e 4 5 R e R R TR R AT f o B L
il VEMD BE B R R AR LBy 3 38 HL A
EMD B g i b7 ek 50 UB, i &AL = R 4%
AL PEALE B A A S BRI A B b i AR
e 4 i A5 3 205 WA R 4 ST i) SRR T
B RS WA B R UL Z A ) EMD BB
FE B AE A K T ABRL1E B E 0, A 32 45 3 0 4 s 2=

SNERAE A R G
HATITR Lb,,
it 7 it i

B Rk
i &

At A
ik 5

B3 dukkERE

3 FT 7 1 2k R B b R 68T SRR T BT AT AT
fife 3= DR AL A = A A A uE LR B R T R %K
P oy B LA A 6 G2 22 ] AR AL CRP R 4T Y
BOHE R AR D X S BHE 3 R i JE Ok LT I T AL
Tt U8, R B i o0 1 BT 4 b (0 55080 R R P R 45X
WA 3 08 AL ) A 3 0 ek B AR A L BT L B AT
A7 A 323 AL R RS AT 3k G i) EMID 15 5k i v
M7 7= A g EMD B S X 28 o R0 R e A 3B nl AT A
THE EMD BE B N 5L, OF 5L Tk T S ik 4
HEAT AT U8 T JiS A R R G 2 IR RO AL R AR Y
A AT A4S B A EMD BB A F A0, 3t T
%N FHE AT 08 0 BCR R AT = A A 2 B AL
il ) FH A1 JE A 16 S (BN QiR Q) Z 8] 1 AH {2
PE,FH EMD B 55 BT 3 2 09 = A SF R CHD
EMD(Q,,P)+EMD(Q, Q1 )<EMD(Q,.,,P)),
T Qo M QIEHS R P 2 EMD B & 1) T
AR TIZ T A EAB P 2R EE Q. iER
55 ATk Q. A P 22 [E] (1) EMD BE B35 wJ
UL 17 Ji A 1) X 52 22 1) R B, = A A A XA g ML
X EMD T8 9 o 58 5 R . B 4 R8T [ —
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Bl

i 2019 4F

L
&

BAREAE L T B 3 s 1Y 4 U8 4 40 B 5 , Join-bolt
Task XF H A F0HE 7 380 19 R B0 5 43 F 647 46 8
P 7% 3% 15 Al Join-bolt Task Xf ¥ A B8 i L) R
B A3 e AT R AL M i 2 R AT AT A L g AL
=5 A uE AL 45 B o U p) EMD 35
U B EMD 55 0 B0y bR mn L R S
JR FBE B T BT AT AT A 2ok DR AL R = A S
PEALHIAE R B W 4 B B A B R 8 1k B A 0
PERE LE A2 R B0 0 4 A B A BOH SR 8 v B o
WEPEREER R T B 1 A5, F EE] EMD BE B Y it
SR B AR B R 4 B 4E 7 Join-bolt Task | R
BOE 3o R i B0 SR R R LA S8R T 4% A Join-
bolt Task &b ¥ 3& F EMD BE 85 19 A1 {1 1 i 22 1 34,
.

20

—1 Without data locality
mmmm With data locality

151

10F

STEMDHH S € e /%

LKy SR SVl (5 WU R
puRE

Bl 4 OR[A] I I8 75 Y i i AR

EFEMD EERHBERSBXEMEEE

"Hix
By 1 T EMD-DDS] # AR ¥E Partition-bolt
F1 Join-bolt I A4 E.{& 4t 3 i #2. 7£ Partition-bolt
Ui X TR A BB B H O T 2 IR 2 JE T
PE i S, W Partition-bolt 3£ F Storm R G HLH 4
Jeyor 41 (AL grouping) S Hf x, ] #% £ T if Join-
bolt T A Task (7 1~3); R Z W ;)& T4
¥ R, M Partition-bolt Wit 8 x, 76 B 7 & — 4k
SR = 6 Q (2 W Key (s @) (B DL
(4D IR 5 Jk T 2 4 B JRy BB R B0 o3 2H R W L A
xRk B AT H A Key (2,0 @) BT AR+ 25 [0 1)
Join-bolt Task F (47 4~6). B4 4c & F— & &
WBF A F % Join-bolt Task AY % % 1 3 ) 15t T 4
Fy s Partition-bolt ¥4 5755 3 5 £ M (Y B T R 15t 1Y
B3R L RS G DL AVE 2) 2 R R — 2 S i i
26 Q2 W& A 25 [ B R0 43 Bt DT I 4% Y
HIT A B A R A R 0 S W 5 45 4 4% 4> Join-bolt
Task FnyiER7 2K (FT 7~8). 1£ Join-bolt ¥ , {0 R
FAMICH x )8 THE i S W Join-bolt Task ¥

cAfA BT BRARES] T (T 11~12) s RZ WA
J& THUR I R . Join-bolt Task ¥ 3ET 2. 3 35 Fr ik i1
AR ABLE 2 45 R W 6 A AH AL B oe 4L % 8] /9 EMD i
BT IR R AR BOCH o 5 S BdE R 4> By A
Ik %45 1 25 R 4R RS (A7 14) , IR FE M BR JT 4 =,
(P71 15) ZJa K &5 R4 RS A7fifk 2 SN AR A7 filk R 58 . 11
1 Apache HDFS(AT 16). G115 4 i Jz 4ot J 40 30 3
W Join-bolt Task #4 H 17 4 Fif b2 1t i 1 48 1115 2 1)
BRI BT Fu & 3% 45 Partition-bolt(f7 17~18).
&% 1. EMD-DDS]J based on Apache Storm.
A E A EEIE R R S EMD B X i 48 14 1 &)
[ R — AT Z= (D, 11} s T 3t 1 WA
B ¢
4 t < AR D R e A AR
RS={(r;ss;)|r €R,s; ES,EMD (r;,5;) <0, |r;.ts—
sps| < |[W
/ % Partition-bolt *x /
. FOR EACH incoming tuple x; on Partition-bolt DO
IF ;€S THEN

1

2

3. emit x; by allGrouping () ;

4. ELSEIF x;,€ R THEN

5 calculate Key(x; .®) ;

6 emit x; to a Join-bolt Task based on Key(z; ,®)
and the partition rule got by dataLocalityGrouping
(Key(zx; s ®))

7. IF receive the set of feedback workload tuples { Fy}

from all Join-bolt Tasks in period P, THEN

8. dataLocalityGrouping({Fy});

9. I+

/ % Join-bolt x /

10. FOR EACH incoming tuple z; on Join-bolt DO

11.  IF x;€ S THEN

12. insert x; into B forest index I;

13.  ELSE IF ;€ R THEN

14. RS=WindowBasedEMD Join(x; W .0.1);
15. delete z; ;

16. store RS into HDFS;

17.  IF P,.expire() ==TRUE THEN

18. send feedback workload tuple Fy; to Partition bolt

4 ETRIGEHAHDERE

25 7% EMD B 25 0] 2e v B ] 1] 8 Can =X (3) Jir
A WAL —0 15 Z={D. 1T}, EMD-DDS] i R ¥
BT E ST ) — 4 52 B S 25 6] Q (2O R4 A T
ATl IR B 25 A F s [E B R OB T
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F5 45 . HT EMD B i B i 20 A SO R i R 1787

HA IR S i > Join-bolt Task PEATiE AL FH. X #E
M4ed T Join-bolt Task I R BU¥s 7 40 A 10 2 dE 5
PR T LA T B A Ry 38 3k 8 S AR AL 7 B s
X Z E ) EMD R 35E. i T88E i B BE 4
A1 B & B () HE RS 23 & AR w0 L Gn SRS R TE BUE o A
A AN K B i 25 A - A3 ] i B O o T B
Join-bolt Task 91 # A ¥4 , W T B, EMD-DDS]J
FOR B R A B ik 2. ST B i A AP AR Y N D
3k EL A B B TR] S B5E 1 L RPY TR]— o4 v b s R] B A
I 114 576 2HL 1) BRI A A BT o 481 T 42 J 25 SR R 540 O A
A AL It A EL A 3 R R BT AR SR 15 B TR
P i EL A I ] DGR M. B S 4t Join-bolt | 1Y % 4%
TR (4. 1 95, IF FE Tz AR B B R0 2 His
Dt B IR ] O BB M 4 M R T R 5 10 B 2 34 A OR M
(4.2 795) R s A 56 T B 15t 1 5308 ol 23 0 0 4R
B (4 3 ) AR A AN 3 H T E B0 AU TR R
15 B W BeE 3% Partition-bolt (1 %45 X 43 3 W , 52
PR AS 1 e S A A] Y T 28 1
4.1 REHBFAMEE

EMD-DDS]J # A& tf & 4 Join-bolt Task 13§
56 R B4R o RS B i o i Z [E) BT EMD
R B AL 3 2 PR 7R — S PAT R N — > Join-
bolt Task By HACH O ] &1L K

O = |R"|Oier + NewaOcnna (6)

o R’ 2% Join-bolt Task 7357560 R IR ¥ 4%
s IR R RO ICHFEE One, Fom A R BUHE
TLICHLFD S B4 it 43 B i A7 A AL 1 O 42 I 1 P 3
STUER M O 32 78 EMD B 8 19 5 23 28 41 s
Newa#i 7R Join-bolt | SZBx & A< i) EMD B & 1) 1
FWEL H Dy EMD BE &g 35E A 2% B OE t H e
EMD i 2 19 13 &ML ZE 15 5 B Oung > Ogieer » T EMD
FE 25 07 B AR O M IUEFR ZE 8 Join-bolt
Task (3% A M O 7 LLAIZ Join-bolt Task 1 &
A EMD B 25 08315 B0 BN o R B 52, B
O=~N ;4.
4.2 ETFTREHHAEKBERE

T DA AR B AL, AR SO Y 3 T s At Y 17 3
YA 1657 R W . 32 SR WS R 50 AR 1 B R s R o R i 2k A
KA AL B i i B (Feedback period). 23R 4 4>
Join-bolt Task 7E AT #H LI % 5 I &5 1 45 4> 2 15
JE P T & A ) EMD 358 0 BOVE S FEAE % R A5t R
S AR AN O TE RO R R R R S E B
DL R S DG 2 I 2k 2% 45 B iR Y Partition-bolt
CUn &l 2 v e i 3k r s ) . 35 1 550 O 1) B () G B

AT R A Join-bolt Task 78 B[] 38, _E 4048 19 9§
AN SR Ege A 20 i a5 B B R R
M. R 1, Partition-bolt E I 5 4 Join-bolt Task
e b— B R g i B ot 2 s ) Bk T
AL B R 11 5 B — 4 S2 8wk 558 25 18] Q(2)
W5 23 18] 1Y R 43 320 54, DA IR & 24 R s st A 3
Partition-bolt XJ £t4i i R 1) %] 73 5 % S5 B S 1/ ;2
AN 4% Join-bolt Task [H] B £ 2. w] WL, T
S5 ) B 28 H Al SR I 5 22 Join-bolt Fll Partition-bolt
[ 2 5 58 .

m m, my_,

Task, Task, oo Task,
Join-bolt

[ EAEEER AT 0
l:l Span[X [f] D Biit St i . RAL ﬁfﬁ&ﬁ%ﬂ/ﬂﬁﬁ'

B 5 QD IEAF A B MEA Join-bolt
Task 2 [a] A4 ik 5 5 2

H T ARG TR L S R B e B R
M —4E sz it 25 0] Q2O R N ERKAESHX
) (FRZ R Span X [a]) . A1 54> Span X [H] ¥ 35
— R HBELER key (%5 0], AR P8 B4R (19 £ 28040
73 KW . B> Join-bolt Task 7 57 4k ¥ V& 75 — &
ZANJELE Span XA N HY R B 7 70 4 3 4wl fR
IE T B4 Join-bolt Task b R K4 i 20 F 19 808 J=)
TBME. N S FRAN smy s e sy 3 RN B S Join-
bolt Task B 53 1) Q(2) v F 25 (8] (1 4] 43 15 AT AL
25 1 4 Join-bolt Task (Xf i & H Task,) 1 55 4k B
J&AETT 3 A Span X[A] N Y R 4 i o4 26 2 4
Task G i H Task,) A TEREFRIEAESS 4 DR 8
A~ Span X [A] N Y R $46 i o 4. 7€ Span i LT,
HA Join-bolt Task wf A& % £ T — & i S 5t )5 9] P
PL Span SR BE 45 AN b i EMD B 25 315 2k [E
B KIS B4 Join-bolt Task F %41l EMD
P B & 3R 09 Bk o3 B M Partition-bolt | 3
B3 5 T 2H PR BRI R R 3 S 1 R
4.2.1 Join-bolt L/ #fs B4t

i 158 B 7 1Y) — 4 S B0t S 25 [|]) 2 (2D w5k 43
HuNHEMEAEZH Span X ], 28 Span, , 1<
=, Fe T RS S B B SR I AE Join-bolt bR
ETAER AT : 44> Join-bolt Task 7 $447 % T
EMD F 25 1) AR {0 M 3% £ i L& 4> Span X i) Jy L
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Bl

Eilg 2019 4

L
&

JE et 21 i S i R I N 9 76 54> Span X ] N 1Y R
B VR ICAL T fik & () EMD BE 25 85 OB it Ak
058« ANIXJE Span, b 4T3 EI ) EMD B g St
BRBCN Newn () s WA @ 4> Join-bolt Task £ 247
S5t S A 45 S B B AT A B — A dE TS AR
LM Vine =g (1) s+ s Nowp () ) s XL E 5 K
BRI J7 HE. | T L 28 Join-bolt Task 7£ 24 HH
S At J) A 45 o R RE AT A R A B8 B R R T T
H, PR R VLT E BT N T3
SER TR AR B 7 2 A Join-bolt Task %k
T2 A5 R 45 e 2 A B R B i oo 41
P EMD 58 IO > Fi R 5t A 945 o R Ak
PR R 46 Ui o 4 BB AR T — S vt B 7 AR Y
EMD 8 R BTk, i858 ¢ > Join-bolt Task
X M HOR AR B R KR i T A T — St A
A1) EMD R R BT Vi, VXL 5
Hh I SR 8 RS 2 B 52 5 HE L o B n X (D) .
R |
Hrr, [R; | 255 i 4> Join-bolt Task 7 4 ij /2 15t Jil
S IE U6 I PIr AR A5 ) R AL R R IR it oo 41 1 JE 5k
|R! | %45 i 4 Join-bolt Task & 24 {ij Sz 1t J& ] 4%
WA E AR B R BRI c 4L i35, W R, | — | RY|
LR i > Join-bolt Task 7 X4 Aij 5 i i) 3 2485 o st 1
AL PR R B TG B IR N ivp = > N ()
(N (2) EV9L D) FTRE @ D ]oir;bolt Task
TE 5 i St JE 45 SR AE T Span X (8] | 421145
F A EMD BEES 5 OB AL 0 N g/ | R 2R
%5 i > Join-bolt Task 7£ 4 Fif 52 45t J& 1 P9 Ak 3 45 A~
R B8 o W B vp ™ Az 191 28 EMD 353 8
YRRt R 25 R, B> Join-bolt Task # 4t it
3N B A 5 B C A 3 EMD BH BB A Vi
ARG SRS 20 09T — S ot i S 2240 3 i) EMD B g
REMER VAT R # ) BocH . By Fy =
(Vi SVED  RIES FERY Partition-bolt 4 #F.
4.2.2 Partition-bolt I A £ 2% 1 43 V% 5w

4 Partition-bolt £ 4 W ££ 2| fF & T Ii% Join-
bolt Task & ik iy b — J& ] B 1 48 S 15 o 2 )5 - e
BRR i 2 S 15t 1 #ME S E BT 2 & 1 Join-bolt
Task £ H 757 19 B J5 & — 2 SEELU 25 0] Q2 1
FA R, BRI S Fr R B9 my s oeesmy 5 HEE
TR

(1) MR 40 B U 46 14 & 40 B T 4H 10 48315 875 2
T A (5 B B B 4 Join-bolt Task i & 01 (1) &

Vi.=(|R,/|— |R}|) X (A<i<k) (D)

SRR TCHL B s s FA M Vo (D=i=2k)
Sy HEHEAT 245 B DL Span XA e TR 1) EMD
TR BAE B B — 4 S B 2 R (2 i 4y
fifg B ik h Doy .

(2) FEF A5 BT E T — OBt E W 45 4
A~ Join-bolt Task 4rfit i) EMD 144 f # it (1 1 31
. ZIEH % i 4 Join-bolt Task & Inl iy ) it o 4l
Flu= Vi Ve B Vo sr A2 T — R 2
25178155 i 4 Join-bolt Task Ay EMD 58 1 #
HLOIERE T —m E & Join-bolt Task 7F Q(2)
w23 18] R 2 3 S N R B VL R I R
Wi o ] L3 F 30 (8) AT — S i3t JAl ) Partition-bolt
B | 4 Join-bolt Task Fr 4B 19 EMD
IR fEE e R L.

k
EFIW * Vi.q 4 Doz
_ =1

L, A

— Vi (8)

&
Horr, (ZF;\/I *VatDar )//3 FoR T —
i—1

JEI #1454 Join-bolt Task 75 ZLAb -1 EMD 5
o A T R 2 Vi, B A] 45 3] Partition-
bolt 4 48 T — Kot JB A 75 B 45 %5 @ 4> Join-bolt
Task Fr4rlic 59 EMD 354 71 88 i 59 A5 1.

(3) 75 3R — S Wit J S0 0 5 A0 ) SR m L T
Ly(A==i=k). RUAT 36 I 3.3 95 4 H A9 & T S f5t 1Y
BE R 2 B AR R L (B 2) 4 Doy 53 A LA
Span [X [i] 2R B 3K fif 45 1~ Join-bolt Task 7€ H J7 &l
— 7 SR W S 23 ) (2) FR BT A TE T A )Y A
FHE S BRAS my s e omy s NTTTAR 3 Q (2 1 & A
Join-bolt Task Fl & 4~F %5 [a] B BT BB ¢ &

16T — KBt 8 W v, Partition-bolt 4 #4444 56 T
JUT A B BB Y AR A R 43 SR g R 2 (Z2) =3 [l Y
BRAE my s smy— ) BRE &4 Join-bolt Task %%
4] 4y

MR Y Doy a9 EMD BE 891 5 08
TE 7 Bl — 2 SR 33 25 (8] (2D 118 43 A AE AE A5
AHE, B4~ Span X [1] i 6 Bz Y EMD B 25 3 F 5 8k
BBy Span X 8] @ 2 5K (BN FABE Span X [E]) .
F5(% Span X [8] it A T — K158 8 1 45 45 WA~
Join-bolt Task #B A GE i i% Join-bolt Task ) EMD
FHA4 1A 30 B . S B A Join-bolt Task [A] 1 2%
A AR AR 2 DX [E] S pan, 1) EMD B2 TR
BT — B E A B Join-bolt Task 75 240 #

R EMD 355 SUR B 3 (D) F - Vit



8 1 7

Doy ) /k 3% Span X ] 4 & Span X fil . ig

Span™. £t Xt Doy WATAE R HE X 18] 15 B, £ 2 %1
I3 W23 E SR Doy, HALE I i RS X 1] L 75
FIRPE X 0] B 4 o G0 N { Span™ ) FEAE T — [ A
31 PR Y5 AR AR I E] S pan ™ P R B G 41 B
PLK %45 BT T 3T Span X AIRT S pan ™ X 8] #i Ji7 i
T ) Join-bolt Task F.
4.3 ETFRIGHEIEL S RN RNE X
SEVE 2 JEIR TR RO R ER A Rl S ) 3R O
1. Partition-bolt & 4 2] F JiE 4 Join-bolt Task
CEN Task) T &% 1 b — KUt JE I % 17 28 5 158 o0
% Fy= (Vine Vi) B Join-bolt Task i #21i
traf T,i% & & TRUE(4T 1~2). 24 Partition-bolt
W2 BT A1 Join-bolt Task 2 it ool Z )=
(AT 3) o ik 7 13 6 071 48 5 A58 o 20 A8 i T — S 1t ) 40
Partition-bolt %} R 4k it i) £ 3 %) 73 KL (A7 4 ~
17y, BARE - 1 5  Tax S S 1 4 R o 4
THFAF B LD Span X ] 24 48 14 /9 EMD 533K
BOE 5 P — 4 S B W A 5 6] Q2 o A A B
Doz (A7 4~5) s KO T8 i+ 8 T — [ d5t A
W B4 554 Join-bolt Task #i4) Bt ity EMD %4
TR L (17 6~7) s BHEEE R Do, PRI X
[B]4E 5 hotSpanSet(f7 8~10) ;8K J5 i i Dy ) H FF
A AE#JE X 8], 3 F A4 Join-bolt Task £ F — J2
A Al T B O BE LA )R — B it R Y
A~ Join-bolt Task fr 1 57 B Q2(2) %5 [8] 1Y R 73 i1
REES Iy om ) IPRIZES IR R 2048
R 43 0 W) 42 A8 b partitionRule W (F7 11 ~16);
B PRIE X AL 5 horSpanSer H&EA P X [H]
R 0k i oo 21 9 ) o R R RE S 3 RO H IR
23 B0 & A% & partitionRule W (4T 17 ~19) 5 &
J& T B A Join-bolt Task 4% bR ik 47 (17 20 ~
21) R [ Do o) 45 AE R B 0 (T 22D, FF R [R]
R B ¥g 7w X /0 M 4E A% 55 partitionRule (T 23).
Bk 2.
A : Join-bolt 4 1) Task 47 £:Q(2) H Span X
[ 1) A~ %4 15 Span X (8] (¥ 5 4 58 B w5 B Join-
bolt Task it & 3% (1 I — 2 45 J&l #7 14 £ %% S 0 oo
HAEE{Fy)
it R8O L 04 0 B0 R 43 MU £ partitionRule
1. FOR EACH received feedback
workload tuple Fy, = (Vi .Vi.> DO
2. T,=TRUE;
3. IF (T, & & T, & &+ &&T,) THEN

Datal.ocalityGrouping.

A BT EMD BB RO I 23 A 2O U & BB 1789
4. FOR i from 1 to £ DO
5. Do) T =Fy.Viees
6. FOR i from 1 to £ DO
7. calculate L; based on Eq. (8);
8. FOR EACH j from 1 to /[ DO

/*Span; H Dz, H5 j A Span X R AT 1 B/

.
9. IF (Span,> (D) Fy.Viu+Dy)/k) THEN
i=1

10. hotS panSet.insert (S pan;)

11.  FOR { from 1 to & DO

12. FOR EACH j from 1 to [ DO

13. IFChotSpanSet.exist(Span; )==FALSE) THEN

14. L,=L,—Span;;

15. IF L, <=0 THEN

16. partitionRule.add (m; =j % W, ) ;

17. FOR EACH Span; in hotSpanSet DO

18. IF(j % wyu € [m; 1 ym; ]) THEN

19. partitionRule.add (R stream tuples in Span;
will be randomly assigned to Join-bolt Task;
and Task;) ;

20.  FOR i from 1 to £ DO

21. T.=FALSE;

22. set each dimension in Dy 4, to 03

23.  RETURN partitionRule
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Background

The Earth Mover’s Distance (EMD) is a powerful tool for
data similarity measurement, because the similarity quantified by
the EMD is in accordance with people’s perception to similarities.
However, EMD has cubic computational complexity, which
hinders its wide application in real-time analysis of data streams.
Plenty of efforts have been made in this field to reduce the
computational complexity of the EMD. In this paper, an
EMD-based distributed data stream similarity join technique
is designed and implemented, which is more efficient and
scalable compared with the related technique. This method is
implemented based on Apache Storm, which is a well-known
open-source distributed and parallel data stream processing
framework. According to experimental results on physical-
world data sets, the proposed technique is at most 1. 4 times
higher than the best related technique in terms of tuple
processing throughput and decreases up to 44 % of average
tuple processing delay compared with the best related
technique. Besides, with the growth of the similarity threshold
or the size of sliding window, the throughput improvement
ratio of EMD-DDS]J technique compared to the related tech-

nique will be further increased. This research work has

considerable theoretical significance and practical value. It
can serve as a precedent for other computationally intensive
data stream analysis applications.
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