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GPUs as Modern-Day Vector Engines  

Memory Access Frequency  
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Cache-based 
CPUs 

Vector SCs  

Cray, SXé 

Accelerators: Grape,  
ClearSpeed,  

MatMul  

FFT 

N-body 

GPUs 

CFD 

Our Research@ 
Tokyo Tech  

Two types of HPC Workloads  

Å High Computational Density  

=> Traditional Accelerators  

Å High Memory Access Frequency  

=> Traditional Vector SCs  

Scalar CPUs are so-so at both  

 => Massive system for speedup  

GPUs are both modern- day vector 
engines and high compute 
density accelerators  
=> Efficient Element of Next -
Gen Supercomputers  

Small memory, limited CPU -GPU 
BW, high -overhead 
communication with CPUs and 
other GPUs, lack of system -level 
SW support incl. fault tolerance, 
programming, é 



FLOP/Byte

G
F

L
O

P
S

10
-2

10
-1

10
0

10
1

10
0

10
1

10
2

10
3

R
ike

n
 B

M
T

 

F
F

T
 (N

U
K

A
D

A
)

 

S
G

E
M

M
 

N
-

B
o

d
y (N

 lo
g

 N
)

 

-
D

 
d

iffu
sio

n
 

 

M
D

 (N
 lo

g
 N

)
 

3 

GPU vs. CPU Performance  
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FLOP/Byte = 
F/B  

Roofline model: Williams, Patterson 2008  
Communication s of the ACM  

GeForce 
GTX 285  

Core i7  
Extreme  

x5 - 10 
memory 
bound 

x10  
- 20 
 

compute 
bound 



TSUBAME2.0 Nov. 1, 2011 
ñThe Greenest Production Supercomputer in the Worldò 
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TSUBAME 2.0  

New Development  
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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 
u 1432 nodes, Intel Westmere /Nehalem EX  

u 4224 NVIDIA Tesla (Fermi) M2050 GPUs  

u~100,000 total CPU and GPU òcoresó, High Bandwidth 

u1.9 million òCUDA coresó, 32K x 4K = 130 million CUDA threads(!) 

¸ 0.72 Petabyte /s  aggregate mem BW, 
u Effective 0.3 -0.5 Bytes/Flop,  restrained memory capacity (100TB)  

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

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

¸ Low power & efficient cooling, comparable to TSUBAME 1.0 
(~1MW); PUE = 1.28 (60% better c.f. TSUBAME1)  

¸ Virtualization and Dynamic Provisioning of Windows HPC + 
Linux, job migration, etc.  
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Petascale Storage  Total 7.13PB( Lustre + Accelerated NFS Home)  

Node Interconnect: Optical, Full Bisection, Non- Blocking, Dual- Rail QDR Infiniband 

 
 

Lustre Partition 5.93PB 

SuperTitenet 

 
 

Home NFS/ 
iSCSI 

SuperSinet3 

Tape System 
Sun SL8500 8PB 

OSS x20  MDS x10 

MDS,OSS  
   HP DL360 G6  30nodes 
Storage 
  DDN SFA10000x5  
   (10 enclosures x5)  
Lustre (5 Filesystems)  
  OSS: 20   OST:  5.9PB 
  MDS: 10  MDT:  30TB 

x5  

 
 

Voltaire Grid Director 4700   
IB QDR: 324ports  

Core Switch 

 
 

Edge Switch 

 
 

Edge Switch(w/10GbE)  

Voltaire Grid Director 4036  
IB QDR : 36 ports 

Voltaire Grid Director 4036E  
  IB QDR:34ports 
 10GbE:  2ports 

12 switches  
6 switches 179 switches  

Storage Server  
  HP DL380 G6  4nodes 
  BlueArc Mercury 100 x2 
Storage 
  DDN SFA10000  x1 
 10 enclosures x1  

Mgmt Servers 

 
 

 
 

 

1408nodes    
( 32node x44 Racks) 

NEW DESIGN Hewlett Packard CPU+GPU  
   High BW Compute Nodes x 1408            
 Intel Westmere- EP  2.93GHz 
      (TB 3.196GHz   12Cores/node  
 Mem:55.8GB(=52GiB)or 103GB (=96GiB)  
 GPU NVIDIA M2050 515GFlops, 
3GPUs/node 
 SSD  60GB x 2  120GB 55.8GB node 
      120GB x 2  240GB 103GB node 
 OS: Suse Linux Enterprise + Windows HPC 

 

HP 4Socket Server 24nodes  
  CPU Nehalem- EX 2.0GHz                      
32Cores/node  
 Mem:137GB(=128GiB)  
  SSD 120GB x 4   480GB  
  OS: Suse Linux Enterprise 

 
 

 

HP 4Socket Server 10nodes 
  CPU Nehalem- EX 2.0GHz                   
32Core/node  
   Mem:274GB(=256GiB)x8  
          549GB(=512GiB) x2 
   SSD 120GB x 4   480GB  
   OS: Suse Linux Enterprise 

 
Memory Total 80.55TB 
SSD Total 173.88TB  

6.14TFLOPS 2.56TFLOPS 
 

  Compute Nodes  2.4PFlops(CPU+GPU) 224.69 TFlops(CPU)  

GSIC:NVIDIA Tesla S1070GPU (34  units)  

PCI ðE  gen2 x16  x2slot/node  

TSUBAME2.0 System Overview (2.4 Pflops/15PB)  

NFS,CIFS x4 
NFS,CIFS,iSCSI  
Accelerationx2 

24 nodes   10 nodes   



2.4 Petaflops, 1408 nodes  
~50 compute racks + 6 switch racks  

Two Rooms, Total 160m2 
 

1.4MW (Max, Linpack), 0.48MW (Idle)   

Tsubame2.0 (2010-14) 
x30 speedup c.f. Tsubame 1  

(2006-2010) 
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 Multi- Petabyte storage consisting of Luster Parallel Filesystem Partition 
and NFS/CIFS/ iSCSI Home Partition + Node SSD Acceleration 

TSUBAME2.0 Storage 

SFA10K 600 Disks  

OST, MDT 

SFA10K 600 Disks  

OST, MDT 

3 4 

SFA10K 600 Disks  SFA6620 100 Disks  
SFA10K 600 Disks  

OST, MDT 

2 

SFA10K 600 Disks  

OST, MDT 

1 

 Lustre Parallel Filesystem Partition, 5.93PB 

MDS HP DL360 G6 x10  
 - CPU:Intel Westmere- EP x2 socket(12  Cores) 
 - Memory 51GB(=48GiB)  
 - IB HCA:IB 4X QDR PCI- e G2 x1port  

OSS HP DL360 G6 x20 
 - CPU:Intel Westmere- EP x2 socket(12  Cores) 
 - Memory 25GB(=24GiB)  
 - IB HCA IB 4X QDR PCI- e G2 x2port  

Storage DDN SFA10000 x5 
 - Total Capacity 5.93PB 
 2TB SATA x 2950 Disks + 600GB SAS x 50 Disks  

Home Partition 1.2PB 

NFS/CIFS HP DL380 G6 x4 

 - CPU:Intel Westmere- EP x2 socket(12  Cores) 

 - Memory 51GB(=48GiB)  

 - IB HCA:IB 4X QDR PCI- e G2 x2port  

NFS/CIFS/ iSCSI BlueArc Mercury100 x2  

  - 10GbE x2 

DDN SFA10000 x1 

 - Total Capacity 1.2PB 

 2TB SATA x 600 Disks 

               

  

Home  

SFA10K 600 Disks  

OST, MDT 

5 

7.13PB HDD +200TB SSD + 8PB Tape 
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200 TB SSD (SLC, 1PB MLC future)  

7.1 PB HDD (Highly redundunt ) 

4-8 PB Tape ( HFS+Backup ) 

All Inifiniband+10GbE Connected  

Lustre  + GPFS  

NFS, CIFS, WebDAV ,é 

Tivoli HFS  

GridScaler  + BlueArc  
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TSUBAME2.0 Compute Nodes 

1408nodes  

4224GPUs 59,136 SIMD Vector 

Cores, 2175.36TFlops  (Double FP)  

2816CPUs, 16,896 Scalar Cores: 

215.99TFlops  

Total  2391.35TFLOPS  

Memory  80.6TB  (CPU) + 12.7TB 

(GPU)  

SSD  173.9TB  

34 nodes: 

8.7TFlops  

Memory: 

6.0TB+GPU  

SSD: 16TB+  

Total Perf  

2.4 PFlops  

Mem  ~100TB  

SSD: ~200TB  

IB QDR  

4-1 

HP SL390G7 (Developed for 

TSUBAME 2.0)  

GPU: NVIDIA Fermi M2050 x 3  

  515GFlops, 3GByte memory /GPU  

CPU : Intel Westmere -EP 2.93GHz x2  

(12cores/node ) 

Memory : 54, 96 GB DDR3 -1333  

SSD 60GBx2, 120GBx2  

HP  4 Socket Server  

CPU: Intel Nehalem -EX  2.0GHz x4   

(32cores/node ) 

Memory: 128, 256, 512GB DDR3 -1066  

SSD 120GB x4 (480GB/node)   

 

Thin  

Node  

Infiniband QDR 

x2 (80Gbps)  

PCI -e Gen2x16  x2  

NVIDIA Tesla  

  S1070 GPU  
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SL390 Compute Node  
 

Collaborative Development w/HP  
 

3 GPUs, 2CPUs, 50-100GB Mem 
120-240GB SSD, QDR-IB x 2  
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3500 Fiber Cables > 100Km 
w/DFB Silicon Photonics  
End-to -End 6.5GB/s, > 2us 
Non-Blocking 200Tbps Bisection  
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Thin Nodes  x1408  
16  Nodes 

Rack#1 x44Racks 

 

20  Nodes 

Medium Nodes x24 Fat Nodes x10  

Lustre Filesystem 

MDS MDS MDS MDS 

Thin 
Node 

Thin 
Node 

Thin 
Node 

Thin 
Node 

Thin 
Node 

Thin 
Node  

OSS OSS OSS OSS 

10  Nodes 

SuperSINET3 

SuperTitanet 

8PB Sun  
SL8500  

10Gb Ethernet x2 

 

Med. 
Node 

Med. 
Node  

Med. 
Node 

Med. 
Node 

Fat 
Node 

Fat 
Node  

16  Nodes 

Thin 
Node 

Thin 
Node 

Thin 
Node 

Thin 
Node 

Thin 
Node 

Thin 
Node  

Edge SW#1 Edge SW#2 Edge SW#3 Edge SW#4 

TSUBAME 2.0 Full Bisection Fat Tree, Optical,  
Dual Rail QDR Infiniband 

 
 

 

Mgmt Nodes x51  
IB and Ether 

Mgmt 
Server 

Mgmt 
Server 

Edge Switch x2 

SFA10K SFA10K 

First Rail Second Rail 

Optical Intra- Node Interconnect 

Home/ iSCSI Nodes 

storage 
server 

storage 
server 

 

4 Nodes 5 Units 

mercury mercury 

2 Nodes 

TSUBAME2.0 Ћ̱ᶫ 

Voltaire Grid Director 4700  x12  

Full Bisection, Non blocking, Optical Fiber Connection 

10Gb Ethernet x10 

ἶ ͑  

Voltarie Grid Director 4036E x6 + Grid Director 4036 x1  

4-7 
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Tsubame2.0 Efficient Cooling Infrastructure 

ωItΩǎ water-cooled rack 

ωCompletely closed racks with their own 
heat exchanger. 

ω1.5 x width of normal rack+rear ext. 

ωCooling for high density deployments 

ω35kW of cooling capacity single rack 

ωHighest Rack Heat Density ever 

ω3000CFM Intake airflow with 7C 
chiller water 

ωup to 2000 lbs of IT equipment 

ωUniform air flow across the front of the 
servers 

ωAutomatic door opening mechanism 
controlling both racks 

ωAdjustable temperature set point 

ωRemoves 95% to 97% of heat inside 
racks 

ωPolycarbonate front door reduces 
ambient noise considerably  

~= Entire Earth 

Simulator  

(rack = 50TF)  



Fault Tolerance 
BLCR, NVCR, 
FTI checkpoint 

Server and Storage Platform  
 HP ProLiant SL390z G7 DL580G7 NVIDIA Tesla M2050/2070, Voltaire 

InfiniBand  

x86 Compiler 
PGI, Intel TotalView Debugger 
(GPU/CPU) 

GPU Libraries 
CUDA Lib, CULA, 

 

Message Passing 
OpenMPI,MVAPICH2  
w/GPU Direct 

FileSystem: Lustre,  
GPFS, GFarm2 
NFS,CIFSiSCSI,  

Resource Scheduler and Fault Tolerance 
PBS professional (w/GPU extensions), Windows HPC Server 

Programming Environment GPU)CUDA4.0, OpenCL,  
PGI C/Fortran, (CAPS C/Fortran)(YYYY C/Fortran), 
MATLab, Mathematica, Physis, 

System Management 
  -  User Management 
  -  Accounting 
  -  Data Backup 
  -  System Management 
  (Autonomic 
Operation, Power 
Management) 
  -  System Monitoring 

Driver (Voltaire OFED/InfiniBand, CUDA4.0 Driver) 

Grid Middleware 
- NAREGIGlobus, Gfarm2 

Operating Systems/Virtual Machine 
SUSE Linux Enterprise Server, Windows 
HPC Server,  KVM 

TSUBAME2.0 Software Stack (Red: R&D at Tokyo Tech)  

GPU Enabled OSS and ISV SW: Amber, Gaussian(2011) BLAST,GhostM    



TSUBAME2.0 As of Dec. 12, 2011  

C C C 

C C C 

C C C 

C C C 

IO
H 

IO
H 

GPU 

GPU 

GPU 

HCA 

HCA 
QDR IBx2  8GB/s  

QPI  

PCIe  

x16  
515GFlops  

~120GB/s  

   w/ECC  

76.8GFlops  

~18GB/s  

S, H/X  

G 
V 

KVM  

Virtualization  

2000 SC Users  

~87% System Utilization  

~50% GPU Utilization  



Tsubame 2.0õs Achievements 
ASUCA Weather  
145TeraFlops  
World Record  

Dendrite 
Crystallization  
2.0 PetaFlops 
2011 Gordon 
Bell Award!!  

Blood Flow 600 
TeraFlops  
2011 Gordon Bell 
Award Honorable 
Mention  

FMM 
Turbulance  
1 Petaflop  

Over 10 Petascale  Applications  

4th  Fastest Supercomputer in 
the World (Nov. 2010 Top500)  

x66,000  

faster  

x3 power 

efficient  

>>  

Fruit of Years of 

Collaborative Research ð 

Info -Plosion , JST CREST, 

Ultra Low Power HPCé  



TSUBAME2.0 World Rankings 
(Nov. 2010 Announcement Green500!!!) 

ÅThe Top 500 (Absolute Performance) 
#1 ~2.5 PetaFlops: China Defense Univ.  Dawning Tianhe 1- A 
#2  1.76 Petaflops: US ORNL Cray XT5 Jaguar 
#3  1.27 PetaFlops: China Shenzen SC Nebulae 
#4  1.19 PetaFlops: Japan Tokyo Tech. HP/NEC TSUBAME2.0 
#5  1.054 PetaFlops: US LLBL Cray XE6 Hopper 
#~33 (#2 Japan) 0.191 PetaflopsJAEA Fujitsu 

 

ÅThe Green 500 (Performance/Power Efficiency) 
#1: 1684.20 : US IBM Research BG/Q Prototype (116) 
#2: 958.35: Japan Tokyo Tech/HP/NEC Tsubame 2.0 (4) 
#3: 933.06 : US NCSA Hybrid Cluster Prototype (403) 
#4:  (170) 
#5- 7: 773.38: Germany Julich etc.IBM QPACE SFB TR (207- 209) 
(#2+ 1448.03: Japan NAO Grape- DR Prototype) (383) (Added in Dec.) 

 

 
Nov., 2010, June 2011 (two in a row!) 





Petaflops? Gigaflops/W? 

Laptop: SONY Vaio type Z (VPCZ1) 
CPU: Intel Core i7 620M (2.66GHz) 
MEMORY: DDR3- 1066 4GBx2 
OS: Microsoft Windows 7 Ultimate 64bit 
HPL: Intel(R) Optimized LINPACK Benchmark for 
Windows (10.2.6.015) 
256GB HDD 

18.1 GigaFlops Linpack 
369 MegaFlops/W 

Supercomputer: TSUBAME 2.0 
CPU: 2714 Intel Westmere 2.93 Ghz 
GPU: 4071 nVidia Fermi M2050 
MEMORY: DDR3- 1333 80TB + GDDR5 12TB 
OS: SuSE Linux 11 + Windows HPC Server R2 
HPL: Tokyo Tech Heterogeneous HPL 
11PB Hierarchical Storage 

1.192 PetaFlops Linpack 
1043 MegaFlops/W 

x66,000 

faster  

x3 power 

efficient  

<<  

x44,000 Data  

 



Example Grand Challenge, Petascale 
 Applications on TSUBAME2.0 in 2011 (~10 apps) 

PetaFLOPS Phase-Field 

Simulation (Aoki) 

Metal dendritic solidification is simulated 

Dendritic growth in the 
binary alloy solidification 

Time integration of Phase-field     

Time integration of solute concentration 

Mobility 

Interface anisotropy 

Diffusion coeff. in  

solid and liquid 

Phase-field Model: 

2.00 PFlops in SP 
using 4,000 GPUs 

GPU(SP) 

GPU(DP) 

Entropy of fusion 

Undercooling 

(Mesh:768 1632 3264)  

Turbulance Simulation 

using FMM (Yasuoka) 

Breakdown of exec time 

Efficiency in weak scaling 

(4x106 particles per proc) 

1.0PFlops with 4,000GPUs 

Vortex method 
with fast multipole 
method (FMM) is 
used 

Q criteria in isotropic 

turbulence 

BLASTX  for Millions of 

DNAseq (Akiyama) 

Metagenome  
Analysis  
for Bacteria in Soil 
 
  

Data: 224million  
          DNA reads(75b) /set 
Pre-filtering:   
          reduces to 71million 
reads 
BLASTX: 71million DNA vs.  
                 nr-aa DB (4.2G) 
         

GHOSTM 

60.6 Million/hour  

with 2,520 GPUs 
GHOSTM is our  

original CUDA  app  

almost compatible to  

BLASTX. 

0 

20 

40 

60 

0 10000 20000 
M

re
a

d
s/

h
o

u
r 

#CPU Cores 

#CPU core  versus 
Throughput 

BLASTX  

24.4 Million/hour  

with 16008 CPU 
cores 
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Multiphysics Biofluidics 

Simulation (Bernaschi ) 

Simulation of blood flows that 
accounts for from red blood cells to 
endothelial stress 

Fluid: blood plasma 
 
 

Lattice 
Boltzmann(LB) 

Multiphyics simulation with MUPHY software 

Body: RBC 
 
 

Extended MD 

Red blood cells as  

ellipsoidal particles  

0.6PFlops with 4,000GPUs 
450M RBCs are simulated 

Access  

pattern  

SC11 Gordon Bell Winner  

+ Tech Paper, fastest 

Stencil ever  

SC11 Gordon Bell 

Honorable Mention  

Fastest LBM ever?  

Can cope next gen  

Giga Sequencers  

Fastest FMM ever?  

Can hit 1PF w/ 

4000 GPUs  




