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•
CPU memory I/O

•
•
• 2

– 2 8 single chip multi-core CPU
–
– MPP (Massively Parallel 

Processor)
– MPP

(multi-core CPU
• TOP500

Summit 2,414,592 CPU cores  2,211,840 GPU cores
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•
– Interconnection 

Network
–

•
•

⇒
–
–
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•
– ⇒ 20

•
–

x86 (IA32), Power Itanium (IA64), Sparc, ARM

•
– multi-core
– many-core

• Intel & AMD ⇒ 4 16 core IA-32
• IBM Cell Broadband Engine (8 core)
• ClearSpeed (96 core 2)
• Intel MIC: Xeon Phi (72 core), …
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• 1990 10 10
• 10 100 RISC
• 2000 3GHz
Cooling
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•

–

–

•

– 100 SGI

– quad-core CPU 8 core PC

– MPP (Massively Parallel Processor) 1980

⇒
•

– NOW (Network of Workstation), COW (Cluster of 

Workstation) 

– Linux PC Linux

MPI

–
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•
– (distributed memory system)

– (shared memory system)
shared memory

load/store

• hybrid
constellation

⇒ multi-core CPU 

•
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• CPU+memory(+I/O)
or 

• message passing

– MPI (Message Passing Interface)

–
– domain decomposition master/worker

•

• 1980 MPP
PC
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•

– multithread POSIX thread
–

OpenMP

• primitive

•

– scalability

•
scalability
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• system scalability

– bus bottleneck bus 1 transaction
– bus

•
– memory bank memory module

– crossbar network

– coherent cache

– NUMA (Non-Uniformed Memory Access) memory 
module
coherent cache
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SMP
• SMP (Symmetric Multi-Processor)

– memory module

–
memory 

module
– Intel

– HPC2500
SR16000

– coherent cache
–

–

P

network (switch)

memory (bunk)

P P P
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NUMA
• NUMA (Non-Uniformed Memory 

Access)
– CPU memory module
– CPU

memory module
– memory module

non-symmetric
– AMD (Opteron)

⇒ Intel
(Nehalem)

– SGI Origin, Altix

–
(

–

P

memory

P

memory

bus or network

P

memory

P

memory
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•
•

(SMP or NUMA)
• 1

P P P P

Mem

P P P P

Mem

Network
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Mem
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• CPU

– GPU (Graphic Processing Unit)
GPGPU (General Purpose GPU) GPU

– FPGA (Field Programmable Gate Array)

–
ClearSpeed

–
CBE (Cell Broadband Engine) ⇒ LANL Roadrunner



GPU

GPU
Intel Xeon Platinum 
8280

Intel Xeon Phi 7250P Nvidia Tesla V100

28 72 5120
2.7 GHz 1.2GHz 1.53 GHz
605 GFLOPS 1.1 TFLOPS 7.8 TFLOPS
1 TB 16 GB 6 GB
141 GB/s 450 GB/s 900 GB/s
205 W 200 W 300 W
C, OpenMP, MPI C, OpenMP, MPI Cuda (C, Fortran)
MIMD MIMD STMD
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•
– SMP, NUMA, 

•
•
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•
–
– CC-NUMA (Cache Coherent NUMA)

•
– static (direct) / dynamic (indirect)
– diameter (distance)
– degree (number of links)

•
– throughput
– latency
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•

•

•
– 2-D/3-D Mesh/Torus

– Hypercube

– Direct Tree
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Mesh/Torus (k-ary n-cube)

4 x 4 2D mesh

Hypercube (n-cube)

Cost: N (=kn )
Diameter: n(k-1) in mesh 

nk/2 in torus

Cost: N (=2n )
Diameter: n

n=1n=2n=3n=4

torusmeshtorus 22x22x2x22x2x2x2
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• 1
•

•
•

– Crossbar
– MIN (Multistage Interconnection Network)
– HXB (Hyper-Crossbar)
– Tree (Indirect)
– Fat Tree



27

Crossbar

switch

Cost: N2

Diameter: 1
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MIN (Multi-stage Interconnection 
Network)

PE0
PE1

PE2
PE3

PE4
PE5

PE6
PE7

0
1

2
3

4
5

6
7 Cost: NlogN

Diameter: logN
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Tree

Fat Tree

Cost: N/k
Diameter: 2logkN

Cost: N/klogkN
Diameter: 2logkN
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• Throughput
–
– [byte/sec]

[bit/sec] 8bit=1byte

• Latency
– source destination

– source destination

– [sec]



31

•
T [byte/sec] L [sec] N
[byte] t [sec] B
[byte/sec]

t = L + N/T        B = N / t

N [byte]

B [byte/sec]

N1/2

T

0.5T

T)
0.5T

N1/2 (N-half 
)

N1/2[byte] = L x T

N1/2 L
dominant

T dominant
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•
– SMP, NUMA, 

•
•
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•

– MPP ( )

• / CP-PACS (SR2201)

• /

• LLNL/IBM Sequoia

• ORNL/Cray Titan

–

• NEC 

–

• / / PACS-CS

• /Appro T2K

–

• LANL/IBM Roadrunner

• /NEC HP TSUBAME2.0

• /Cray HA-PACS, COMA

• NUDT Tianhe-2



TOP500
•

• Linpack
FLOPS

• 6 11
http://www.top500.org

•
•

–

–
•

HPC

HPC HPCC
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Green500
• TOP500 MFLOPS/W)
•

• 6 11
http://www.green500.org/

• TOP500 TOP500
• TOP500

(10MW – 30kW)
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COMA

•
2014/4

• 1 2 Xeon 2 Xeon 
Phi

•
• 393 node = 7860 

(10x2x393) CPU core + 
47160 (60x2x393) Xeon 
Phi core

• 1001 (= 157 + 844) 
TFLOPS

• 40 TByte memory
• 17rack
• #51 TOP500 2014/7 

746TFLOPS

17:00 – 18:00 



COMA 
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Oakforest-PACS (KNL cluster)

2016/12/07 ACHPC 38

• JCAHPC (U. Tsukuba and U. Tokyo)
• Fujitsu PRIMERGY CX1640 M1 cluster
• Intel Xeon Phi (KNL)
• Intel OmniPath Architecture 

interconnection

• TOP500#6 2016/11
• 68 cores/CPU
• 8208 CPU (nodes)
• Peak 25PFLOPS

HPL 13.5PFLOPS



Photo of computation node & chassis

2016/12/07ACHPC
39

Computation node (Fujitsu next generation PRIMERGY)

with single chip Intel Xeon Phi (Knights Landing, 3+TFLOPS)

and Intel Omni-Path Architecture card (100Gbps)

Chassis with 8 nodes, 2U size



Full Bisection Bandwidth Fat-Tree by Intel Omni-Path 
Architecture

2016/12/07 ACHPC 40

12 of
768 port Director Switch
(Source by Intel)

362 of
48 port Edge Switch

2 2

241 4825 7249

Uplink: 24

Downlink: 24

. . . . . . . . . Compute 
Nodes

8208

Login Nodes 20
Parallel FS 64

IME 200
Mgmt, etc. 8
Total 8600

Firstly, to reduce switches&cables, we considered :
• All the nodes into subgroups are connected with FBB Fat-tree
• Subgroups are connected with each other with >20% of FBB
But, HW quantity is not so different from globally FBB, and globally FBB is
preferred for flexible job management.



Specification of Oakforest-PACS system

2016/12/07
41

Total peak performance

Linpack performance

25 PFLOPS

13.55 PFLOPS (with 8,178 nodes, 556,104 cores)

Total number of compute nodes 8,208

Compute 

node

Product Fujitsu PRIMERGY CX1640 M1

Processor Intel® Xeon Phi™ 7250 Code name: Knights 

Landing ,

68 cores, 3 TFLOPS

Memory High BW 16 GB,  > 400 GB/sec (MCDRAM, effective rate) 

Low BW 96 GB, 115.2 GB/sec (DDR4-2400 x 6ch, peak rate)

Inter-

connect

Product Intel® Omni-Path Architecture

Link speed 100 Gbps

Topology Fat-tree with (completely) full-bisection bandwidth

(102.6TB/s) 

Login 

node

Product Fujitsu PRIMERGY RX2530 M2 server 

# of servers 20

Processor Intel Xeon E5-2690v4 (2.6 GHz 14 core x 2 socket)

Memory 256 GB, 153 GB/sec (DDR4-2400 x 4ch x 2 socket)

ACHPC



Specification of Oakforest-PACS system (I/O)

2016/12/07ACHPC42

Parallel File 
System

Type Lustre File System
Total Capacity 26.2 PB
Meta
data

Product DataDirect Networks MDS server +
SFA7700X

# of MDS 4 servers x 3 set
MDT 7.7 TB (SAS SSD) x 3 set

Object 
storage 

Product DataDirect Networks SFA14KE
# of OSS 
(Nodes)

10 (20)

Aggregate BW 500 GB/sec
Fast File 
Cache 
System

Type Burst Buffer, Infinite Memory Engine (by 
DDN)

Total capacity 940 TB (NVMe SSD, including parity data by 
erasure coding)

Product DataDirect Networks IME14K
# of servers (Nodes) 25 (50)
Aggregate BW 1,560 GB/sec



TOP500 list on Jun. 2018

43

# Machine Architecture Country
Rmax

(TFLOPS) Rpeak (TFLOPS) MFLOPS/W

1 Summit, ORNL Cluster (IBM, GPU 
V100) USA 122,300.0 187,659.3 13889

2 TaihuLight, 
NSCW

MPP (Sunway, 
SW26010) China 93,014.6 125,435.9 6051

3 Sierra, LLNL Cluster (IBM, GPU 
V100) USA 71,610.0 119,193.6 ???

4
Tianhe-2 
(MilkyWay-2), 
NSCG

Cluster (NUDT, CPU + 
Matrix2000) China 61,444.5 100,678.7 3325

5 ABCI, AIST Cluster (Fujitsu, GPU 
V100) Japan 19,880.0 32576.6 12054

6 Piz Daint, CSCS MPP (Cray, XC50: GPU 
P100)

Switzerlan
d 19,590.0 25,326.3 10398

7 Titan, ORNL MPP (Cray, XK7: CPU + 
GPU) USA 17,590.0 27,112.5 2143

8 Sequoia, LLNL MPP (IBM, BlueGene/Q) USA 17,173.2 20,132.7 2177

9 Trinity, NNSA/
LABNL/SNL MPP (Cray, XC40: MIC) USA 14,137.3 43,902.6 3678

10 Cori, NERSC-
LBNL MPP (Cray, XC40: KNL) USA 14,014.7 27,880.7 3558



TaihuLight , Sunway

2016/12/07 ACHPC 44

• National Supercomputer Center in 
Wuxi

• Sunway SW26010 CPU (original)
• InfiniBand FDR
• TOP500#1 2016/6-
• (64 thin core + 1 thick core) * 4 / 

CPU
• 40960 CPU (10649600 cores)

• Peak 125PFLOPS
HPL 93PFLOPS

• Awarded as 2016 ACM Gordon Bell 
Prize machine (climate code)



CPU (SW26010) of TaihuLight

2016/12/07 ACHPC
45

• Highly FLOPS-intensive architecture
• 3TFLOPS/chip with 256 thin cores + 4 thick 

cores
• Each core has very small amount of local 

memory
• Medium class main memory is shrared by 

260 cores
• Unbalanced B/F (very weak for memory-

intensive applications)
• Interconnection with InfiniBand FDR (7GB/s) 

is also poor compared with 3TFLOPS CPU 
performance

• Difficult to tune the performance, but 
received 2016 ACM Gordon Bell Award



Tianhe-2( -2, NUDT)

• National Supercomputer 
Center in Guangzhou

• Top500 2013/6 #1, 
33.8PFLOPS (efficiency 62%), 
16000node(2 Xeon(12core) + 
3 Phi(57core), 17.8MW, 
1.9GFLOPS/W

• TH Express-2 interconnection (same 
perf. of IB QDR (40Gbps) x2)

• CPU Intel IvyBridge 12core/chip, 
2.2GHz

• ACC Intel Xeon Phi 57core/chip, 
1.1GHz

• 162 racks (125 rack for comp. 
128node/rack)

2014/12/24 ACHPC 46



Compute Node of Tianhe-2

CPU x 2: 2.2GHz x 8flop/cycle x 12core x 2
= 422.4GFLOPS
MIC x 3: 1.1GHz x 16flop/cycle x 57core x 3
= 3.01TFLOPS

CPU: 422.4 x 16000 = 6.75PFLOPS
64GB x 16000 = 1.0 PB

MIC:  3010 x 16000 = 48.16PFLOPS
8GB x 3 x 16000 = 0.384 PB

2016/12/07 ACHPC 47



ABCI (AIST)

• AIST
• Fujitsu PRIMERGY CX2570M4
• Top500 2018/06 #5 

19.9PFLOPS (efficiency 61%), 
43520 CPU core + 4352 GPU, 
3MW, 6.6 GFLOPS/W

• InfiniBand EDRx2 (non-full fat tree)
• CPU Intel Xeon Gold 6148, 2.4GHz
• GPU  NVIDIA Tesla V100
• 16bit 

0.5EFLOPS Deep Learning

2014/12/24 ACHPC 48



Cori Phase-II (Cray XC40 with KNL)

2016/12/07 ACHPC 49

• NERSC, LBNL
• Cray XC40 with Intel 

Xeon Phi (Knights 
Landing)

• Cray Aries Interconnect
• TOP500#5 2016/11

• 68 cores/CPU
• 9152 CPU (nodes)
• Peak 27PFLOPS

HPL 14.0PFLOPS



Dragonfly network topology of Cray’s Aries 

network chip (used in Cori)

2016/12/07 ACHPC
50

• in “Island”, all nodes are completely 

connected by Local Channels

• from an Island to other Islands, at 

least one Global Channel is 

connected with each other

• for different Island, different router 

is used to connect to avoid traffic 

congestion

• Tough for random transfer while 

reducing the total network links



51

• MPP
•

– 64bit IA32=x64
–

• Infiniband (EDR 100Gbps
•

– multi-core
–
– IB
– O(N) O(N log N)

–

• Exa FLOPS 
– /
–



•
–

– scalability
– / 

•
– scalability
– MPP commodity network fat-tree

– throughput & latency
•

– Linpack PFLOPS
– multi-core
–
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