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AlexNet to AlphaGo Zero: A 300,000x Increase in Compute
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ImageNet Training in Minutes
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Massively Distributed SGD:
ImageNet/ResNet-50 Training in a Flash
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= Fat-Tree [SIGCOMM 2008]
= Bcube [SIGCOMM 2009
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Songtao Wang, Dan Li, Yang Cheng, et. al, "A Scalable, High-performance and Fault-tolerant Network Architecture for
Distributed Machine Learning", IEEE/ACM Transactions on Networking, 2020.

Yang Cheng, Dan Li, Zhiyuan Guo, et. Al, "Accelerating End-to-End Deep Learning Workflows with Codesign of Data
Preprocessing and Scheduling”, IEEE TPDS-SS-Al, 2020.

Shuai Wang, Dan Li, Jiansong Zhang, et. al, “CEFS: Compute-Efficient Flow Scheduling for Iterative Synchronous Applications”,
CoNext 2020, Barcelona, Spain.

Shuai Wang, Dan Li and Jinkun Geng, “Geryon: Accelerating Distributed CNN Training by Network-Level Flow Scheduling”,
INFOCOM 2020, Beijing, China.

Jinkun Geng, Dan Li and Shuai Wang, “FELA: Incorporating Flexible Parallelism and Elastic Tuning to Accelerate Large-Scale
DML”, ICDE 2020, Dallas, Texas.

Shuai Wang, Dan Li, Jinkun Geng, et. al, "Impact of Network Topology on the Performance of DML: Theoretical Analysis and
Practical Factors", INFOCOM 2019, Paris, France.

Jinkun Geng, Dan Li and Shuai Wang, "Rima: An RDMA-Accelerated Model-Parallelized Solution to Large-Scale Matrix
Factorization", ICDE 2019, Macao, China.

Yang Cheng, Dan Li, Zhiyuan Guo, et. al. "DLBooster: Boosting End-to-End Deep Learning Workflows with Offloading Data
Preprocessing Pipelines", ICPP 2019, Kyoto, Japan.

SongtaoWang, Dan Li, Yang Cheng, et. al, "BML: A High-performance, Low-cost Gradient Synchronization Algorithm for DML
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= Server <01>HIEH[E LT I=E:
« stage ORBIZHT, EIZHMBWHE
= Hstage 05RAET, H EBINERSERER
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« HBERFEUSHEILEE, HiPSHIS G 8P FERhE

3.000
2.500
2.000

& 1.500
1.000
0.500

0.000

B EHIPS

BCube Torus
HiPS znh—l w nh-1 w
~n hB __ak hB
n“-1) w :
£T) &> his odd
PSS/MS on-1 W
n B 1%
n -
4 B M 18 even
RS anl-1 W Pl W
2h B h B
——BCuberHPS ——BCuberMS BCube+RS 4500 5o AiPS  ——TorustMS TorustRS
4.000 4.000 4.000
4.000
3.500
1969 1992 1969 1.996 2.000 1.992 2.000 2.000
1.875 3.000
1.875 1.875 1.875
8 2.000 2.000 2.000
1500 1.500 1.500 2.000
0.938 0.984 0.996
1.500
0.656 0.665 0.667 1.000 1.000 1.00
0.49 0.50 0.500 1.000
0933 0984 0996 0984 0998 1000 0996 1.000 1.000
os00 | — o~ o~
0.469 0.492 0.498
0.000 0328 349 0333 4550 0333 5750

(42) (43) (44) (82) (83) (84) (16,2) (16,3) (16,4)
Configurations of (n,h)

(42) (43) (44) (82 (83) (84

Configurations of (n,h)

(16,2) (16,3) (16,4)
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FlexTree

HMZMTRE: HMAETRHETRAEEERRIEL. 7

SLIGERATEH: 8: —X& (Ring Allreduce) « ZX# (Tree AllreduceZE—EME A
2, ETEMEHRA) . XK (Tree AllreduceEF—EWE R4, EZEMETEAR2) | /\

X #f (Parameter Server)

FHT A 9: —XH (Ring Allreduce) « =X #t (Tree Allreduce®3z33) « X
¥ (Parameter Server)

BT EH: 10: —X& (Ring Allreduce) « —X#& (Tree Allreducesz—ER T2,

E_EWMTEHN5) « AXH (Tree AllreducesE—ZEWTAS, F_EMTER2) « +XH

(Parameter Server)
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« EFELTSE, N =n+1:
= reduce scatter
= I EREEREE—HFlexTree
= SItER, MTHRFHIES A, PalLEEm TR
m Allgather
= FRNDELETEME, RMEITreduce scatterid iz

5t [E] AT
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»ow
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FlexTree

s Cost Model
= a: EIRARY, SRESBHHEREER.
» B WRAH, SHIEE. TERHEEER.
« v HEHERY, S8FEE. TREHEEER.
= 5 NFRIEERY, SHEE. TEREEEER.

= & ZX—PRERY, 5EE. WEEHLEIER.

2(N —1)S (N-1)S (N+1)S
cost = 2a + N p + N Y + N 6 + Swe

NG SUEAdEE: wil . X — PSRRI,
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LI : A REIBTE N /RS HMESEEIXTEE . FlexTree
FEER S =1 TRV M gE L FringFaps.
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[ERN

0.8

0.6

0.4
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0

2MB 20MB 200MB

Hring Mtree3*5 Mtree5*3 mps

157 55
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Hring Mtree 2*6 Mtree 3*4 mtree 4*3 Mtree 6*2 MWps

127 55
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= Fat-Treed AT Ak 9 BB /0 % AR 45 7A 11
« Fat-Tree 2N HIEH LR TETM AR BER TR AT I E M KR
» AHERNRFIENREREXZATINE . H0HY

e e &l & = &=

s eollss ool lss 5ol 65 Eo
SHEIEHEDEHES $HE S
Fat-Tree

HJJ’\?‘E‘WILF.F.% FEER AR , A
EEEEJKWEEETQ%?EH‘ l/l[%HEE &ﬂyH‘IIEﬂ
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= Fat-Tree
o IR A0 TR
» RSB LABLRNF
» ABXBNSE5HIEVREL
= PFCEEMZ KTEEZTE
= ECMP SLIURE S Ei 518
= BCube
LLRR 5585 A OB R FR D
AR5 2 LBk (k>1) R+
RBZFHESSHIREEL
PR SERMIRIKPFCE I € w
« NMATLUTFIEMERR, SLSIURENHE

. EIEM4EPEBCubeIFat Tree MM B BEE S
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« Bt FHSHEPHTIEGST
s Fat-TreeBJGSTEE XX
SRS HEILEL, BCubeRIGSTEEFat-Tree/NEZ

Fat-Tree BCube
mesh-based 2(V-1) P @ P
N B B
synchronization VN
N—_1P
ring-based Q(NN_I) % { , (j}[v _%,P n and k are even
synchronization N B Otherwise
' 2(N=1) P 2(N—1) p
HiPS 5 N_1) P

BOuberf, % MR E IR T AR B0

WL, NS &ﬂﬂ?”?ﬂﬁmt\ BRI FF
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m NS- 3175 %%&I_.I L?E

M+F : Mesh-based synchronization in Fat-Tree
R+F : Ring-based synchronization in Fat-Tree
R+B : Ring-based synchronization in BCube
H+F : HiPS in Fat-Tree

H+B : HiPS in BCube

= HEERE

{$ FARoCE v2f& il {F sEPFCFIDCQCN

T 35 /940Gbps, fEIBETIE A1us
ERHECMPHUR = a1

Fat-Tree: 1258 10-port 3 A 1E %2505 BR 5525
BCube: 328 16-port3 #H1E1Z256 8 AR 5535 (2/%)
[E S8 =E1%7957.5 MBytes (VGG-192#=HY1/10)
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30
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YIIR M K FRF ML

= ECMPREFAITEIA— S IF{R T Fat-Tree AV EE IR ML FI A 2
, KBS HEZETE], MBCubelRIEANEITRTE

gFRY S E I T RE

actual GST (ms)

theoretical GST (ms)

M+F R+F R+B H+F H+B

HEESRMIBRITEERIILL

1

0.8}
0.67

CDF

047

0.2

U L i i L -
0 9] 10 15 20
the number of flows on one uplink

H+F TN agg-core Bt IS M= 770
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= Fat-Treed, XY BIBREFS Z1ERDMA PFCE S0

FASEEEE, MBCubeF AR ERIAN A A BIIRULE
1=, FFLEEHFE—IEUE
] ——
0.8}
, 0.6 ]
()]
= a4l
0.2} - -M+F
—H+F
% 1000 2000 3000 4000

the number of PFC pause frames

BT R EWPFCE FMEERN 7
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= FHAR)IGIERITEMBEHEE
sy : BIEMERBES, THERFT

BfE; Rk

Vo ooy

uu

AV

BT, BIEKETIT

» RE\EBTEMIBENKIIX AR,

TS

BRI TERNUAE,

SEMATERR, ESEEMT

REERT

input layer

input layer

hidden layer 1

hidden layer 2

hidden layer 3

hidden layer 1

hidden layer 2

hidden layer 3
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. Pull . Push I:l Forward Pass Back-Prop: l&,dll()]‘i @‘“ Aggregation

PS
Network
Worker

= BHRmINFESMEIE

= PSFworker|8){E FH B channellB{E
EEZPNSHNEELREAEHERA (a) Training using random parameter tra%er order

. Pull H Push |:| Forward Pass Back- Propagation || Aggregation
*e v

F3iE
HT3E -
WRBA, HEE;
*E }z\z E,\] y —LH -l’ .JI4 I)_ Z— Worker
/ > .
SIRE i
(b) Training using specified parameter transfer order
é ——outbound ——inbound
-
%Q ’340 E———
=
=Sz
=
2 I
z ]
= 100
S ! I
= 50
—
— |
5 o U
o 200 400 600 800 1000 35
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T|cTac[40]

MXNet

srose
MXNet API

MXNet Plugin

MXNet Engine

um B 75 A KA E

ByteScheduler[42]

PyTorch

sr oo |
PyTorch API

PyTorch Plugin

ByteScheduler Core
SubCommTask.start()

TensorFIow

TensorFIow API

TensorFlow Plugin

‘PyTorch Engine‘

‘ TensorFlow Engine ‘

‘ gRPC, ZeroMQ for PS ‘ ‘MPI (OpenMPI, MVAPICH, Intel MPI)‘ ‘ NVIDIA NCCL ‘

[Iq " l-}&ns;awh[h " |

TCPIP | | RDMA

H propay
Dcnmpulation [ Parameter Synchronization
(b) Priority based synchro

Fik: FF % %E "5
5| & 3K

AR ER-ENEER
W %R A % K AR TT
H

ke RA NP
SIS E T
A

FR: EEAMGIHE
Ry R RS B

Fik: Gi— B EAEE A0
B & N T T A R 3R
%= O

AR s A B 3 DL
ﬁ%A%ﬁ
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= tensor partition (X47) PSO PS 1
- BAPSEAEHENSE
I IBIE R 335
o { ] l—}
= tensor slice (V1) Partition :

« B EMANENYIRE [ ] [ ]
1SPS_EITEFIB{E T L ] ]
EE, FHMEEHEMN

RIS KB AU ES
NIRRT n BE
BEER BEERE

38

Partition + Slice:
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= 10GbE RDMATBYMREXTEE

—— Vanilla —e— Partition+Slicing —— Vanilla —e— Partition+Slicing
—a— Partition+Slicing+Geryon — = linear —a— Partition+Slicing+Geryon — — linear
5 5000 5 300
£ £
2 3 4000 S > 250
R 22 200
= 2 3000 =7
~ & = 5
& £ 2000 22 1
=) =
E= ‘=< 100
g 1000 E 50
0 0
| 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
# of Workers # of Workers
(a) AlexNet (b) VGG-19
—- Vanilla —e— Partition+Slicing —- Vanilla —e— Partition+Slicing
—a— Partition+Slicing+Geryon = - linear —a— Partition+Slicing+Geryon = - linear
5 500 5 200
= =
o 400 B~
g 8 gg 150
= =3
= § 2% =5 100
£E 200 £E
= — =
£ ‘3 50
&= 100 =
0 0
| 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
# of Workers # of Workers 39

(c) ResNet-50 (d) YOLO
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s X% Mworker, LAk IEHA
iR E Brworker, FHER
AT E, BREISEAE
£

1%

S $sw
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BML: High Performance

Level-1 <1,0> <1,1> <1,2> <1,3>
N v4

Level—()/<0rO> < <0,3>

1 2 ){ 3 )(4 5 ){e )7 )8 9 ){10)(11 )(12 13 )(14 )(15 )( 16

CIDivide the parameter into 32 sets and use a,b,...,p,A,B,...,P
to denote

it takes T/32 time to transmit a parameter set in the link



BML Performance: t=0

Level-1 <1,0> <1,1> <1,2> <1,3>
N /
Level—()/<0r0> < <0,3>
1 2 3 4 5 6 7 8 9 10 )\11 )(12 13 )\14 )\ 15 ){ 16
a,b..pab..pa,b...p a,b...p a,b..pa,b..pab..p a,b...p a,b...pa,b...pa,b...p a,b...p a,b...pa,b...pa,b...p 3,b...p
-1 -2 -3 -4 -5 -6 -7 -8 -9 -10  -11 -12 -13  -14 -15 -16

AB.. AB.. AB.. AB.. AB.. AB.. AB.. AB.. AB.. AB.. AB.. AB.. AB.. AB.. AB.. AB..
P-1 P2 P3 P4 P5 P66 P7 P8 P9 P10 P-11 P-12 P-13 P-14 P-15 P-16
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BML Fault Tolerance

OServer failure
v'The remaining servers can work
v'The parameter should be divided into n-f sets if f servers fail
v'The worker computation time in each iteration becomes from
t,,/n to t,,/(n-f)
OLink failure

v'All the servers can still work
v'Use detour path to bypass the failed link

v'A switch failure equals to failure of all the links attached to it



BML Server Failure: t=0

Level-1 <1,0> <1,1> <1,2> <1,3>
N /
Level-9 <0,0> < <0,3>
. 2 3 4 5 6 7 8 9 10 J\ 11 )\ 12 13 )\14 ){ 15 ){ 16
b,c..p b,c...p b,c...p b,c...p b,c...p b,c...p b,c..p b,c...p b,c...p b,c...p b,c...p b,c...p b,c...p b,c...p b,c...p
-2 -3 -4 -5 -6 -7 -8 -9 -10  -11 -12 -13  -14 -15 -16

B,C.. BC.. BC.. BC.. BC. BC.. BC. BC.. BC. BC. BC. BC. BC.. BC. B_C..
P2 P3 P4 P5 P6 P7 P8 P9 P-10 P-11 P-12 P-13 P-14 P-15 P-16
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BML Server Failure: t=16*T/30

Level-1 <1,0> <1,1> <1,2> <1,3>
N /
Level-9 <0,0> < <0,3>
. 2 3 4 5 6 7 8 9 10 J\ 11 )\ 12 13 )\14 ){ 15 ){ 16
e- i- m- b-  f- J- n- C- g- k- o- d- h- |- p-
2,3, 2,3, 23 2,3, 23, 23, 23, 23, 23, 23, 23 2,3, 2,3, 2,3, 23
..,16 ..,16 ..,16 .,16 ..16 ..,16 ..16 ..,16 ..16 ..16 ..16 ..,16...,16 ..,16 ..16
B- c D E F G H- I - K- L- M- N- O- P-
2,3, 23, 23, 23, 23, 23, 23, 23 23 23 23, 23, 23, 23 23
16 1 .16 16 ..16 ..16 ..16 ..16 ..16 ..16 ..16 ..16 ..16 ..16 ..16
B-2,3,4 takes the detour c-2,3,4 takes the detour d-2,3,4 takes the detour
path of 2->6->5 path of 3->11->9 path of 4->16->13
B-5,9,13 takes the detour C-5,9,13 takes the detour D-5,9,13 takes the detour
path of 5->6->2 path of 9->11->3 path of 13->16->4
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BML Server Failure: t=32*T/30
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BCube/BMLE 514 7

Inm

OFor BCube(m,2), the parameter update time when one
server fails is
v'm2*T/ (m?2-1)
v'Compared with (m2-1)*T/m?2 in complete BML
0 For BCube(m,k), the parameter update time when one
server fails is
9k n en-1) V\k~' - 1 (%n“' ’k“)j

—— sl TR
4 [ n¥ n -1 (h=1) )



