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Abstract In data centers, distributed computing systems like MapReduce produce massive
amount of traffic across successive processing stages. Such shuffle transfers make east-west
network resource become a bottleneck. In many commonly used workloads, data flows from all
senders to each receiver are typically highly correlated. Many state-of-the-practice systems thus
already apply aggregation functions at the receiver side of a shuffle transfer to reduce the output

data size. To lower down the network traffic and efficiently use network bandwidth, we introduce
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in-network aggregation for associated traffic and parallelize the shuffle and reduce phases. It can
significantly reduce consuming the rare east-west network resource, and avoid long latency time
produced by the shuffle phase in MapReduce jobs. IRS-based algorithm proposed currently has
certain limitations. To solve this problem, we first built a model for incast minimal tree with
BCube, a representative server-centric networking structure for future data centers, and propose
two approximate incast tree construction methods named MIB-based and MC-based., respectively,
solely based on the labels senders and the data center topology. MIB-based method is applied to
the case of highly correlative senders. It can build an incast minimal tree by making an endeavor
to aggregate the high-level senders to low-level senders. MC-based method is applied to the case
of loose associative senders. It can build an incast minimal tree by aggregating nodes as far as
possible and increasing the least nodes. Then we combined two methods and further proposed
M2-based method for any case. It proved that the method we proposed can meet the demand of
building the incast tree on line by calculating the time complexity of the M2-based incast tree
building method. At last, we analyzed the adaptability of M2-based to other data center
structures, and the principle of in-network aggregation in reducing the job execution time. The
small-scale experimental results show that, in the different size of data center, M2-based saves
the network traffic by 3% on average compared to IRS-based, and shortens about two-third
waiting time of a job in the shuffle and reduce phase compared to the existing method which does
not perform the in-network aggregation. In the different size of incast transfer, M2-based saves
the network traffic by 19% on average compared to IRS-based, and shortens about three-forth
waiting time of a job in the shuffle and reduce phase compared to the existing method.

Keywords data center; data aggregation; in-network aggregation; shuffle transfer; incast tree
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ANEES X (OARLHIE XA 1 —1 44
JE5 X (O AR msghs B, XD R X)L BEAR
AL XU UARES XOORF,S
JEAB ST i BRI AS 7 - X (U 55 X (D) i SR 1
AR HEA R AFTE s (B R XUDH L — L MHEES
XOARF N XUDF XUDHES XD AR i 4t B
A ML XU XUDE L —j— 4R
L BRP XD XUD & ATTMEE L —j— L gEnT 52
TCR GRS j+ 12T DI R B F— A 8. K2,
5 XUHDM XUDTES X (O ARE B 4L F IR
LB XD X)) % B L — 1 4 n] 5230
RO REAESS (2R S X O BVARREES (+1~
L—1 2B R AE; (D HRK XUHIA L —L 1
YepE 5 X (OARR L XUDE L, — I DEES X (DA
W, X FES XO KRR A § 4eM 1R B
XUDE XUD AR HTHEE [, —j— LR, —j—!
HERDA] SEPC SR i e SR -+ R T UL SR 3 W)
— AL R Z A XU XUDTES X (O ARF)
e R EXARMIE LB X (LD 5 XA/ a1, —1
YERN L, — 1 A\ VT SR TR AR AR AR L 2R F
X (D BIARRETESS (1~ 2525 I53E. JEHE.
o B 1 AT DAAR 2R ) M HE S8 R 45 2 R
R R e 1
it 1. fF—4&5/Dincast W2 S d , 2486 (L€
[Le 1D BN XD =Ll Ll oL+ Ly s
XA =l LU e U LR XA = L o
U007 el e LAY XCO WSS 1 — LR RIS 17— 1
JEMEKREN A S XUDOM XUDES XD ARH
e B G e[, min( 0" — 1D 4E M A, BP
L, =1, #I,
Jz; =1, #l., ) ,
T B A XUDHE XU R4yt % —
Mij =10 #l,
PHRERR J e AT B4R X (D B AR N 475 3] 3
TR S R RE TS X G D =
ao Lo ACHR A X GO Al il it % —
AR LRI 1700 -0 Ry X (D MG L, L, -1, 15 %)
LR — By 85K BT AT RURE S B — AR DL XD
AR A J /DR incast 43 3.
M 145 T8 /s incast A4 4332 3 T ) 4
/MUY incast B 43 S 5 k. Hoh R — Bk AR

Lli-iva, a,
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A MAIC)Z Kk 1 a5 B KRR JE il AR 45 2 B 1 1 o B B ST — 2 21 - B <0 o 4 0 — 41
A Groups;

ICRAT B iR w28 H 388 m A ik
RN R Y S S UM NE (Y S =K VAR R SNACAS
(1. HDJZ B2 M 4 ERHEwe nl LIAg g DA X (D
S PA g A R GR T 5CR E ROR TR e /R
Hr incast B 43 35 [7) BE, AT DL 4k 2 6 g DL BE B
X(ORIEMARZE RZET 8 XU e [1,0) T,
PL X (D 535 i 538 20 fie /MU incast B 7352
FLEVE i — PR 58 B 19 d /MR incast A4 2 32,
TR 3X B J7 15 i 44 9 MIB-based ( Minimal Incast
Branch based) JI_ W #4 8 77 1.

3.3 MC-based & %

BEXE 22 J2 0 o SR I & 2671 iR B R IR |
EFEAH G R R Y A5, B T T I R AR 0 T
/MU incast B F 4, X T A R A4 B — 41
incast B4 73 3211 ORI TR A% )2 R Z 1 R
RXAFT AT R R E EAYE IF RIVEF XS AL #
DRI I A% m FRATTR T B T R SR IF @ il
REEAR 05 1 il 5 de/h B 6T AU 2H (Minimal
Clustering Node Groups, MCNG) i 5 23 S & 2
A I BN )ZE T s 2 B MR incast WL 1 S 45
/NI A E X

FEX S, WRE RN ZoR#FT A,
BN R Gy Z A H o Ge LT k+ 11 B4R e B4
M Z WA LA 45 A TR i oy T 20 2H K0 H
N s BT BT s e SN R/ NIRRT A

f /N B 2% 8] J8 ( Minimal Clustering Problem)
0 —> NP 3] @, A SCEE 1 — ok B A 1k
Bk Bk 2 R AE G =V EDH VIER
I R R B A SHE P AR wve VI
w Ml HHjGE[T 1D BRESE  AFETE (u,v) €
E' WS TR E G B A S R IR B
KEERIT R w s BT o FOAS [A] 0 4B 5 55 5] REAE AN
[F) A 46 B 1A 22 5 4 DR oo 480 o 70 AH [W) 48 B2 1 A
2 j AEM AR IE Y R REE S —H 5 R 5 A
G HB i AL 9 BT A5 5 R O i 3 B Bk, o T A
THYWRERZU EIRENE G . &, %8
P P A RIS B R 261 0 i T eSS S 4.

&% 2. MinClustering FREL.

BAE G =W ED

i /N R A

1.  Groups=1{};

2. WHILE G'# & DO

3. A VR A SR

6. G RS BRIZ 4L P 0 T A o0 3R M HAE 36

Rt 7E B EE incast B 23 SC2H R 5 AR 5 Y
/MU incast B I H S ES k1 )2
AT T s 4Rk 4E A W] B9 MCNG., 15 2 fi T
SR ZHNCRYAGHE LTS (U= 2R AR
AP FERAAEE X OO REGERE ok —1 4EH [ 1
MCNG, 153 B2 T2 £ — 1 2 WL R A 7556
A Z=k—DZ TR (b FHRAES X0 A4
BE b k—2 dEAHIR I MCNG, 18 30 T4 k—2 211
T3R5 DA HE , BBITESS ((L=2) J2 MBI AR5 18
PIRES XOAFZERE 1 4540 [7 1) MCNG,
FRENALTH 2 BRI R AG S = N e+ 1 2
BN 2 JZ 0T A A BRI IR 1Y a5 8 — R R AH I 4
S X CO) W AH R 4E 45 2T — Bk AL e ST
A 5 AH S DU AR B — AR 2L X0 S MR Y A A de /R
incast B, FATTHRE 3% B kg @ e MR AT incast B 19 Jr
B 45 8 MC-based (Minimal Clustering based) [
R Ty k.

3.4 M2-based & %

TS bR g FH A 361 R 4 A A A A B AL
e, R . B HE MIB-based il MC-based 454 #2 3k
e fm] 4 it — BRI /MUY incast B, FATTHRE X 75 Fh 7
BGFR M2-based. £ 1Tk, 45 8 K 3% 717 SR A
P 1 /M incast By A E o AR 4 S DA
R

AR AR R T RS Y S St
SRS AR RUAE incast A4 g 2R, BDAL T4
JGELL e+ 1D 2 M ALY SR S5 BEAR
& BT T 2 5 4.

IR 2. MIRAR)ZE Ak 7 SOOF G BRI B2
P incast 43 32 AR ERARZ KR RN L2,
WA my X LR AR AL H
T 1) b A R A 5 A% 9 s A my 4 incast 1 43
SC.XFARTR AR R R AR kT R UCR FH AR [R] Y
Ji L FEE incast 4332,

YR 3. X4 incast W43 3, BN T E—
A iy 5 ik 3 A i incast B 43 S, H OB A
incast B 73 3 3 hy die /) incast B 3 30 X B — 2 B
/N incast B 43 32, AT AR A IS 1 B HE A EE R
# incast $f 43 3.

PR 4. XA MK incast B 43 S F AR AR
M5E i 313 MCNG | Ti ] T #4 2 e /DN incast
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322,323} X5 LZRNE LIZ M E—ADT S BT
A A O R T R M 7 4 incast B3 S,
B 4 Ca) flr 7. X e — 2 incast 4 73 3238 U5 4 B /)
incast B4 % . B L FE % 8 4H F /)N incast #4337 . Ul
Kl A(b) B, X85 1.2 df /) incast 3 3 3 0] A 4
e 1 A A O B /N incast B4 32, 0
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H1ZE

() FIRTRZ)E B IR MU rincasdR
Kl 4 BCube(4, DZEM /MU incast B i 14 4 3 72

(031,121,221} | T[] F & )2 1 58 MCNG 3 & 3F
P e S /M incast B, AN & 4 (D TR, &G 8% 6L
T 120 R 55 HUOT SO AR B — M)
A incast #4.
3.5 HEEZRMESW
fi % incast B Hp fir G S0 WAL S 1, A A Y
R T R Z 0 W S5 /M AN incast B Y 4 4 (5]
AT 88 8k Steiner B[R] 8, J& — 4~ NP ¥ (] i, H
2428 1 7E — i 1] A g Steiner #4143 fBI5A
P ] 24 B OGnN?) ym R K% B A
B N FoR 2 BAE. SR . KRR B 0 o0l
WA T L7 6 R4 4% X — 5w W2 % B B AR
TCVE I A LA HE incast B (Y75 %2, 17 HL 3 26 55 1
A, TG 1 i 4R FH i B BCube 25 5 1% 32 X 4% 149 5 $b
FEPE. A SCH 1 M2-based 5835 ] ] BCube 1) £
S BEAR R P A B MR incast A4 ORFEAR 1 3l

BER AR,
REIE 2. [ incast fH dm Ak T AT 4L

PLT5 LR AR DB m, (e L1 k+1D),
W m=m, +m,+-+mp, BT/ MCH incast Hf
R E I I (] 52 A% R OGm® (lgm—+1gND).
. E/MU incast B B
FEAE A 2 A B B B A R 1) F 3 B/ incast
W53 32 L 1D RIS BB 1 incast B 43 32 (4 96 4%
I MONGUE 2 2). 55 1 BrBeh S 1 )2 %)
5 k1 2% )28 TR # e/ incast 8037 B L —
BRREE N OUgm) BB AR o & — 2 iR h
OCm; X (mjsq +mjey + oo Fmpe)) =0 Cm; X
—m;))=00m*). NI, 5 1 fr &
MBI 22 B OGm® 1lgm) . 55 2 BB, B )2 11
MCNG B[] 24 BE R OCGmy Ay oo 4m)P) =
OGm®) I Z T BT kR IG5 2 FJIFXB’JHTIEJ

(m—m, —m,—

BILEE R OCkm®) =O(m* 1gN) 28 b, 2 i i ] &2
ZL Sk OGm* (lgm+1gN)) . JIEEE.

4.1 FRIEMMELEN

TE LA S AL A 0 I S5 0 v AR G SS HpLAS 42
6T 25 A e 2= o AP RE SRR T % R AN SR A
1 J25 R DA 3R R SR I 2% 1 5 RE A8 B A7 A
Ab R PG 8 P RE SR SR R RO AE AL 5
SEARHL L JE A AT ASSH AL PO 1 25 4 A g
FLAESCRF MR, AR OB R L RE ASIC il arista
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7 I B 4 LA At AT 2 A %) 508 2 S SR B s b A
FHX I F 8 83, F FPGA 11 8 AU 52 e L, 78
PLAZ AL Ry v O B 235 48 v S B0 IR0 D 9 2R 8 i Sy RT
RE. 75 LASE 4 b g o0 4 5 4 v # B /) incast B
i TAEMAE T — 2T &,

HAT . DLIR 55 45 Sy fol 9 250 © 2 R 1% SR 4K
O g R SR A AR SCHE T BCube 254 R 17
WFFE, SO 4 Y J7 vk A7 aT T 3 At LU IR 55 4%
ol RIS O T ¢ o N S T e v w8
incast B iy B F AN [8) 45 44 B9 A W) #0 F bR b, 6 T
7 A DR 55 25 by Hhcs 10 45 K B 04 I SR A% B R s
e RATEEE T EZ —.

TR SR B A ] g R B JE OB B S e AL
A SCHR M 5 R AT ] T A S e B s 1
FBFLY FI HyperX 544, 2y BCube #H$h A F1 |
J& T Generalized Hypercube %5 #, i FBFLY #1
HyperX 7EAZ4 LI B3%E 2T WA T Generalized
Hypercube.

4.2 XHE A 5E AR 18] B %2 i

45 %€ — 2% MapReduce 7E . » FLARAT IR A] B ke
T3 BB, B map R VE A reduce. B IR H#AE
A IR UE N reduce By B 58 BUN 8] 17 X5 map By
BIG2 . IR Uk B B Y 52 0 8] 3 IR e T R 2% 1
T AF i SRR I 2% B

TEEUHE Fp 0 P, 28 MapReduce 4347 203 5 HE
BRAFAE map B0RHA S f F A map {55 E 7
BT A BT AT map (F: 55 Y32 47 I 18] = B2
AT AR Y A} K A I — 28 map fT: 55 23 4E 9%
I [i] A2 B A A BSCHE o AT SEE 2 1 S AR 1 58
). [ 2 reduce {1 55 UL A7 AR 2R AL ] RO 32 4R 8 ,
FENGBE TV 205 i R 822 i map {504 ) 3L
X BE TR 5 (5P 0 P SRR A AL o E S Y L PRI
FRATTR i 267 B i T A map {55 /3 ] RE 7] I 5¢
JI LA B G il S AR 9 A 91 SR SR ) L .

TE FIRBEE T » incast & 4y o #Y B — A Kk Y
ST incast A4 ] 2 WCTY 1A% 06 BHiE U 24 338 A
TE 2R A5 it 1 B A B LR B R A7 — BT
B U B R B AT AT I SRR A L ROKE BT A
key-value Xf AR #ig key B 4341 - - % 43 4 1 FH Y 2R bR
B R R S B A AR N B S R TR
UL B A A I [ e A A ) AR R — A B Y
TIFREENTE incast B A 4RO Uk 34, B A | 26
LT 3CHR 29 1H 9 MapReduce %E R 7 £ £ A
1, 55 HTAS SR 0 A I 3R S W 1 D7 A LG 19 L
B E D TR U B Bt B 0 2% 3 AT 46

TR VR B R2k i ).

XA T T AR S R map T 55,
e i B35 0 B0HE T T RB TG VR AE TSR 5 A g 2R
A B L cut-through {75 %% & 48 [6) T BLAF 19 G
M PNYC R k. e, R M NI BB 5 1R
Ve B 19 58 BB ) A B NI LR 5 B A O M
). [ 5 BAF 5 36 A EE . R P 3 3R OR e 2 i
iy 22 WS %) B AR i R TR /b o DT 9 2 T WA o A AT
reduce T E A BFR]. 25 b FRATHY i A S IR
B B 19 58 AT (8] 5 HL BB %8 0 2> reduce T8 19 1) ]
I, 5 A7 7 15 A1 L B8 98 08 A A Bk 19 58 AR
i ).

5 fHEX®R
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77 % CLA T 1] B BRAE J7 ¥ L 57k 50k DL I IRS-
based Bk #F A7 X L 52 55, 3 2o 6 R K 4% KA AN
incast &4 75 m ) BB PR AL AR 3 A48 b IR R AL
iy W s B B incast R T A 0 0 & B R TE R
IR 55 % A~ BB 4G IR 55 s £ incast R A RCEE
AL B Wi ) B .l TSR AR R BT IR L R
AT A 1 /N A ) I 3 R A R R L 5 9 2% 1Y)
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SEF-H R 3 GRS AiE T 1GB RLR M 58
AL E . R 55 a0 68 1R T S AL A — A 2 % 8 %
2. 50 GHz Intel Xeon E5420 4t 28,24 GB N 1E M
1 TB SATA i #. Hadoop 43 fi UL K I BE i 3 &
M55 @ Fiz47 i 31 5 Red Hat LA o,
1 k%4 Ligtr 11 R 1 &4 Hadoop [
T A0 GBI A R 2 6IkF 6 B &
iZ47 10 G UL /E R Hadoop MU M. 4>
iy SR 4 A map £ #1014 reduce {155 &
G MR 55 4 — 3 Intel MR MR 55 4 B0 A M
AL 5o A0 S8 4 L AL 53 R

&8l Hadoop 5 H: 32 17 W A £ 408 42 28 47 AN 23R
€. MapReduce YEl % Hadoop 0. 21. 0 5 [ AL
B FEFF Wordcount , 8145 120 4> & 3£ 75 & (map £
SO 1 AT S (reduce £ 45). 4 map 1T
5503 TE 10 A~ 64 MR/ Hin A SO FETR VE B B, 3R
A7 v ] 45 SR I 3R 5 DA A i ik i A% i 38 4 WA i
(41 5 B 6 K/ A 1 ML T S B 1) B8l e R 25
map {55 F5 15 B 7 B 2] 25 PR IR 55 4% PR AT incast f%
i o DA 326 749 i 52 AL 20 A o DRGSOy Pl A i 361
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SURNEUCY S5 B AL 43— 4> BCube 45, 0 T 5L B
1t BCube(6,k) (2<<k<<8) M %% I Ay incast &%y, {2
TR O v 4 AR A v (] Y R DU AT R 3 [ A A
— incast ¥l F Kl A 24 F —A~# 40 1) BCube M
2. Incast BFH T 11 31 & UL AY Bl 5 OC &R
Ry s R ARV T R A N WS B 30 & B Y
MBS AER S B RIL R E AR R R
SISO FOAE A B A oFF v ) 5 s o B S 3] 30 B %%
P9 5 [ TR IAT incast &5 I — & B4R
RS O 2 s a1 I Wl 1117 A2 o N B Y = L

Al — X 7E incast #8 (Y 3% 22 )22 U B &R JE 57 A B A
FIAS ] B B0 15 5. L s incast B Hp A A — 4% i ik
S5 R W 5 R AP 22 () 1) R DL B B IR 55 4 2 [A) A 4
PR
5.2 MEIERF0E

25 %€ incast #, 7E BCube(6,2) M & & BA
120 AR 3ET JUR 1 AN UCTY s 1Y incast f& 4. 52
553 3 K A M2-based 53 %5\ BUAF 7 i L A RR 5305 F
IRS-based & 3 4= f A8 W 1% incast #F, $ 4T 100 Ik
BOPB 2558 gl 5 s,

1800 180
— BTk —— IR
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T
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1000 &
i) o
= @100
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= 600 80
400 60 1
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k k
(a) W2 b et B (b) RS E s
450 ; ; 1400 ‘ ‘
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4001 | -~ M2-based 1200} |—= IRS-based
350 —e—-M2-based
200 1000
:
& 800
55 250 %
& 200 = 600
= 150 e
400
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o 20
0 3 1 5 6 7 8 07 3 1 5 6 7 8
k k
() Hith R4S 28 % (d) BB
20— i
—o— BLRR B
100H=2-M2-based
g 80
=
=
E 60
=
A
40
20
03 3 i 5 6 7 8

b

(o) FRUACH BRI

Kl 5

incast f& 45 1, 4 PP 48 475 B BCube (6. k) 4% 1) & (B 1) 25 1k 4 3
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& 5Ca) o A [a] W 48 AL T incast B o A% Fiy
(9 o 1 A2 Ak . 5 IUAF T A L M2-based 5
P RAERTE M IRS-based BIE B ETE T ML
R B I L UE BT SR R 9 O P T R TR W 11
A M. M2-based 353 Fl IRS-based % 5 W] B AL T
PR R, — A HE R DR R AR O R I R
ANKUBE e AE Y 1 ORI B 0, T R RR L I R
SBBEE R (E 38 K 9 an B 5 (b)) TR,
M2-based 53k 1 &R B 4T, B 2 M2-based i i 3
TEsz /D 5 A5 58 B incast R 2L 98020 T B
i B, DT DD T X 2 A% e 1 SO I 1) L
mE 5o FrR. fAh, M2-based 53k i F 5 /0 1) i
% DT 7 B /D A R G5 2 A 45 3 4 T R 2
[ IR e DI i N i N S <3 X oo O
PRI 2R ORI 349 A O b ok 20 T A T R L
Kl 5 R, & 1 H i 5t i W] 5 347 7 i A 1
M2-based B 98 /b 1 3 A AF b A2 TR YE Fl reduce [y
B TR AER.

F 1 MEMEIE K reduce By B 52 & Bt (8 B9 22 1
(ﬁ‘@i%)
BCube(6,k) PAE T M2-based
k=2 15. 3072 4. 0374
k=3 15. 3110 5.1632
k=4 15. 3182 5.2543
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5 ‘\ »
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_E
<
= 3r
=
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|
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?OO 960 1700 25‘00 32‘00 4000

(a) 2% RSN B
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) /NFIBE incast f& 5. HAE 08 A0 10 9 28 3t 1 9
FHE /D 0 5 o0 BRI
5.3 Incast {2537 S AR B & i

TE IS B o0 R 45 . 2 MapReduce fE )k
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BRI FR AT 3 2 55 400 2 7 HE B M2-based B35 199~
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1+ Hadoop WIFEHI R P Random TextWriter &4~
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Sk o R D B B B AT R S D i iR 55 A R
BRRF . TAEZ M. £ 2 BoR7E R
incast H, 5 BLAF J7 % A e, M2-based 175 4% BE % ik
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?OO 900 4000
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(A7 : min)
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45 1A . M2-based B0 45 3 F R B 1Y
incast {541 FLAZ T 4> 19 0 2 08 9 o5 1 4 )
R L VR
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TE R HUAR I3 A 258 00 R TR U A% o B
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BRI AL R — > NP ERIRL S0 5% — [A]8, A< S
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B incast #F, SLEG 25 SRR W] 5 A B AL,
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