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[lhaH AOKNaAaa

MpobnemaTtmKa nocT-MypoBCKOM 3pbl

Hosble npoueccopsl Intel Xeon Skylake.

[MponyckHaa cnocobHOCTb NamATK U BanaHc

Hosblie npoueccopbl AMD, Qualcomm, Cavium, IBM
n yckoputenun Nvidia

[lepcneKkTmnBa s3K3acKkenna

OnbIT cynepKkomnbtoTepa Theta
N OTMEHA MOCTPOMKM cynepKkomnbioTepa Aurora

o ANOHCKMe npoLeccopbl ANA IK3acKenna

o 3aK/IOYEHUe



3akoH Mypa

50 neT aKcrnoHeHuUuanbHOro pocTa

Intel 4004, 1971

Moore’s Law - 2005

Transistors
Per Die
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& Itanium™ Processor
107 " Pentium® 4 Processor

92,000 ops/sec

. Pentium® Il Processor
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Intel Xeon, 2014 104 o \ 80286 386™ Processor
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266,000,000,000 ops/sec S




[deno He TONbKO B pOCTe YUcsia TPAH3UCTOPOB...
35 YEARS OF MICROPROCESSOR TREND DATA
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Original data collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond and C. Batten
Dotted line extrapolations by C. Moore



[deno He TONbKO B pOCTe YUcsia TPAH3UCTOPOB...

40 Years of Microprocessor Trend Data
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Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten
New plot and data collected for 2010-2015 by K. Rupp
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“Dark silicon”
Area vs. Power Envelope

256 1 Area (310mm)
128 - -e- Power (130W)

64 -
32 -
16 -

Number of Cores
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| I | . I I I | =)
1 2 4 8 16 32 64 128256512

Cache Size (MB)

Good news: can fit 100’s cores. Bad news: cannot power them all
o © Nikos Hardavellas



Dark Silicon Will Make Heterogeneity and Specialization
More Relevant

Area’ 16
Peak freq ‘ 2.4
Power 0.6

(4x1)'=25% (16 x 0.6)"=10%

exploitable Si
{in 45nm power budget)

Source ITRS 2008

The Architecture for the Digital World® ARM




Intel Xeon Skylake

UNITS 1980s: PCs unirs  1990s: Data Centers UNITS 2000s: HPCs
1 OOU/ZJ Atari ST 1 OO% ] 000/3
paar e = \ectog
Amigz )
400900 R Other —
Mac RISC
80% 80% b 80% RISC
Commodore 64
AMD
60% 60% | SPARC 60%
VIC 20
40% , 40% 40%
Apple ||
Other
Proprietary Other
CISC .
20% Intel Architecture 20% | i) Intel Architecture c0% Intel Architecture
0% 0% 0%
80 82 '84 ‘86 ‘88 '90 90 92 94 ‘96 "98 '00 ‘00 02 '04 ‘06 ‘08 10
Volumes X 21X X 15X X 3X
Source: IDC, Gartner, Intel estimates



Intel Xeon Skylake

Performance and Efficiency with Intel® AVX-512

GFLOPs, System Power
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INTEL" AVX-512 DELIVERS SIGNIFICANT PERFORMANCE AND EFFICIENCY GAINS



Intel Xeon Skylake

Platform Topologies

2S Configurations 4S Configurations

8S Configuration
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(25-2UPI & 25-3UPI shown)

(4S-2UPI & 4S-3UPI shown)
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CynepkomMmnbiotep MOTU-60

vs Intel Xeon Skylake

7-aa pepgakumna Ton50 ot 25.09.2007

5 Mockea 272/544  y3nos: 136 (2xXeon 5160 3 GHz 4 GB RAM) 453 6.53 Hewlett-Packard,
MockoBckuit mamko- ceTb: Myrinet/Gigabit Ethernet/Gigabit Ethernet NHCTUTYT
TEXHUYECKUIA UHCTUTYT CUCTEMHOrO
(MoOTH) nporpaMMupoBaHus
2007 r. PAH (UCI PAH)

Top500 ot 06.2007
417 MIPT-60 - Cluster Platform 3000 DL140G3, Xeon 51xx 3 Ghz, Myrinet 544 4.5 6.5
, ISP RAS

Moscow Institute of Physics and Technology
Russia



CynepkomMmnbiotep MOTU-60

vs Intel Xeon Skylake

7-aa pepgakumna Ton50 ot 25.09.2007

5 Mockea 272/544  y3nos.: 136 (2xXeon 5160 3 GHz 4 GB RAM) 4.53 6.53 Hewlett-Packard,
MockoBckuiA husnko- ceTb: Myrinet/Gigabit Ethernet/Gigabit Ethernet ' UHCTUTYT
TEXHUYECKUIA UHCTUTYT CUCTEMHOrO
(MOTHW) nporpaMMupoBaHus
2007 r. PAH (UCI PAH)

136 y3nosB

2x Xeon 5160 (2c, 3GHz) Rpeak=48 GFlops/sec
DDR2 667MHz TRIAD(4threads)=5.2 GByte/ses

SSE2
Core i7 Xeon Skylake
~70 GByte/sec ~100 GByte/sec
i7-7820x: 8c = 1 TFlops/sec  Xeon 8180: 28c = 2 TFlops/sec
AVX512
Top500 ot 06.2007
417 MIPT-60 - Cluster Platform 3000 DL140G3, X ) Ghz, Myrinet 544 4.5 6.5
: !SP RAS | -

Russia
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Memory bandwidth

Theoretical Peak Memory Bandwidth Comparison
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© Karl Rupp



FLOP per Byte

10

Balance
Flops per Byte

Theoretical Peak Floating Point Operations per Byte, Double Precision
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AMD Epyc

PUTTING IT TOGETHER: 2P PEAK BANDWIDTH WITH DDR4-2667

i QO Fabric BW (bidir) = per 28 link
* High performance cores, Bisection BW: 4¥379 -
1/0 require strong system balance (\;:)
- Avoid bottlenecks 7" 4
* Bisection bandwidth i, | EERRER
2x required within Socket H ! i E I I ' o I
- Matched between Sackets }__.I W A :I I- / W r l
= Low latency }_|’ 8 e O 1 1 13 , 8» l
Purpose built Infinity Fabric Links }1 | o o I LI” b I
L FEFNERERIRIR (SRR ERRR R L) . L FERNBREEREND IARARRRERRRE]

EPYC" IS BALANCED
| Delivers on-die, within-socket, OOFabric BW (bidir) = per 4B link

\ Bisection BW: 4*42.6 =

and cross-socket scaling

Mermory BW = per channel per socket

77 AMD EPYI AMDD1



Qualcomm Centrig™

2400

Accelerating
Innovation in the
Datacenter

Sampling NOW

Qualcomm Centriq 2400

World's first 10nm Server
Processor

Industry's most
advanced process node

Up to 48 cores

Qualcomm® Falkor™
CPU: Microarchitecture
based on ARMv8

Purpose-built for
performance oriented
datacenter applications

N - 783 SRS A 2 YN
of o r \_\\\\.& W \'\\\\ ¥ & / '

_ : S ¢
Microsoft's Windows Server OS runs on ARM chips



Cavium ThunderX2
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AP Microsoft Project Olympus
Cray XC50

Bull sequana compute blade: X1310

Cavium ThunderX2™ - ARMv8 processor

ThunderX2 CPU:

32 custom cores Interconnect
ARMVS8 ISA Mezzanine
8 mem channels

Cavium
ThunderxX2™




IBM Power9

A\ ===
— POWERS9 Processor - Common Features EES
New Core Microarchitecture SMP/Accelerator Signaling Memory Signaling Leadership
Hardware Acceleration Platform
* Stronger thread performance HH H + Enhanced on-chip acceleration
+ Efficient agile pipeline « Nvidia NVLink 2.0: High bandwidth
« POWER ISA v3.0 L3 Region and advanced new features (BlueLink)

» CAPI 2.0: Coherent accelerator and
storage attach (PCle G4)
H » New CAPI: Improved latency and
bandwidth, open interface (BlueLink)

s Fegor

L3 Region
Enhanced Cache Hierarchy
« 120MB NUCA L3 architecture

g
* 12 x 20-way associative regions

. L3 Region | L3 Regi
+ Advanced replacement policies H H
Core Core

* Fed by 7 TB/s on-chip bandwidth .HHI

Cloud + Virtualization Innovation SMP/Accelerator Signaling _‘Memory Sigr}alirfg” : ngh Bandwidth
Signaling Technology

14nm finFET Semiconductor Process ., 16 Gb/s interface

o
£
g
k=)
(7]
°
3)
o

SMP Interconnect &
Off-Chip Accelerator Enablement

State of the Art I/O Subsystem
* PCle Gen4 - 48 lanes

* Quality of service assists
* New interrupt architecture * Improved device performance and — Local SMP

* ViojNoed ouiiTERd IR mCkied Bnargy + 25 Gbls IBM BlueLink interface
* Hardware enforced trusted execution  « 17 layer metal stack and eDRAM Aisselapstir: Terrists SMP

+ 8.0 billion transistors

© 2016 1BM Corporation 4



IBM Power9

NV Links
(2 Bricks ea)

NV Links
(2 Bricks ea)

8 DIMMs

"~ PCle Gen4 x16 m

PCle Gen4 x4

8 DIMMs —— X Bus 4B
_ 68 x 68 68 x 68
EOQIE1|E1|E2 E2 E2| E2 E2 EO
mﬁ_ PCle Gen4 x16 X8 %
Mellanox
x1 IB EDR NIC
Bme Shared Slot
use
x4| |x4
Storage PEX __ Six x2 PCle Buses
Ctll’g x4 9733 —— } One per GPU




IBM Power9

4 GPUs - Air (4Q’17)/Water Cooled (2Q’18) 6 GPUs - Water Cooled (2Q’18)
PCle Gen 4 PCle Gen 4
CAPIZ.0 CAPL2.0
218 111
17068/s B 17068/ £
ooo -L— 1l cu = 1 1°n?11°1 L = : e :
IEETEEREN - p—
oORE T 008 ™
é ! " NY K
Coherent access ]::TL“"‘ "“"l il‘:;‘ak"_\ Gisass 10068/4 100GB/ %
to system memory | 1o system memory *
(2718) ! (278B)
- ! / "."k
- - —_— - -
= = Viing =] = = g — B g — B c
s0g w~ BOS SE0f o BOf »r BOE
e MENANT00 NYDIA Y100 NVOIA V3 : DIA V100

* Up to 6 GPUs, water cooled only
* 100 GB/s of bandwidth from CPU-GPU

» Up to 4 GPUs, air/water cooled options
» 150GB/s of bandwidth from CPU-GPU
» Coherent access to system memory

*» PCle Gen 4 and CAPI 2.0 to InfiniBand
« Water cooled options available in 2Q'18



Nvidia Pascal / Volta GPUs
Nvlink & Unified Memory

CPU

E 3

I

SE—— PCle PCle < > PCle PCle ——
o Switch Switch K, > Switch Switch K

—— | P100 P100 | = » | P100 P100 | =

— | P10 JPID0I| <+ » | P100 PN | —

<+—» PCle



TABLE V.

YTto cmoxeT gatb 1 9dononc?

cornacHo oueHkam 2014 roga

PERFORMANCE, POWER, AND ENERGY EFFICIENCY OF A
TARGET 7NM EXASCALE MACHINE.

APPS

PetaFlops  PetaOps MWatts  GFlops/W  GOps/W

CNS
CoMD

LULESH
MiniFE

SNAP

XSBench
LINPACK

369.94 1065.98 16.71 22.13 63.78
140.43 1158.51 15.12 0.29 76.61
370.57 394.47 16.09 23.04 24.52
21.89 470.73 15.57 1.41 30.23
22.02 251.66 16.58 1.33 15.18
23.91 179.31 14.81 1.61 12.11

1019.22 1223.06 18.43 55.30 66.36

N
( System '"mm = 1---|J SC14: International Conference for High Performance Computing, Networking. Storage and Analysis
( [ cabinet interconnect ] :
(s S ——) .
gl 8 Scaling the Power Wall: A Path to Exascale
NoC
,&“Ehl%mm%‘“g Oreste Villa, Daniel R. Johnson, Mike O’Connor, Evgeny Bolotin, David Nellans,
e Justin Luitjens, Nikolai Sakharnykh, Peng Wang, Paulius Micikevicius, Anthony Scudiero,
( oauted oy Stephen W. Keckler and William J. Dally
CEevR o0, > s Email: {ovilla, djohnson, moconnor, ebolotin, dnellans. jluitjens, nsakharnykh,

\_ Exascale Systam

penwang, pauliusm, ascudiero, skeckler, bdally } @nvidia.com



Argonne Theta supercomputer

a 9.65 petaflops system based on the second-generation Intel Xeon Phi

Early Evaluation of the Cray XC40 Xeon Phi
System ‘Theta’ at Argonne

Scott Parker, Vitali Morozov, Sudheer Chunduri, Kevin Harms, Chris Knight, and Kalyan Kumaran
Argonne National Laboratory, Argonne, 1L, USA
{sparker, morozov, chunduri, harms. knightc. kumaran}@alcf.anl.gov

THETA — CRAY XC40 ARCHITECTURE

Nodes 3,624
Processor core KNL (64-bit)
Speed 1100 - 1500 MHz
# of cores 64

# of HW threads 4

# of nodes/rack 192

Peak per node 2662 GFlops

L1 cache 32KB D + 32KB I
L2 cache (shared) 1 MB
High-bandwidth memory 16 GB

Main Memory 192 GB
NVRAM per node 128 GB SSD
Power efficiency 4688 MF/watt 7]
Interconnect Cray Aries Dragonfly
Cooling Liquid cooling




Argonne Theta supercomputer

Nekbone mini-app
(incompressible Navier-Stokes CFD solver based on spectral element method)

1 ..... Py ORIl Ly P PN P PN Y (P CNE S YUY S OAE Qg RN P CUME VP PR VPPN (S S PESIEYPPOIRP R NS ST SSRSEry CoEe v -

0.8

0.6

Parallel Efficiency

0.4

0.2

512 1024 2048 4096 8192 16384 32768 65536
Nodes

Fig. 15. Nekbone BG/Q weak scaling



Argonne Theta supercomputer

Nekbone mini-app
(incompressible Navier-Stokes CFD solver based on spectral element method)

1 - -

0.9

0.8

0.7

0.6

0.5

128 —o— \\\‘
04 | 256 -

512 —o—

1024 —eo—
03 L 2048 N

4096 —o—
8192 —o—
1 2 4 8 16 32 64 128 256 512 1024 2048 4096
Nodes

Parallel Efficiency

0.2

Fig. 14. Nekbone Theta weak scaling



Argonne Theta supercomputer

Nekbone mini-app
(incompressible Navier-Stokes CFD solver based on spectral element method)

Nekbone, itself is highly scalable, as shown in
Figure 15, which shows near perfect weak scaling on the ALCF
BG/Q system Mira up to 48k nodes when using 512 elements
per node. Loss of parallel efficiency with weak scaling on
Theta is attributable to either increased cost for point-to-point
communication due to network contention or the increased
cost of MPI_Allreduce operations as the rank count increases,
since the workload per node remains otherwise same. Future
work will examine the use of explicit rank mapping across the
dragonfly network to optimize rank placement and minimize
point-to-point communication contention.

TABLE III
MPI MESSAGE LATENCY IN US

Benchmark | Zero Bytes message | One Byte message

Ping Pong 3.07 3.22
Put 0.61 2.90
Get 0.61 4.70




NMporpamma CORAL

[TouemMy OTMEHUN MOCTPOUKY cynepkommnbioTepa Aurora?

ALCF 2021 EXASCALE SUPERCOMPUTER - A21

Intel/Cray Aurora supercomputer planned for 2018 shifted to 2021
Scaled up from 180 PF to over 1000 PF

Support for three “pillars”

_Pre-planning " _ _ _ .
i review Design review :
@ Rebaseline review 5

NRE contract award:

@ Build contract mocﬁfication

ALCF-3 Facility and Site Prep Commissioning

ALCF-3 ESP: Application Readiness
NRE: HW and SW engineering and productization

Build/Delivery Acceptanceid
CY 2017 CY 2018 CY 2019 CY 2020 CY 2021 CY 202




FAinoHCKue npoueccopbli
Nec Vector Processors: SX-ACE, SX-10, Aurora SX-10+...

NEC has always provided the high sustained Supgetts BIUROW
performance by Vector Super-Computer SX series.

A

Performance




FAinoHCKue npoueccopbli
Nec Vector Processors: SX-ACE, SX-10, Aurora SX-10+...

SX-2 SX-3 SX-4 SX-5 SX-6 SX-7 SX-8 SX-9  SX-10 SX-10+

Launch Date 1983 1989 1994 1998 2001 2002 2004 2007 2014 2017
Chip Technology Bipolar = Bipolar = CMOS CMOS CMOS CMOS CMOS CMOS CMOS CMOS
Process = = 350nm  250nm 150nm 150nm 90 nm 65 nm 28 nm l4nm
Clock Speed 166 MHz 340 MHz 125MHz 250 MHz 500MHz 552MHz 10GHz 32GHz 10GHz 16GHz
Core Count 1 1 1 1 1 1 1 1 - 8
DP Performance, Gigaflops 1.3 5.5 2.0 8.0 8.0 8.8 102.4 102.4 256.0 2.457.6

Memory Bandwidth, GB/sec  10.7 12.8 16.0 64.0 32.0 35.3 64.0 256.0 256.0 1.228.8

© NextPlatform



fAlnoHCKue npoueccopbl
PEZY-SC2 - #1 B Green500

The ZettaScaler-2.2 at the Japan Agency for Marine-Earth Science and Technology (JAMSTEC)

#4 B cnmucke Ton500 Hosbpa 2017 ropa (Rmax=19 Mononc, Rpeak=28 NMNdnonc) - 19,860,000 aaep!



FAinoHCKue npoueccopbli
PEZY-SC2 - #1 B Green500

/41

City || City || City || City || City
City || City || City || City || City
' || City || City || City || City || City
: City || City || City || City || City Host I/F

[ City|[ City |[ City |[ City |[ City &

. : . : - Processor 1I/F
; : City || City || City || City || City

City || City || City || City || City || City || City || City || City || City || City || City || City || City || City || City
City || City || City || City || City || City || City || City || City || City || City || City || City || City || City || City

4’/

LLC (40 MIB) MIPS64 || MIPS64

P6600 P6600

Custom TCI Link Custom TCI Link DDR4-3200 DDR4-3200 MIPS64 |[ MIPS64
(0.5 TB/s) (0.5 TB/s) (64bit 25.6 GB/s)  (64bit 25.6 GB/s) ;f::; ;IGPGS°6°4
Custom TCI Link Custom TCI Link DDR4-3200 DDR4-3200 POST0_1I_Fee00
(0.5 TB/s) (0.5 TB/s) (64bit 25.6 GB/s)  (64bit 25.6 GB/s) | 'mesee |l Pecco’




fAlnoHCKue npoueccopbl

PEZY-SCx Processor Roadmap

PEZY-SC2 - #1 B Green500

PEZY-SC PEZY-SC2 PEZY-SC3 PEZY-SC4
Process 28nm 16nm 7nm Snm
Di Siz 412mm2 620mnm2 700mm2 740mm2
Number of Cores 1,024 2,048 8,192 16,384
Core Voltage 0.9V 0.8V 0.65V 0.55V
Core Clock 733MHz 1GHz 1.33GHz 1.6GHz
DRAM-IO DDR4 DDR4 DDR4/5 DDRS
DDR Clock 2,133MHz 2,666 MHz 3.6GHz 4GHz
Port 8 4 4 4
Wide-10 Clock 2GHz DDR 3 GHz DDR 3GHzDDR
Wide-10 Width - 1,024bit 2,048bit 4,096bit
Wile-10 Ports 4 8 8
Mcmory Bandwidth 153.6GB/s 2.1TB/s 12.2TB/s 24.4TB/s
Perpheral 10 PClI3¢ Gen3 PCle Gend Custom Optical Custom Optical
Peripheral 10 lane 24 32 128 512
Peripheral 10 Bandwidth 32GB/s 64GB/s 256GB/s 1TB/s
DP Performance 1.5TFLOPS 4.1TFLOPS 21.8TFLOPS S2.5TFLOPS
SP Performance 3.0TFLOPS 8.2TFLOPS 43.6TFLOPS 105TFLOPS
HP Performance - 16 ATFLOPS 87.2TFLOPS 210TFLOPS
Power Consumption 100W 200\ 400W 640W
Power Efficiency 15GFLOPS/w 20.5GFLOPSAv 54.5GFLOPSAy 82.0GFLOPS/w
System Efficiency 6.7GFLOPSHw 15GFLOPS/w 40GFLOPS/Hw 60GFLOPSAy
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Advanced Scientific Computing
Research
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Office of Science FY 2018 President’s Request

(Dollars in thousands)

Science

FY 2016

FY2016 | Cument | Fy2017 | oY 221° | FY 2018 Requestvs. FY
Enacted w/SBIR- Enacted - 2017 Enacted
STTR® q
Advanced Scientific Computing Research 621,000 621,000 647,000 722,010 +75,010 +11.6%
Basic Energy Sciences 1,849,000 1,849,000 1,871,500 1,554,500 -317,000 -16.9%
Biological and Environmental Research 609,000 609,000 612,000 348,950 -263,050 -43.0%
Fusion Energy Sciences 438,000 438,000 380,000 309,940 -70,060 -18.4%
High Energy Physics 795,000 795,000 825,000 672,700 -152,300 -18.5%
Nuclear Physics 617,100 617,100 622,000 502,700 -119,300 -19.2%
Workforce Development for Teachers and Scientists 19,500 19,500 19,500 14,000 -5,500 -28.2%
Science Laboratories Infrastructure 113,600 113,600 130,000 76,200 -53,800 -41.4%
Safeguards and Security 103,000 103,000 103,000 103,000
Program Direction 185,000 185,000 182,000 168,516 -13,484 -7.4%
Subtotal, Science 5,350,200 5,350,200 5,392,000 4472516 -919,484 -17.1%
Rescission of Prior Year Balances -3,200 -3,200 -239 +239 -100.0%
Total, Science Appropriation 5,347,000 5,347,000 5,391,761 4,472,516 -919,245 -17.0%
aThe FY 2016 Enacted column printed in the FY 2018 Congressional Budget Justification (President’s Request) includes SBIR/STTR
funding in the program lines
and reflects programmatic updates through the end of the fiscal year.
bThis column provides the Annualized CR amount (CR through April 28, 2017; P.L. 114-254). It is calculated by reducing the FY 2016
Enacted by 0.1901%
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16384 0qHOBUTOBBLIX Meiko Computing Surface:
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npoueccopamu Intel i860
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B. B. Cterannos, I. 3. HopmaH. NMpobnemsbl passutnsa cynepkoMnboTEPHON oTpacnu B Poccuun: B3rnsag
Nonb3oBaTeNns BbICOKONPOM3BOAUTESNbHbLIX cucteM // [porpaMMHbIE CUCTEMBI: TEOPUSA U MPUSNOXKEHUST: 3NTEKTPOH.
HayyH. XypH. 2014. T. 5, Ne 1(19), c. 111-152. URL.: http://psta.psiras.ru/read/psta2014_1_111-152.pdf
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VOLUME 68, NUMBER 9 PHYSICAL REVIEW LETTERS 2 MARCH 1992

Ab Initio Theory of the Si(111)-(7 X 7) Surface Reconstruction: A Challenge for
Massively Parallel Computation

Karl D. Brommer, ("’ M. Needels,® B. E. Larson, and J. D. Joannopoulos ‘"’ Th|nking
" Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 q
D AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, New Jersey 07974 MaCh Ines
®Thinking Machines, Cambridge, Massachusetts 02139 C M _2

(Received 8 November 1991)

An ab initio investigation of the Si(111)-(7x7) surface reconstruction is undertaken using the state of
the art in massively parallel computation. Calculations of the total energy of an ~700 effective-atom
supercell are performed to determine (1) the fully relaxed atomic geometry, (2) the scanning tunneling
microscope images as a function of bias voltage, and (3) the energy difference between the (7x7) and
the (2x1) reconstructions. The (7X7) reconstruction is found to be energetically favorable to the
(2x1) surface by 60 meV per (1x 1) unit cell.

PACS numbers: 73.20.—r, 68.35.Bs, 68.35.Md

VOLUME 68, NUMBER 9 PHYSICAL REVIEW LETTERS 2 MARCH 1992

Ab Initio Total-Energy Calculations for Extremely Large Systems: Application to the
Takayanagi Reconstruction of Si(111)

I. Stich, M. C. Payne, R. D. King-Smith, and J-S. Lin
Cavendish Laboratory (TCM), University of Cambridge, Madingley Road, Cambridge CB3 OHE, United Kingdom

L. J. Clarke

Edinburgh Parallel Computer Centre, University of Edinburgh, Mayfield Road, Edinburgh EH9 3JZ, United Kingdom
(Received 8 November 1991)

We have implemented a set of total-energy pseudopotential codes on a parallel computer which allows

Melko calculations to be performed for systems containing many hundreds of atoms in the unit cell. Using

. these codes we have calculated the total energies and structures of the 3x3, 5x5, and 7x7 Takayanagi

CompUtlng reconstructions of the (111) surface of silicon. We find that the 7x7 structure minimizes the surface en-

Surface ergy and observe structural trends across the series which can be correlated with the degree of charge
transfer between the dangling bonds on the adatoms and rest atoms.

PACS numbers: 68.35.—p, 31.20.—d, 71.45.Nt



BbiBOAbI

Mepexon B nocT-MypoOBCKYO 3py BeAeT K Heob6xoaAnMOCTN NoBbieHNA 3GPEKTUBHOCTH
CYLLLECTBYIOLWMX TEXHONOTUIN N KO-AU3aNHY.

HoBble TexHO/10rMKU Tpe6y+o pPa3BUTNA SIKOCUCTEMDbI.

Mpoueccopbl Intel Xeon Skylake cmectunmn 6anaHc B 06n1actb 60n1ee BbICOKMX 3HAYEHUN (A
TOnoBOro npoueccopa B ~ 20) u TpebytoT agantaumm Kogos noa AVX-512.
Ana Tonosbix AMD Epyc B ~ 3.

K HacTosALemy BpemeHu chopmmupoBanach akocuctema ARM, BbINyCK ABYX TUMNOB CEPBEPHbIX
NPOL,ECCOPOB NOKa3bIBAlOT NEPCNEKTUBHOCTb 3TON apXUTEKTYPbI, KaK AatoLlein 60bLUY CTeneHb
BapunabenbHoCTH, Yem x86_64.

TexHonormu (akocmucteme) Nvidia CUDA ncnonHunocs 10 net, 1 ee pa3sutune B HanpasneHuun Unified
Memory obewaeT yaobHbIN MHCTPYMEHT AOCTUXKEHUA BbICOKOM NPON3BOAUTENBHOCTM Ha 6osibLIOM

Yyucae NPUIOKEHMUN.

OTmeHa TPETbETO MNOKONIEHUA Xeon Phiu CYynepromMmnbroTEpPAa Aurora — npmmep C10KHOCTU Pa3BUTUA B
HanpasiaeHnN" 3K3ackenna.

Kniou K ycnexy B pa3BuTUM 3K3acKeina — pa3BUTUE METOA,0B NapaiieNlbHOro nporpammupoBaHus!



