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High Performance in Many BW-Intensive Apps
10% power increase over TSUBAME 1.0 (130TF SFP / 80TF DFP)
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ORNL/DoE/US Jaguar Upgrade Cray XT5/Istanbul ~2PF
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Julich/BRIM (R 1Y) Jugene IBM BG/P 1PF
RE-RXF X[ GPU Cluster 1.2PF
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GPU (Multithreaded Vector) vs. Standard Many
Cores?
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(following slides courtesy John Shalf @ LBL NERSC)

NAME Discipline Problem/Method Structure
MADCAP Cosmology CMB Analysis Dense Matrix
FVCAM Climate AGCM 3D Grid
Modeling
CACTUS Astrophysics General Relativity | 3D Grid
LBMHD Plasma Physics | MHD 2D/3D
Lattice
GTC Magnetic Fusion | Vlasov-Poisson Particle in
Cell
PARATEC Material DFT Fourier/Grid
Science
SuperlLU Multi-Discipline | LU Factorization Sparse
Matrix
PMEMD Life Sciences Molecular Particle

Dynamics
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Latency Bound vs. Bandwidth Bound?

How large does a message have to be in order to
saturate a dedicated circuit on the interconnect?
» N1/2 from the early days of vector computing
» Bandwidth Delay Product in TCP

1.9GB/s
7.3us 6.3GB/s 46KB
5.6us 1.5GB/s 8.4KB
5.7us 500MB/s 2.8KB
1.7us 2GB/s 3.4KB

Bandwidth Bound if msg size > BandwidthxDelay

Latency Bound if msg size < BandwidthxDelay
- Except if pipelined (unlikely with MPI due to overhead)
- W/HW DMA a few 100ns but not much more

(Original slide courtesy John Shalf @ LBL)
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Collective Buffer S5izes for All Codes

100 — —

S
95% Latency Bound!!!

go
\QDon’t need all that global NW
bandwidth?

—Great news for weak scaling
"_',.r‘r_/' code?

—Bad news for strong
scaling code-

—Weak scaling=> What
if O(n?2) complexity=
infeasible runtime!

0 I I I I I I
1 10 100 1k 10k, 10k, 1MB
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NEL Conmaental (Original slide courtesy John Shalf @ LBL)
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» Extreme multi-core incl. vectors
» "Fat" nodes, exploit short-distance interconnection
» Direct cross-node DMA (e.g., put/get for PGAS)

TIIhL, L -T2 FET

» Dynamic multithreading (Old: dataflow, New: GPUs)
» Trade Bandwidth for Latency (so we do need BW ...)
» Departure from simple mesh system scaling

L=T22/IC8BRTINVTIALAEEEF

» From implicit Methods to direct/hybrid methods
» Structural locality, extraploation, stochastics (MC)
» Still may require global bandwidth for implicit solvers
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This work was sponsored by DARPA IPTO in the ExaScale Computing Study with Dr. William Harrod

Exa-scale Computational Resources

(slide courtesy Martin Savage)
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Cold QCD and
Nuclear Forces

Nuclear Nuclear Structure

Astrophysics and Reactions

“" Workshop(2008-2009)

Accelerator
Physics

Hot and Dense

QCD

7 Exa-scale computing is REQUIRED to accomplish the Nuclear

Physics mission in each area

- Staging to Exa-flops is crucial :
2 1 Pflop-yr to 10 Pflop-yrs to

(sustained)

100 Pflop-yrs to 1 Exa-flop-yr
Paul Messina June 28, 2009
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» Extreme multi-core incl. vectors
» "Fat" nodes, exploit short-distance interconnection
» Direct cross-node DMA (e.g., put/get for PGAS)
XL =728 &/ FIE+AXEDIL v F)
» Dynamic multithreading (Old: dataflow, New: GPUs)
» Trade Bandwidth for Latency (so we do need BW...)
» Departure from simple mesh system scaling
L—T 2 |CBBBETINTIUINEEE
» From implicit Methods to direct/hybrid methods

» Structural locality, extraploation, stochastics (MC)
» Still may require global bandwidth for implicit solvers
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Highlights of TSUBAME 2.0
Design (Oct. 2010) w/NEC-HP

2.4 PF Next gen multi-core x86 + next gen GPGPU
» 1432 nodes, Intel Westmere/Nehalem EX
» 4224 NVIDIA Tesla (Fermi) M2050 GPUs

» ~100,000 total CPU and GPU "cores”, High Bandwidth g\ |

» 1.9 million "CUDA cores”, 32K x 4K = 130 million CUDA threads(!)
0.72 Petabyte/s aggregate mem BW,
» Effective 0.3-0.5 Bytes/Flop, restrained memory capacity (100TB)

Optical Dual-Rail IB-QDR BW, full bisection BW(Fat Tree)
» 200Tbits/s, Likely fastest in the world, still scalable

Flash/node, ~200TB (1PB in future), 660G6B/s I/0 BW
» >7 PB IB attached HDDs, 15PB Total HFS incl. LTO tape

Low power & efficient cooling, comparable o TSUBAME 1.0
(~IMW); PUE = 1.28 (60% better c.f. TSUBAME1)

Virtualization and Dynamic Provisioning of Windows HPC +
Linux, job migration etc.
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«  Windows HPC/Linux%: £ %10S, BEEIRBDO H7R—

o RIEIIZEDERDT—EEUE—TRATAU T HEED Y R—
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JST-CREST “Ultra Low Power HPC”, Bl EEE N EHIEFR 1, XEE-EiLE
#iHf NAREGI / e-Science®% . Z<DEBEWHE

- wES %Lt NVIDIA CUDA CoE (B A4%]), Microsoft TCI 2 & EH#FTEEHN
NEC, HP, NVIDIA, Microsoft, Voltaire, DDN % &) 3t [F B8 5t (A
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Around Tokyo
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4 Japan Atomic Energy
A 10TFLOPS - 40TFLOPS Agency (oka)
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<
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National Research Institute for Earth
Science and Disaster Prevention
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O >= 40TFLOPS Hokkaido Univ.

JST (in
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Ivanced Institute of Science and Technology
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University Institute of
Japan Aerospace Informatics
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Kobe Univ.
Oosaka Univ.
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of Statistical
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s Technology (ssic)
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Earth Science and Technology
Yokohama City University
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NEISLMRHDD AL —%: Total 7.13PB (Lustre+ home)

W7 71V AT Lk
5.93PB

DDN SFA10000 x5

( 10 enclosure x5)

Lustre( 5File System)
0SS: 20 OST: 5.9PB
MDS: 10 MDT: 30TB

0SS x20

MDS x10

o

Storage
DDN SFA10000 x1
(10 enclosure x1)

— O\ ( sunsL8500 )
MDS,0SS \ / - Storage S \ F—T AT

HP DL360 G6 30nodes 1.2PB I_‘I’Fﬁagfweg"gg dnodes ~
Storage BlueArc Mercury 100 x2 8PB

NFS,CIFSAH x4
EmEEE- EmmET

NFS,CIFS,iSCSIF x2

\
1
I
1
1
1
1
1
1
1
I
1
1
1
1
1
1
1
I
1
1
l

J-FRAEEREB:. 2NVis1tto>3y /709%2% ¥ QDR Infiniband XYyhN7—%

/Core Switch N Edge Switch
EEEEEEEEEEEEEEER 7QSWItChes
12switches Voltaire

Voltaire Grid Director 4700 12switches

N

/" Edge Switch (10GE portf{2)

---E=Science -~
N\ Renkei-P OP
N -4

Grid Director 4036 179switches
IB QDR : 36 port

Voltaire
Grid Director 4036E 6 switches
IB QDR:34port

\ IB QDR: 324port

N\

10GbE: 2port

A

=)

»
— O

Thinst&/—K

1408nodes

HPRGPUIEEHY—/% 1408nodes
CPU Intel Westmere-EP 2.93GHz
(Turbo boost 3.196GHz) 12Core/node
Mem:55.8GB (=52GiB)
103GB (=96GiB)
GPU NVIDIA M2050 515GFlops,3GPU/node
SSD 60GB x 2 120GB 55.8GBXEViE#node
120GB x 2 240GB 103GBXEV#E#node
0S: Suse Linux Enterprise Server
Windows HPC Server

HP&4Sockettr—/% 24nodes
CPU Intel Nehalem-EX 2.0GHz
32Core/node
Mem:137GB (=128GiB)
SSD 120GB x 4 480GB
0S: Suse Linux Enterprise Server

Fatst&/—K

HP&4Socket—/5— 10nodes
CPU Intel Nehalem-EX 2.0GHz
32Core/node
Mem:274GB (=256GiB) % 8nodes
549GB (=512GiB) % 2node
SSD 120GB x 4 480GB

CPU Total: 6.14TFLOPS

(32node x44 Rack)

CPU Total: 215.99TFLOPS (Turbo boost 3.196GHz)

CPU+GPU: 2391.35TFlops

SSD Total: 173.88TB

Memory Total:80.55TB (CPU) + 12.7TB (GPU)/ I R : mmmmmme

0S: Suse Linux Enterprise Server

CPU Total: 2.56TFLOPS

}




TSUBAME | T2KXA | TACC Ranger | TSUBAME2.0
1 (20064, | (2008%E, | (20084E. (2010%F, 32{&M)
zzuFi) 9omFi) 6omFi?)

Cores/Node 12(CPU)+1344(GPV)
Node Mem BW(GBytes/s) 20 20 20 64(CPU)+450(GPU)
Node Network BW (Gbps) 20 40 10 80

#Nodes 655 952 3,936 1408(Thin) + 34(Med/Fat)
#Cores (Total) 10,480(CPU) 15,232 62,976 17 ,664(CPU)+18975(GPV)

# GPUs/Accelerators 360 (Clearspeed) O 0
I25% Peak TFLOPS (IB¥5E) 80 141 579

BREAEVINFME(TB/S) 17 (Oél) 20 (0.13) 80(0.13) ~720 (60.3‘)_ \

(Flops/Byte) . =/ \FE RNOK)
40§51+ A

FIYNI—9 1518 (Tbps) 6 41 80 20071 7T &R

Memory (Tbytes) 21 30 126 100

Linpack (f&¥5RE-TFLOPS) 48 102 433 >1000

&% 3D-FFT 256"3 ~13 ~20 ~80 ~700 (GPV only)

(TFLOPS)

HDD Storage (Raw TBytes) 1100 1500 1700 7130

Local SSD Storage/BW (Raw 0/0 0/0 0/0 ~200 (0.66PByte/s)

TBytes) (Bandwidth TByte/s)

Energy(Incl. Cooling) 850KW/E  ~IMW/&E  2.4MW Year ~1MW/$E

Compute Racks 65 70? ~100 ~44



TSUBAMEZ2.0

HPET 2 FIBASE IU 7= B D ThinEt&E/—K (NVIDIA M2050%E#) . 8LVABEAT

st/ —NEt

e Bl 7=Mediumzt B /—F, Fatst&/—KRICEViBR N5 RIRIR

Thingt8/—K

515GFLOPS/GPU
3GPUs/node

HP& GPURE AHRET—/N
CPU: Intel Westmere-EP 2.93GHz x2 (12core/node)
*Turbo boost:3.196GHz
Memory: 55.8GB(=52GiB) DDR3 1333MHz
103GB(=96GiB) DDR3 1333MHz

ﬁB QDR x2 — NVIDIA M2050 (Fermm

SSD:60GB x2 (120GB/node) *Memory 55.8GB{E#./—K~
120GB x2 (240GB/node) Memory 103GB#E#./—K~

PCl-e Gen2x16 x2

HP& 445 yhkH—/\
CPU: Intel Nehalem-EX 2.0GHz x4 32core/node
Memory: 137GB(=128GiB) DDR3 1066MHz

annzoes x4 (480GB/node) j
/~ Fatst®&/—K

$1070 GPUiE#:
HPE 44 yhH—/3
CPU: Intel Nehalem-EX 2.0GHz x4 (32core/node)
Memory: 274GB(=256GiB) DDR3 1066MHz
549GB(=512GiB) DDR3 1066MHz
\$SD:120GB x4 (480GB/node) -

% NVIDIA Tesla
S$1070 GPU##

IB QDR PCl-e Gen2x16 x2
*NVIDIA Tesla j

SSD: 173.9TB

24nodes: 6.14TFlops
Memory: 3.0TB+GPU
SSD 11.5TB

10nodes: 2.56TFlops
Memory: 3.0TB+GPU
SSD: 4.8TB+

1408nodes:215.99TFlops »*Turbo boost

j> 4224GPUs:2175.36TFlops
Total: 2391.35TFLOPS

Memory: 80.6TB (CPU) + 12.7TB (GPU)

XE)

N

/ .
(P CPU: 224.69TFlops
GPU : 2175.36TFlops

HNRREL T
2.4PFlops

¥100TB

| SSD: #1200TB
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58 204—F 10—k

XIBIEZETS/—FI3 4)—K
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~ ~ 7 —

SFA100)-«+- (SFA10K) (059(0s9) -~ (0s9Y0s9 (@33 ... (o)
. | | |
| | | | |

oragy, , , ytorag
er ery

EIEB/—K x51 { +— L8515

S 10Gb Ethernet x2

|

)|

10Gb Ethernet:-x10

Voltarie Grid Director 4036E x6 + Grid Director 4036 x1
-
W 5R— 5 ADINAEL2a3 2 INRIR (200Tbps)

$1S000AEDFH 77143

Voltaire Grid Director 4700 x12 N\ X NN
NN N NSO

m 1 Second Rail

N ANA_A

\

First Rail

¥.
RS T 7 =

it a Fat Tree-/o709F T 2 YNT—2

Edge Switch #4 Edge Switch x2
edYMe edyMed) aty oo at
il b £6--00 @0

16—k 16)—K

ThnE 8K X1408  Rack# 1

x44Racks

Y Y
< MediumEt&./—FK x24 Fatst&2./—K x10

TSUBAME2.0%vh7—V 2 X

e

.

Sun SL8500
Tape 8PB HFS

RENKEI-POP

SINET 3
JGN 10Gps

HPCI
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TSUBAME 2.0N&N1AMRAMN—S

1) &/—ROiEREEEASSD. 2) LustreZFIALA #7710V A5 L%EREL 1, NFS,CIFS,iSCSI%Z
(BRI F—L 777K —EAREE IOHDDE, &4LU 3) RERERAT—7TATLTHER

Lustre M7 71 IV AT L SAIEE

MDS:HP DL360 G6 x10

-CPU:Intel Westmere-EP x2 socket (1237)

-X%¥1):51GB (=48GiB)

-IB HCA:IB 4X QDR PCl-e G2 x1port
0SS:HP DL360 G6 x20

-CPU:Intel Westmere-EP x2 socket (1237)

-X¥1):25GB (=24GiB)

-IB HCA:IB 4X QDR PCl-e G2 x2port
AL —<7:DDN SFA10000 x5

-Total§=:5.93PB

2TB SATA x 2950 Disks + 600GB SAS x 50 Disks

0»»”

—— | —r—

SFA10K 600 Disks SFA10K 600 Disks

SFA10K 600 Disks

SFA10K 600 Disks

SFA10K 600 Disks

OST, MDT

k OST, MDT OST, MDT

771V AT LsAEE 5.93PB

OST, MDT /k OST, MDT j

R—L- V578 —EAREE
NFS/CIFSH :HP DL380 G6 x4
-CPU:Intel Westmere-EP x2 socket (12377)
-X¥1):51GB (=48GiB)
-IB HCA:IB 4X QDR PCl-e G2 x2port
NFS/CIFS/iSCSI 72t5L—,3./ :BlueArc
Mercury100 x2
-10GbE x2

AL —</:DDN SFA10000 x1
-Total&=:1.2PB
2TB SATA x 600 Disks

- =
rm—

isk SFA6620 100 Disks /

SFA10K 600 D

F—L5EE 1.2PB

-

#¥J200TB SSD+7.13PB HDD + $¥I8PBT—7(F &) GJ*EIHIZN/—‘)J
BN15As . 2EXFER L —HEaNOREIRR
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TSUBAME2.0 7—7 2 A7 L (BUIEH:E)
S:T15PBRLE. BEZ771NWV AT LDRE

A1 2F(Brocade BIFRX-4-AC)
10G-SR x6F—h

10G-LR x2¥-p

1G-Ethernet x244%-p

TIERA AN

LI T 10cBase-srmmF) x6
(I FyTAY—It X3

S BEREXN—CH
e ﬂ—/\iﬁ”ﬂ%i
. SunFire X4275 2nodes
FAARY 3DOGB(RAID1E)

\X"E') 24GB

' FCA(Brocade 5300) _.mmms ]
TR ) wasnn)
# FC 4GBps x20 80Gbps

00/1000Base-T x1

(ndivm"l!)
/ 7'-77477') SL85002 B EPTPHER 2‘:@ r_~8PB‘fIE§E$L;_"E \\

(2{%]
BR:4PB(EERE) LTO4 5000%
(9.2PBETHLIR DT 4E)
KS78:20 drive (128driveETIRIR 7] RE)
K472 120MB/s(JEERRF)
Aryb#:11.536 slot
Sun SLESN0 28

| -SLA500 + A=V IFRI TV EVA—AIEGIPERE, 66222078
\ -SLASD] + AP =V IZAN A EDa—N2E (20PN, 4,904 2008

GSICEEH

"----------------s
f
I
—

1 SuperTitanet3
2OGbps:

- ———— -

h----- L T P g

Lustre
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BRI X e-Science RENKEI-POP
&P ELAN—2 -HPCINDE R

B E:ESINETHZER A/ 4—RBF—4LFREBOEE
» RENKEIZA /M (ZFl#He-ScienceZiTHFHE )L Eig

A=Y —/SRENKEI-PoP (Point of Presence) DR H - £ EllER i
> KBE. BRIONEERALT —FEXRAY—I\TT21T7 R
» SINET3 EICIAB 771 WV AT LGfarmEF(CKWRENKEI-257KRig3E
> TSUBAME?2. O’(’ﬂ!w)#illd)iu\:/Fﬂwkiﬂ*ﬁr—ﬁ*iﬁ

CPU Core i7 975 Extreme (3.33 GHz)
Memory 12GB (DDR3 PC3-10600, 2GB*6)

NIC 10GbE (without TCP/IP Offload Engine)
System Disk  500GB HDD

SSD RAID 30TB (RAID 5, 2TB HDD x 16)

IREMMZ(CHE R, 110TBOEER 77 7R AN —JELTHIBAIGE
RRIRKE KIRKE TEEh(-e k%
ESEEEMET  BIANF— NS B 522
ZHEAE HASE
EEBEHROMER WA et
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> T=I/—R(H—ERICEIW Y TSN TULEVLETE/—R)ZFIAL, &
B E)/)-RAEH—ERICEIWYT

» Linux,WindowsM B DNV FR 51— EVHE /-2 RAEE

» Linux/—F, Windows./—F @ BhY7: 1 ik H3 vl RE

> N—=FvI2 LORBHE/ —RHER 51— ELERELT
BCINYFRT1—-50ER WS

My O€er Hyper-V
= &7 Linux Windows
Linux  Windows {RIEIRIEA FERER
ﬂk—) (H—ERHLTHBALY/—REEW LTS ]
J—KEH OIS I l | " :
* 4 \En-@i, osuie
b o NG — Y S———
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9V)—2 2133 :HP Modular Cooling System G2
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ORNL Jaguar and Tsubame 2.0
Similar Peak Performance, 1/4 the Size and Power




TSUBAME2.0 77V r—2a&RET iR

~1.4 PFlops Linpack [TEEE IPDPS 2010]
~0.5 PFlops #IN9REY¥27 [SC08,09] g,
> AFERIUFEHREDHREHTE(Microsof+-TCI)
100-150 TFlops ASUCA | FHI[SC10]
HPC-Challenge Performances

»F2—K Jack Dongarra¥iRS5EGPURZRFEN

TDOMBLDT7V)TRIMVIERERIE

»QCD, Lattice-Boltzmann CFD,
PFIab—arv., 5/ LB,
KRB —FLETRE27O0YT AR




HPC 77— a> DR EARG(EIK)

TSUBAMEICH LTS
R R T A
XI)ARr—WKRETN:
BORR: SRTIENNEER/ETN

Compressible equation taking consideration of sound waves.

FI)RT—IL




PERDTHAZ: WRF @ GPU Computing

m WRF (Weather Research and Forecast)
Community Code developed by NCAR, NCEP, OU, NOAA/FSL, AFWA

WSM5 (WRF Single Moment 5-tracer) Microphysicsx
Represents condensation, precipitation and thermodynamic effects of
latent heat release
1 % of lines of code, 25 % of elapsed time
= 20 x boost in microphysics (1.2 - 1.3 x overall improvement)

WRF-Chemx ¥
provides the capability to simulate chemistry and aerosols from cloud
scales to regional scales

= Xx 41.1 increase

*Michalakes, J. and M. Vachharajani: GPU Acceleration of Numerical Weather Prediction.
Parallel Processing Letters Vol. 18 No. 4. World Scientific. Dec. 2008. pp. 531—548

**John C. Linford, John Michalakes, Manish Vachharijani, and Adrian Sandu. Multi-core
acceleration of chemical kinetics for simulation and prediction, proceedings of the 2009
ACM/IEEE conference on supercomputing (SC'09), ACM, 2009.



ASUCA versus WRF

m ASUCA : IMITHFMRLTLBIRIERKRARETN
THRRFPHROBREETTILELTHAH
AYRT— - B HEEHETIV

Time-splitting method: long time step for flow

NS N

NN YT Y Y

u, v (~ 100 m/s), w (~ 10 m/s) << sound velocity
(~300/ms)

HEVI (Horizontally explicit Vertical implicit) scheme
Horizontal resolution ~ 1 km
Vertical resolution ~ 100 m

1-D Helmholtz equation (like Poisson eq.) I::> sequential process



ASUCAICHITHE DRI

" I o
Initial data i > initialize “
! v
I :
I 4 advection _
| A } Long time step
: Coriolis force
: \Short time step
I Lhorizontal pressure gradient force
| _ |
| Time| Vertical pressure gradient force
I Integrption + gravity force (1D Helmholtz eq.)
I Loop |
I ; .
I equation of continuity
| |
: Update potential temperature
|
: Update pressure (EOS)
I
output (< : > data transferrZ 43




Thread

Block ‘w‘*

Implementation
N\

m 3D Advection equation

Each thread specifies a (x, z)

point, marching in y

Nnx

ny

<~

nz

64 x 4 threads (2D) in a block

m 1D Helmholtz equation

Nz

Element in k depends on elements
In k+/- 1, marching in z direction

ny
nx -

yi mii




ASUCA BElZa1 2km mesh
3164X3028X48

uv and smqr T=1

W | | oroRERET. 6REO
99500 25500 :/E:Ll/_:/af/f%ﬁiﬁ(ﬁE%ﬁiﬁ
= 2= | (D5f8)

B 8 | TSUBAME2.0:£0.5kmty
2 =2 2R e N ES AR L R —_
e N | A ERFRITEREIC

« *096000: SN,
R § A g B
- e JREc (TR
=) B ZSSEs (02
i §8-96500 % S8 Sl LSRR |
970002 r s T
7500; = S u_ £33 5 4
8000 Ve
—_—

60 2010-03-23~19:39



ASUCA Multi GPU Performance
(TSUBAMEL.2) Supercomputing 2010 THR

(7] L
o - |
e, — —— GPU., Overlapplng method
I'|'I—I__l 14 - —— GPU, Non-overlapping method u -
g B —H— CPU idouble precislon) [ |
c 12 - |
t . 19TeraFlops ~ 600 GPUs - ;
5 I .
a L
8- TSUBAME2.0 ~ 4000GPUs

o 150TFlops(F##). /iRI—FEL TIXER LR
(BT TIEIEIEE— O 1 BES AL (2.4PF), #8542

453‘//:;%5%‘( D F—oY v E T D Jaguar D
2C 500 Ffiop)
O 0500300300 500 "

Number of GPUs / CPU Cores

Mountain Wave Test in single precision 3 = o - B ) "
NVIDIA Tesla $1070 on TSUBAME "“a!fl“fb"ﬁijj ELF{EHS 8-1215
AMEBEEE101ELL L
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