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// mpp_mpi_example.c
#include <stdio.h>
#include <mpi.h>

int main(int argc, char *argv([]) {
int data;
int local_sum, global _sum;

MPI_Init(&argc, &argv);

int rank;
MPI_Comm_rank(MPlI_COMM_WORLD, &rank);

/] 4 E2MA
data =rank + 1;
local_sum = data;

£ X}7|3ko| | O| B Z 7}

// 2E local_sum= & 4tSHY global sumOf A&

MPI_Reduce(&local_sum, &global sum, 1, MPI_INT, MPI_SUM, O,

MPI_COMM_WORLD);

if (rank ==0) {
printf("2 Al (MPP): %d\n", global_sum);
}

MPI_Finalize();
return O;

}

// smp_openmp_example.c
#include <stdio.h>
#tinclude <omp.h>

int main() {
int data[4] = {1, 2, 3, 4};
iInt sum = 0;

#pragma omp parallel for reduction(+:sum)
for (inti=0;i<4;i++){
sum += data[i]; // 2= 22| E7} datal]

HiE S
}

printf("2F Al (SMP): %d\n", sum);
return O;




M2EA HPC
Y@ HPC
RUN-UP!

208 HPCO|iztof1 v

t?.* ﬁ%%t”ﬂi.’il
mputing Industry As

rea Com ry Associatio

1. J|=

199844

=N

+ 19969 FH 50L/| A|Eet 2|=24
TRl o/ |EL NHIELE J1d

232 /I=Aet =0
=} @)
o

o
— —
A Ol
= 22 7 U= =

Hrv

« 23 AH(Cluster)= MPP HLC} & Z2|XF HO|A
E%&!O_ ooqi_nx.njl_ J:L|06|- A|AE1IOI

e NIEXF AI™ machineE 22| /EX|(HE 2 7124 3)oH0f
StCH= ®O0| MPPRL ZCh A|ARIE2 ME memoryE
HE e 5 A= A X7 AEAS| 7|=(H|Z)0H SHA|
= = 290 Z2H|7t wWAMS machine2 HIZ WH|7}
7IsotH low machinedt High machine2 &&t6t0]
A& = UL= 50| UL

3l GIPASOA ZEM A THARESS
A 7]4t0] PC 22IAH AIAE0| SEEH

Disk, Tape




M2EA HPC
Neus HPC

208 HPCOficHo[ o

RUN-UP!

) o aRe Uyl

Korea Computing Industry Association

1. J|=

Distributed Memory Multiprocessor

« Message passing between nodes

Processor Processor

Interconnection network

Processor Processor

Massively Parallel Processor (MPP)

Network
interface

Cluster of SMPs

Shard Memory addressing within SMP node
Message passing between SMP Nodes




gesyHpc - 2. 2dAH Y
L2 HPC

RUN-UP!
“MPP(Massively Parallel Processing)= 1S HE AL 2I6H A H
M o7 |HIXMZ, 15 HEL A QEHUES} tightly—coupled .t E X2
A TE A|ARIO|C.
HtH, Linux Cluster= #& A{H{(commodity hardware)& 1%
HE3(0: InfiniBand, Omni—-Path &) HZA5I0{ MPP2t At HE
2S4S AOEJHO = Haish {1 X0|C}.”

20254 68 7|Z= Topb000j|A Linux Cluster H|=

 Top500 HA| 100%+<= Linux 7|8t AJAE]

« 1= x86 Of7|=|X] 7[dt A|AEIO0] 2F 90% 0|4
- * 90% O0|A0| x86 7|8t Y8t SIEAIN + InfiniBand/Slingshot WIEEYIE At&38t= Linux Cluster &4
5@8 HPCOIZHOIEYE o HMEXMOI ME MPP A|ARI(: Fugaku, €& Cray EX/EX Al2|Z §)2 1~3% =&

=
Korea Com

ao¥

IXEIAIOiS
FEuddel
uting Industry Association

=]
o



M54 HPC
HYES HPC
RUN-UP!

208 HPCOlictol b

2. 2dAH 1Y

o= 29 MPP 2t4 of Cluster 24 0f
L . mpicc, intelmpil,
Ame AMAEN RS E= HE - .
== | 1S ftn, cc, cray—-mpich openmp
- - module load cray- module load
= 2}A 21 D £ Tl . .
—= T3 =o = = mpich openmpi

aprun, srun (Slurm)

mpirun, srun

I M S5 DIYA|AE HE Lustre, GPFS NFS, BeeGFS, local
HEQI3 Jls MEg0kys el Aries, Slingshot InfiniBand, Ethernet
AHZE2 | Slurm, PBS S Cto #SBATCH, #PBS Slurm/PBS

S 2ot HLL A




MBZAM HPC
LB HPC
RUN-UP!

208 HPCOficHo[ o

t**ﬂﬁ%%ﬂﬁi.’il
Computing Ind Ass

1. J|=

Beowulf
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O|2 A5 = Clock * Cores * IPC (Instruction Per Clock)

r Microarchitecture Instruction Set SP FLOPS/cycle DP FLOPS/cycle
Scalable Processor Intel AVX-512 & FMA 64 32
Haswell/Bordwell Intel AVX2 & FMA 32 16
Sandy bridge Intel AVX (256b) 16 8
Nehalem SSE(128b) 8 4

208 HPCO|icHjo} o

) o aRe Uyl

Korea Computing Industry Association



M2EA HPC
Neus HPC
RUN-UPI

208 HPCOficHo[ o

| 3unguye
Korea Computing Ind ociati

Industry Ass n

2. 2dAH 1Y

20{ H2|: DP FLOPS/cycle = 32

01 ofnj
DP Double Precision = 64-bit £&A4H
FLOPS Floating Point Operations (FSA 4™ A £)
/cycle CPU 28] AI0|&TF Gt 7t sl
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o= =i
64-bit GA (DP) | StLQ| AVX-512 HIE | X|AE{0f| 87H2| double 2t A&
o Fused Multiply Add &4t
Y
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| X|AE £ 3270 zmmO ~ zmm31)
AVX-512 ©¢| G| -
M2l 512-bit HIE] QLS 7HY
(per core) 2742 512-bit HIE FH= 71

1 AIO|E0| 8 (DP &) x 2 (FMA) x 2 (8) = 32 DP FLOPS/cycle




ASZA HPC
HYEL HPC
RUN-UP!

000
208 HPCOficHo[ o

| eazagy
rea Computing Industry Assoc

1. J|=

Intel Xeon Skylake CPUE 47}X| Clock 0] Y

e &

= 1

L2yx

« HHAVXEE: AVX EH

P

1M

A7 L&l

AVX2 BE : AVX2 / FMA HHO| Q4

H Turbo Boost Clock =X}

AVX-512 BE: AVX-512 / FMA B2

A0 =7 =0 AVX

L =0}
L- O L.

£2 27 Afgfo

D= MAM=

Ol AVX-512 &

O
HAS Al

Intel Turbo Boost Technology
2= (CO = C1 M)

&y 301 %
« =X
« =X
« =X

A
A
A

O| Ol & MF AHIZ (Imax)
o| OjjAF XM=
| 2k

Msliss SO

Hoi=2
o=

—

Msists SO

=
=

H[O]A 7|2 FLj=-0f|l M A5

=

=1

—

=t

= AH|ZF (TDP-Thermal Design Power)



M2EA HPC
Neus HPC
RUN-UPI

208 HPCOficHo[ o

ARt

Korea Computing Industry Association

1. J|=

Performance : Clock : Non—AVX Core Frequency

# of active cores / maximum core frequency in turbo mode (GHz)

Y Base \
SKU Cores |LLC (MB)|TDP (W) "OFAVEL 3 (2 (3 |a|s |6 | 7| 8|9 |10|11|12|123|14|15|16|17|18| 19| 20|21 |22|23| 24| 25| 26|27 28
Core Freq
(GHz)
82280 28 38.5 205 2.7 4.014.0|13.8|2.8|3.7|3.7 3.7 |3.7|13.7|3.7|13.7|3.7|3.7|13.7|13.7|3.7|3.7|3.7|3.7|3.7|3.5|32.5|3.5|3.5|3.3| 3.3 | 3.3 3.;
8276 28 38.5 165 2.2 4.0/4.0|3.8(3.8|3.7|3.7(3.7|2.7(3.7(3.7|12.7|3.7(3.7|3.7|3.7(3.7|32.4|3.4|32.4|24|32.1(32.1)|32.1|2.1(3.0| 3.0/ 2.0 2.0
8270 26 35.75 205 2.7 4.0/4.0|3.8(3.8|3.7|3.7(3.7|3.7|3.7(3.7|3.7|3.7|3.7|3.7|3.7|3.7|3.7|3.7(3.7|3.7|32.5(3.5|3.5|32.5(34| 3.4
8268 24 35.75 205 2.9 3.9|29|3.7|3.7|3.6|3.6(3.6|2.6|2.6(/3.6|2.6|2.6(32.6|3.6|3.6(2.6|2.6|3.6(32.6|3.6|32.5(32.5|3.5|2.5
2260 24 35.75 165 2.4 3.9|13.9|13.7|13.7|3.6|3.6|32.6|3.6|3.6|3.6|32.6|32.6|3.6|3.6|32.6|3.6|32.3|3.3|3.3|3.3|3.1|32.1|3.1|3.1
8256 4 16.5 105 3.8 3.9|32.9|13.9|3.9
8253 16 22 125 2.2 3.0|2.0|2.8|2.8|2.7|2.7(2.7|2.7|2.7|2.7|2.7|2.7(2.5|2.5]|2.5(|2.5
6254 18 24.75 200 3.1 4.0|4.0|3.9(32.9|32.9|3.9(3.9|29|2.9(39|2.9|29(32.9|2.9|32.9(32.9|32.9|359
0252 24 33,75 120 2.1 2.713.7|13.5|32.5|3.4]132.4|12.4|3.412.4|132.4|12.4|3.4|132.213.2|12.2|13.2|2.0|3.0|2.0|3.0|2.8|2.8|2.8|2.8
0248 20 27.5 120 2.5 2.913.9|3.7|132.7|3.e|32.6|2.6|3.6|32.6|32.6|2.6|3.6|32.4|3.4|2.4|13.4|32.2|3.2]|3.2| 3.2
56246 12 24.75 165 3.3 4214214114141 41 (41141141141 14.1 4.1
5244 2 24.75 150 3.6 4.414.4|14.314.3|4.314.314.3|4.3
6242 16 22 150 2.8 3.9|29|3.7(3.7|3.6|32.6(3.6|2.6|2.6(3.6|2.6|2.6(32.5|3.5|2.5(|3.5
6240 18 24.75 150 2.6 3.9|29|3.7|3.7|32.6|3.6(32.6|2.6|2.6(|3.6|2.6|2.6(3.4|32.4|3.4(32.4|32.3|3.3
0238 22 30,25 140 2.1 3.713.7|13.5|32.53|3.4|2.4|12.4|32.4|132.4|12.4|12.4|2.4132.1|13.1|32.1|32.1]|2.9|2.9|2.9|2.9|2.58|2.8
0234 = 24.75 130 3.3 4.014.04.0(4.0|4.0[4.0(4.0|14.0
6230 20 27.5 125 2.1 3.9|29|3.7(3.7|32.6|32.6(32.6|2.6|2.4(3.4|2.4|2.4(2.0|32.0|2.0(32.0|2.8|2.8(2.8| 2.8
6226 12 19.25 125 2.7 3.7132.7|3.5(3.5|132.5|32.5(3.5|3.5|32.5(3.5|2.5|3.5
5222 4 16.5 105 3.8 3.9|29|3.9(3.5
2220 1= 24.75 125 2.2 3.9|13.9|13.7|13.7|3.6|3.6|32.6|32.6|3.1|3.1|32.1|2.1|2.8|2.8|2.8|2.8|2.7| 2.7
2218 16 22 125 L 2.3 A 3.9|139|3.7|13.7|3.6|3.6|32.6|3.6|32.1|13.1|32.1|3.1|2.8|2.8|2.8| 2.8 /
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Performance : Clock : AVX2.0 Core Frequency

# of active cores / maximum core frequency in turbo mode (GHz)

Base

SKEL Cores | LLC (MEB) | TDP (W CE-ITJEHFi;EDq 1 2 3 4 5 o ri B 9 10 111 |12 |13 |14 |15 |16 |17 |18 | 19 (20 | 21 |22 | 23 | 29 | 25| 26 | 27 | 28
[(GHz)

5220 28 3585 205 2. F IBIIB|IE|IE|2E5)I2 5|3 5|3 5|35|252 51325 |35|35|35|35|23|2 3|33 (32 3|3 020|303 02912922929

85276 28 3585 165 1.7 IB|IIB|IE|IE|2IS5)25|35|35|35|235|35)|35|32|3.2|32|32|29|29|29|229|2. 7|2 7272726262626

5270 25 3575 205 2.2 IEB|IIB|IH|I SIS S|3I 5|3 ES|IS|2EH|3IE5|3LEH|34|z34|34a4|344 3232|323 2|32|29|29|29|129|29|29

5268 24 3575 205 2.4 IB|IIB|IH|IE|IES|2IS|IES|ILS|IES|2IEHIE5)35|3IS|3E5|35|35|F2)2.2|3 2323023012030

5260 24 3575 165 1.9 IF|IITFI|IIS|ISH|ZA4|124|3. 4|32 |3 3232232 |3.0|3.0|3.0|30|2F|2.TF7|2.F|2. 7|20 |Z2o|2.6]|2.6

5256 4 16.5 105 3.3 I 7|3 T3 T|3.7

5253 1& 22 125 1.7 2727|2525 |24|124|24a |24 |22 |22|2.2|22|2.0]|2.0|(2.0|2.0

5254 18 24 TF5 200 2.7 IB|IIB|IH|I LIS E|ZILS|IIES|FEH|IIES|3ILH|IES|3E|35|35|24a12.4

8252 24 3575 150 1.7 JEe|l3o|3d4|34|3 3|23 3|33 |3 1|21 |3.1l|31L|28|2.8|28|28|2.5]2. 2525241242424

245 20 275 150 1.9 IBIIB|IE|3IE25|25|3 5|35 |34|24|12 4|34 |30|3.0|30|30|28|2.8|2.8|2.8

G236 12 24 75 165 2.9 4040|383 8|38 |2.8|3 8|3 8|3.8|28|F.8|38

G244 = 24 75 150 2.0 40|40|3.e|3.9|39|129|3 9|39

o247 1& 22 150 2.3 JIB|I3IB|3IH|3I|3IE5|3.5|3.5]3.5 Y s 3 Al34]13.1)13.10 13,131

&240 18 28 TF5 150 2.0 IFISITFI|IIH|IIS|ZF4|24|32.4]124 el s Z|32|29 Aal2al29|Z28|2.8

68238 22 3025 140 1.7 Ie|l3e|3d4|3 423|233 3|2 3|3 1|21 |21 )321L|28 Bl|2E828|25 2525252525

6234 = 24 75 130 2.8 39| 39|33 737|272 73737

5230 20 27.5 125 1.6 IEB|ZE|3 6|3 e |34 |2d|3a|zA|29|z29|Z2o|29|26|26 26|26 2412424 ]|2.4

6226 12 19 25 125 2.3 Ie|3e|34|34|2 3223|3333 |3 1|21 12.1)1=321

5222 4 165 105 3.3 IB|I3IB|IE|3 8

S5220 18 24 75 125 1.8 IEB|ZE|3 6|3 e |34 |2d|3a|zAd|29|29|Z20|29|26|26|2.6|2.6 25|25

52138 1& 22 125 1.8 2929|2727 |26 |2.6|2.6|2.6|2.5|25|25|25|23|2.3|2.3|2.3
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Performance : Clock : AVX512 Core Frequency

# of active cores / maximum core frequency in turbo mode (GHz)
[ Base )
FAR T £
SKL Corel LLC TDOP =12 i 2 E 4q = L 7 =2 0 10 |11 12|12 |14 (15 |16 |17 |18 |19 |20 |21 |22 |22 | 24| 25| 26|27 | 28
5 (MIB) | (W) Core
Fredq.
(GHz) || -
5230 2= 2E.5 205 1.8 2.7|2.7]2.5|32.5]2.4|2.4]|32.4|12.4|12.2|2.2|2.2|2.2]|29|2.9|2.9|2.9|2.7|2.7|2.7|2.7|2.53|2.53|2.3|2.5|2.4|2.4|2.4|2.4
5276 22 28.5 165 1.2 2727|2525 |2.23 2.2 |32 2.3 |29|2.9|29|2.9|2.6|2.6|2.6|2.6|2.2|2.3|2.2|2.2|2.2(2.2|2.2|2.2|2.1|2.1|2.1|2.1
5270 26 | 35.75 205 1.8 3.7 |32.7|3.5|3.5/3.4|32.4(3.4]|32.4|3.2|32.2|3.2|3.2|2.8|2.8|2.8|2.8|2.6|2.6|2.6|2.6|2.4|2.4|2.4|2.4|2.4|2.4
5268 24 | 25.75 205 1.9 27|12 T7|2.5(32.5|24|2.4|2.4(2.4|2 2|2 2|22(2.2|20|20|20|(20|2.7|2.7|2.7|(2.7|2.6|2.6|2.6| 2.6
5260 24 | 25.75 165 1.5 27|12 7|2.5(32.5|24|2.4|12.4|2.4|12.0|20|20(20|26(2.6|2.6|2.0|2.4(2.4|2.4|2.4|2.2|2.2|2.2|2.3
5256 4 1.5 105 2.7 2.7|2.T7|2.5|32.5
8253 1 22 125 1.2 2.6|2.6|2.412.4|12.0|2.0(2.0(2.0|1L.7|1.7|1.7|1.7|1l.e|l.6|1l.&6|1.&
6254 18 | 2475 200 2.2 2.6|2.6|32.4|32.4|132.3|32.2(32.2(2.3|2.2|2.32|2.2|2.2|2.0(2.0(2.0|32.0 .9
6252 24 | 2575 150 1.3 2.5 |2.5|32.3|32.2|32.0|2.0(32.0(2.0|2.0|2.6|2.6|2.6|2.3(2.3(2.3|2.2 1 1|12.112.1|2.0(2.0|2.0|2.0
o245 20 27.5 150 1.6 2.E|2.E|2.6|32.6|2.5|32.53|32.5|2.5|2.0|20|20|2.0|2.7|2.7|2.7|2.7 = T
024G 12 | 24.75 165 2.4 2.9|12.92|12.7|32.7|2.6|32.59|3.6|2.6|2.4|2.4|2.4|=2.4
6244 = 24 F5 150 2.B 2.B|2.B8|2.6|3.6|3.5|3.53(3.5|32.5
0242 1l 22 150 1.9 272 T7|2.5|32.5|2.2|32.2|3.2|2.2|2.7|2.7|2.7|2.7|2.5|2.5|2.5 >
5240 12 | 24.75 150 1.6 27|12 T7|2.5(32.5|24|2.4|12.4|2.4|29|2.9|2.9|2.9|2.6(2 2. L& .o
o235 22 | 20.25 140 1.2 2.6|2.56|2.4|2.4|2.0|(2.0|3.0|2.0|2.6|2.6|2.0|2.6|2.3|2.3|2.3 = 1 2.1|2.1|2.1|2.1
6234 = 24_T5 130 2.3 A.TF7|I2. 73535321 (3.1]|3.1]|3.1
6230 20 275 125 1.1 A.F|2.T7|3.5|3.5|2.8|2.8(2.8|2.8|2.4|12.4|2.4|2.4|2.1(2.1|2.1|2.1|2.0|2.0|2.0(2.0
6225 12 19.25 125 1.9 2.3|2.5|32.32|32.32|2.0(2.0(3.0|32.0|2.6|2.6|2.6|2.0
D222 4 1.5 105 2.7 A.TF7|2.7]32.5|32.5
3220 12 | 24.75 125 1.4 27|12 T7|2.5|3.5|2.8 ABl2.8|12.8|2.412.4|2. 4|12 4|21 12.1(Z.1 1j2.112.1
5218 1 22 125 1.5 2.9|12.9|2.7|2.7|2.6 .6 B|2.6|2.32.3|2.3|2.3|2.1|2.1|2.1 1 J
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[root@gtoe2 ~]# lscpu
Architecture: x86 64
CPU op-mode(s): 32-bit, B64-bit
Byte Order: Little Endian
CPU(s): 20
On-line CPU(s) list: 0-19
Thread(s) per core: 1
Core(s) per socket: 10
Socket(s): 2
NUMA node(s): 2
Vendor ID: GenuineIntel
CPU fTamily: 6
[?Hudel. T
Model name: Intel{R) Xeon(R) CPU E5-2630 v4 @ 2.20GHz
stepping: 1
CPU MHz: 2195.083
BogoMIPS: 4390.16
Virtualization: VT-x
L1ld cache: 32K
L11 cache: 32K
L2 cache: 256K
L3 cache: 25600K
NUMA node® CPU(s): 0-9
NUMA nodel CPU(s): 18-19
Flags: fpu vme de pse tsc msr pae mce cx8 apic sep mtrr pge mca cmov pat pse36 clflush dts acpi mmx
fxsr sse sse2 ss ht tm pbe syscall nx pdpelgb rdtscp lm constant tsc arch perfmon pebs bts rep good nopl xtopology
nonstop tsc aperfmperf eagerfpu pni pclmulqdq dtes64 monitor ds cpl vmx smx est tm2 ssse3 sdbg fma cx16 xtpr pdcm
pcid dca ssed4 1 ssed4 2 x2apic movbe popcnt aes xsave avx Tl6c rdrand lahf_1lm abm 3dnowprefetch epb cat 13 cdp 13 in
vpcid single intel _ppin intel pt tpr shadow vnmi flexpriority ept vpid fsgsbase tsc adjust bmil hle avx2 smep bmiz
erms invpcid rtm cgm rdt _a rdseed adx smap xsaveopt cgm llc cgm occup llc cgm _mbm_ total cqm mbm local dtherm arat p
ln pts
[root@gtee2 ~]#
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M= 22| 4 Enable : Default g #2| &4 Disable
Mon Sep 12 10:12:19 202 Mon Sep 12 10:05:59 202
cpu MHz : 1588.098 cpu MHz : 2195.083
cpu MHz : 2083.044 cpu MHz : 2195.083
cpu MHz : 1965.551 cpu MHz : 2195.083
cpu MHz : 1703.308 cpu MHz : 2195.083
cpu MHz : 2200.268 cpu MHz : 2195.083
cpu MHz : 1960.852 cpu MHz : 2195.083
cpu MHz : 2146.423 cpu MHz : 2195.083
cpu MHz : 2200.402 cpu MHz : 2195.083
cpu MHz : 1544.189 cpu MHz : 2195.083
cpu MHz : 1200.036 cpu MHz : 2195.083
cpu MHz : 1384.802 cpu MHz : 2195.083
cpu MHz : 1368.017 cpu MHz : 2195.083
cpu MHz : 1464.965 cpu MHz : 2195.083
cpu MHz : 1308.532 cpu MHz : 2195.083
cpu MHz : 1356.335 cpu MHz : 2195.083
cpu MHz : 1449.121 cpu MHz : 2195.083
cpu MHz : 2080.761 cpu MHz : 2195.083
cpu MHz : 1199.768 cpu MHz : 2195.083
cpu MHz : 1495.715 cpu MHz : 2195.083

cpu MHz : 2087.878 cpu MHz . 2195.083




dg=appc - 1.JIX

LI HPC
RUN-UP!

Every 0.1s: grep "“[c]pu MHz" /proc/cpuinfo
y grep "lclp P P Every 0.1s: grep ""“[c]pu MHz" /proc/cpuinfo

cpu MHz : 999.932
cpu MHz : 999,932 MHz : 2128.454
cpu MHz : 1000.073 MHz : 2143.756
cpu MHz : 1000.354 MHz : 2143.194
cpu MHz : 1000.073 MHz : 2143.194
cpu MHz : 999.932 MHz : 2208.190
cpu MHz : 1000.073 MHz 1 2209.454
cpu MHz : 999.932 MHz : 2207.208
cpu MHz : 1000.213 MHz : 2205.804
cpu MHz : 1000.213 MHz : 2174.218
cpu MHz : 1000.213 MHz : 2183.483
cpu MHz : 1000.073 MHz : 2183.343
cpu MHz : 1000.073 MHz : 2185.729
cpu MHz : 999.932 MHz : 2075.109
cpu MHz : 1000.073 MHz : 2075.390
cpu MHz : 999.932 MHz : 2187.695
cpu MHz : 1000.213 MHz : 2075.531
cpu MHz : 1000.073 MHz : 2142.211
cpu MHz : 1000.073 MHz : 2143.054
cpu MHz : 1000.073 MHz : 2146.704
cpu MHz : 1000.213 MHz : 2142.773
cpu MHz : 999.932 MHz : 2141.931
cpu MHz : 1000.213 MHz 1 2147.265
cpu MHz : 1000.073 MHz : 2142.773
cpu MHz : 999.932 MHz : 2147.265
cpu MHz : 1021.411 - MHz : 2217.877
cpu MHz : 999,932 JoR5e foot MHz 1 2221.807
cpu MHz : 1000.073 10 ot MHz : 2210.015
cpu MHz : 999.932 75722 root MHz : 2126.068
cpu MHz : 999,932 75674 root MHz : 2056.719
cpu MHz : 1000.073 e s MHz : 2056.719
cpu MHz : 999.932 Soke roat MHz : 1988.635
cpu MHz : 999.932 Gl MHz : 2063.317
cpu MHz : 1000.073 75718 root MHz : 2092.938
cpu MHz : 1000.213 75726 root MHz : 2153.582
cpu MHz : 1000.073 Rl e MHz : 2105.291
cpu MHz : 1000.213 Za/48rot MHz : 2167.340
cpu MHz : 1000.213 1565 ool MHz : 2125.506
cpu MHz : 1000.073 75761 root MHz : 2069.494
cpu MHz : 1000.213 TEed rct MHz : 2052.087
cpu MHz : 1000.073 MHz : 2078.759
cpu MHz : 1000.073 MHz 1 2220.404
cpu MHz : 999.932 MHz : 2093.920
cpu MHz : 999,932 MHz : 2033.837
cpu MHz : 1000.073 MHz : 2061.352
cpu MHz : 999,932 MHz : 2128.173
cpu MHz : 1000.073 MHz : 2128.033
cpu MHz : 999.932 MHz : 2025.836
cpu MHz : 1000.213 MHz : 2110.345
cpu MHz : 999.932 MHz : 2257.604
cpu MHz : 1000.073 MHz 1 2224.896
(J c) cpu MHz : 1000.213 MHz : 2284.417
00 o o A:l d cpu MHz : 1000.213 MHz + 2227.984
HPC ||_.|:|:|-" ||_U'|_ cpu MHz : 1000.073 MHz : 2287.225
o%0 MHz : 2201.452

SIRATEIALISIS]

Korea Computing Industry Association
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Base Base
AVX 2.0 core Freq (GHz) | AVX 512 core Freq (GHz)

Base

Non-AVX core Freq (GHz)

8280 28 2.7 2.2 1.8

0|2 M5 = Clock * Core * IPC (Instruction Per Clock)

Microarchitecture Instruction Set SP FLOPS/cycle DP FLOPS/cycle
Scalable Processor Intel AVX-512 & FMA 64 32
Haswell/Bordwell Intel AVX2 & FMA 32 16
Sandy bridge Intel AVX (256b) 16 8
Nehalem SSE(128b) 8 4

Maximum AVX 512 core Freq 2.4 GHz * 28 * 32 = 2,150.4 GFLOPS

Base Non—-AVX core Freq 2.7 GHz * 28 * 4 = 302.4 GFLOPS
%g HPC O|\ctjoM BiE Base AVX 2.0 core Freq 2.2 GHz * 28 * 16 = 985 GFLOPS

| Base AVX 512 core Freq 1.8 GHz * 28 * 32 = 1,612.8 GFLOPS
) S AFIULYE

Korea Computing Industry Association
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LR HPC
AUNEURE - HPC 17 932 E0| AR Ci¥st MIES ARSILIC

Life & .
Materials Weather Manufacturing
Sciences
More compute More compute More Mem B/W Per Core Perf Compute + Mem B/W
More Value More Value More Value More Value More Value
Per Core Perf Per Core Perf Per Core Perf Per Core Perf

AVX-512

208 HPCOficHo[ o

= Ayt

Korea Computing Industry Association
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INTEL AVX-512 CODES

Life &
Materials
Sciences

VASP*
Studying the movements
of atoms & molecules

GROMACS*
Studying the movements
of atoms & molecules

LAMMPS*
Studying the movements
of atoms & molecules

NAMD*
Studying the movements
of atoms & molecules

Amber*

Finance

Options Pricing

Q K K

Classical molecular dynamics

& structural analysis

CP2K*
Quantum Chemistry

Binomial*
Fast calculation for
options trading

Black-Scholes*
Fast calculation for
options trading

Monte-Carlo*
Fast calculation for
options trading

Ktk i Manufacturing

(CAE)
cosMo* Abaqus*
Non-hydrostatic |V; CAE package ideal for static
atmospheric prediction & low-speed dynamic events
system
e RADIOSS*

1 Front car crash model

—

il

S

eismic Analysis

Proprietary Codes
Applications used to
model earth and find oil
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LI HPC

RUN-UPI Performance : CPU : Clock

+CPU| Clock 20%S SITIH ARHMOZ A 4 Q= M5 &4
- B2 51 =it
it

O ol Bt5H Clock 2 20%E WELHH Ms2 1

0|, CoreZ Z7t2 8t TP, 73%2| A5 Z712t 04X| 82 2 Y7 == Zo|Ct.

0| IJ20]| Clock 2 =0|= ZIEL} Core £ Z7IE A|7|= Z10|LC},

_____________________________________________________________________________________________________________________________________________________________________________________________________________________

rIT)
™
X
oA
H
=
Il
rII
rg

3%7} S0} K|, AH|Z2S 49%Lt WOHX|A| SCt,

1.13x

1.00x 1.02x
0.87x 0.87
+
| I 05
0R0 Design Under-clocked I Dual-core
8@8 HPCO|'ctjo|M B Frequgncy Ove(:_'gé%c)kec' (-20%)
CPUS4| ClockZ 20% UP CPU4| ClockZ 20% Down Dual Core 2 74
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1. J|E
JHA| L&M(cache coherence)
Z} CPU 2= XA L1/L2 FHAIE 71X LB = L3 7HAIE 37
Soh M2 2] A0 Ciol 02 7HA|0f| SAI=20| X F<L, of FHA|N|AS] HA0| TH= 7FHA|0f
HIH | X| 2O M O|0|E S YLX|7} LM
0| slids}7| Yot ZTEEZ0| FHA| Y&t T2 EZ(Coherence Protocol)
OZ2ES EX
MESI Modified, Exclusive, Shared, Invalid AEH 7|8t CHEE9| CPUNIA A=,
MOESI MESI + Owned & =7t (AMD EPYC )
MESIF MESI + Forward (IntelQ] Z|Al 2 MIAO|Al AFZ)
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At

Full Name

=0
M Modified | O] ZHA[Of|Zt i= HIO|E{O|H, HI22[0= §l2. THE HA|= invalid AEH. (Dirty 24EH)
E Exclusive | HE2[2} Zi0| SolH, O] ZHA|ZF FAIZS 7HX|4L /S, THE A= Bl=.
S Shared Oi2] FHA[Of] 2AL20] AUS. HE2|2E 20| SY. 7|t Its.
I Invalid O] ZHA|2| OIO|H= 4 Ol w=otX| 5. HdotH LAl S10{2f0F &
ey Full Name 49
M Modified |MESI2t S&. Of FHA[Of| 2 U1 B2 2| SHX].
O Owned  [H[0|H= HZ2|t S LX[6HH, O FHA|7t CHE=Z FX|/SRE. THE HAE SAE US.
E Exclusive S%. FY SAE. HEZ22|QF YX|.
S Shared  S. O 7HA|Q} H[E2[2F X[ 7] ME
I Invalid U 2% Oo]H.
AFER Full Name 48
M Modified |S¢. HZ22|2} SEX]. R FAE.
E Exclusive [SY. HE2[2t YX|, RUSH SALE.
S Shared  S&. HE2[2 YX|, Y A7t SR 7t5.
I Invalid S, £ Olo|H.
F Forward  Shared &t & S8 A7 LHEZ CHE 7HA|0| OIO[H HME=S Y
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// false_sharing.c

#include <stdio.h>

#include <stdlib.h>

#include <omp.h> // OpenMP H & X 2| & 3|

#define N 100000000 //Zf A2 E7F =g Bte 3l
#define THREADS 4 // AFEE A8 E £

/|4 AYET H2E BR T
typedef struct {

intvalue; // @M &: T2 7t MZ 717710| | X|5H0] 7HA| 2t@l S &S 7oA =
} SharedData;

A

A

SharedData data[THREADS]; // THREADS 7if£=0t2 H| & A4 M

int main() {
double start = omp_get_wtime(); // A& A7 EH

/] 23 A
#pragma omp parallel num_threads(THREADS)

{
int tid = omp_get_thread_num(); // X 22| = 1D

/) 2t AR E7F RFAIO| 7| ST BIO|Efof Thol e S0t
for (inti=0;i<N;i++){
data[tid].value++; // false sharing &2’ 7t
}
}

double end = omp_get_wtime(); // & A7t FH
printf("False Sharing Time: %.5f seconds\n", end - start);
return O;

// padding.c

#include <stdio.h>
#include <stdlib.h>
#include <omp.h>

#define N 100000000
#define THREADS 4
#define CACHE_LINE_SIZE 64 // LHIA QI FHA| 221 27|

/) REN Y X8 Al 212 SYKHo2 MY
typedef struct {

int value;

char padding[CACHE_LINE_SIZE - sizeof(int)]; // LI X| = padding2 £ X =
} PaddedData;

PaddedData data[THREADS];

int main() {
double start = omp_get_wtime();

#pragma omp parallel num_threads(THREADS)
{

int tid = omp_get_thread _num();

/] 2 AP ET AR E2IEl FHA| 2tRI0| M 2StEE 4 2y
for (inti=0;i<N;i++) {
data[tid].value++;

}
}

double end = omp_get_wtime();
printf("With Padding Time: %.5f seconds\n", end - start);
return O;
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SharedData data[4] H| 22|

arg

|

PaddedData data[4] M| 22|

B

OpenMP EE A A%}

|

AZE 0-3

!

TEN| 2t padding2 Z FHA|
2tel 22

2t A2||E data[i].value++ 2t
=

—

|

OpenMP HE I A%}

l

A= 0-3

!

3 Al 2t 37 — false
sharing

2} A8|E data[i].value++ gt
=

=

(zzaaasy)

%

(%ﬁ 9 A7t g'@
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t**ﬂﬁ%%ﬂﬁi.’il
Computing Ind Ass

2. 2dAH 1Y

A

olitM(cache coherence)

e

Intel Xeon (5A|CH)

AMD EPYC (Zen 4, Turin)

ARM (Graviton, Ampere)

CHE OF7 | &R

Granite Rapids, Sapphire

Genoa, Bergamo, Turin

Neoverse N1/N2, V1

Rapids
FHAl &g L
nze= MESIF MOESI MESI-like or custom
A A L1/L2 (Private), L3 (shared | L1/L2 (Private), L3 (per Clopst mE |3 QleE AN

by tile/core)

CCD)

=E| Lo 19

1~2712] 2 L0, MCM 7

ofr

& 712 CCD

=t CH0| == MCM

Coherence
B O
OoT

MA| SoC + UPI/QPI

CCD &=?= =4, IFoP= GZ

Utk

O = T SoC L HetX
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t**ﬂﬁ%%ﬂﬁi.’il
Computing Ind Ass

2. 2dAH 1Y

A

olitM(cache coherence)

e

Intel Xeon (5A|CH)

AMD EPYC (Zen 4, Turin)

ARM (Graviton, Ampere)

7HA| coherence

MESIF (L3 &%

MOESI (L3 24

Directory 7|2 &= MESI-like

RS
L3 FHA| - 237 L3 CCDE =8l L3 ol |3 EE= g2
L7t . . =
coherence UPIZ §X] IFoP/Infinity Fabric SoC Lj ot~
Al Zol5t A=
asjorgy  MeshSUM SEHAS Mot copasjeimgal Directory WAIOZ 831y =2

‘ts

false sharing
dd /tsd

) (TIO
ITO \OTT

L3O A1)

2 (L3 24, CCD 44)

2 (L27t 310 SEX)
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2. 2dAH 1Y

7HA| L2tM(cache coherence)

* |Intel Xeon: L 2% .32} MESIFZ QI6H cache contentionO] EiAish 2~ Q1=
— OpenMP At Al 9|

« AMD EPYC: CCD X2} 24t L3 EHE0| cache coherence H|E0| %11 NUMA E|&M3t Al Ms

HI

T T

« ARM: M= §8 ?IFO0[X|Tt, Directory 7|8t coherence EAZ 235[2 2 0 04 &40
e (W L}
T0'E

2-way A| 28]l = FY 27U (Dual Socket) M

I
ridt

N
=)

X2 ZHA| &€ 2Hd(Cache

(@) =
Coherence)**= Tt AZIHLCT EM o EXotD ds0 0|X|= ek 2
£79| Intel Xeon, AMD EPYC, ARM O}7|ElX|= 47| CHE Ao 2 **x A7l 7t

22 (Coherence)**= 7 AIotH, O +&X X0|7F HPCO|A 2] NUM

MPI 80| HE|E H5, HRE| EE Sof ZHH A
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MEMORY

Problems

=4 ol A|Zk=
AOIZ2 OS5 O G2 g

7|11 =0|1
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MEMORY

Ol

==
=

0

MCH
=C

A2 22 — &2 &4 3]

2 HFO[L} CO0[H M= T=

A
T

o
HA O3

CLAIZI0| O

- O

M CPU/GPUS| I[O[Z2[RI0] B &&

|
=

HPCOIM X2 2Xl= 25(21 SA1 HIZ0| ATHXOZ

52 26 37| - BH QHEE BT L,
HE2| 5 — HO|X| BE, AH w4 L2l [AT |/OTIX| AgSHH E — 5 22




Aas=gppc - 1. J[X
MW g HPC
AUNSURE - MEMORY & Mesh
Mesh
- ofiM QIS &2 HAXHAE Lz & i
- TR B3 DFE] (1074), 9D =9 (10%6), **H &= (10"8)**= Hd
» A 1l= O &= S92 &5, &, 255 Aliote z4a H=?
g T
Mol i CiY 22| AHS A M(Cell) EE R4 (Element) 2 £EB AX} 1E
So Structured (‘& 4 X}, Unstructured (H|E& A X}, Hybrid
M EE] 2D AP, &4 /3D AMEAN|, S BHA, Z2|5 5
of 2t MDICHYEAS BT MK ALY TS0 5 E 2E
KOE HPCO|Ho|f o= Mesh Size | K| 2 == (04f: 10 million = 10M cells), == Zf 22| off o

t hn AT UEYel
rea Computing Industry Ass
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2. 2dAH 1Y

15em

MEMORY & Mesh

=

2NN

-

/

EEE
\

EEEREEREER

EEEES

NN NS

AT e e P e e N

Roiis e e ey ol ol il S P teas R Nl

A

10 cm

\ 4

I 7= (&01) + & =0l (15m)
|
|
O———— X= (A& ¢g)
/
YE (NS &g 2o &)

Interior space of cup
divided into 3D cells

100 x 100 x 150 = 1,5M cells

71’8 0|: X| S 10cm, 0] 15cm = 0.001m S{A& == A | H

gz 4% a0
74 X|20
S == 0 Lps CAIES
st st ot sY 2 oo
(Y e X|E0 ciH) HHo[2} X=Y

Ol
9.'-'

N
0
o0
oz HI
g%
e

Hi

#1 =0] 15cm = 150mm
— Tmm 422 LM

15071




2. 2d2AH HY

ol &f == 28l =O[H, & == shj|
(3DO|E. = x2 x2 x2 = x8)

Interior space of cup
divided into 3D cells

15cm

e s Pl R e

Ve v lalalo A st stath o )

\ 7 A 0 5 i i i A 1 T i 87 7 A [ A I
A A S S 6 e i e A B 4 AR
T e e e e e

EEEEREEEEEREEEESEE IR

!

EEEE

ORI R REE RN R R

10 cm
ottt (H¢ & 37)) Mesh 37|
Tem 10 x 10 x 15 =1,500
Tmm (0.001m) 100 x 100 x 150 = 1.6M
0.5mm 200 x 200 x 300 = 12M
0.25mm 400 x 400 x 600 = 96M
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MEMORY & Mesh

© D4 371 2 Y ShAJ0] TR HPY HAYS B
28 H=ZE ~ (Cell ) x (B ) x KEYH 27]) x (2 Alr)

GlIA] A4t

Oi =27]: 10M A (10,000,000)

B A0 o3 (P), & (Ux, Uy, Uz), 8&(T) = 571 B
X128 37|: double = 8HIO|E

OFF Al: 2~3 (BAIXR, LR HIY, R H3 5 L)

Ol AF HI22] = 10,000,000 X 5 x 8 Byte x 3= 1.2G
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MEMORY & Mesh
s 98 #2504l =3
3 Vars (50 3 Ux, Uy, Uz
5 Vars (=5 = +P+T) 5 Ux, Uy, Uz, P, T
10 Vars (-5 +21SHS) 10~20 +k, €, species, v t,Y i &
Mesh Size 3 Vars b Vars 10 Vars
™ A& 0.07 GB 0.11 GB 0.22 GB
10M 4 0.67 GB 1.12 GB 2.24 GB
100M & (1<) 6.7 GB 11.2 GB 22.4 GB
1B & (109) 67 GB 112 GB 224 GB
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MEMORY & floating—point

M =Ed H}O|E 37| 23

Single Precision REAL*4, float32 4 byte AH Ol|ot & 7X12| HEL
Double Precision | REAL*8, float64 8 byte A8 0fo} €F 16412 HEE
Quad Precision | REAL*16, float128 16 byte 2™ 0|of SF 3412 Hal
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RUN-UPI MEMORY & floating—point
sl= FP16 (Half) FP32 (Single) FP64 (Double)
HIE % 16 bit 32 bit 64 bit

IEEE754 BZE

half precision

single precision

double precision

HXE2| AEH 2 byte 4 byte 8 byte
o5 xfala Of 3~4 X} oF 7 Xt2| OF 15~16 X2
& 714 HHE (GPU 7I&E) S ==
O1AF AHX| 2= GPU H8 CPU & GPU CPU Mg &2
A AR CRd 22, 172 1Y | Hajd oy, CFD et ey | o= =-i o, FDS,

OpenFOAM &

%@ HPC O|icto} B




ABEA HPC
WL W] HPC
RUN-UP!

208 HPCOficHo[ o

Korea Computing Industry Association

1. J|=

MEMORY

C=AXB

A: MxK, B: KxN, C: MxN
=4O H22] ~ MxK+ KxN+ MxN) x sizeof(float)

oH=2d O
%'ia

5
O.

ng Mo J[A

‘E
=

-
—

=l
—

—

=
A

|

=

O
it

He| 70| S=ol0F &
Are= 2 8o [0
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MEMORY

Mesh ALO|= — C[O|E ==

- ™

L Q3 & FLOPs A4t Qg oma| &5
=3 & A2t =H

S -

£ AQ AlZh= 91k A2t +
0|Ef 0|5 AlZt
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MEMORY

@ =M 27| — 22| MEH =3
Ol: FDS &= CFD/FEA a{{A0|A 3D Mesh:
Nx X Ny x Nz=& & £

04: 100x 100150 = 1,500,000 4
2} Mgy KAE EO0|E 4 (2, 93, 2 5) = D

H—/, —M

H|O|E EtQ: FP32 (4 Byte) E= FP64 (8 Byte)

@ & Q41 (FLOPs) 23

olfl4] R0 2t X}O|:

CHe TEM 84| — 45 50~100 FLOPs

22Xt ¢4t (e.g. LES, Radiative Transfer) — 1,000~10,000 FLOPs/cell/ste

= FLOPs = #cells x FLOPs_per_cell x #iterations
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RUN-UPI MEMORY
®CPUO|E E5
O| 2 FLOPS = Clock x Cores x IPC x FLOPs/cycle

5 GHz, 8 cores, IPC=2, FP32 8 FLOPs/cycle (AVX2)
=3.5e9 x 8 x 2 x 8 =448 GFLOPS

® 22| CHY = B = 112 (optional)
DRAM Bandwidth = O{|: 80 GB/s
= 00| Ols& =4 &= x 12|42 0| = HIO|E

= A ZE T total = max(T_compute, T_memory)
000
SHPCOMOTE | Cjm2o S & 20| Bl Z0| A AIZHAT

| aaagiye 12| step2| A|{ZF: §| = iteration =2 LI+7{L}, FLOPs/step 7| & Al 4h

Korea Co ing stry iation
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MEMORY

Off A A| &t

Mesh: 100x100x150 = 1.5M Al
1 celler HLHEF: 1. 000 FLOPS
= step: 1,000

= FLOPs:
1.5M x 1,000 x 1,000=1.5 x 10712
FLOPs
CPU O| & ‘dS: 300 GFLOPS
T _compute = 1.5e12 / 3el1 =5 seconds

B2 7% 1.5M 2 x 10 floats x 4B = 60 MB
(M 22| H5 otY - A4t X|HY &)

8 2t o||
SXAIE oA HHAZ Al
1 5M Al 100 x 100 x 150 = | 2SO =Z Lix= & M(HX})
' 1,500,000 H=LICE. O Al ol{A12]
"2H 27|
of Alof| A=
GIAl: SE(3), &=(1), S| (H)Q| 2.
10 floats 2(1), 454 2(2), Aotct 10709 floats
71El 370 & HIO|E(BEsAeH™ )7t
NE=CH 7H-.
float (HHYUE ESALH
FP32 = 32bit = 4 A)o| 37
48 (Byte) Byte 5% FP64 (double) Zo=
8 ByteZ H}H
X=XHOZ O = =
1,500,000 x 10 x 4| HoH=E SrE= HZH
60 MB | = 60,000,000 Byte = S

60 MB

O] §=H =& CPUNIME
HE2e =X 20| Me2| 7ts
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MEMORY : The Intel Second Generation Xeon Scalable: Cascade Lake

Memory

 Higher data rate (2933 MT/s, up from 2666 MT/s)
 Standard support for up to 1 TiB per socket (up from 768 GiB)
« Extended memory support for up to 2 TiB per socket (up from 1.5 TiB)

» Large memory support for up to 4.5 TiB per socket

108 4000000 400 48 44t 48
* DRAMG channels of DDR4, up to 2666 MT/s | EEDIUE S50 41 FISE T T T _l'
+ RDIMM and LRDIMM = :
+ bandwidth of 21.33 GB/s I E
» aggregated bandwidth of 128 GB/s I8l : ': l-

—

1INl
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RUN-UP! MEMORY : The Intel Second Generation Xeon Scalable: Cascade Lake

CPU 1 DIMM SLOTS CPU 2 DIMM SLOTS

(intei>:
Intel” Xeon®

Processor
Scalable Family

-

0g0
208 HPC O|rtfoft v

) o aRe Uyl
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STREAMS Triad Performance vs DIMM Population

Single Socket STREAMS Triad Scores

& Non-Determinstic Range

¥ Reliable Bandwidth

7
~
o
U
-
XL
|
o
=
[a)]
P
<
()

* X&: NUMBER OF DIMMS POPULATED PER SOCKET

7 8

NUMBER OF DIMMS POPULATED PER SOCKET

- MY DIMM(HI 22| 25) &2 4 (1~127H)

« Y=: BANDWIDTH IN GB/S
=> STREAM Triad HIX|0j5 = &7

]

[ol

H22| HE=E (GB/s)

o I2tM HE: Reliable Bandwidth

- A% Population UM 2 £ U= AHH(GIZ 7ts) Y=
o WIZIM X|1X11 B2 Non—-Deterministic
= H[AHY DIMM F+H0j|M =0 S5E5e = = =27 HE

)
QO
-
Q
D
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01 57,9 117} DlMMOHHE [ = 0] %i“éj(%: )
OlH HE2 XS/ AT S HA A Z2EQ e s WAZFAHKX| 7| 2.
¢ 6,8, 127 DiIMMS 7} OHE A QI x| Ll CH =S N|-&StC}.

ME2Y o8 Ae =X HIXIZ, sTREAM FIX[Or3 0| A Z[CH TS =0] 0= 7=

HE2| &2 X(0): 6xHY, 8xli'E S)0f LU ®4/Hufj42 DIMMS 1A
200 Hpcolztopvie  HI| X (S0 d)= SHE0| 3| £E8 HPCLE 1Ms 3 2C 0 SX$t

tﬂ ﬁ%%ﬂ%‘i.’il
mputing Industry As

rea Com ry Associatio
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Hetws HPC
AUNSURL - xt DIMM HiX] 710|E2191 =
o= raysll PN ECES 0|1 / oAkt
CERSE 170 ZHIE T AL d4s {3, x4 714
- 20 &%, 238 1744 St ~ .
=4 g RE_I:E[NMMH = = CHE= 28, =5 A4 D&
- 40 &%, MEE 174 S _
=I[= 5| %E,;DlMM 185 CPUHEDT, AH) 7|&
Hexa/Octa X Mg 02 5L DIMM 8% | E|A MB//|IFAHO0|M(Hexa=6, Octa=8)
2DPC (Dual DIMM Per 2283 /43 DIMM =% A o
; ’ A JHMI 12 [ ZtO A < 2F /2H
NUMA LAY 7o CPU 278 =2 DIMM i |NUMA ==Y BIX| &4 H22] 82 x4t
om0 DIMM &£ /23 &8 ZX| |SYU AL /2T DIMMEIEE |E2 A W2 £E2 X H|A™E 8s
208 HPCOficHo[ o
H| 22 dI| Ze iMd/uig = = 7| |H|ZFEGHH Non—-deterministic CHEZE HhAY

| g3y
Korea Com ustry Ass
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Local Socket 3rd Gen
Memory Latency

Intel® Xeon® Scalable Processors Latency

MEMORY : Local & Remote Latency

Remote Socket
Memory

Local Socket Memory
Latency

3rd Gen
AMD EPYC

Remote Socket
Memory Latency

st

Intel® Xeon® Platinum 8380 Processor AMD EPYC 7763 Processor Intel® Xeon® Platinum 8280 Processor
(Ice Lake) (Milan) (Cascade Lake)
Memory Controller Ondie-8ch Multi chip module - 8 ch On Die = 6c¢h
oo . [ g
DRAM read latency local socket, ns 85 96 81
DRAM read latency (remote socket), ns 139 191 138
g@g HPC O|H|O|M e Max Memory Capacity per Socket 6TB (DDR+PMem). 4TB (DDR) 4TB (DDR) 4.5 TB (DDR+PMem). 3TB (DDR)

= eauaYt

Korea Computing Industry Association
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MEMORY : NUMAE#Y 7| &X| M2, Non-Uniform Memory Access)

a M a )

co c4

cl c5

MemeoryO Memeoryl
c2 Cc6

Remote Local
Access Access

c3 c7

Local
Access

Socket #0 Socket #1

J N J

Node #0 Node #1

/

0 CPUZ} XAl 24 HIZ22|0f HZ2ol= &2 18 CPUL At HIZ2[0f FHZE & AN A HS0] EL,
=Z K22 Z0] EAEH LHE CPUN| EXR= HIE (0 EZ20] E2ofA &[41, O] HE =] 20| A|ZHO]
220 Klgx| Xt 95 Kot/t T

=Z HE0A S0FLt B0] 2= 20| 2OLUEL daetde| /Y SR8t ZRIE

2710
==

CPUOICt 89| HIEE|7t U=Cl 012 20| HIZ2|0fl FZok= WAlE 22 AMA(Local Access)2til BTt

12|71 O] A CPUSH M2 22 3tXM LEatT B2t NUMAGIAS XHAQ| MR E)7) OfH CH2 Lo Y=
HE2HE H2E 4= Y2 0|72 2| R E MM A(Remote Access)etl HLELT,
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MEMORY : NUMAGETY 7|9

A Performance-Stable NUMA Management
Scheme for Linux-Based HPC Systems

JAEHYUN SONG !, MINWOO AHN "', GYUSUN LEE""!, EUISEONG SEO 2,
AND JINKYU JEONG - 3, (Member, IEEE)
| Department of Electrical and Computer Engineering, Sungkyunkwan
?Department of Computer Science and En yunkwan University, Suwon 16419, Republic of Korea

Department of Semiconductor Systems Engineering, Sungkyunkwan University, Suwon 16419, Republic of Korea

University, Suwon 16419, Republic of Korea

Corresponding author: Jinkyu Jeong (jinkyu @skku.edu)

This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Korean Government [Ministry of
Science and ICT (MSIT)] under Grant NRF-2016M3C4A7952587 and Grant NRF-2020R 1A2C2102406.

ABSTRACT Linux is becoming the de-facto standard operating system for today’s high-performance
computing (HPC) systems because it can satisfy the demands of many HPC systems for rich operating
system (OS) features. However, owing to features intended for the general-purpose OS, Linux has many
OS noise sources such as page faults or thread migrations that can result in the unstable performance of
HPC application. Furthermore, in the case of the non-uniform memory access (NUMA) architecture, which
has different memory access latencies to local and remote memory nodes, the performance stability of the
application can be more exacerbated by the OS noise. In this paper, we address the OS noise caused by
Linux in the NUMA architecture and propose a novel performance-stable NUMA management scheme
called Stable-NUMA. Stable-NUMA comprises three techniques for improving performance stability: two-
level thread clustering, state-based page placement, and selective page profiling. Our proposed Stable-
NUMA scheme significantly alleviates OS noise and enhances the local memory access ratio of the NUMA
system as compared to Linux. We implemented Stable-NUMA in Linux and experimented with various HPC
workloads. The evaluation results demonstrated that Stable-NUMA outperforms Linux with and without its
NUMA-aware feature by up to 25% in terms of average performance and 73% in terms of performance
stability.

M2, Non-Uniform Memory Access)

O] ZM= Linux 7[2F HPC A|ABlS ?let 50| 28X Q NUMA &e2| HAIS
HIAIRILICE 22[9] M0 [MEH CPU 2E M A2} NUMA Q1A 7|5 Zto] A=
0r0]22)0]4 3=2 A2|E R HIE] T0|X|2] 3F 010|108z Qlo d5=
XNotAR == JAFLIL. 0] 352 A= 2 H|O]X] OHO| 1|04 S] ol 2F O = Qlof
S& Z=0H9| d5 71Hds S7AAUL

et 229 Al=l2 CPU 2 BEAMU|M = 21 CPU 2 BHds Eelotd 0|5
NUMA Q14| HO|X] 2 A= HiX|2t HE o0 O =X|S oHZ=LILY.

H22] HMA Z=Iad HE = 0iS7H(0]H0] Ciet d5 Fg= 2[4ttt HSoA
gL 88 BE= 18 £/t 2218 NUMA L& 20 ZHT 5 A =0
AZEE L. A== ot A2 =0 2feh H4 M2 2| HA|lA 5 Z[28r6H7| 2ol
USoH &=L,

UM Aget HFHLIES Soll 7t k= NUMA Q1AL 7|50] ALY gl Linux 21
H| WSt Stable-NUMAZ} ds = gl HH[eI= As EHFUSLI.

NUMA 07 |E1x{9] 0] 7|s= A=lot/| ?lofl Linux AZ20= 1220 2l%D
Aol K22 ANAS S-derotil WL HMA XFIS A5t ?lo A=
/== HO[X|Z 010|220 85t= Auto-NUMAEE= NUMA 214! 7|50 QIELICE.
[26] .

2L} Auto-NUMAE= (1) HIE2]| HMAQ| 2HEIR T2MUZO 2 Q5 52
QU= Est OHE2(AH01Y 452 A 2t HSO0| S7totdl (2) L3t 22 F
7tX| 0|72 &5 2FE-H0| XMotELICh. CPU 2E W22t Auto-NUMA Zt2| OA}
23 M2 NUMA & ZH0| A2 =2 HO| X[ EF 010|108 = =eliot] E=
285 F8A=Z= UsUM 0lzfet 2H5|E== OS L0[Z22 XZot 0iS2(AH[0]442
ds AEds AL,
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Context switching

cache coherence (7l A| &2Hd)

Cache Conflict vs Cache Contention
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Accelerator

NVIDIA V100

NVIDIA Tesla V100 2442{2|0|E{= 7.8 TFLOP / s (H{A Y Z)9| X[ MS S 7IX|H SummitOf| A L= [HEE
AL &0 7| RILICE ZH V1000f= 80 712 AEE| HE| TEM|A] (SM), 16GB2| 11 X H|E 2| (HBM2) &

SMO|| AF2 7tset 6MB L2 7jA|7t et RISLICH GigaThread Engine2 SMZH0| 2= 2486t 16 HHE HBM2
M2 2|0 CHSH HMAZ H|O{5H= (8) 512 H|E M2 2| AEZZ oS CH V1002 NVIDIAQ| NVLink QIE{AHUIE=

Ar&ot0 GPUZH0| 12|11 CPUO|AM GPUE H|0|EZ ©EELICH.
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.II .II

GPU Programming

HAagads ¢
—dld il

m

int maini()

208 HPCOficHo[ o
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| /,ff ARllocate wvectors in device memory )

size t size N * sizeof(float);
float* d A;

cudaMalloc( (void**)&d A, size);
float* d B; -
cudaMalloc( (void**) &d B, size);
float* d C;

A

\\cudaﬁallac[ivc;d**?&d C, 3ize); 4/

~N

// Copy vectors from host memory to device memory

! A and h B are input vectors stored in host memory
cudaMemcpy(d A, h A, size, cudaMemcopyHostToDevice):
cudaMemcpy{d B, h B, size, cudaMemcopyHostToDevice): )

\.

!/ Inwvoke kernel
int threadsPerBlock 256;
int threadsPerGrid
(N + threadsPerBlock 1} / threadsPerBlock;
\?E:hddﬁﬁﬁ:hread5?er5rid, :hreads?erﬂlacﬁ}bbid=h, d=E, d:Elj/

-
// Copy result from device memory to host memory
f/ h C contains the result in host memory
cudaMemcpy(h C, d C, size, cudaMemcpyDeviceToHost);
§

T
f// Free device memory
cudaFree (d A):

/V

Time

Memory
Allocation

Memory

/" Copy : Host =) GPU

Kernel

/" Call

Memory

"~ Copy : GPU -) Host

~Free GPU

cudaFrEE[d_E];
cudaFrEE[d_C]:

\4

~ Memory

S

i

55959558

'
evice code
LA i IS

_global void VecAdd(float* A, float* B, float® C)

int i threadIdx.x;
if (i < H)
Cli] a[i) + B[i]:
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Accelerator

GPU
Server

\
o

D= Ml Xel= Host CPU2E QI HIE=[0jA] GPU L2 2|=2| SAS Soff TIiEL L
SAtE H[0[E{7t GPU LHFHA AHELCt.

D= dikE2 GPUL| M2 2|0 M E L.
HostO|Al= Z1t= OI0|E2F GPU HIE2[0| N CIAl K[l B2 == SAfolt] 2= x|/t 2= L.

L

h

s~ -
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Accelerator [ A
CPU ‘ PCl
aln Cluster
emen Y Server
(il S VAR
: CPU PCI <-I-:—> PCl GPU :
|
L N ! | Server
l&-Memory /l\_______ienjry_/

I 2AIA X2l= Host CPUSL H|Q! B2 201N HIEYS S50 Ef GPU MH{2| CPU HIB2|Z £AL XIgy
1.Host CPUS} M2l HIR2|0iA| GPU 22| 20| ZALEIS

2.GPU H|22| = ZA} XY

3. SAME| GJO|E{7} GPU LHEL0|A Alst

4.2E AN2L GPUS| W2 2|0ff KfE

5.GPU HostOllA{= ZiTH2 H|0|E{TH GPU HIZ2|0|A ChA| HQI M2 a2 SAf

6.GPU ME{OIM WERS S50 Al M CPU 2 2AIEY BE X2|7t %=



M2EA HPC
Neus HPC

208 HPCOficHo[ o

RUN-UP!

) o aRe Uyl

Korea Computing Industry Association

1. J|=

Accelerator

R — A0 LLRe
™ DDR4 CH-B

N

intel intel

3rd Gen 3rd Gen
Intel” Xeon® Intel” Xeon”
Scalable Processor Scalable Processor

DIMM Slot #1
DIMM Slot #16
DIMM Slot #1

16 DIMM Slots

mz«: Slot

1p DIMM Slots

4 Slot

PCle 4.0 x4
PCle 4.0 x4
PCle 4.0 x4
PCle 4.0 x4
PCle 4.0 x4
PCle 4.0 x4
PCle 4.0 x4
—

PCle* 4.0 x16
rFuieT T S VU X100
PCle* 4.0 x16
PCle* 4.0 x16

g CPU1_PCie_PortB

ocp*
Module
Connector

g CPU1_PCle_PortC

t CPU1_PCle_PortD
NVMe SlimSAS Connectors

‘ > CATA 6 Gh/s [3-01 2
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ESC8000-E12 Block Diagram (282, w/ RAID)

Gens k16

PCle GenS x16 (GPU1) Gens x16 PCle GenS x16 (GPUS)

= xlb HenS x16
PCle Gen5 x16 (GPU2) - PCle GenS x16 (GPUE)
Gens xlb o ® dx UPI2 ® L] _
PCle Gen5 x16 (GPU3) Intel® Xeon® 6 Inteéﬂstsgln b Gens x16 PCle Gen5 x16 (GPU7)

(CPU1)

GensS x16
PCle Gen5 x16 (GPUA4) & Gens x16 PCle Gen5 x16 (GPUS)

PCle Gen5 x8 (Frant riser, for RAID) - Gens k16 PCle Gen5 x16 (NICO1)

Additional 2.5"
NVMe

PCle Gen5 x8 (MICD2)

Gen5 xd xd =
M.2 NVMe SSD adapter x2 SP1_TPM

Fan AST2600
System Fan x5
"I - - -

Fan s 5P
GPU Fan x5 . Teg
Controller BMC FW A/B | DC-SCM Module

208 HPCOficHo[ o
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ESC8000-E12P Block Diagram (285)

NVMe 1,."'2 Gens x4 xd

Gens x16
PCle Gen5 x16 (GPU1) PCle GenS x16 (GPUS)

Gens x16
PCle Gens5 x16 (GPU2) B ©Cic Gens x16 (GPUG)
N 6 Gens x16

Gens x16 Ay . e
PCle Gen5 x16 (GPU3) Intel® Xeon® 6 el Intel® Xeon® 6 Sl PCle GenS x16 (GPU7)

Gans x16 ens x16 CPU1 CPU2 Gens x16
PCle GenS x16 (GPU4) 5 e ( ) { ) il bl PCle GenS x16 (GPUS)

PCle GenS x16 (NICO1) [ Bl PClc GenS x16 (NICO4)

ens x16 Gens k16

6
PCle Gen5 x16 (NICOS)

PCle Gen5 x16 (NICD3) T

NVMe 3/4 | <58nS x4 x4 =y NVMe 7/8

ConE w16 Gen3 x4 -
PCle Gen5 x16 (NICO2 or BF3) Gens x16 10GbE LAN ports x2 (X710)

Gen5 x4 x4

M.2 NVMe SSD adapter x2 . PCle Gens x8 (Front riser)

S5PI_TPM

SRl

Tl 5P
008 H pC oliu'HOIﬁ U-|H m 4 DC-5CM Moadule
o®o =

Gen? xl

e b e
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Accelerator

T

PCle AX| 810]

PCle 2%X| Al

CPU+-GPU C{=

=|CH

ARX| ZE THHZ oFA|

1T/ -

GPU+~GPU P2P

CPU HAE HZ

0| £ £0{ CPUO-GPUO, CPU1-)GPU12}
20| FMA|

GPUO {-) GPU1 BAI2

GPUO {-) CPUO 0 {-) UPI (=) CPU1 {-
> GPU1 1} Z0] 41 ZQ

AR(X| LHRUAM HtZ W8t 7ts (82X

0 =0 CPUO-GPUO, CPUT-)GPU12t
Z0| 7gA]

GPUO (-) GPU1 S4I2

GPUO {-) PCI SWitch {-) GPU1 1} Z0|
S410| O] =012

cO]EIA

J}A L2

AR|X| hop Gt

S g AE £}
TP CPU PCle |01 2:0f ©|= AQIX| 742 Q1 B
HE| L-= NVMe,

NICS 3%1/0

Yol BE Al H2

S DEEL=

GPU 7t SEXO = A8 HE= fI=E

GPU 2 GPU I BltHol 3= © Al 2HH
7

HIFH 325

Al &3

—

ALAX|7F LHE P2P E2 HI&

HPC {3 =2C

HPC Y3 2E= CPU {-) GPU E4I0]
m] Jeo)

LS &
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Accelerator

ASUS ESC8000-E12P Z2 8GPU XX M= AH 2 LHE 5 71| PCle AQIX|(PLC) 2 40| ElLLCt.

CPU 2711 ———- PCle uplink ———- PCle 2%{X| A, CPU &7l 2 ———- PCle uplink ———— P
ALIX| A -——- GPU1, GPU2, GPU3, GPU4 , A2|X| B -——— GPUb, GPUG, GPU7, GPUS8

Ol AX] A2t AR|X| BE 28X C= X HELX| gaUCH

rI

CPU <« GPU &4I2 CPU—ARX| A/BGPU X2 hop 171
GPU < GPU7Z} Z2 AQ|X| LHO| A2 H™ direct P2P 7ts (AQIX| LHE routing)
GPU <« GPU7Z} CtE AQX|0| Q2™ **CPU interconnect(QPI/UPI)**E ZAQ3H0f &t

O] dR0l= CPULt CPUZE S410] E|E= NUMA hopO| 240 EL|Ct.

=

0|21 TXXOI 2X|2 AAHSZO0|2t= 7|£0] TQ SHLC} (BHAL PCIl switch 7F QE QIE, &

OE0] slurm 2 7tX|11 gpu jobS AAEEE & 4 U=,
#0]: AGPU job= Z2 A%X| 2E0 50X HiX]|

#SBATCH ——gres=gpu:4

#SBATCH —-cpus—per—task=32

export CUDA_VISIBLE_DEVICES=0,1,2,3 # &2 A¥X| 1&E
numactl ——cpunodebind=0 ——membind=0 python train.py

ot 20| GPUE ofld 22(X| 281 aiF T2 MM (numaE AtE St0{ HIZ 2| HIQIE )LHO A<

Cle

oI
L_

AR(X| B

=ML HeE

AZICY)
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= HPC

RUN-UPI Accelerator

Balance
Suitable for GPU pass-through virtualization
GPU cloud application
Small and medium-sized deep learning
training

Inference, public cloud and HPC scenarios

Common
« Excellent Al training performance
* GPU P2P communication

* Most deep learning application scenarios

Cascade
Some Al training models have the best
performance
0of0 t et
gég HPC O| L t[o|M el GPU P2P communication
Large-scale deep learning application

sRAzYARH) scenarios

Korea Computing Industry Association

- UPI CPUD

CPU1 UPI

CPU1 UPI CPUD

PCle
Switch
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NEu= HPC
AUNEURE T GPU Memory

=X - Al 22 AO[=7F 671B7t &, 0= ?let z[H2 A|AR &= offH
D& Oct0[E H2d 241 Al

671B W2t0|E x 2byte(16bit, FP16) ~ 1.36TB
671B Ot2t0|E x 4byte(32bit, FP32) ~ 2.72TB

=8 Al

Optimizer stateZ7tX| 112{ol{Of o2 = LOi2f0|H 37| x 2~4H{7} 2L
Ofl: Adam Optimizer — 4Hl 0|4},

— 52 H|Z2|Tt X|A 5TB O|A Q.

=A=N}
090 T L
8@8 HPCOHOLE = FP16 inference2}t™ L}2t0|E |2 2|0 2ESIH = — 1.36TB &&.
ot KV Cache 7HX| T2{5HH A|HA Z10] x HIX| AtO|=0]| M2} -84 GBO| 7} GPU M2 2|7t LR

ao¥

T

IXE|AIOiG
ol
uting Industry Association
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o



M54 HPC
HYES HPC
RUN-UP!

208 HPCO|icHjo} o

2. 2dAH 1Y

GPU Memory

=X - Al 22 AO[=7F 671B7t &, 0= ?let z[H2 A|AR &= offH

A= =8X
mHat0|E{ & 671B (billion parameters)
FP16 22 7| ©F 1.34TB
FP32 EE 37 °F 2.68TB

Optimizer state

488 — =& Al 2 510TB VRAM EL

KV Cache

AEHA ZO[/Hix| Z710f| W2t =712 =8 GB ~ TB
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Neus HPC
RUN-UPI
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2. 2dAH 1Y

GPU Memory

=X - Al 22 AO[=7F 671B7t &, 0= ?let z[H2 A|AR &= offH

1) &£ (Inference) Al

FP16 7|= B2 IOf2t0|E 1.34TB — =2 1.5TB GPU HBM EQ
AA[ZE ME|A KV CacheZItX| 112 — 2~3TB O|& HQ
CH7|A|ZH(Jatency) S0|2¢™ NVLink, NVSwitch Z4

2) &&(Training) Al

Optimizer state + Activation Checkpoint — It2t0|Ef M2 2|2 Z|A 4H|
— 5~10TB GPU H|E2| B



ABEA HPC
WL @] HPC
RUN-UP!

208 HPCOficHo[ o

i

2 oE
2
@2

:
ot

2. 2dAH 1Y

GPU Memory

=X - Al 22 AO|2/F 67187} &, 0=

OII

|

.

“HPNECERER T

GPU FP16 M| 2.2 HBM NVLink/InfiniBand

NVIDIA H100 SXM 80GB HBM?2e NVLink/NVSwitch

NVIDIA B100 192GB HBM3e NVLink/NVSwitch
NVIDIA GB200 NVL72 | 144TB A|AHlI O 2 2| HBM3e NVLink Switch

IEEH- of 7=|O

T L =2

. NVIDIA B1OO 192GB HBM X

« KV Cache 20| O

o=

2T A

m= GPU EQ.

GB200 NVL72 €2 B =t +HEHAHE

72 GPUY 144TB HBM}

o _._lAl |_|_|\/| ._|_|_ 7|EI‘| OE AHH~J\ -|7HO| GPUE Al-R
* Microsoft, OpenAl, Google Deepl\/llnd'— NVIDIA HGX 7|8t Z2{AE (10,0007 GPU

) 2F

2|4 8~16Y — 22 OIet0[H 2 o= 1.5TB Q.

3.5TB/s NVLink




ds=ygupc - 2. 8d4AH PA

HYE HPC

RUN-UP! GPU Memory - LLM I}2}0|E 223 H22] 72X

73 29 HS 3]

S22 OO0 7t& Al (Weights) 1x Oief0[E =

AdamO|™ 4 x Or2t0|E £ (m, v,

SE|OI0| X ALE .

IBFOIX SH optional) 4x
2t HE AHOf Al ER 1%

Activation Memory MM /ANIO &S SZt 4 HE m2t0[E Q] 1~2HK
KV Cache (=2 A|) Attention M%& HiR[/AIEA ZO[0 2t =74

28| 0|2

of0
523 HPCOL oIt J15X| + SE|OI0|X + J2}C|MHE + HE|HOIM ~ 1x + 4% + 1% + 1~2X
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NI HPC
RUN-UPI GPU Memory - Y H22] Y GPU (CiA[)

omos n}2}o| E ~_FP16 23 VRAM "'SRE_TL\?;’;V' _ Hiol_ _
(B) n}2}0|E{(GB) 2 1(GB) OFX}3}/abit) =RT(2d
SLM (7B) 7B 14GB 56~112GB | 3.5GB + KV 1
LLM (70B) 70B 140GB 560~1120GB | 35GB + KV 4~8
SLLM (671B) | 671B 1,340GB 510TB 335GB + KV 35~75

208 HPCOficHo[ o
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Storage

SoAE AJ0IM 7FS 022 =2

SRR SAZEIIXL AL HQ B CIHMERS Yo, 2 250 RX B2 M2 3]
FX7F 71 jobS S OFHH, jobOfl CHaF Z1F GA| O] 20| A XA E.
FM Y S =N e AFO|=TF HE O U2} O] B2 GA| HXMOF 5, oHgd A £E7F 1 8{7;
E|O{Of et
= AHAQ Ol Ol = A
=srgole yx A £3 480 &= YAl HOIE THY0| MFO| & B ofo, 7HY the
ClA3 107t 2R

+ B2 7|, ZRHE, SAS0| ZX)
A SHAROIN AESXIS 952!
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RAID

Redundant Array of Independent Disks

Redundant Array of Inexpensive Disks
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1. J|=

RAID Level

RAID 0 - AEZ}0|Y

AERIOBOE HOJE| ASEE 22 2|

IS 553 A0|X0|

RIS SITt. HHOZE JHE HIE 4TS HY
CIAZ SHL{7H 0| 47|81, HF AE2|X| A

0f0
o
i
N
olr
%
Ral
iml

RAID 1 - 0|2{E
O] EfRi2] 0fey|0]= &efle] SE S=TE HEA0|E2= AlSE
MZR EE 0[2{~0|2tT FiTh RAID 12 £ HIHE G0|EQ| 71248

oo=
51517| QM MHCIUO 2t 7|2 EATMES 3t JH OJAL2| O]
A32 SHE

-1 — - "1

1 |->II




dg=appc - 1.JIX
2 HPC

RUN-UP! RAID Level

RAID 5 - 2EctO[ 1t T2 E| £f§
RAID b= AEZI0|Z9| d54 O|HS A2[HAM O o
HE(IH2|E)E F7IA22M H|0|E &40 et 4EE 5 = %Ef

=l | e RA'D 5

— 5
byt e Y e e Y e o N

i
l l
|

J 4! |
M P4 N 0
" & Ly

W h v '
\ | W A Pb
L » - J

e — — S S .“‘J

—— R —

RAID 10 - AEZ210|1& + O]

71Z9| 27}X| RAID ZI#1S HBAIZICZM T JIX] SIHHQI 142
LS 0fid 4 QICt

AEZIO|TT} O|HAUS MREH A|AEIO| AZIAMS 0|20 O|5HA] [ —— RAID 10
TISHIAI= =2 2HHE W20 S E0{LITH RAID 10 AJARIS
CHE CJATO| FEHE Y 4 QO ATk} RAID 5 9= ) ==
OF5lZ 7{0| ZaGIK| LT GIO|E| . £ T402 X2 4 J
[} 3L 5SS WQR 5= H|0[E = Hadt =7 ATSO

| C|A3 &7 HKetO 2 M RAID 10 A|AEHIZ2 0|22 A|AEIL}
H|20] LRSI /M RAID 55CH T77h ELICH

\J
O

l

|O

o> or J

—

208 HPCOficHo[ o
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TS
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1. J|=

RAID Level : OjAt Ms

RAID Level CJAT £~ 2|4 8171 ds M| g5 £3 0|
H|O[E{7} C|A=T 42
RAID O (Stripe) 2 i< WS 0 < WS ds =zt F55 710 2450 SA
/0
S17|= o4
AT UM SAIO
RAID 1 (Mirror) 2 il = LEHE HOIH 5= MY |75, A= SE
H|O|E =A| M0
ClA3 02 55
217|& Striping =0l
RAID 5 (Stripe + = L el b Ma=m = | WS, 27]= Parity
Parity) 3 S =85S SSTEREZ  gat+ A3 24
M2 L&l
| RAID 5ELC} Parity 7t
RAID 6 (Stripe + = L a < ol=5 o OHOF AT EE1
Double Parity) 4 = =5 Parity OS2t 9:||IL|3 M7 E5t7}
Stripe= §7|/M7|
RAID 10 (1+0 L = L =
: . i< WS i dsts=3t a5 =E + 022
Mirror of Stripes) 4 e f e het 9_#1._1; =]
RAID b IE0l= &=
RAID 50 (5+0) 6 O|Af H} = HE~HIE RAID 5 152 Stripe | &t + Stripe2 M5

2t
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RAID Level : 0j& Ms 712

RAID Level Throughput Read Throughput Write
RAID 0 N x Disk N x Disk
RAID 1 N x Disk 1 x Disk
RAID 5 (N-1) x Disk (N-1) x Disk * 0.75
RAID 6 (N-2) x Disk (N-2) x Disk * 0.5~0.7
RAID 10 (N/2) x Disk (N/2) x Disk




ds=gupc - 1.J]1X
L@ HPC

RUN-UPL RAID Level : AIAH0f] (£ CJAT 2: 10 CJA 174 M=: 150 IOPS, 200 MB/s)

RAIDO

« 2171 IOPS: 10 x 150 = 1,500 IOPS
« M1 10OPS: 1,500 IOPS

« 217 MB/s: 10 x 200 = 2,000 MB/s

« M7 MB/s: 2,000 MB/s

RAID10 (107 CjA3 - 57| G[O|E MIE) RAID Level 2171 IOPS M7 10PS AH7| MB/s M7 MB/s
« 2171 IOPS: 10 x 150 = 1,500 IOPS
« M7[10OPS: 5 x 150 = 750 IOPS

« 217 MB/s: 2,000 MB/s
. M7| MB/s: 1,000 MB/s RAIDO 1,500 1,500 2,000 2,000

RAID5 (N-1 H|0|E C]A3)

“EO[Ef CIAT: 9 RAID10 1,500 750 2,000 1,000

« 2171 IOPS: 10 x 150 = 1,500 IOPS
« MI7110OPS: 9 x 150 + 4 = 337.5 I0PS RAID5S 1,500 338 2.000 450
* 17| MB/s: 2,000 MB/s

« M7 MB/s: 9 x 200 x 0.25 = 450 MB/s
RAIDG 1,500 200 2,000 400

RAID6 (N-2 H|0|E C]A3)

- O|O|E C|AH: 8
- + 217 I0PS: 10 x 150 = 1,500 IOPS
100 HPCOIHOIMOfE  « 17| IOPS: 8 x 150 + 6 ~ 200 IOPS
« 217 MB/s: 2,000 MB/s
I-%HEEMI-%"H I * &7| MB/S: 8 x 200 x 0.25 = 400 MB/S

:l'l'l‘Ol_
ustr
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c

=
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o2 AAH

File system Terminology

Local Disk/ Filesystem
Only accessible on its node

Global File systems
Accessible across entire cluster

NFS
RDMA NFS

Parallel
NFS(pNFS)

Lustre
GlusterFS

— C(Ceph

Parallel File System

M E£= S20|HES F7lotH 450l 22 = U
Ih A|ARIRIL|CE Sh IHOf| CHet o2 S2L0|HES)
MM A X|H

EH
=

rr
my
 Hu

1

o
=

d



Aas=gppc - 1. J[X

L@ HPC
AUNTURL e mpot AJAH - Lustre

MGS(Management Server)

MGS= otLt O|&2| Lustre Y A|AEIG| Lol 1 WEE X &otdl O HEE L= Lustre S AEN| X|S.

MDS(Metadata Server)
MDS<= Lustre O A|AEIQ| CHSH QIEIA EE= HQAATO|AS X2, HIEHH|0|E] 2
= =500 XY, Lustre Y A|AEIO| Ol EL| 1A 9} O O|F, Heoh, 28 54

JEE MDT(Meta Data Targets)
Lustre Of AJAEIOIC MDTZ} oLt 0]4 QO{OF &t

I} 20|00 MDTO| 7|=,

OSS(Object Storage Server)
OSS= Lustre IfY A|ABIO| B = MY FEIX0| Lot CHE H[O|H ME HAE HES. 24 OSS= OST(Object Storage
Targets) 2t= AEZ|X| S& MEO| ot BMAE XIS,

000
208 HPCOficHo[ o

t?_* ARYUUYS
mpu ustry As
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WL WS HPC
AUNTURE e mol AJAR) - Lustre

Lustre Ol 7k2 ZZKTiB) ~ 0.99 * 0{2]|0] &= * (0{2|01¥ CjA3 %) * 0.8 * HDD =7|(TB) * 10™12/2"40

. Lustre= AF2 7h=3t 22 2 THo|o| ZO2 BAISIDR AL 7Hs5t 2712 TiBE AAMEIC)
. 0.99= THY AJAEIQ| 1% QHf HES T3 QA0|H, (0| CIAT )2 3t AHOE H|2/5t 0{20] & HDD 2
. 0.82 B|0|E| E2t0|=91 RAID 6 (8 + 2) HDDS] 80 %ILICH (RAID 29| LIHX| 20 %= Tj2|E| E2t0|20|H AR

Jtsst e 2 T EX| U2
A

« SA 10712 /27402 ORX|T Q4= ME Jtser 342 TBUIM TiBZ Het

208 HPCOficHo[ o

| eazagy
rea Computing Industry Ass
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A=A HPC 1. J|=E

WL WS HPC
AUNTURE e mol AJAH - Lustre

« M0 &= 4

« O{3[0| T CIAT £ 107 (AHI0] H|2)
» RAID6 (8+2) 74

« HDD 37|: 20TB

Lustre 0} 718 SZKTiB) =~ 0.99 * 0{2)|0] &= * (0{2)I0|F C|23 ==) * 0.8 * HDD =7|(TB) * 10"12/2"40

QA o|0| Ol&
0.99 Of A|AE! HEHH|O0|Ef HHIE (1% &4 Lustre= inode, A9 S I A|AEI 1XZ X
{[0] == ClA3 OY0[(AEZ|X] AT) T4 T AELX] 2
Ogo|d LjAd =+ AH[O{(0flH] CAZT) X2 RAID 180 X AFEEl= C{AF R 2
0.8 RAID6 AtE 75 HIE RAIDG (8+2) #+4E 71°dolH 2702| TH2[E|= 80%Tt H[O|E X&
HDD 37| (TB) CIAT 174 22 TB He=E ¢
102/2% TB - TiB Het Lustre= TiB(22] Hl& 7|&)=E &t

712 37t (TiB)=0.99x4x10x0.8x20x 1012/240
=0.99%x4x10x0.8x20x0.9095
~0.99x4x10x0.8%x20x0.9095
~H76TiB

208 HPCOficHo[ o
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rea Compu Ass



1. J|=

2 mel A|AE! - | ystre

- =H 7t&E - 576TiB

* O{20|F CjAF 2= 1074 (ATHO{ H|<)
 RAID6 (8+2) 714

« HDD =Z7|: 20TB

o0&~ SH 7I2 EZF (TiB) /{0.99x (0| O| & C| A= 4=)x0.8xHDD 27| (TB)x(1012/240)}

|04~ =576.2592 TiB / (0.99 * 10 * 0.8 * 20 * 0.9095)
~ 576.2592 TiB / 143.12
~ 4.02
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1. J|=

2 mel A|AE! - | ystre

Lustre 0l 718 SZKTiB) ~ 0.99 * 0{2)|0] &= * (0{2)|0|F T3 <=) * 0.8 * HDD 37|(TB) * 10"12/2"40

B g0l | Cl&3 =+ 7188 TB g0l | Cl&3 =+ | 7188
4 1 30 230.5023 4 2 30 461.0047
3 1 30 461.0047 3 2 30 922.0093
10 1 30 576.2558 10 2 30 1152.512
12 1 30 691.507 12 2 30 1383.014

XICHUA 7| M= ~5.6GB/s X7 M= ~11.3GB/s

Ay M7 M ~5.3GB/s ALy M7 M ~10.6GB/s




AP HPC
LI HPC
RUN-UP!

%E HPC O|icto} B

1. J|=

B2 mpel A|JAEI - [ustre — RAID Level 6

Ol 43

Lustre= HPC/® & 10 2t40|2t CHEFC| HDDE AtE

24 | HDD= 80| 311 &I 80| &7| HE0| 0|5 IH2|E[(27H T|A3 0 ©

RAIDG7} Mgt

18)7t 7ts¢et

AERX S5 TS

[ RAIDSEL} &0f

2. 2 AEZ|X| & |RAID6= N-29| G|O|E| C|ATE M o = QY, 2
a= ol&40| =11, RAID10HL X% 2=0| =dma
L=2=11¢) 7{X|H o| ttol m2|E|=
O X A
—ec RAID HH oc|E| H=0i 0|5 X

LA HOH Al ME2E & =71 S0/t

» | Lustre= LIEE HIO|H O7I0|Y-E2
17}

RAID62| &

=
o
=1

M| =H0|ct RAID102

= 05 H|Z o

5. Hot Spare 8= | LY Lustre &30 M Hot Spare L|AIE

F1 RAIDG THEE Al tif=H] =41+ U= 27




AITZ=AI HPC 1. J|E
IR HPC

AUNTURE g mpol A|AB - Lustre — RAID Level HE

RAID Level HE 05 =L EH
= o 1= |O= 7tsollt ZHoH 2l Al H|O[E &4, HIEHH[O|E MHO| =0 E&F
- Lustre I\/IDT(I\/Ietadata Target)Oﬂ =] MR HEIC[O|E{= 2F0] 21
ot A=
RAID5 (A2 A8otX| S C|A T CHE2F3512 MU QEAM0| 2. AZ Ii2|E|2 QMM BEE3t
RAID6 M X} OST(Object Storage Target)dl 7t 0| AF2. 25 THZ|E|Z CH2EF
T eEe HDDO| Xt
= Lustre + ZFS 240 M= RAIDZ2(2% 2| E|)Lt RAIDZ3(3Z IH2|El) =
RAIDZ (ZFS) Its ey
Erasure Coding ol oxg Object Storage0iA| HDD L4l Ceph & ECZ &&5t= Al=E /UOLY

Lustretil M= HE=2 0.

090 Erasure Coding(O|2f|0| M 2 ) = 2 F U2 =4 AE2[X[(55] 2212 E Object Storage) | M At S&St= H|IO|H £ EE B® 7[=
céo HpC0|I_.|:|:|-||O|ﬁ U-|I:I Ceph, MinlO, Hadoop, Azure Blob Storage, Google Cloud Storage
L - 358 QEHME AEZK| 2N

ARt
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YW HPC
AUNTURE S oi2d mpol AJAEN - Lustre — MDT

MDT= I/C=EL] 0|F, HO|M, £4, &|0I0tR FE(inode) 55 M¥
2K CIOJE|(IfE LiE)= OST(Object Storage Target)Hfl KF =1, MDT= If A|ARS| "FAE HEYUS o
& dA7t £Zo1H HIEIHIOE 7t 2 XM Fx| TFEA AR 2430 Bl

oo =

|=I

MDT 8% = 3 0|4 THY 4 x inode™ B2 H|EFH|O|E{ 37]

24 =9 Off A €X
SO = =[0f ot /L= Eg| o Off: 109} 74
- C} EFEIOIE 3 C| 2 X EXSIAR
37| 7{ Xl
oj|d| &7+ OfAA|AH reserve + 5 0|&S  QAHIE O 2 10%~20% =7}

%E HPC O|icto} B
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RUN-UP!
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OX

= O A|AE! - Lustre — MDT A2 0

MDT G4 2&F (GB)=(Z& I 4= xinode "Wt 37| (Byte) / 230 ) x (({RE %)

= It £~ = 1,000,000,000 (109)
inode W 37| = 4KB
HeaE = 20%

—

,000,000,000 x 4,096Byte=4,096,000,000,000Byte~3.72TB

Q8 T3
3.72TBx1.2=4.5TB3.72 TB \times 1.2 = 4.5
TB3.72TBx1.2=4 5TB

5474 ot W 37| % inode 37 MDT 8 HIS
e HPC Scratch | T HHO[L2|/Al=2[0]4 21} 4KB =
TE2 A2 I =71, 24 AL HZa 8KB+ =0
it A4 SHAH =g 4KB~8KB S
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LI HPC

RUN-UP! Network

2 2 J|s device

« IPMI(Intelligent Platform Management Interface) HIER 3, 5I=QHE FHCE &t
«  AE{2| HE H|0f

e 2|74 X2 e =] HE|J} ZtS XtHS ASH
. BlEY0 2LIER BMC

+ IPMIZ AFZ310{ MBS £Q3t 51590 22 DS DLIER. M AH0)M M 45, CPU 2& U
AFER, AH] SHEQI010] ZE ZB0) TSt MY BT AEHS FHOR UNA U WY,

= S

0

« HPC A[AEIQ| 2fO|MA 3 RLIEE

« HPC HILIX|HE AZEQ 02 A ot0] A|AE 2 AH ZLEHF

« ZfO[MA 2]

HLXIHE HERT |« HPC Application 2t0|MA 2F, HL|E{Z TCP/IP

« SW RL|EE

« MHQ SW 29, 2LIEHZ. CPU X1 ME{, Memory At ME{, Network At MEf S AZEQ
O 2= =HO| Lot 2ELHE

oro
00 0] oM T{d
553 HPColAfolof AMUEYT |+ HPC AAS Y5t HE YEYT Infninband

—

SHRATEIAI B3|
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Network

2= @/IS 7 2L otA| 2 fat tree

o
20| A2 AZ0| QU= branch €42 O fatter (F/HR) MAS 7IX|A &, depth 7} HA&$2 branch £
|

L

2PN 2 tree HIO|E A0 M= Z4242| branch 7} Aj12] depth 0 & 810]
7

=1

a2 g kil

Pod 2

Simple fat-tree topotogy. Using the twi-level routing tabhles packets from souree 100,02 fo
destination [0 2,115 wonld take the dashed path,
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RUN-UP! Network

o9
I

2K S B E(MH)E L7t

TreeQ} S AFSHK|BF AFR| HIZ
Y == m(Fat) 24

I
18
e

i

=

|m
I
JE
ot
i

X0 S0

LSEO 200XV =

ot
0
0X

Ol Al AHE A

208 HPCOlictol b

SR AHZEIAIASIG]
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RUN-UP! Network : 2 HPCO|X Fat TreeS Al206}L}?

HPC &td82 & 78 S40] All-to-All = Many—-to-Many= E¥5t22 4% AS0A Ll H=0| HPC HMA|
ds0l 2 3= 0l

Fat Tree/} Mglot 0|7

1. Non-blocking bisection bandwidth
HE®I S AftC= Aot At 719 40| S tHF=S FAI2 = U0 2 HA A Lol E+H

2. 27|00l =X

LE 27 SOUH 9 As L4711 =2t 2385 S4M 85 Bl0l =Y 7ts

3. Topb00 EZ MA|
InfiniBand, Omni—-Path, 400G Ethernet €2 HPC HIEZ 3= 719 Fat Tree(Clos Network)S 7|HtO 2 A=

4., C}QFsH Egfa m{EIQ) 28t
EHE EXM(MPI Allreduce S)H|E QPR &QI CHAZE K|

12 q
Ok

000
208 HPCOficHo[ o
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AUNEURE - Network : Fat Tree HiiA1 OflA|Qt 2I'8E AQIX| SZHZE %, HSZ) H M g

1= &0

» Leaf Switch: Compute =E7} &I HAAL|= AQ|X| (Top of Rack, TOR)

» Spine Switch(Core/Agg): Leaf ARIXIE &S HZG EfHS 4PE MEHol= AKX

* Blocking Factor: Non-blocking AAI2tH 1:1, Y& Blocking A= 2:1 SCZ MA| 7ts

Spine Switches

208 HPCOficHo[ o

Leaf Switches

t?ﬁ"%%‘ MRSl Spine-Leaf Based Fabric Design
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LS HPC
RUN-UPI Network : Fat Tree H{4 Gf|A|2} 2f|''H AQX| BHEE £, H{HE) ALt B
GlAl: 6470 =EZ QDR InfiniBand=Z Non-blocking Fat Tree #+d
12: Leaf AYYX|

sh= U « Leaf AQX|= HEI2 L& HE, HUI2 Spine HZEE AIZ. 0f: 36EE AP|X|
— 18X E£= Compute £ HZ, 18X E = Spine ¢Z.

LE A 64 S mpute
« Qo Leaf APX|
AQ|X| TE leaf AQX| 2 = MH| L 2 = (Leaf AQX|Q| LE HZ TE &
Leat 27X ZE | 350 e (Mellanox 40360 ) A Py l 18 ~ 3 5é Atk TRl € 2E )
A : |

257: Spine AQ|X|
» Leaf AP9X|= U2 E HE, HEIEZ Spine HEE ALE.
« Leaf AKX = Uplink ZE =

T /AR ALQ|X|Leaf ALIX|2t ST ZE AR Tt5

Blocking Factor 1:1 (Non—blocking)

4 Leaf AQX| x 18 Uplink ZE =72
« Spine A%X| 1LHY 36EE = HI=CIH,

Spine A X| =

Hade1 Mocke2 Hode48 Noded? Hode5l Mot

208 HPCOficHo[ o
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1. J|=

Network : Clos HIESZT?

Clos(E2X) HELQ|3 = 195040 MA} wat7| AAXt Charles Clos7t M|QtSH HE|AH|0|X| AQE HEQF 37X
shAl OFOIC| 0= AQXIZE 02 HZS(Stage) & 0tA Non-blocking EE= Near Non-blocking 82 IS £ IS
Clos= Fat Tree2Q| ¥10|H, Fat Tree= Clos MAIE HPC/H|O|HMEEOF LMAIZI KX

3-Tier Clos (32| Clos) 7|2 2 X3HA:

« Leaf (Access) 3|¥! — Compute ==E/AMH7t 2™ AA=
« Spine (Aggregation) 2| — 042 LeafE A& HE
« Core (Super-Spine) &i|# — [ AJAEIO|A 042 Spine Pod(Clos Fabric)a A& A&

3-Tier Clos7 L%t 0|

o AR SHAHZH 2-Tier(Leaf-Spine) 2 S&

o FM~L0FLEZ SIASIEEH 2-Tier2tQ 2= Spine A X| ZE 27} 5|0 £2X&

* Spine-AZE 08 IE(Pod)2 = LI+ Core 2HE F7I6iA Pod 7t IEZES HZNWE

« 0|Z Sl Full bisection bandwidth, Non-blocking FabricS SX|5tHA 2 &&0| 7ts!

Modeq Mode2 Mode3 Moded Modeb Modes Node? MNoded Noded Node10 Mode11

Leaf1 Leaf2 Leaf3 Leafd Leafh

Mode12
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RUN-UPI Network :

20 Storage Building —

Blocks, implementing
the parallel Pylon i .~ S ,
filesystem (~10PB) AR e : ————m— 7 -
using PSC’s SLASH2 W | e -—"6 4 ',’%‘{?' WL //,
filesystem 4 MDS nodes ~_~gnalian S0 B o ez I\ AL
2 front-end nodes w' = | . T /‘{<,{'///
2 boot nodes N | V4 = RN ///,‘.s
-

4 HPE Integrity
Superdome X (12TB)
compute nodes

—— 42 HPE ProlLiant DL580 (3TB)

_/l 1 _ 1 4 compute nodes

~
2
8 management nodes

6 “core” Intel® OPA edge switches: = , : g

i 5y ; - . 5 HPE ProLiant DL36
fully interconnected, Pl s R Bre L, FOL- ‘ ‘,10
2 links per switch T T e SEOPIISEII LAY LT web server nodes

0 “leaf” Intel® OPA edge switches

32 RSM nodes with NVIDIA
next-generation GPUs

208 HPCOficHo[ o

© 2015 Pittsburgh Supercomputing Center
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1. J|=

]
X

+ 2H|IZHSH0| Chb|otH 2E

==
+ SolAH AARL ZEFH2 AH|TEH2 = At

« BTU(British Thermal Unit-

A AH|EH=ZE(W) x 3.41214 = BTU/hr
XA AHHE(W) x 0.860 = keal/h

1 RT =12,000 BTU/hr &

= 1 RT = 3.517 kKW
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S AL oAl

M8
AH|XME: 5000 W (5 kW)
0] Mg D5 HWHIo| ARSIt 74-

W = BTU/hr tH&t
5,000 W x3.41214=17,060.7 BTU/hr5,000

BTU/hr = RT(4SE) tH&t
WHEE(RT, Refrigeration Ton)Q| 7|&:
1 RT =12,000 BTU/hr

[hEtA,

17,060.7 BTU/hr+12,000=1.42 RT

W = kcal/hr Bt (Z10)
5,000 W x0.860=4,300 kcal/hr
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=X AHA: EQBEM(Rule of Thumb) A HIAl 2
- S g8 3f
HF XA BTU + Windows BTU + & 25X BTU + &H| BTU + X
MHA™ BTU = 40| (m) x HH| (m) x 337
® = HZXt BTU = HZX 5= x 400
@ MH| BTU = 2E &H[Q| =& MEZ x 3.5 (~ 3.41214
®XH BTU = 2= XZHO| Lot & M=H x 4.25
- TQ%ta/c X =5 g &6l BTU / Wz 2 BTU

H BTU
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QB M(Rule of Thumb) AJAHHIAl 22

BTU + Windows BTU + & A BTU + &H| BTU + £

H BTU

0
I

D —
Al Mok

oz

2l

g
1z

Z0|(m) x LHH|(m) x 337

HE HYOIE(f)= 25~35 BTU/ft?2
el Oy 7|22 2ittset 222 OK.

Tm? =~ 10.76 ft?, 337 BTU/m?*= 31.3
BTU/ft? .

ol
HO

MROME HEE U &

ol
-

[Ttz Al

At
()

ro

HS d O 2 & AE

o

=X} BTU

1219 400 BTU/hre &0 28

250~450 BTU/hr H$

ZH| BTU

3.4121471 BAEL, 3.5= 0{RA| 2IF

2F0M 3.4~3.5 A

o
I
Elin
ro
M
|0
e
FO

olH raog TW x 3.41214 BTU/hr7}
BZE, 4.25= (R g (HE &4E
J1d)




1. J|=




gszgppe - 1LJIX
NEu= HPC

RUN-UP! SX A4t Cooling

\ Hot-Aisle Containment (HAC)

208 HPCOficHo[ o

Cold-Aisle Containment (CAC)
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1. J|=

Zx A

: Cooling

& Cold-Aisle Containment (CAC) Hot-Aisle Containment (HAC)
_ _ T Zy|J sEE E = Qs AL
x7t2 27|7t B2 E2(Cold Aisle)= LHs &7t | == o/ 17t SEE SE(Hot Aisle)S RMHls] =2
g2 B717} KH QI(EYTOZ HFEEE & o 17t 0171 Bl Bld SHEEs e =Rl
IS HIZX =5 &
H x| SOl OISI(MMH)0| MZ OFEEES 5t 1 37t2 2H| | 249 OfR2(FH)0| MZ OFHEERE 5t 11 272 2L
S5t upx| 51 X7t2 -3- |7f Q&= & 90§ Hot Aisle2 UH 8= | Hot AisleE 25| LUH|5t0{ Hot/Cold 27| &8t gX|
== I8 UAS 214 E3
3SX 2=(COP) St AMIMORZ O =2
PUE (Power Usage oF A o A .
| ~ = ~ R THs
Effectiveness): =1 1.5-1.6 #= OF 1.3~1.4 £=&=THK| 7ts
Ol K| HZ 20~30% Z|C 30~40%7tK| 7t
o HO| AX7I MMOZ £l HIZBE MZ A4 2 2|H §E 4dH| £V} 5 =28 = AUs
: . o| M4 XA A XFO10| &
Ol K &% X4QIXI7} Cold Aisle0ilAf X! ot flisle L= S/1RM Sa/RAIss 580 B4

=0
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RUN-UP! SX A4t Cooling

Facility water loop Coolantloop

4mm———
—.

Coolant Distribution
Unit (CDU)

Facility plant

208 HPCOficHo[ o
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2 A4k : Cooling

SINGLE-PHASE .V.S. TWO-PHASE IMMERSION COOLING s

Application

WHICH ONE IS BEST FOR YOU?

There are two techniques which can be used with Immersion Cooling but how do they compare against one another? Let’s take a look!

Warm Water Output
Warm Coolant Output  Cold Water Input Condenser
Water Pump
Condensation
OEM i Evaporated Oil
Servers HEAT EXCHANGER Top Boiling WATER CHILLER
|1 Oil Level )
OEM Servers |
Cold Coolant Input ~ Warm Water Output
Cold Water Input
Power Usage Effectiveness (PUE)  # # & & Power Usage Effectiveness (PUE) * &k ok
Fluid Losses * o o ok Fluid Losses L2 2 8 2 ¢
Non toxic * kA& Non toxic Aok ko
Biodegradable ' 22 28 Biodegradable *
Material compatibility * ok kA& Material compatibility * % k&
Low cost ok ok Ak Low cost ok kK
Low maintenance * ok ok k& Low maintenance 'R 2 8 & 1

Measurements are made using a 1-5 star scale. 1=Not very good, 5 = Very good




PUE
Power Usage Effectiveness (PUE)
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LS HPC

AUNTURE 33 Aak: PUE

O MY ME 58 Al
Power Usage Effectiveness (PUE)

Total Datacenter Power(Z M=

PUE =
Actual IT Power (IT &H| M=)

)

208 HPCO|iztof1 v
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AUNTURE - 3% 4 RACK

—

A

OO

el

||
||
||
||
||
|
||
||
||

LTI L

System Width

Notable Dimensions
Dimension A =450mm [17.7177] min

080 Dimension B = 465mm [18.30”] nominal
ég HPCO|cHo|MtE Dimension C= 483.4mm [19.03"] min

ST

Korea Computing Industry Association

15.90mm [0.6257]
15.90mm [0.6257]
12.7mm [0.507]

EIA 310-D Standard Mounting
Flange

|

y
A
y
A
y

Real of

Enclosure
____________________ —— L =800mm

Rear Mounting Flange

44 45mm
[1.7507]

L =1000mm
——-| ——L=900mm

—II A

et Card Bulkhead

A

v EIA Mounting Flangey

Font of

Enclosure
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Virtual/Physical Resource Management

(Provisioning, Monitoring, Live Migration, Auto—scaling)

Bare-Metal Cluster

ECTa)

Virtual Machine Cluster

({{fm -

/

~

Container Cluster

(UL

Bare Metal

Hypervisor

~

{

Container Engine ]
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IS HPC

RUN-UP! | Of M| £/ 7}A 81/ Z4EH O] L]

App App App

ZEoIH AH[olH ZHolH

VM

StO|IHFO| X ZAH|Of LA AIEI
Bare Metal Bare Metal Bare Metal

HMESXQI S AH Bare Metal XIS 7AtS} o2 M|A 5}

AAIED slurm SGE PBS S= ALE o0 &Y K8s 5= AtE

HEE VM HR 2 AHEY AE

e 22 7IE AAHE 2 AS
0 oMtHd
gég HPCOIZHOI = Hol| HEO0| =& 220 Ot MHRER v 7t 220 Ot MHRER -1 7ts

y ﬂ.a.;; I EIAl-tuEiﬂ
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1. J|=

H| O HI /71 =t/ ZAE| 0] L

Bare Metal

App
VM

VM

App
VM

Bare Metal

Sl0|IHHI0| N

Azt g

60| I{H}O| X

Guest OS

12 X =2

oh

= Al

Wi

[0
0%

k=3=3

!

O

App

dH[olH

App

dH|olH

App

ZE|O|L

Bare Metal

ZH|O[ LA A

HI
0o
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Hetws HPC
|
WEUE HPC ZiE|0|L RRat
» ZHO|Hz2t =2 2IAH =8| 7tdel= otLie] S AE HAINA A2|Z A8 ol S AE AAHI 1 A0 S=
210| EatE ME2 AAH sS4 15 = U= HH
« HPC 20f0M= LS 27} F7|(FetC2) MEN AFEEl= 7I=5 A0|2] Mot d& X107t A= & x}0|E EY
T UL
o« SIZATEMESIS|=FX| Journal of The Korea Society of Computer and Information Vol. 25 No. 9, pp. 11-
20, September 2020 https://doi.org/10.9708/jksci.2020.25.09.011
» 22 HPC ZIHI0|H= Y|O|E[EQ} FAtotHL +85t= HE A 0|M0| M2t Lo|2] O HE d52 22 (NPB :
EP)
« SAE HEQT M ZZ0|X Docker ZAHO|H2t HPC ZAH|O|HS2 HE 29| HMIX|Ot3 0 CHaH Hl=ot M52
H Ol
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LI HPC

RUN-UP! Docker vs Singularity

= Docker= 71 22| ArEk[= 7AH|O[H SEFRIO[X| Tt
HEH 0|R=Z Qlof HPC 2HENM= HEEX| F=L0.

Ol 7= HQ20| F<FotCh= HO|LC}.

= Docker?} 7|& HPC &40 £&0| &lX| ZLLCt= Z0]
Ct. HPC 342 8 E RME AtZ0ol0] EHAEQ| 2
AAE AES jobl| Y ot= batch A|ABIS ALE ot

Cf. ofX[2F Docker?| &< 0243t batch A|[AES] &

210f| Chot 112 S0 AL HHEES RMES2 21Xy
DockerE A|&olX| ¢£11 QUL

= 7|-I|' = |
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Singularity= Docker ZIH|0|H & &t2[ol7| ot EE
st HshS T F 5l= Docker?t Ee| HPC MIE 9|
HOtdsS SFA|7|7| floll £t Het gl0|=
ZEO|H A8 & & = A=F 7HE

Singularitye= 7|1& MSHO=E HPC &HE0A

AtEot= 7|=119| s =t= flolf MPI, InfiniBand,

Lustre 20| HPC &t40| MOz AIEE[=
== K&

RM2to| Sebd S ol AHHCE Slrum 211213

Lto

Singularity= 2

x9| O
SAUME SHE 3 Y= S84

STt AFRE|= HPC
a2

AE
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RUN-UPI Apptainerzt?

. Apptalner— 71 E1|0||—‘| 7| 3H—f£ F= HPC(High Performance Computing)2t S AEE! StH0|M

. %JEH OI SlngularltyOE'OLh SiXli= ApptalnerEtE OIEOE Ilﬁcﬂ

=X L
2E yst ol ZAH[O|H LHREUAM FE Hot0| EQokX| 2. Ar8A ATt 2 Hallotd HotES
HPC ZI5}A MPI, GPU, IB(InfiniBand)2t Z2 HPC 242} £l1H E8 7t=.
oHQl 0|0|X| It (SIF) ZAHIO|HE S sif TIY 2 {7 |Eol 0|4l HH E2| Z0].
7|& g4 St 7|1 Ot AAED X4 AE, 24 €A 88 7ts.
Xgid A4 ModdS flofl Yot O0|X|Z HOAMLL S Yot Al otd H|=S.

o srun apptainer exec ——mpi ——nv /shared/containers/my_app.sif ./my_app_executable
g@g HPC O|icto} B
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Time(s)

Class:C Process:64 PMI: PMIx

Comparative Analysis of Container for High Performance Computing

oA B Hals|=FX| Journal of The Korea Society of
Computer and Information Vol. 25 No. 9, pp. 11-20,

September 2020
https://doi.org/10.9708/jksci.2020.25.09.011

160
140
120
100
80
60
40
20

g T, o o e T e e, Ty, e

Mnative Bdocker @charliecloud @singularity 0O shifter

Al
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v

Bench | Min | Max | NT/Min | DKMin | CC/Min | SG/Min | SF/Min
BT | DK | SF [+07% | - |+03% |+0.8% | +1.4%
CG | CC | DK [ +0.1% | +0.2% - +0.1% | 40.1%
EP | SF | SG [+12.2% | +12.0% | +17.4% | +17.6% | -
FT | SF | NT | +15% | +1.0% | +0.7% | +0.8% -
IS | SG|DK [+16% | +19% | +12% | - |+0.4%
LU | DK | NT | +26% | - |+21% | +1.8% | +1.4%
MG | SF | SG | +0.4% | +0.3% | +0.1% | +13% | -
SP | SG | SF |+0.1% | +0.1% | +10% | - |+2.2%

* NT(native), DK(d

SF(shifter)

ocker), CClcharliecloud), SG(singularity),
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