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Performance/Watt is the Issue
• Development of supercomputers 

are capped by power budget
• Realistic supercomputers, data 

centers are limited by ~20MW

• In order to achieve Exascale 
systems, we will require 
technologies enabling 
50GFlops/W

• Around 2020~2022

Development of supercomputers’ power efficiency.
From Wu Feng’s presentation@Green500 SC13 BoF

1GFlops/W

2GFlops/W



Achievement 4 Years Ago
TSUBAME 2.0 supercomputer achieved 
~1GFlops/W (1.2PFlops Linpack, 1.2MW)

Towards TSUBAME3.0 (2016),
We should be much more power efficient!!

• World’s 3rd in Nov2010 Green500 ranking
• Greenest Production Supercomputer award



How Do We Make IT Green?
• Reducing computers power

• Improvement of processors, process shrink
• Utilization of power-efficient many-core accelerators
• Software technologies that efficiently utilize accelerators
• Management technologies for power control

• Reducing cooling powerIn TSUBAME2, cooling system consumes 
>25% power of the system • Liquid has higher heap capacity than air

Liquid cooling is preferable
• We should avoid making chilled water
Warm/hot liquid cooling
• Designing water pipe / plate is 

expensive
• Control of coolant speed is more difficult
 Fluid submersion cooling

Today’s focus



TSUBAME-KFC
or Kepler Fluid Cooling

= (Hot Fluid Submersion Cooling
+ Outdoor Air Cooling

+ Highly Dense Accelerated Nodes)
in a 20-feet Container

TSUBAME-KFC:
Ultra-Green Supercomputer Testbed



Heat Exchanger
Oil 35~45℃

⇒ Water 25~35℃

Cooling Tower：
Water 25~35℃
⇒ Outside

GRC Oil-Submersion Rack
Processors 40~80℃

⇒ Oil 35~45℃

Peak performance
217TFlops (DP)
645TFlops (SP)

• Worlds’ top power efficiency, 4.5GFlops/W
• Avarage PUE <1.1 (Cooling power is ~10% of system power)

Compute Nodes with
Latest GPU Accelerators

Container
20 Feet Container (16m2)

40 x NEC/SMC 1U Servers
2 IvyBridge CPUs
4 NVIDIA K20X GPUs

Heat Dissipation
to Outside Air

TSUBAME-KFC: Ultra-Green 
Supercomputer Testbed

Achievement



Installation Site of TSUBAME-KFC
Neighbor space of GSIC, O-okayama campus of 
Tokyo Institute of Technology

• Originally a parking lot for bicycles

GSIC

Chillers for 
TSUBAME2

KFC Container &
Cooling tower

Many
cherry
trees
here



Coolant Oil Configuration

Fire Station at Den-en Chofu

4 6 8

Kinematic Viscosity@40C 19 cSt 31 cSt 48 cSt

Specific Gravity@15.6C 0.820 0.827 0.833

Flash point (Open Cup) 220 C 246 C 260 C

Pour point ‐66 C ‐57 C ‐48 C

We are using ~1,200 liters oil
Flash point of oil must be >250℃,
Otherwise it is a hazardous material under the Fire Defense 
Law in Japan.

ExxonMobil SpectraSyn Polyalphaolefins (PAO)



Installation

Installation completed in Sep 2013



40 KFC Compute Nodes
NEC LX 1U-4GPU Server, 104Re-1G

(SUPERMICRO OEM)
• 2X Intel Xeon E5-2620 v2 Processor

(Ivy Bridge EP, 2.1GHz, 6 core)
• 4X NVIDIA Tesla K20X GPU
• 1X Mellanox FDR InfiniBand HCA
• 1.1TB SATA SSD (120+480+480)

CentOS 6.4 64bit Linux
Intel Compiler, GCC
CUDA 5.5
OpenMPI 1.7.2



Modification to Compute Nodes
(2) Removed 12 cooling fans

(3) Update firmware of power unit 
to operate with cooling fan stopped.

(1) Replace thermal grease 
with thermal sheets



Power Measurement

Panasonic KW2G
Eco-Power Meter

Panasonic AKL1000
Data Logger Light

RS485

PDUAKW4801C sensors
Servers and switches

In TSUBAME‐KFC, we are recording power consumption of 
each compute node and each network switch, in one sample 
per second.



Node Temperature and Power

GPU0

GPU1
CPU0

CPU1

GPU2

GPU3

Air 
26 deg. C

Oil
28 deg. C

Oil
19 deg. C

CPU0 50
(43)

40
(36)

31
(29)

CPU1 46
(39)

42
(36)

33
(28)

GPU0 52
(33)

47
(29)

42
(20)

GPU1 59
(35)

46
(27)

43
(18)

GPU2 57
(48)

40
(27)

33
(18)

GPU3 48
(30)

49
(30)

42
(18)

Node
Power

749W
(228W)

693W
(160W)

691W
(160W)

Upper: Running DGEMM on GPU 
Lower: ( IDLE )

Using IPMI to fetch Temp. data.

Lower oil temp results in lower chip temp.
But no further power reduction achieved.

26℃ Oil is “cooler”
than 28℃ Air !

~8% power 
reduction!



PUE (Power Usage Effectiveness)
(= Total power / power for computer system)

0

5

10

15

20

25

30

35

40

Air cooling TSUBAME-KFC
compute node network air conditioner
oil pump water pump cooling tower fun

Current PUE = 1.09!!
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PUE=1.3 in air cooling

Oil Pump 0.46 kW
Water Pump 0.75 kW
Cooling Tower Fan 1.48 kW
Cooling Total 2.69 kW
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Performance and Power Efficiency

Green500 submission
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Green500 ranking is determined by
Linpack performance(Flops) / Power consumption(Watt)

• Linpack: Dense matrix benchmark used in Top500
• In current rule, cooling power is NOT included

Many LINPACK runs with 
different parameters,
Including GHz, Voltage



Optimizations for Higher Flops/W
‘Lower’ speed performance leads higher efficiency
• Tuning for HPL parameters

• Especially, block size (NB), and process grid (P&Q)
• Adjusting GPU clock and voltage

• The lowest voltage and the highest clock.
• Advantages of hardware configuration

• GPU:CPU ratio = 2:1
• Low power Ivy Bridge CPU (this also lower the perf.)
• Cooling system. No cooling fans. Low temperature. 



Power Profile during Linpack benchmark
in Nov 13

Core phase, avg. 31.18 kW
Middle 80%, avg. 32.10kW

1min.
Avg. 27.78kW

Power efficiency defined in Green500 rule is
125.1TFlops / 27.78kW = 4.503GFlops/W

When cooling power is counted,
125.1TFlops / (31.18+2.7kW)
= 3.69GFlops/W
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The Green500 List Nov 2013



Green Graph500 list on Nov. 2013
• Ranking of power efficiency in Big Data benchmark
• Measures power-efficiency using TEPS/W ratio

• TEPS: Traversed Edges Per Second
• http://green.graph500.org

KFC Got Double Crown in Nov 13!



KFC in Green500
Nov 13 Jun 14 Nov 14

No.1
4.504GF/W

No.1
4.389GF/W

No. 3
4.447GF/W

Latest winners announced in SC14
No.1: L‐CSC (GSI Helmholtz center)
No.2: Suiren PEZY‐SC (KEK)



How about Maintenance Cost?
• After operation starts in Sep 13, we added two 

SSDs into each node in Mar 14
• To enhance big-data experiments

• We needed to pull up each node from oil!



Details of SSD Installation Time

• Procedures directly related to oil-submersion 
occupies 4m40s (~28% of time)



Summary
• TSUBAME-KFC: A Ultra Green Supercomputer 

testbed has been installed
• Fluid submersion cooling for improving power efficiency

• Further development is required towards 50GF/W
• TSUBAME1.0(2006): ~0.05GF/W
• TSUBAME2.0(2010): 1GF/W
• TSUBAME-KFC(2013): 4.5GF/W (3.7GF/W including cooling)


