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Our goal

« HPC system as an infrastructure of scientific
research

— Performance of HPC system influence results and
guality of research

— Simulation, data intensive computation, searching and
data mining

« HPC systems for real scientists
— High-speed, low-cost, and easy to use

« High-speed global networking project
« OS/ ALL IP network technolog

University of Tokyo

* High-speed computation j GRAPE-DR
y.
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Our simplified goal

* World fastest system

— Computation We are now challenging
— Network We already achieved
(Internet2 Land Speed Records)

* Practical systems for scientists

— For real scientists
— Support of daily research works

University of Tokyo Kei Hiraki



Our activities on Next generation
Supercomputing system

GRAPE-DR processor

-very fast (512 Gflops/chip)
“low power (8.5Gflops/W)
“low cost

University of Tokyo

1 chip ---512Gflops, =
1 system -- 2Pflops e

Next generation

Supercomputing
All IP computer afchitecture  system
- All components of compters

Have own IP, and connect
freely

-Processor, memory,

Display, keyboard, mouse
And disks etc.

“in .' -same performance

B From local to global

L 3 communication

' \ -30000Km,1.1GB/s
(U. of Tokyo-WIDE)

Kei Hiraki

University of Tokyo



GRAPE-DR project (2004 to 2008)

« Development of practical MPP system
— Efficient Pflops systems for poor real scientists

— Target performance of GRAPE-DR 2
Pflops(2008)

e Sub projects
— Processor system
* Processor chip, Supercomputing system
— System software
« Compiler, networking software
— Application software

University of Tokyo Kei Hiraki



GRAPE-DR Processor chip

« SIMD like architecture

« 512x64 bit arithmetic units + shared memory + broadcast/reduction
network

— Elimination of inter-PE interconnection

_____________________________________________
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by mask register
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Memory acesses

shared memory | Shared memory || Shared memory
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Basic architecture

» |Instruction execution between data from shared memory and local
data

« All the PE in a chip execute the same instruction
« Conditional execution by mask registers

Distribution of

instruction, data s
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Processing Element

« 512 PE inachip

el e

Control signals To shared memory

-
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From shared memory

Local memory

Registers

Mask register- - -Mask write operation of memory by
setting mask registers
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Pipelined program execution

* Pipeline of three execution phases

Phase 1
Data distribution to PEs

~ Phase 2

Computation
in PEs

Phase 3

Collection of
results

Memory on a host
University of Tokyo
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GRAPE-DR: system architecture
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512 PE/chip 2K PE/PCI card 4 K PE/Sexvar

512 GFlops /chip 2TFLOPS/PCI card 4 TELOPS/Sarver

PCl-express x8 I/O bus

2M PE/system
2PFLOPS/system

Cost ~12M $
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Floor plan of GRAPE-DR chip

 90nm CMOS

e 18mm x 18mm
(320mm?)

e ~400M Tr

« BGA 725, 280
signals

* First sample 2006

University of Tokyo
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GRAPE-DR Processor chip

Engineering Sample (2006)
512 Processing Elements/Chip
Working on a prototype board (designed speed)
500MHz. 512Gflops
Power Consumption max. 60W ldle 30W
(Lowest power per computation)

University of Tokyo Kei Hiraki



GRAPE-DR 1 chip board

« Evaluation board (1GRAPE-DR chip. PCl-express bus)

* 4 chip board will be ready this September

University of Tokyo Kei Hiraki



GRAPE-DR Prototype board

« For evaluation (1 GRAPE-DR chip. PCI-X bus)
* Next step is 4 chip board

GRAPE=DR
Card

University of Tokyo Kei Hiraki



System software

 GRAPE-DR optimizing compiler
— Automatic parallelization with global analysis
— Generation of multi-threaded

O Compiler Ver.1 flat-C compiler(2005)

- C language + explicit parallel construct
O Compiler Ver.2 Sakura-C compiler (2006)
O Currently, prototype is working

Basic optimization (PDG,flow analysys. pointer
analysis etc.)

- Currently working on GRAPE-DR prototype

University of Tokyo Kei Hiraki



Application software(1)

Sequence matching for high-speed search of SNPs
caaagtgtgcggttctttgtagccccgaaa

gttcgcactgaacggtccggtatttggttt

Newly sequenced data tccacggcacaaaaaccagtcaagtgcgcc
aattaaaaaagtagtaatihaaactgggaa

M/\&;AAMAJ A@\\_& w M\/\/\ ccgggaaatatatatgtgaaaataatac
gttgcctaaaagccattaagag gccga

acgcttat gagc agtgaaagct
aaaacggagcataaacatga

Graph matching

Find high-level structure of protein, etc
Necessary elements

® Comparison of 3D structure
®High-speed graph matching
®Fast parallel searching

FA
) E. Coli Cysteinyl-tRNA Elongation Factor G In Complex With GDP o )
Univers Kei Hiraki



Application software(2)

* N-body simulation
— Generation of a planet
— Simulation of a galaxy

— N-body simulation of 108
particles

 CFD by Free mesh
method

— Suitable to highly
parallel processing

— High precision

Kei Hiraki



Comparison

« World fastest computing chips
— GRAPE-DR (512Gflops (single) . 256Gflops(double))

* nDIVIA 8800 500Gflops(single), 0Gflops(double)

« IBM/Sony Cell 256Gflops (single) . 25Gflops(double)
« 1A32 50~ Gflops(single. double)

- NEC SX-8R 32Gflops(single. double)

 ClearSpeed CSX-600 48Gflops(single. double)
— Number of PE in a chip (512PEs)

 nVIDIA 8800 128 PEs

* ClearSpeed CSX-600 96PEs
— Power efficiency (8.5Gflops/W) (Chip number)

* ClearSpeed CSX-600 2.5Gflops/W

* IBM BlueGene/P 0.54Gflops/W

« NEC SX-8 0.13Gflops/W

University of Tokyo Kei Hiraki



History of speedup (some important

systems)
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Next target: Systems in 2017

» Eflops system

— Necessary condition
« Cost ~1000%/Tflops
« Power consumption (30Gflops/W -> 30MW)

— GRAPE-DR technology
* 45nm CMOS -> 4Tflops/chip, 40Gflops/W
« 22 or 16nm CMOS -> 16Tflops/chip, 160Gflops/W

University of Tokyo Kei Hiraki



Data intensive scientific computation through global networks

Nuclear experiments . Nobeyama X-ray astronomy
) e Lﬁ “‘%’“ 1 / Radioy Satellite ASUKA
= Observatory

(VLBI)
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>  Data Reservoir: Basic Architecture

High latency
Very high bandwidth
Data . | Network
Reservolr
Disk-block level
Parallel and
_ > @ Multi-stream transfer
Local file accesses
Cache Disks
Data
Reservoir = =
@ rrnnnnannnannns >
(DSM like architecture)
Cache Disks
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Difficulties

* Artificial packet losses
— Losses under Average BW < Maximum BW

* Bursty behavior of TCP traffic

— Improvement in TCP or TCP-like protocol is not effective
— Pacing works in some situation

« Too small buffer size at switches

— Merging TCP streams cause artificial packet losses
— Minimum buffer size > ¥ RTT * BW Is necessary

Kei Hiraki



Our starting point (1)

 Fast Ethernet vs. GbE
— lIperfin 30 seconds
— Min/Avg: Fast Ethernet > GbE

180
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B Min
B Max
] Avg

Throughput [Mbps]

TxQ100 TxQ5000 TxQ100 TxQ25000
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Our starting point (2)

 Delay emulator v.s. actual network

— Performance on a delay emulator is much better than actual
network
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Packet Transmission Rate

« Bursty behavior
— Transmission in 20ms against RTT 200ms
— |dle in rest 180ms

50

45
40
35 1
30
25
20

15
10
5

Transmission Rate [pkts/ms]

L'JSZT()'kyo

Packet loss
occurred

4.5

s

5 6 6.5 7 /75 8 8.5

Time [se] Kei Hiraki



Merging TCP streams

 Worst case is 2 TCP streams -> 1 TCP stream
« Bursty traffic just after slow start is the worst case

Traffic = Y2 BW

Traffic = BW

N
™

Switch

RTT Buffer size = ¥4 BW * RTT * Network Utilization

10 Gbps, 200msRTT = 62.5 MB * Utilization factor

Many switches do not have large buffer
Flow control cannot apply at intermediate switches

BHmK=E Kei Hiraki



Sender side pacing

« BW bottleneck in the middle of network

ﬁ

« Too small buffer size of edge switch and trans-ocean
gateway switch

N A
—— — ‘

Edge switch Trans-ocean gateway

« Coordination between MAC and TCP layer (variable
packet pace)
— Avoid unnecessary packet loss at slow start phase

BHmK=E Kei Hiraki



Recelver side pacing

— Objective
» Reduce packet losses due to receiver bottleneck

— Act as large receiving buffer at receiving Network
Interface Card

— Set to the maximum receiving speed of the system
— Implementation
- FPGA Is used to implement fine-grain pacing mechanism
- 2GB buffer memory (DDR memory)

DDR-SDRAM 2GB DDR-SDRAM 2GB
PC2100 128bit 34Gbps PC2100 128bit 34Gbps
7y
t 3 ¥ L
FPGA(5M gates) FPGA(5M gates)
Xilinx XC2VP50-5 Xilinx XC2VP50-5
MAC MAC
RXT *TX *TX TRX h 4
Optical I/F Optical I/F | Control I/F
300pin MSA 300pin MSA USB
Port 0 mport 1
10GBASE-LR 10GBASE-LR Contm| pc il Hiraki



Pacing

« Sender side pacing
— Effective for the bottleneck middle of the network
« Complex hardware to cooperate with TCP protocol
» Not effective to some 10G switches

i |||||||I©III L

* Receiver side pacing
- Effective to NIC whose maximum bandwidth is less than 10G
- Simple hardware. It can be implemented in NIC

- InTreWe ITtency when bandwidth chang‘;e

>
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Preliminary Results

« Without receiver side pacing

‘erformance
(Ghps)
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Preliminary Results

« Without receiver side pacing

‘erfarmance
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Preliminary Results

* |IPv6 TCP single stream
— 6.96Gbps (use of “receiver side pacing”)

Kei Hiraki



Linux 2.6.16 IPv6 Opteron Performance

Stream opteron9c-v6:0 -> opteron6c-v6:0 No.1

10 I | 1 1 ! 1
Throughput (1 ms moving ave.)
g Throughput (1000 ms moving ave.) - 4
8 - -
? - -

Throughput [Gbps]
o

70
RIRKF Time [sec] i Hiraki
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Internet2 Land Speed Record

(1) IPv4 single and mu
30000 Km, 8.8Gb
(2) IPv6 single and mu

tiple streams
0S

tiple streams

30000 Km, 9.06Gbps

Final records for 10Gbps Era.
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History of IPv4 TCP speed records

Bandwidth Distance

products
Pbitm/s 10 Gbps * 30,000km
300 -
""""" 2004/12/24 "
200 - i 216 Phitm /s | . 2006/2/20
............................................ * :“""‘. """""""""""-".‘-g 264 Pblt m / S g
: 2005/11/10 R ¢
- 240 Pbitm /s
100 -
004t
i 149 Pbitm /s
O = 1 1 1 1 1 1 1 1
2000 2001 2002 2003 2004 2005 2006 2007
38 Year Kei Hiraki



History of IPv4 TCP speed records

Bandwidth Distance
products

Pbitm/s
300

10 Gbps * 30,000km

200

100

2000 2001 2002 2003 2004 2005 2006 2007

Year .
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Lessons learnt from experiments

 Difficult combination -- WAN PHY, IPv6, Jumbo frame,
L3 switching
— There is no trouble-free switch
— Unexpected packet losses by many reason
— Further investigation on “Flow Control” is essential

« Unnecessary packet losses by packet clustering
— Max receiving speed is normally less than wire speed
— Behavior is different from switch to switch
— Recelving side pacing is quite useful.

« Unnecessary packet losses by bursty TCP traffic

— Sending side pacing is effective if the number of intermediate
switch is small

— Intermediate switches and routers erase effect of pacing
— Difference between WAN PHY and LAN PHY may make trouble

BHmK=E Kei Hiraki



Lessons learnt from experiments

Use of wide-area L2 network

— Spanning Tree algorithm may make unstableness

— MAC address learning may cause packet losses

— Difficulty in debugging

— Switches for trans-ocean (trans-pacific, etc.) should
have very large buffers and pacing capability

10G network interface
— Pacing capability is essential
— Large input buffer (2*RTT*BW) or receiving side pacing is
useful
— Proper setting of window size, buffer size and queue length is
essential

Kei Hiraki



Conclusion

(1)We thanks all the people who support our experiments
Next target is 9Gbps through WAN PHY network

(2)Current 10Gbps devices and software technology is
still far from satisfaction

Buffer size, burstness control, large-scale L2 network

(3)Reasonable Pflops system can be constructed using
GRAPE-DR processors

Merging two technologies

-Possible cooperation with IBM

BHmK=E Kei Hiraki



