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= Vendor: NRCPC (thousands of engineers working on the hardware, software, and
integration of the system)
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Sunway-l: Sunway Bluelight:
- CMA service, 1998 - NSCC-Jinan, 2011
- commercial chip - 16-core processor
- 0.384 Tflops - 1 Pflops

- 48t of TOP500 - 14t of TOP500

Sunway TaihulLight:
- Peak > 100 Pflops

- homemade CPU

g wmwsnpuan The Design Process



Sunway CPU Design Goal

Power
5 efficiency

5x
4 21x

. I I.-

Peak / Tflops Gflops/Watt
M K20x ®KNC mSW1600 SW many-core target

10

° Peak
° performance
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CPU Design Strategy

[Simple for more TJ
{Wide vector TJ

{Scratchpad buffer instead of cache TJ

[Inter—core communication and synchronization support

{Inherited core group structure (divide and conquer) J
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SW26010: Sunway 260-Core Processor

Computing
Core
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I
I
I
I

9] sensnnxaos

Control Column
Network Communication Bus
N S Jd 1 /

Core Group 0:

Core Group 1

Mesh

|
|
|
| | s+8cpE
: Mesh

— |
8*8 CPE MPE |
Mesh I

|

I
I
I
I
.

8*8 CPE
Mesh

Memory Level

LDM Level

Register Level

Computing Level




SW26010: Overview

Peak Performance 3.06 TFlops
Memory 32 GB
Memory Bandwidth 136.5 GB/s
# core group 4

# cores 260
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High-Density Integration of the Computing System

= A Five-Level Integration Hierarchy

computing node
computing board
super node
cabinet

O O O O O

entire
computing
system
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High-Density Integration of the Computing System

= A Five-Level Integration Hierarchy

computing node
computing board
super node

High density integration of the
reconfigurable super node architecture

R

cabinet

O O O O O

entire
computing
system
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High-Density Integration of the Computing System

= A Five-Level Integration Hierarchy

computing node
computing board
super node

cabinet

O O O O O

entire
computing
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A System with Over 10 Million Cores

80XA%256}4>(1+8<8)'= 10,649,600



Sunway TaihuLight V.S. Other Systems

System TaihuLight| Tianhe-2 | Piz Daint Titan Sequoia K
Peak Performance (PFlops) 125.4 54.9 36.2 27.1 20.1 11.3
Total Memory (TB) 1310 1024 340 710 1572 1410
Linpack Performance (PFlops) | 93.0(74%) | 33.9(62%) [19.6(54.1%) 17.6(65%) [17.2(85.3%)10.5(93.2%)
Rank of Top500 1 2 3 4 5 8
Performance/Power (Mflops/W)| 6051.3 1901.5 10398 2142.8 2176.6 1060
Rank of Green500 17 118 6 109 100 277
GTEPS 23755.7 | 2061.48 {1t it 23751 38621
Rank of Graph500 2 8 W HitH 3 1
HPCG (Pflops) 0.48 0.5801 0.48 0.3223 0.3304 0.6027
Rank of HPCG 3 2 3 8 7 1

SRpatareas




Sunway TaihulLight:

- NSCC-Wuxi, 2016 Sunway Exa-Pilot System: Sunway Exa-Scale System
- 2018 - 20217

-5~ 10 Tflops per node - 1000 Pflops
- 10 ~ 20 Gflops/W - 30 Gflops/W

- 260-core processor
- 125 Pflops
- 15t of TOP500

) wawsionr o The Sunway Machine Family
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5.12 Wenchuan Earthquake:
« ~90,000 dead or missing

« ~400,000 injured

« 100 billion CNY loss

~ The Earthquake Hazard
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Earthquake Hazard in China

oy 2 DT

m 23 earthquake zones

= High intensity earthquake
zones (M7 above) cover over
50% of the land

0 20% major transportation lines
0 21% population

O 25% hydropower projects
o 30% large mines T

Elansal
Exumasuo
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Numerical Earthquake Prediction: the Ultimate Dream

= Numerical Earthquake Prediction

O extremely difficult if we target all three
key elements (time, location, and
magnitude) concurrently

m Sub-problems are feasible and
still meaningful

0O target two of the three elements

O reduce the hazard and risk Zhang, Heng
AD 78-139
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Examples of Meaningful Sub-Problems

m Aftershock prediction

0 known location, predict time and magnitude
O much easier than earthquake prediction, but still unresolved

m Categorization of regional earthquake risks

0 no limit on time, focused on location and magnitude
0 long-term evaluation of risks

m Earthquake risk prediction (for heavily populated and important
Infrastructures) based on scenario simulations

0O scenario-oriented (location specified, and time independent)
0O accurate prediction of both the magnitude and the hazard distribution




Examples of Meaningful Sub-Problems

Much has been learned from this and other virtual earthquakes
about how to reduce risk and improve resilience

» Beats waiting to learn tragically from the real thing!

0 no limit on time, focused on location and magnitude
0 long-term evaluation of risks

" Earthquake risk prediction (for heavily populated and important\
Infrastructures) based on scenario simulations

0O scenario-oriented (location specified, and time independent)
\_ O accurate prediction of both the magnitude and the hazard distribution Y
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Z SPECFEM3D EDGE
Cray T3D, 1996 Earth Simulator, 2003 || Jaguar, 2008 Cray XK6, 2012 Tianhe-2, 2014 Cori, 2017
- 256 CPUs - 1,944 CPUs -29,000 CPUs || - 896 GPUs - 1.5 million cores (KNC) - 612,000 cores (KNL)
- 8 Gflops - 5 Tflops - 35.7 Gflops - 135 Tflops - 8.6 Pflops - 10.4 Pflops

GAMERA

= SPECFEM3D

O spectral element

m SeisSol to EDGE

o discontinuous Galerkin finite element K Computer, 2014 K Computer, 2015

- 663,552 cores - 663,552 cores
= GAMERA to GOJIRA - 0.804 Pflops - 1.97 Pflops
o implicit finite element

= AWP-ODC

o finite difference
o plasticity supported AWP-ODC " P
Jaguar, 2010 Titan, 2013 Titan, 2016

- 223,074 cores -16,384 GPUs - 8,192 GPUs
- 220 Tflops - 2.33 Pflops GPU - 1.6 Pflops non-linear

GOJIRA

9] sensnnxaos
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Earth Simulator, 2003

Cray T3D, 1996
- 256 CPUs - 1,944 CPUs
- 8 Gflops - 5 Tflops

SPECFEM3D

Cangzhou (200m)
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Cangzhou (16m)

Ninghe (16m)

Sunway TaihulLight, 2017

- 10,140,000 cores

- 15.2 Pflops without compression
- 18.9 Pflops with compression

9] sensnnxaos

Jaguar, 2008
- 29,000 CPUs
- 35.7 Gflops

Cray XK6, 2012
- 896 GPUs
- 135 Tflops

s
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K Computer, 2014
- 663,552 cores
- 0.804 Pflops

EDG

E

Tianhe-2, 2014

- 8.6 Pflops

- 1.5 million cores (KNC)

Cori, 2017

- 612,000 cores (KNL)
- 10.4 Pflops

GOJIRA

K Computer, 2015
- 663,552 cores
- 1.97 Pflops

AWP-ODC

Jaguar, 2010
- 223,074 cores
- 220 Tflops

Titan, 2013
- 16,384 GPUs

- 2.33 Pflops GPU

Titan, 2016
- 8,192 GPUs

- 1.6 Pflops non-linear
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A Typical Earthquake Simulation Setup

15,000 x 15,000 x 2,500 > : :
300 km x 300 km x 50 km (e ol 30~40 variables per grid
= 5 I
20 meter, 10 Hz Ll O'Os(zi ;‘S) L ~500 FLOPs per grid

memory size: ~¥150 TB total flop: 100 Eflop
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The Memory Barrier

M Titan M Sunway Taihulight

3.06T

290 GB/s

136GB/s

node Flops node GB/s
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The Memory Barrier

M Titan M Sunway Taihulight

3.06T

2 X

290 GB/s

node Flops node GB/s
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The Memory Barrier

M Titan M Sunway Taihulight

3.06 T Ax more
2X challenging

290 GB/s

node Flops node GB/s
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Our Earthquake Simulation Framework

Dynamic Rupture Source Generator

= Dynamic rupture source i P |
generator (Orlglnated from : Fault Stress ) Friction ) Wave Eqn :
I I

CG Init Law Ctrl Solver
f___;r___________________________ ]
= Seismic wave propagation | Source Partitioner 3D Model Inerpolaior_|,
[ l ] |
o . _ \ 4 I
(O rl g 10 ate d fro m AW P O D C) : Seismic Wave Propagation Snapshot/Sesimo |!
ele o : (Based on AWP-ODC) Recorder :
m Other utilities: | 7oy | orens o |
o ) | Update ess Update ¢ I
O source partitioner (~70 TB input) |/ New G ¥ Restart |

tress

O 3 D MOdel InterpOlatOl’ : Adjustment For [€—] I:joelgl?;d Controller :
I Plastici |
o0 Restart controller (~100 TB | v v |
sna pshot) | LZ4 Compression, Group I/O, Balanced I/O Forwarding |
I I




X B,
M, // / // A )
/ / oy .
(2) CG block partition
] My
z
(1) MPI decomposition

WX
I
W, next
Wy w,, ﬂ

i Finished area lBufferarea
G Computing area iUnfinishedarea

(4) LDM utility scheme

(3) CPE block partition

{] ERpsuetens Three-Level Domain Decomposition



The DMA-based Memory Model

= Compute from LDM

CPE

DDR MEM DMA get

64 KB LDM

(data in compressed form)

DMA put

m A carefully designed DMA scheme to overlap DMA and compute
Synchronous DMA Asynchronous DMA

Compute A

Compute B Compute A| Compute B

g‘ LR B



The DMA and Buffering Scheme

y
(1) Overlap in different CPEs compute

cPe|

JE - W

Compute
and
DMA

concurrently

I computation [ DMA read/write Time ' cached i expired time
ﬁ processed @ unused v

(2) Overlap inside CPE

64 CPE share the DMA bandwidth, with multithreading to hide the latency.

g] LR P



(1) array fusion,

(2) halo exchange through register

e [ | [ = o - .
O RN S communication,
fCCEnnz el 11 -
/ I =asr (3) and optimized blocking

configuration guided by an
dvelcx analytical model

dvelcx

[ [ ][]
N
o] [\] [b]

o] [ [ [
] | [ [
afem] [ ] =]

paloa] [ [ [+]

[? Left boundary 6 Inner part 7 N\, Register communicat'on}

a Right boundary DMA transfer u Register communication
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Compression: Squeezing Extra Performance

I

Flops 765 G 947G  12.2%

Memory 5 G 46G  92% Ut
>1z€ m functions
Memory 34 GB/s 25GB/s 73.5%

BW

LPI\/I 64 KB 60 KB 93.8% DDR MEM

size

(data in compressed form)
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Compression: Squeezing Extra Performance

I

Flops 765 G 947G  12.2%

Memory 5 G 46G  92% Ut
>1z€ m functions
Memory 34 GB/s 25GB/s 73.5%

BW pumping more data in and out
LPI\/I 64 KB 60 KB 93.8% DDR MEM

Size

(data in compressed form)

enable even larger problems

g] LR BB



Compression: Not an Easy Task

Additional complexity and cost

Extra LDM read/write due to
compression/decompression operations

Broken floating-point instruction pipeline

%‘ ERBETNLEDR



Compression: Further Optimization

Additional complexity
and cost

Extra LDM read/write due to
compression/decompression
operations

Broken floating-point
instruction pipeline

%‘ LR BT



Compression: Further Optimization

Additional comple
and cost

Extra LDM read/w

compression/dect
operations

Broken floating-pc¢
instruction pipelin

9] sensnnxaos

sigia exp (5b) frac (IOb)\

>

sigia exp (0-8b) frac (7-15b)

slign exp (8b)

sign exp (8b) ac (24b)
Ig L I (vel,ww0,phi,cohes,taxx, ...,taxz)
1EEE754 32b to 16b FP conversion
Slign exp (8b) frac (24b) (str, r1,r2,...,r6,sigma?,yldfac)
Ne - 1OgZ(ﬁ‘maX - Emin)
N, =15-N,
frac (24b) (dl,lam,mu,qp,qs,vx1,vx2,ww)

V=1+V/WV+V_-V.)

V =I7<<8

cmpr

>

sigr frac (15b)
(

IEEE754 32-bit floating point format

(d) Compression algorithms

>
16-bit floating point foW

1/3 of original performance



Compression: Further Optimization

Additional complexity
and cost

Extra LDM read/write due to

compression/decompression
operations

Broken floating-point compress every point
instruction pipeline on the fly buffering a plane

1/3 to 90% of original performance

g‘ LR B




Compression: Further Optimization

Additional complexity qg?SDréijlsm\ [ 10ap Lom1.Sra
and cost STORE $a, LDM1 SSL 5ra, sra

LOAD LDM2,Srb LOAD LDM2,5rb

SSLSrb, b, SSL Srb, Srb . .

STORfE :§rbr v, | EE | L0ADLDMS, Src switch the buffering of temporary
Extra LDM read/write due to LOAD LDM3, Src :[f)if;; b So variables from LDM to registers

5 . SSL P, . . . .

compression/decompression Sroifjrfcf LD MUL Sa, Sc, Sa !oy using intrinsic a§sembly
operations LOAD LDM1 Sra \STORESGI LD"@ instructions, especially for

:%AL\)DSLDI\ZZLS? function calls

ra, Srb, Sra

LOAD LDM3, Src

Broken floating-point b Sra Sr e

STORE Sra, LDM2
instruction pipeline - /

90% to 120% of original performance

%] LR BT




Compression: Further Optimization

Load a,b,c,d op for a,b compress 1,2
[ : | !—1—\ f_‘_\

- . la|lb|Lc|Ld|Da|Db|{Dc|Dd| + | - | + | - |C1|C2|S1|S2
Additional complexity \ ' j — —
and cost Decompress a,b,c,d op for c,d store 1,2

Pipeline O: Da|Db|Dc| + | - |+ | - [C2
. Pipeline 1: la |Lb | Lc | Ld [Dd C1|S1|S2| 11stage
Extra LDM read/write due to

compression/decompression
operations

reorder instructions

la [Lb|Da|Db| + | - |Lc|Ld |Dc|bd|cC1|s1|+ |- [C2[S2
Broken floating-point o
instruction pipeline Pipeline O: Da|Db| + | - |Dd|+ | - |C2
Pipeline 1: | La | Lb | Lc | Ld | Dc | C1]S1 52 10 stage

120% to 130% of original performance

g] LR P



On-the-fly Compression

red dased line: compressed

blue solid line: base

~ Ninghe

Cangzhou

A _AAA - -

Os 20s 40s 60s 80s 100s 120s
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60
50 47.8 45 4

40.6 39.3
40 289 27.6 = MPE
30 22.9
PAR
20 129 13
10 4.2 I I MEM
0 - ~ ~ X - - --=l - m CMPR

QJ\d NV @ﬁ\ O&C’ O @ AR f}'

g L ELe 20~40x speedup when switching from 1 MPE to 64 CPE




DMA Bandwidth 6.0 27 5y

30 238 248 79%  79% 799,
212 212 70% 3%

25 62% 62% 18.5 18.5
5 54%  54% % PAR

0 12.4
/5 36% " MEM
10 m CMPR

0

% o Q X >
0 O b o o
Y 6“ N P S « / Q{\eﬁ o ¢
(}S) CQ QJ(J (\Q \} (\,Q
h) &{Q @&Q

g] BRGNS 60%~79% memory bandwidth utilization
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18 = | = =Ideal (Linear) - g
14 | = = Ideal (Non-linear) - T L —
== =Ideal (Linear+Compress) _ - o —= - /-/
9+ | = = Ideal (Non-linear+Compress) _ - ’ z = - -
- ’ -~ /
6 [ n —
@)
Q — _
3 ;h ]
R
R
2 _
1.5 _
—— Linear (Peak: 10.7PFLops, Para. eff. 97.9%)
1 —@®— Non-linear (Peak: 15.2PFlops, Para. eff. 80.1%) |
. =L Linear+Compress (Peak: 14.2PFlops, Para. eff. 96.5%)
0.6 —O—Non-linear+Compress (Peak: 18.9PFlops, Para. eff. 79.5%) | -
| | | | | | | | | | |
SK 12K 16K 24K 32K 40K 48K 64K SOK 96K 120K 160K

Number of processes
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14 -
Titan 27 Pflops half machine: 1.6 Pflops, 11.9%
9 |
6 - Sunway 125 Pflops without compression: 15.2 Pflops, 12.2% —
o TaihuLight P with compression: 18.9 Pflops, 15.1%
Q B _ .
S i _
2 | —]
15 [ [ —
—— Linear (Peak: 10.7PFLops, Para. eff. 97.9%)
1 —@®— Non-linear (Peak: 15.2PFlops, Para. eff. 80.1%) |
= =L Linear+Compress (Peak: 14.2PFlops, Para. eff. 96.5%)
0.6 —O—Non-linear+Compress (Peak: 18.9PFlops, Para. eff. 79.5%) | -
| | | | | | | | | | |
SK 12K 16K 24K 32K 40K 48K 64K SOK 96K 120K 160K

Number of processes
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Simulation of the Tangshan Earthquake

= Tangshan earthquake,
M7.2, 1976

= Simulation domain;
320 km x 312 km x 40 km

9] smpsinzaos



Simulation Results: 200m vs 16m

(a) (b)
Cangzhou (200m) Cangzhou (16m)
il A
AN_}MNinghe (200m) Ninghe (16m)
0s 50s 100s 0s 50s 100s
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Simulation Results: 200m vs 16m
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Nonlinear Earthquake Simulation
on Sunway TaihuLight

= A complete framework with both dynamic rupture and seismic wave propagation
modules

= An elaborate memory scheme that solves the memory constraint, and achieves a
performance of 15.2 Pflops

0 a carefully designed DMA scheme with array fusion to coalesce the DMA operations
O optimized blocking configuration guided by an analytic model
0 halo exchange through register communication

m On-the-fly compression to further improve the performance to 18.9 Pflops

m Future work

O coupled simulation with mechanic model of buildings
0O generalization of the compression scheme for other scientific computing applications

9] smpsinzaos
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