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Main System

Compute Nodes(8,305 ea) CPU Nodes(132 ea)
Pilot . . .
Tesﬁed | 000 000

Compute Nodes

(16 -> 8 ea) . . ‘ ‘ ‘ ‘

==

Intel Omni Path High-Speed Interconnect
T R R— I — | | | !

] MDS | MDS | 0SS obo 0SS MDS | MDS 0SS o0y 0SS DataMover(1) odo| Datamover(4) Management(2)
Intel Omni Path Networ

IFS(2)

— > - — Scheduler(2)
| Ik | | Burst W . I FC Storage Network I
Buffer W Cloud Mgmt
MDS MDS 0ss 0ss & Network(4)
- e iy

Login(4)

Tape
Storage

Kernel Dump(1)

Multi-
Purpose(4)
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{:O}Theoretical performance(Rpeak) 25.7PF = 25.3PF CS400 w/KNL+0.4PF CS500 w/SKL
Measured performance(Rmax) 13.9PF (54.2% of RPeak)

Cray 3112-AA000T(2U enclosure) 8,305 KNL Compute modules

1/7
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KISTI-5 Supercomputer (I) GOJE| AERH SA17|

{:O}Theoretical performance(Rpeak) 25.7PF = 25.3PF CS400 w/KNL+0.4PF CS500 w/SKL
Measured performance(Rmax) 13.9PF (54.2% of RPeak)

Computing

nodes Cray 3112-AA000T(2U enclosure), 8,305 KNL Computing modules

)

1x Intel Xeon Phi KNL 7250 processor
96GB (6x 16GB) DDR4-2400 RAM

YV V VYV VY

C Cil;;lc;rgly Cray 3111-BA000T(2U enclosure), 132 Skylake Computing modules

2x Intel Xeon SKL 6148 processors
192GB (12x 16GB) DDR4-2666 RAM
1x Single-port 100Gbps OPA HFI card
1x On-board GigE (RJ45) port

YV V VYV V
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Compute

20PB SFS@300GB/s, 10PB Archiving i

OPA Interconnect

EEEEEEEE .
> Global scratch: 20PB, 0.3TB/s T B B S T B
iﬁ—ggggﬁggé Scratch '—’?‘
(DDN ES14KX 9ea, 360 x 8TB disk each) SRR R R R R AR B oo || |
e ] e e e e e = = \ oS
» Home and application directory 1PB i SR e o K
- —_— -~ 3 & = u i: ::rse anagement -é
» NVMe Burst Buffer: 0.8PB, 0.8TB/s == W T
(IME240 48ea 19 NVMe SSD each) =1~ T | | T
e = “ “ oGars |Il II 'igbs :Tﬁa %‘i)%sAs == ] ;;5250
» Cray TSMSF and IBM TS4500 mema ) | et o oot

> Intel OPA High-speed interconnect switch

274x 48-port OPA edge switches e B S S
8x 768-port OPA core switches L . E = —

: 1
» Bandwidth: 12.3 GB/sec q o
H 1 M ompute Nodes CS504 s Zgaad Lo ¥
> Bisectional Bandwidth : 27 TB/sec (Qty 8,305) i e
DDN IME Dggé‘l:lasltre

: . . - 1 x Intel KNL (3.06 " Burst a

> 10716 BER(Bit Error Rate), Adaptive routing pesi A Zx I S sier || G
* 6 x16GiB DDR4-2400 - 12 x 16GiB DDR4-2666 DIMM ports

DIMM(96GIB) (192GiB)
+ 1 x Intel OPA 100Gbps HFI - 1 x Intel OPA 100Gbps HFI




KIST} zamerzeers Computing Node (1) HlolE| e SAFRHKISTI
« KNL (Xeon Phi 7250) « SKL (Xeon SKL 6148)
— 68 physical cores/socket 20 physical cores/socket
— 272 logical cores/socket — 40 logical cores/socket
— 1.4 GHz (up to 1.6Ghz in Turbo mode) — 2.4 GHz (up to 3.7Ghz in Turbo mode)
— 32 double precision operations per — 32 double precision operations per
cycle (16 DP FLOPS per cycle per AVX- cycle

512 FMA unit)

— 16 GB of fast memory (MCDRAM) 96GB  _ 4.9 GB DRAM/core (196 GB/node)
of DDR4 DRAM

— ~115 GB/s DDR4 bandwidth

— ~119 GB/s Memory Bandwidth
— MCDRAM has ~ 5x DDR4 bandwidth

— Cache: L12.3MB L2 34MB — Cache: L1 1.25 MB, L2 20MB, L3
27.5MB
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Ti eameegeeon Computing Node (2) GIO1E| e Sei712

Chip: 36 Tiles interconnected by 2D Mesh
Tile: 2 Cores + 2 VPU/core + 1 MB L2

Gen'3 Memory: MCDRAM: 16 GB on-package; High BW
DDR4: 6 channels @ 2400 up to 384GB

10: 36 lanes PCle Gen3. 4 lanes of DMI for chipset

Node: 1-Socket only

Fabric: Omni-Path on-package (not shown)

&2 OO0

36 Tiles
connected by
2D Mesh
Interconnect

wWrmzZZ>»InN

Vector Peak Perf: 3+TF DP and 6+TF SP Flops
Scalar Perf: ~3x over Knights Corner
IERSE , , Streams Triad (GB/s): MCDRAM : 400+; DDR: 90+

Soutce hlel Al podcts. compute syslems. dites s s specifed are preiminay based o Garel e
are subjed 1o change witout notice. KNL dala are preliminary based on cument expect

Omni-path not shown
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SRR Computing Node (3) CIOIE| EIA B4 12 KIST)

Memory Modes

Three Modes. Selected at boot

Cache Mode Flat Mode Hybrid Mode
A

>

16GB
MCDRAM

8or12GB
MCDRAM

16GB 40r8GB

MCDRAM

MCDRAM

Physical Address
Physical Address

* SW-Transparent, Mem-side cache ¢+ MCDRAM as regular memory ¢ Part cache, Part memory
* Direct mapped. 64B lines. SW-Managed * 25% or 50% cache

* Tags part of line Same address space * Benefits of both

* Covers whole DDR range

10
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Flat MCDRAM: SW Architecture

MCDRAM exposed as a separate NUMA node

KNL with 2 NUMA nodes Xeon with 2 NUMA nodes
DDR knL —[ 5 ] 2 DDR || Xeon —| Xeon || DDR

~ _

Node 0 Node 1 Node 0 Node 1

Memory allocated in DDR by default - Keeps non-critical data out of MCDRAM.
Apps explicitly allocate critical data in MCDRAM. Using two methods:
= “Fast Malloc” functions in High BW library (https://github.com/memkind)

= Built on top to existing /libnuma API
= “FASTMEM” Compiler Annotation for Intel Fortran

Flat MCDRAM with existing NUMA support in Legacy OS

g

DI
s

> "‘)

as T,



OPA Fabric Scheme
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4 N
OPA Switch Group (Intel OPA, Fat-Tree, 50% Blocking)
#1  #2 #7  #8
8 Intel OPA 24-slot Director Switch
g I g (19x 32P Leaf module/switch)
Intel OPA 48P Edge Switc
x 277 (16Up/32Dow
Wl ...... Weo ...... \\\% \\\M;;s ....... M77
\ / AN N y
Service Nodes
(Qty 23)
KNL Compute Nodes CS500 CPU-only Nodes CS500

(Qty 8,305=25.3PF) (Qty 132=0.4PF)

DDN IME

Burst Buffer
80x OPA

ports

* 1x Intel KNL 7250 .
(3.06 TFLOPS/node peak)

+ 6x 16GiB DDR4-2400 DIMM(96GiB)

* 1x Intel OPA 100Gbps HFI

2x Intel SKL 6148

(3.072TFLOPS/node peak)
« 12x 16GiB DDR4-2666 DIMM(192GiB)
* 1x Intel OPA 100Gbps HFI

e

DDN Lustre
ExaScaler
49x OPA
ports

N~
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KIST] zemegersa OPA Interconnect w/ 2:1 Blocking

K# K# K# Ki#

K# K# K# K# K# K# K# K# K# K# K# K# K# K# K# 100 828 829 °** 830 Sit Sit S# Si#t S# Sit S# Sit Sit Sit S# S#
1 2 3 4 33 34 35 36 65 66 67 68 97 98 99 9 0 5 18 19 20 21 50 51 52 53 82 83 84 85
L XX ]
K# K# eee K# K# K# eee K# K# K# eee K# 1'?: ,:g; eee 1K2,; S# S# eee S# S# S# eoe S# s# eee s# S# S# oo 1311:)
5 6 28 37 38 60 69 70 92 1 2 13 22 23 45 54 77 86 87
K# K# K# K#
"L rLrLererroererirrrge St st st St s¢ s# se Sk sk st s¢ sp oh o St S
61 62 63 64 14 15 16 17 46 47 48 49 78 79 80 81
32 downlinks 32 downlinks 32 downlinks 32 downlinks 32 downlinks 32 downlinks 32 downlinks 32 downlinks
Xy
4

16 uplinks (2links x8)

16 uplinks (2links x8) 16 uplinks (2links x8) 16 uplinks (2links x8) 16 uplinks (2links x 8)

16 uplinks (2links x8) 16 uplinks (2links x8)

e
NV /%.<,/
2 links to each 2 links to each 2 links to each 2 links to each 2 links to each 2 links to each 2 links to each 2 links to each
K: KNL Compute Node (x 8305
Edge SW Edge SW Edge SW Edge SW Edge SW Edge SW Edge SW Edge SW S SKL CPU oty N 5 132y

V: Service Node (x23)

IME: IME Node (x40, 2x HCA/node)
LV: Storage Service Node (x 9)

E: ExaScaler Storage (x 40)

768port OPA 768port OPA
Core SWit1 Core SWi1

768port OPA
Core SWit1

768port OPA 768port OPA
Core SWit1 Core SWit1

768port OPA
Core SWit1

768port OPA
Core SWi1

768port OPA
Core SWit1

w/ 19x Leaf

w/ 19x Leaf w/ 19x Leaf

w/ 19x Leaf w/ 19x Leaf w/ 19x Leaf w/ 19x Leaf

w/ 19x Leaf

2 links to each 2 links to each 2 links to each 2 links to each 2 links to each 2 links to each 2 links to each 2 links to each
Edge SW Edge SW Edge SW Edge SW Edge SW Edge SW Edge SW Edge SW

—_—l———
"’{

== — e

—

16 uplinks (2links x8) 16 uplinks (2links x8) 16 uplinks (2links x8) 16 uplinks (2links x8) 16 uplinks (2links x8) 16 uplinks (2links x8) 16 uplinks (2links x8)

48port OPA Edge SW #26 48port OPA Edge SW #26 48port OPA Edge SW #26 48port OPA Edge SW #27 48port OPA Edge SW #27 48port OPA Edge SW #27 48port oPA Edge SWi# 277
4 eee 8 9 0 1 eeoe 3
23 downlinks 15 downlinks 15 downlinks 15 downlinks 15 downlinks 14 downlinks 13 downlinks

S# S# S# S#
115 116 17 118

s# s# s#
19 120 132 PYYS
E# E# E# E# E# E#
17- 18- 18- 19- 20-  20-
2 1 2 2 1 2

eoo . . . - - .
E# E#
17- 19-
1 -
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4 \
OPA
. ‘ r a
760x OPA
1.2TB NVMe
Ctrio ! Ctrlt
L ) I "?)Xss(\/M)
*****L** Burst Buffer
EF ¥ L ¥ aox IE240
EES s== =r= BE= E== BE= E=w sws o005/ 800TB Raw
5x 858412
= 362X
8TBNL SAS
Scratch |
9x ES14KX {
300GB/s, 20.3 PB |
[ - A\ e — N — W — W — — W — N — \_ DDN ES14KX )
* 0ss ? 0ss r-_I_ oo - f-_l I "‘-\I_.
S 4 = — Wora =
oSS Purge =
- < — / ) | | Server Management )
e e r—] — s
, B === Home & Apps Scratch Servers Testbed
= EST14KX  MetadataHome & Apps EST4KX
Metadata
[ oSStz OPA OPA f
oL oS ° ° ¢ D d
MDS & 1 ZLE MDS & 1 ZLE
(e )y MDS | B ——
8Gb/s FC 8Gb/s FC
MDS & 2 —
p . I - = nE OSS/OST
\_ DDN stk Y, DDN  21x 960GB SSD’s DDN  25x960GE ssp's ] DPN EST4KX + 558460 ~ DDN SFA7700X
SFA/ /700X SFA/ 700X
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Burst Buffer (IME240)

. oPAD OPA1

DDN IME240

27194 IS 9|3t
HIO|E] HEHA| S&7 12 KISTI

FoFd 8L (L
-
OPA . AlAE DDN IME240, Infinite Memory Engine Appliance
AZEQIO HHE Cent0S 7.3, IME 1.2
ZCf 10 85 20 GBIs
HES3I QEHO|A 2x OPA
i SSD EfE 1.2TB, NVMe E2}0|E
SSD =& 16ea(1.2TB NVMe)+1ea(450GB SSD)
2 (RAW) 19.2TB
7 24 2W,Nominal) 1,028
& = ZH(BTU/hr,Nominal) 3,506
Fofdas e
SMN2EH $ 48 x IME240
% 8% (Raw) 921.6T8
% BE(EC, 1542 & A|) 813TB
Sx0I04s 0.8TBI/s
% ™2 2KW,Nominal) 41,120
%= 2 2XBTU/hr,Nominal) 140,307




Burst Buffer (IME240)
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« New Cache Layer using NVMe
SSDs inserted between compute
cluster and PFS
- IME is configured as CLUSTER

with multiple SSD servers
- All compute nodes can access
cache data on IME

« Accelerates "bad" 10 on PFS

« Accelerates small 10 or random

Compute

Diverse, high

concurrency
applications

COIME

Fast Data
NVM & SSD

i

|

Il

-

|

'€

IO by high IOPS due to SSD and
IO management
- PES is pretty good at large
sequential 10
« (Can be configured as cache layer
having huge IO bandwidth

o

Application issues 10 to

fragments to IME

Erasure Coding applied s

i

IME client sends IME servers write buffers to
NVM and manage internal

metadata

WsFa

Persistent
Data (Disk)

=

i i

IME servers write
aligned sequential
1/0 to SFA backend

Parallel File system
operates at maximum
efficiency
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HW Spec Details

Korea Institute of Sclence and Technology Information

tabDirect

I
4 |
=11
!

Category Sub-category Compute Nodes CPU-only Nodes
System Model Cray CS500 Cray CS500
Model Number of Nodes 8,305 132
Number of Racks 116 2
Performance Peak Performance 25.3PFLOPS 0.4PFLOPS
Model Intel Xeon Phi 7250 Intel Xeon 6148
ode (KNL) (Skylake)
Peak Performance 3.0464TFLOPS 1.536TFLOPS
CPU Type
# of Cores per CPU 68 20
# of CPUs per Node 1 2
On-package Memory 16GB, 490GB/s -
HCA Model Intel 100HFAO16LS Intel 100HFAO16LS
Model 16GB DDR4-2400 8GB DDR4-2666
Configuration 16GB x6, 6Ch per CPU 8GB x12, 6Ch per CPU
Main M
ARy Size per Node(GB) 96GB 192GB
(Off-package)
Bandwidth 115.2GB/s 128GB/s
Total Size 778.5TB 24.76TB
Local Disk Capacity N/A ITB
Topology FatTree
Blocking Ratio 50% Blocking
High 274x 48-port OPA ed itch
Performance # of Switches L e S“.n ches
8x 768-port OPA core switches
Interconnect
Bandwidth per Port 12.3GB/sec
Bisectional Bandwidth 27,060GB/sec
# of Servers DDN IME240 Servers 40ea
Configurations of Disks 19x 1.2TB NVMe SSD, 2x 0.45TB NVMe SSD
Burst Buffer
Total Capacity 0.8PB usable
Bandwidth 20GB/sec per server, 0.8TB/s total
Scratch MDS DDN SFA7700X lea, MDS 2ea
Home/Apps MDS DDN SFA7700X lea, MDS 4ea
Seratch OSS 4x OSS(embedded) per ES14KX
Parallel DDN ES14KX 9ea w/ 360x 8TB each
File System 4x 0SS(embedded
Home/Apps OSS x OSS(embedded),
DDN ES14KX lea w/ 400x 4TB
Total Capacity 20PB usable

Bandwidth

Jter 2Rlg 2t
SH7IZKISTI




BT Modules

« Compiler wrappers

____ lmtel _____[GNU______ [Cay _____ |Module

KNL -XxMIC-AVX512 -march=knl -h cpu=mic-knl  craype-mic-knl
Skylake -XCORE-AVX512 -march=skylake  -h cpu=skylake craype-x86-skylake

— Intel - better chance of getting processor specific optimizations, especially for KNL
— Cray compiler — many new features and optimizations, especially with Fortran
— GNU - widely used by open software

VASP Performance on Cori (KNL and Haswell processors) and Edison (Ivy Bridge processors)
Test case: Si256_HSE; all runs used 8 nodes; 2M hugepages used except where noted

500 T
W VASP 5.4.1, MPI only

450
¥ Optimized MPI/OpenMP hybrid code

VASP built with the —=xMIC-AVX512 |~

400 —
flag runs 35% faster than built with

the -xCORE-AVX2 flag on Cori KNL.

350

LOOP Time (sec)
Il
w
o

Wa

0 -
Edison {192;96,4)  Cori Haswell {(256;64,8 Cori KNL{192;128,8) Cori KNL{128,8), Cori KNL {128,8) Cori KNL{1288) Cori KNL{128,8)
Quad,Cache Quad,Aat, used DR Quad,Cache, compiled Quad,Aat Quad,Cache,No
only with -xCORE-AVX2 Hugepages

System (MPI tasks for VASP 5.4.1; MPI tasks, OpenMP threads per MPI task for optimized code)/Other info

Building your application separately for each platform could be »
imbortant to set ontimal nerformance.



HPL- Computing-bounded benchmark -
o (ranked 11st @ June 18) o

1201 SRR

10° - . , 80 — : : :
| ——— Theoretical ; 20l I Cache mode

| —8— Cache mode Flat mode(HBM)
| —&— Flat mode(HBM) :l_ _ -

Efficiency(%)
8 &

Performance(GFlops)
SL
S

ks
o

-
(@)

w

(@)

10o 101 2 4 8 16
Number of nodes Number of nodes

« Cache mode and flat mode with HBM show almost same performance

« 1.8TFLops / node is obtained for both memory modes

 Efficiency, the ratio of measured performance to theoretical performance is ~60%
up to 16 nodes, but is ~53% to total number of nodes of Nurion.

11



HPCG- Memory-bounded benchmark -

IR S FEAP 2l

R — (ranked 8st @ Nov. 18) s

t ——— Theoretical I Cache mode
__ .5 |—H8— Cache mode _ [__1Flat mode(HBM)
@ 10° f —o— Flat mode(HBM) 2| [ Flat mode(DRAM) -
O | —— Flat mode(DRAM) R
cL.'LJ 10% f & 15
C I (O]
S 10°F 2 1
= i LL]
d‘? 102 0.5
1 | 1 0
10 10° 10" 1 2 4 8 16
Number of nodes Number of nodes

» HPCG performance is much lower than theoretical performance: ~51GFlops / node

« Efficiency, the ratio of measured performance to theoretical performance is ~1.7%
up to 16 nodes, but 1.5% up to to total number of nodes of Nurion.

« Cache mode and flat mode show quite large performance difference since HPCG
highly depends memory bandwidth.
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1. MPI Parallel Implementation for Pseudo-Spectral
Simulations for Turbulent Channel Flow @ 5% 7| Nurion

2. LESE O|8%t =&FU =% 7= sl ZE JE @ 4= 7|
Tachyon

3. LESE O|&8%t fA-1N A4 dslid= ¢ Re>10,000 H&F
dIo|Ae| EfROFCHE| S1] Al=80]4 @ 52 7| Nurion
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MPI Parallel Implementation
for Pseudo-Spectral
Simulations for Turbulent 2

Channel Flow
@ 5= 7| Nurion

l=E:
# AR SEME

)
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Korea Insfituts of Sclence and Tech
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Velocity profile

MPI Parallel Implementation for Pseudo-Spectral 2710 7
Simulations for Turbulent Channel Flow

= 93t

GIOJE] AENZ| ZA17| 2t KISTI

Laminar flow

Turbulent flow

Mean Pressure Gradient
-dP/dx

LR A o— o 2
Skin friction coefficient: C =1,/ 1pU,
—~ E=6Re. - for laminar
— C;=0.073Re,*° for turbulent (Dean’s correlation)

Laminar flow

%

Turbulent flow

Reynolds Viscous
shear stress ~ shear stress

» Flow direction

u

time




MPI Parallel Implementation for Pseudo-Spectral

Simulations for Turbulent Channel Flow

271} 201 93t
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Governing Equation

The non-dimensionalized incompressible Navier-Stokes equations :

u; 6 1
ou;
° (3_xl = 0. (2)

Taking the divergence of equation (1) yields a Poisson equation for p :

6
« V?p= axl Vz( u]u]) (3)
° Hi = eijkuj(wk + Z.Qk) (4)

The Laplacian of equation (1) and using equations (2) and (3) lead to the following

equation :

2 2 2

ot 0x? = 0x3 0x, \0x;  0x3

(5)



MPI Parallel Implementation for Pseudo-Spectral SE——

KiST 22episyserns
DI s T ClIOJE MEfA S217|2tKISTI

MISTI Zepigsenys Simulations for Turbulent Channel Flow

Schematics of domain decomposition methods.

Ny/ Py 4
/_A_V
MPI_AlltoAllv
MPI_AlltoAllv 6
- y
dl r' \
N3/ (N.*3/2)/ P 4 flnge, . nsee & g
: N#3/2)/P ¥ (N.*3/2)/ P,
(N, )/ P. Ny/ Py J— /' X
1 —— / va /\ /I 5
(%77 —» ] . 1
< 2 3 N,/ P, —»
4 2 ' (N.*3/2)/ P, l T . y
f4 z h vt / 4
< « z
x MPI_AlltoAlly vt 2 2‘ l T 3
T X
X z " Nv/ Py
Ny, Ny and N, : the number of grid Y L P processors are
points along the X-axis, Y-axis P processors are ¢ z arranged in a grid so
and Z-axis, respectively arranged in a grid so that P = P*P,*P, Y
— : the sequence of that P = PP, (4=2*2) (4=2*2%2) ' < z
communication per an iteration x

Number of communications per an iteration for Number of communications per an Number of communications per an
matrix transpose (MPI_AlltoAllv): 2 iteration for transpose(MPI_Alltoallv): 4 iteration for transpose(MPI_Alltoallv): 6
Buffer size per process (per comm.): N,*N,* Buffer size per process (per comm.): Buffer size per process (per comm.): (N,*N,*
(N,*3/2)/P? (NN, * (N,*3/2))/(P*P,*P,) (N.*3/2))/(P,*P,*P,*P,)
Send/recv times per process (per comm.): Send/recv times per process (per Send/recv times per process (per comm.):
p-1 comm.): P,-1 or P,-1 P,-1orP,-lorP,-1

Number of processes: P = P,*P,, where P, Number of processes: P = P,*P,, where P,, P,
Number of processes: P, where P should and P, should be less than N, and (N,*3/2), and P, should be less than N,, N, and
be less than N, and (N,*3/2) respectively (N,*3/2), respectively

1D decomposition 2D decomposition 3D decomposition
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MPI Parallel Implementation for Pseudo-Spectral 210 20
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Simulations for Turbulent Channel Flow

Profiling results of 1D domain decomposition (small case: 128x129x128)

I MPI_Alltoallv
15+ I Other MPI functions ||
—_ [ IComputations
2
210}
£
e
2
S 5|
aa
0

16 32 64 128
Number of compute cores

Computations indicates the scalability of computations except the MPlI communications and
other MPI functions include MPI Send, MPI Recv, MPI Allreduce, MPI Bcast, and MPI Barrier.
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ey Simulations for Turbulent Channel Flow

Schematics of data transposition methods.

MPI Parallel Implementation for Pseudo-Spectral 2io 2018 918

2 TI=
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——— chunkx
chunkz 7
MPI_Alltog
Only one
MPI_Alltoallv
0 | call instead of
— three calls for
- same size
P terms
v/ P (114,11, ,and ii5)

real+ imaginary = complex  chuynkx

MPI_Alltoallv is called using the complex data structure,
while original communication had been respectively called
for the real and the imaginary parts of the complex
number.

Each block of same size terms(e.g. i1, i, and #3) is
packed and communicated with MPI_Alltoallv.

|_lalltog 45

Simultaneously
MPI lalltoallv
calls for all

™ terms
(ﬁl' aZ ’ ﬁ3'
&4, @5, and @3)

Each term is overlapped between communication and
computation using MPI_lalltoallv of non-blocking
collective communication operation.

(a) Re-organization of the data structure(base b) Use of terms packing
line)

(c) Use of non-blocking communication

Note that P (= P.x P.) processors are arranged in a grid with chunkx = (N.x 3/2)/P.and chunkz = (N.x 3/2)/P.,
where N,, Nyand N.are the numbers of grid points along the x, y, and z-axes, respectively.
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Simulations for Turbulent Channel Flow

Differences of the transposition methods between terms packing and non-blocking
collective communication.

Terms MPI_Alltoallv Uy | Ty 3| @4| o) @5
Packing ] 0
T T
Packing Unpack& FFT & Pack
Task1 |14 I Data Transpose 0y I Legend:
RRREE L I MPI_lalltoallv

Task 2 uz[ Data Transpose U; I
Non- | @ b= |] MPI_Wait
blocking iéiEié@zESI "

' Task 3 U3 Data Transpose Ug :
Collective ORSERENES Packing
Communi- RSREE 1 Unpack&
cation Task 4 wll Data Transpose W4 I FET&Pack

Task 5 &32[ Data Transpose ap I
Task 6 ﬁgl Data Transpose 3 I
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Performance comparison using different transposition algorithms: strong scalability
for the small case: 128x129x128 (ReT=180)

3t —o- 1D Baseline
»® —o—2D Baseline |
~ —o-2D Optimizationl
3 —+-2D Optimization2
SO
E
=
2 0.4
<03
ad
0.2
0.1

8 16 32 64 128 256 512 1024
Number of compute cores

N
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Simulations for Turbulent Channel Flow

Performance comparison using different transposition algorithms: strong scalability
for the big case: 1536x257x1536 (ReT=550)

102; | T
' —o—2D Baseline ]
—o-2D Optimization] |]
~ ——2D Optimization2 |
Q
O
Q 1
c 107
=
2
o
o
ad
1005

8 16 32 64 128 256
Number of compute nodes
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MPI Parallel Implementation for Pseudo-Spectral 2te 20

Simulations for Turbulent Channel Flow

Performance comparison using different transposition algorithms: weak scalability f
or the 64 x 65 x 64 grid points per each compute node.

200%

—e—2D Optimizationl
——2D Optimization2

'|—e—2D Baseline
‘|~ 2D Optimization]
10" ¢ 2D Optimization2

150% [

100%

50% M
4 ;

Elapsed Time (sec.)

Perf. improvement over 2D baseline

& L 1 L |- L 0 il n il n P! 1 n n _50% Lo 1 L |- L 0 il L il n PR B 1 n n
64 128 256 512 1024 2048 4096 8192 16384 32768 64 128 256 512 1024 2048 4096 8192 1638432768
Number of compute cores Number of compute cores
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» Projection —

» Poisson

MG2D on the
X-R plane
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- EfZ 0O} CF2|o| S1|= 1940L=|01| Ao Y Wk SAIDE CHE S1] AP Ee|
Ct2| o] &S EH ™ (aeroelastic) EHOZ QIst 2|AtD (CHEtm XS XA = AT
Ell— I_-Ie_l OI-E;Ix;I ol= [H_.H._I-IO| A|. )
1B :

TOTAL

COLLAPSE!

Vertical vibration “™\__ 1 sional vibration

. XEA _ _
85T = 0.6-0.63 Hz .+ XE4 =02-023 Hz Collapse

o WE = 2/10)Lr ~ /9L | O =/,
(L7 = mid-span length)

e XZ =091 m

(Lr = mid-span length)
. FE = 350
I I >
Nov. 7, 1940 QM 104 &4 QH 114 4
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2 ey
(M +2md)Y,,,
ow omu _ op 1 0% LN 2v,, s'(1/2+l2 :2)
ot 0x; dx; Redx;jox; 0x; —ElYc,,,, + Ho < =+3 >
o _ =0 AE LZY +12 2AE LZS”Y s’ Y,
: [ | ),
ZAEl2 LZS"e )
() : spatial filtering U ](?) ol h?
x; : Cartesian coordinates (x, y, z) M
u; : non-dimensional velocity (u, v, w) (%4+ ng) Oc,
p : non-dimensional pressure GK 0., _s'Y. 0.,
T;j : subgrid-scale stress tensor = 7z ez T 2Ho ( z2 35—4)2
fi : momentum forcing 24E[ (t2Y. 6., |s" 24E[ (tzs"6, Y.,
g : mass source/sink B U 53 ]53 U ](?_?l
2AE LZS”Y < ) y2p2 S Cy

oZ MY AL HA (Dynamic global Protar

model) (Park et a/, 2006; Lee et al, NG

2010) Semsug ey
o 714 Z7| 4 (immersed boundary (Arioli & Gazzola, 2017) ¢

method) (Kim, Kim & Choi, 2001)

FH-T = 4= 58S ¢Tt weak coupling
(Kim & Choi, 2018)
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Torsional vibration
A,=2/3L, & f= 0.2 Hz 6.

e

| L | | iEL, ILid, ik i
200 400 600 800 1000 § 1200 1400 600

tUs/h
Torsional vibration 40° 0 40 °
A=L, & f= 0.19 Hz 6. mm wm

il
Il ||
200 400 600 800 1000 | 1200 1400 1600
tUs/h
- Higher Reynolds number!!!
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. YR AHO| &2 Reynolds &= (Re = 10,000) A2 21510 80 Z X} of &
C

. 2 ZEHA(process)UAE x, y BBOE BT JDIS Hots 4 K22 #E 1Y

730 2fsl Hd5t=
hydrodynamic force2}
momentS Zf 2N 20{ A

HAtSE &,
Mol Ha2 BE ZEN|
ATt SA0f ALt

¢ MPI_COMM_X

— 1 |/ ) 2 Z2 N 20| blz* Silo| Zast 42
CHAXQl S4 S EZ o Fe S40
&olst= HEHIA FE F5A
ex) MPI_.COMM X EtR[o| EAl 5
___MPILLCOMM._Y Ettele] 84l =&

MPI_COMM_Y
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# of nodes (x 64 CPUs)

@IBM RHS BELHS EPOI metc

Poisson solver 2| M| 22| 2 & 7 BIUY S,

LHS A4 (TDMA) = dZHo| MX| H = et
MP' %AIJ |_ EII-O 2

IBM LHOJA St & 271 BU S

S oI5}

g e %:I g:ll Oﬂ A-| 9| El'i Dl’ El'E-l %J_'—l A| % E“ O| ﬁ HIOIEi*o“EHﬁIjZLI:I?ﬂ._igﬁ

(4,097x2,049x512 = 439 Xt ALE)

HAb A9 A|ZH

time (sec)
S
B |

‘N m B
. B E = m

64 128 256 512 1024

H|BM © RHS ELHS mPOl Eetc

Poisson

B actual
0 J || m - deal
2 4 8 16 32 Idea

LHS
5 ] " 2 & B actual
0 — ideal
2 4 8 16 32
IBM
25 B actual
1 » . .
0 - ideal
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IBM Poisson

25 20

20 16
o o
g 15 o 12
£ 10 E 8

0 [ = . [ O

2 4 8 16 32 2 4 8 16 32
# of nodes (x 64 MPI processes) # of nodes (x 64 MPI processes)
Hopt off © opton Hopt off  opton

IBM L{Of| A HE3t e MEC = Bt 25 S8 0] At
HS
H =

Poisson solver Lf2| TDMA Ar& A|, cache-blocking 7|
JEI= Him.
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LHS
(x3 for UV,W)
transpose transpose
TDMA (Z- dir.) TDMA (Y- dir.) TDMA (X- dir.)
y

transpose

transpose : L X

z
LHS

time (sec)

0

Sj

) 1 &
64
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256
B LHS transpose
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LHS
(x3 for UV,W)
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