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OUTLINE

Supercomputers and HPC in general
How to connect to Karolina
Technical details about Karolina
Running computations, SLURM

Software management

Basics of parallel computing

| Everything applies to almost all clusters, Karolina is used mainly as an example

Total duration 2.5-3.5 hours
Depends on hands-on sessions
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SUPERCOMPUTER

Powerful compute servers

Fast storage

Connected using a
high-speed network

| + power, cooling, software, ...

Compute nodes

Storage

“Just” many computers connected together

AN,
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(SUPER) COMPUTER PERFORMANCE

Floating-point number
| 25.167 =0.25167 x 102
| 1001101011010111011001 x 2101101

| Large performance => need large numbers

| E.g. our Karolina has =15.7 Pflop/s
| 15.7 Peta Flop/s
| =15.7 x 10*° Flop/s
| =15 700 000 000 000 000 Flop/s

Prefix

Name  Symbol

quetta
ronna
yotta
Zeita
exa
peta
tera
giga
mega

kilo

Flop — addition, multiplication, ... of floating-point numbers

Q

= | = o4 m m N <|D

Base

10
1030
1027
1024
1021
1318
1015
1012
107
108
103

Flop/s — number of floating-point operations executed per second

Decimal

1 000 000 000 000 000 000 000 000 000 000
1 000 000 000 000 000 000 000 000 00D

1 000 000 000 000 000 000 000 000

1 000 000 000 000 000 000 000

1000 000 000 000 000 00D

1 000 000 000 000 000

1 000 000 000 000

1000 000 000

1000 000

1000
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(SUPER) COMPUTER PERFORMANCE

| Theoretical R_peak

| Computed from HW characteristics

720 compute nodes

2 processors per node

64 cores per processor

2 FMA units per core

2 flops per FMA operation

4 double-precision floating point
numbers in AVX2 SIMD

2.6 GHz base frequency
= 3.833 Pflop/s

Measured R_max

Run a benchmark and find out

HPL — High Performance Linpack

| Solution of a dense system of linear equations
using gaussian elimination with pivoting

| R_max < R_peak
| Memory access
| Communication overhead (network)

| Barbora 849 Tflop/s
| Karolina 15.7 Pflop/s e
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Rmax Rpeak Power
Rank System Cores [PFlop/s) [PFlop/s) (kW)

IOI 500 1 8,699,904 1,206.00 171481 22,786

HPE

United States

| List of 500 most powerful supercomputers z
| https://top500.org/

United States

3
500 Microsoft Azure
. United States
The List niee =

| Compute performance — Linpack o ewe e s o

| Solution of dense linear system using
Gaussian elimination with pivoting :

| Memory bandwidth — HPCG

| Solution of sparse linear system using
the Conjugate Gradient method
| Energy efficiency
Barbora first appearance: #149 —
Karolina first appearance: #69

LUMI first appea rance: #3 10 : 485,888 121.40 188.65

United States


https://top500.org/
https://top500.org/

HPC BUILDING BLOCKS e

CPU core GPU compute unit

Execution

control EC
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HPC BUILDING BLOCKS

Core Core
Core Core
Core Core
Core Core

CPU

cu cuU cu
cuU cuU cu
cuU cuU cu

Core Core
Core Core
Core Core
Core Core

GPU

cu cu cuU
cu cuU cuU
cu cu cuU
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HPC BUILDING BLOCKS

Compute node

I Network interface I
CPU CPU
HEEE HE RN
HE HE| N
HE HE| N
NN LI ]

‘ Memory ‘ ‘ Memory ‘

rLISETRITA

Accelerated compute node

I Network interface I
CPU CPU
HH RN A EE
Memory| (LT} (LI} 1DC0F (L] [ Memory
HE  EEE AN Il
HEN AN EE e

GPU

GPU
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HPC BUILDING BLOCKS

Switch

Switch

Network

Switch

Switch

Switch

Switch
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§ HOW TO ACCESS
= KAROLINA

Connecting and working with a cluster




HOW TO ACCESS KAROLINA

| The Martian movie
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HOW TO ACCESS KAROLINA

| The Martian movie
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HOW TO ACCESS KAROLINA

| Command line interface

| Connect via ssh protocol

SSH server on Karolina

SSH client on your computer

inform you that preliminary plan is to implement Slurm
on Barbora cluster to allocate and access systems resources

Connect from your computer to Karolina
| Similar to remote desktop, but command-line interface only

| ssh —connect and do work

| scp — copy files between Karolina and your computer
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HOW TO ACCESS KAROLINA

SSH keys for authentication Upload your public ssh key

Private-public key pair https://extranet.it4i.cz/ssp/?action=change
Password auth. is disabled on Karolina sshke}[

Examine the .ssh directory

- /home/<username>/.ssh

- C:/Users/<username>/.ssh

- Create the directory if it does not exist
Are there id_* and id_*.pub files?

VSB TECHNICAL

- This is the private and public key I UveRsTTY

OF OSTRAVA

No there aren’t / Yes there are, but
| want to generate new keys
- Open command line / terminal / powershell o [
Run ssh-keygen -t ed25519 T
Follow the instructions

Use the login and password you received

Paste the contents of your public ssh key
- ~/.ssh/id_rsa.pub (or however you named it)


https://extranet.it4i.cz/ssp/?action=changesshkey
https://extranet.it4i.cz/ssp/?action=changesshkey
https://extranet.it4i.cz/ssp/?action=changesshkey

HOW TO ACCESS KAROLINA

| These were instructions for this training only
| 1T4l account

| For real projects you will use an e-INFRA.cz account
| For users affiliated with a Czech academic institution

| https://docs.it4i.cz/general/access/einfracz-account/

2% profile.e-infra.cz/profile/auth
=
‘-%ju NFRA e-INFRA CZ user profile
&~ &7

| https://docs.it4i.cz/en/docs/general/get- Profi profie > Authentication
. . Linked accounts
access/account-introduction

{3) Account activation

Services

@ Change password

| https://docs.it4i.cz/en/docs/general/access- = Grous .
. . I Organizations Multi-factor authentication
services/accessing-the-clusters/shell-and-data-access

Privacy Or SSH keys

Authentication

Settings
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https://profile.e-infra.cz/login
https://profile.e-infra.cz/login
https://profile.e-infra.cz/login
https://profile.e-infra.cz/login
https://docs.it4i.cz/en/docs/general/get-access/account-introduction
https://docs.it4i.cz/en/docs/general/get-access/account-introduction
https://docs.it4i.cz/en/docs/general/get-access/account-introduction
https://docs.it4i.cz/en/docs/general/get-access/account-introduction
https://docs.it4i.cz/en/docs/general/get-access/account-introduction
https://docs.it4i.cz/en/docs/general/get-access/account-introduction
https://docs.it4i.cz/en/docs/general/access-services/accessing-the-clusters/shell-and-data-access
https://docs.it4i.cz/en/docs/general/access-services/accessing-the-clusters/shell-and-data-access
https://docs.it4i.cz/en/docs/general/access-services/accessing-the-clusters/shell-and-data-access
https://docs.it4i.cz/en/docs/general/access-services/accessing-the-clusters/shell-and-data-access
https://docs.it4i.cz/en/docs/general/access-services/accessing-the-clusters/shell-and-data-access
https://docs.it4i.cz/en/docs/general/access-services/accessing-the-clusters/shell-and-data-access
https://docs.it4i.cz/en/docs/general/access-services/accessing-the-clusters/shell-and-data-access
https://docs.it4i.cz/en/docs/general/access-services/accessing-the-clusters/shell-and-data-access
https://docs.it4i.cz/en/docs/general/access-services/accessing-the-clusters/shell-and-data-access
https://docs.it4i.cz/en/docs/general/access-services/accessing-the-clusters/shell-and-data-access
https://docs.it4i.cz/en/docs/general/access-services/accessing-the-clusters/shell-and-data-access
https://docs.it4i.cz/en/docs/general/access-services/accessing-the-clusters/shell-and-data-access
https://docs.it4i.cz/en/docs/general/access-services/accessing-the-clusters/shell-and-data-access
https://docs.it4i.cz/en/docs/general/access-services/accessing-the-clusters/shell-and-data-access

HOW TO ACCESS KAROLINA

| Connect using command line
| ssh
| All Linux systems (incl. MacOS)
| Newer Windows versions

| File transfer using Command Iine as ogin: Mon Nov 11 18:29:36 2024 from 158.196.27.11
| scp, rsync, sshfs (more later)

| PUuTTY, WinSCP
| SSH and SCP clients for Windows

| Visual Studio Code (VS Code)
| With the Remote SSH extension
| For Linux, Windows and MacOS

| Usable modern IDE, work directly on remote machine
| Based on ssh and scp VSB TECHNICAL
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HOW TO ACCESS KAROLINA THROUGH SSH

| Open command line / terminal / powershell, and run
| ssh -i ~/.ssh/id ed25519 username@karolina.it4i.cz

| Too complicated, right?

: : On Windows | recommend
| Setup an SSH config file e Tomm e
~ : . TN o . https://www.microsoft.com/
| Open the ~/.ssh/config file (create it if it does not exist) o o0k
| Linux: nano ~/.ssh/config 701

| Win: notepad ~/.ssh/config
| Add the following lines:

$ ssh karolina

Host karolina
User <username>

R AR N
AT O I I B B I I I
S VO W U [ VA D I W

HostName karolina.it4i.cz
IdentityFile ~/.ssh/id_ed25519

...running on Rocky 8.X

| Then use just

- Last login: Mon Nov 11 18:29:36 2024 from 158.196.27.11
| ssh karolina 9 8

$
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https://www.microsoft.com/store/productId/9N0DX20HK701
https://www.microsoft.com/store/productId/9N0DX20HK701
https://www.microsoft.com/store/productId/9N0DX20HK701

TRANSFER FILES USING SCP

| SCP — Secure CoPy

| on windows, file permissions may get weird

| Transfer files between local computer and remote server

| scp -i /path/to/key source.txt username@fRexample.com:/path/to/destination/
| With correct ssh config, you can just use

| scp source.txt karolina:~/destination/

| scp karolina:/source/path/file.txt destination/

| Use —r option to copy directories recursively
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TRANSFER FILES USING RSYNC

rsync — remote sync
Linux only
Similar to SCP, synchronizes source into destination

rsync -r -u --delete source/dir/ destination/dir/
| Supports remote source or destination, similar to scp

| Has the option to copy only files that have changed (-u option)

| Option —-delete to delete destination files which are not in source
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TRANSFER FILES USING SSHFS

SSH File System

Linux only

Mount a remote directory into local filesystem

| mkdir karolina home

| sshfs karolina:/home/username karolina home

| Slow to work with — every file operation needs to travel to the remote server and back

| But simple — work with remote files as you would with local ones
| Like a symbolic link to a different file system
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ACCESS KAROLINA USING PUTTY

ssh client for Windows

GUI to setup username, server address, ssh keys, ...

Download from
| https://www.chiark.greenend.org.uk/~sgtatham/putty/latest.html

| Uses different ssh key format
| Need to generate and upload new keys 88 PurTY Configurtion %

| I d O n Ot re CO m m e n d : Sﬁfeﬂz;ging Basic options for your PuTTY session

Specify the destination you want to connect to

. Keyboard Host Name (or IP address) Port
h d k . d . fa - Bell karolina itdi cz 22
ssh command wWorkKks on winaows jUSt ine . Features Conmection ype:
= Window O5sH  OSerd O0Other  Telnet ~
- Appearance
-+ Behaviour Load, save or delete a stored session
Transltatio Saved Sessions
- Selectio
i Colours
Connection Default Setting Load
- Data
.- Proxy Saw
-55H
Serial Delet
Telnet
- Rlogin
- SUPDUP Cl d it
Alway M © Only on clean exit
About Help [ o | Cancel
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https://www.chiark.greenend.org.uk/~sgtatham/putty/latest.html
https://www.chiark.greenend.org.uk/~sgtatham/putty/latest.html

TRANSFER FILES USING WINSCP

Explore and copy files from remote server
Works with same ssh keys as PuTTY

Download from
| https://winscp.net/eng/download.php

& Documents - hom0056@karolina.itdi.cz - WinSCP

Local Mark Files Commands Session Options Remote Help

=z % _@ Synchronize | [l @ = {:ﬂ? @]Queue -

[ hom0056@karolina.itdi.cz X [ New Session |

Transfer Settings Default - a -

= My documents - l§ = El = m EE' DD hom0056 -~ lg - E T

]:;j e @ Find Files

' B New - B New -
) /home/homO0056/
Narne - Size Type Changed Name - Size Changed Rights Owner
Parent directory 2024-10-22 20:49:10 .. 2024-11-11 12:50:49 TWXP=XT-X root
Bluetooth File folder 2022-01-03 11:22:46 adventofcode2023 2023-12-08 10:53:48 PAXPWKT-X homD0...
Custem Office Templ... File folder 2020-10-17 15:44:22 apps 2023-11-20 19:03:19 PWHPWKT-X hom00...
Dokumenty stary bily ... File folder 2023-08-14 221931 Apps 2024-11-10 18:48:21 PWHPWKT-X hom00...
FormatFactory File folder 2020-10-29 23:28:58 apps_old 2023-06-13 16:42:57 PWHPWKT-X hom00...
League of Legends File folder 2022-03-12 16:16:52 @ cg_in_sm 2022-02-23 10:43:36 PWHIWKTWH hom00...
MATLAB File folder 2020-09-22 21:44:32 [2) cuda_2024 2024-08-30 8:32:25 TWXIWXTWY hom00...
Micresoft Hardware File folder 2021-08-31 10:04:15 Desktop 2022-04-27 9:30:08 PWKF-XT-X hom00...
Might & Magic Hero... File folder 2020-09-11 12:06:50 Documents 2024-03-05 9:18:01 PWXIWT-X hom00...
My Data Sources File folder 2023-04-01 13:06:39 Downloads 2024-09-18 13:53:19 TWHF=XT-X hom00...
My Digital Editions File folder 2024-08-12 16:4%:53 7] esp 2022-05-10 20:27:58 PP homD0...
My Games File folder 2023-06-21 21:00:43 intel 2024-11-08 11:24:42 PAXPWKT-X homD0...
OneMote MNotebooks File folder 2020-11-09 23:14:36 [@ introZhpc 2024-03-30 15:00:22 PWHIWKIWH hom00...
Reflect File folder 2022-02-18 20:40:44 job-1 2023-10-17 16:00:44 PWHPWKT-X hom00...
RMViewer Data File folder 2021-03-18 12:5407 job-2 2023-10-17 16:01:46 PWHPWKT-X hom00..,
Sound recordings File folder 2024-03-09 10:30:05 karolina_demo 2023-06-07 14:48:16 WMWK~ hom0Q...
Torrents File folder 2024-01-10 18:26:03 Music 2022-04-27 :30:08 TWKT-XT-X hom00...
Ubisoft File folder 2023-08-30 23:29:12 nvvp_workspace 2021-11-05 15:29:36 PWXIWT-X hom00...
Vislt File folder 2024-07-09 5:26:44 ondemand 2022-08-23 11:42:35 PWXF-XT-X hom00...
Visual Studie 2012 File folder 2021-03-31 14:09:21 parallel_matlab 2023-11-08 13:36:09 TWXIWXT-X hom00...
Visual Studio 2019 File folder 2020-12-22 23:18:32 Pictures 2022-04-27 9:30:08 PAWXT-XT-X homD0...
Visual Studio 2022 File folder 2024-02-29 22:45:31 Public 2022-04-27 9:30:08 PAWXT-XT-X homD0...
Vlastni Sablony Office File folder 2020-10-01 23:08:00 shell_init 2024-11-10 18:04:39 [ hom00...
0B of 3.42 MB in 0 of 32 4 hidden OB of 369 MB in 0 of 45 44 hidden
& sFTP3 0:00:39
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https://winscp.net/eng/download.php
https://winscp.net/eng/download.php

HOW TO ACCESS KAROLINA, VS CODE SETUP

| Install VS Code: https://code.visualstudio.com/

| Install the Remote - SSH extension

| Open VS Code ] File Edit Selection View Go Run
| Left pane -> extensions -> search “Remote — SSH” -> install EXTENSIONS: .. Y7
B:'D remote r:ﬂ
| Setup ssh config if you haven’t yet B o okder ona rem..
| ~/.ssh/config

Host karolina
User <username>

HostName karolina.it4i.cz
IdentityFile ~/.ssh/id _ed25519

VSB TECHNICAL W
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https://code.visualstudio.com/

HOW TO ACCESS KAROLINA, VS CODE SETUP

Select an option to open a Remote Window

| Connect to Karolina in VS Code

| Click the green button in bottom-left corner Connect Current Window fo Host..
Install Additional Remote Extensions...

| Connect Current window to host

| Choose Karolina from the list

| Now you are connected to Karolina karolina

barbora

Select configured SSH host or enter user@host

cs

lumi

| Open your home folder

| File -> Open Folder, or click Open Folder on the welcome screen
| Keep the home folder in the textbox and click OK

Open Folder

/home/hom 0056/1 Show Local

| Open terminal in VS Code
| Terminal -> New Terminal
| You will be connected to Karolina already
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HOW TO ACCESS KAROLINA, VS CODE SETUP

) File Edit Selection View Go Run --- 2 hom0056 [SSH: karolina] D8 30 -

@ EXPLORER bash - homoose +~ H i
OPEN EDITORS

HOMO0056 [SSH: KAROLINA] . . ey
[ ! hom@@56@login2.karolina.it4i.cz
vnc $

.vscode-server
apps

Apps
cg_in_sm
Desktop
Documents
Downloads
esp

intel

matrices
Music
nvvp_workspace
ondemand
Pictures

Public

shell_init

Shift + P

Templates

test Shift + F
test123

tests

Videos

ZPHPC

.bash_history

>
>
>
>
b3
>
>
>
>
>
>
>
b3
>
>
>
>
b3
>
>
>
>
>

Fed

hach lannnt

> OUTLINE

T > TIMELINE

X SSH:karolina 12 develop* <& ®oAo0 Wo




HOW TO ACCESS KAROLINA

& login3.karolina: ~

$ ssh karolina
Last login: Mon Jun

x A Jakub-PC: ~

5 10:33:12 2023 from pcitdi-27-11.vsb.cz

SN N/

...running on Red Hat Enterprise Linux 7.x

Public Service Announcement: Slurm workload manager on Barbora cluster from 17.7.2023

Posted:

(2023-05-16 18 :45)

We would like to inform you that preliminary plan is to implement Slurm
workload manager on Barbora cluster to allocate and access systems resources

from 17.7.2023

One terminal is usually not enough (for me)
Multiple terminals in VS Code feels cramped

Recommend to use a separate app for command line access

N
[ I
IZIN__, ]

.
SN

\
\
\
\ _
1 VR N I-1-

--
‘_

-l

...running on Red Hat Enterprise Linux 7.x

Public Service Announcement: Slurm workload manager on Barbora cluster from 17.7.2023

Posted: (2023-85-16 1. 9:45)
We would like to inform you that preliminary plan is to implement Slurm
workload manager on Barbora cluster to allocate and access systems resources

from 17.7.2023

)

‘ '

\
\
/I \

NI N,

...running on Red Hat Enterprise Linux 7.x

Public Service Announcement: Slurm workload manager on Barbora cluster from 17.7.2023

Posted: (2023-05-16 18:09:45)

We would like to inform you that preliminary plan is to implement Slurm

workload manager on Barbora cluster to allocate and access systems resources
from 17.7.2023

lls
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HOW TO ACCESS KAROLINA, OOD

Another option — OOD, open on demand
https://ood-karolina.it4i.cz/

https://docs.itdi.cz/en/docs/general/access-services/graphical-user-interface/ood

Requires IT4l VPN (which all IT4] users have access to)

Command line interface in a web browser

Also supports GUI applications (remote desktop in essence)
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https://docs.it4i.cz/en/docs/general/access-services/graphical-user-interface/ood

HOW TO ACCESS KAROLINA, OTHER GUI OPTIONS

| X11 forwarding

| Window and GUI management through ssh
| Use -x flag with the ssh command
| Very slow

| VNC

| Similar to the OOD
| No need for VPN
| Complicated set up

| https://docs.itdi.cz/en/docs/general/access-services/graphical-user-interface/vnc
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https://docs.it4i.cz/en/docs/general/access-services/graphical-user-interface/vnc
https://docs.it4i.cz/en/docs/general/access-services/graphical-user-interface/vnc
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https://docs.it4i.cz/en/docs/general/access-services/graphical-user-interface/vnc
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https://docs.it4i.cz/en/docs/general/access-services/graphical-user-interface/vnc
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KAROLINA SUPERCOMPUTER A |

JJ_l _______ L Ul

| 15.7 Pflop/s | https://www.itdi.cz/en/infrastructure/karolina
| #69 first appearance in TOP500 | https://docs.itdi.cz/en/docs/clusters/karolina/introduction
Universal Accelerated Data analytics Cloud 4,608 cores E PROJECT
720 CPU nodes 72 GPU nodes 1 RAM node 9TB RAM ': 15 PB
92,160 cores 576 A100 GPUs 24 TB RAM |
T 4 n
AR :
il 1 '=
LAN network A B
N l
Il Infiniband HDR Full Fat Tree 1 GW
1y 1111 Login
X ‘ l, 111 Login

SCRATCH HOME INFRA BACKUP “OMPUTING


https://www.it4i.cz/en/infrastructure/karolina
https://www.it4i.cz/en/infrastructure/karolina
https://docs.it4i.cz/en/docs/clusters/karolina/introduction
https://docs.it4i.cz/en/docs/clusters/karolina/introduction

KAROLINA SUPERCOMPUTER

| Universal partition: 720 compute nodes
| 2x 64-core AMD EPYC 7H12 @ 2.6 GHz
| 256 GB of memory
| 346 GB/s memory bandwidth, 5.3 Tflop/s per node
| 100 Gb/s NIC (infiniband HDR100)
| 3.8 Pflop/s peak total

| GPU-accelerated partition: 72 compute nodes
| 2x 64-core AMD EPYC 7763 @ 2.45 GHz
| 1024 GB of memory
| 8x NVIDIA A100 SXM4 40GB
| 12.4 TB/s memory bandwidth, 156 Tflop/s per node
| 4x 200 Gb/s NIC
| Total 11.1 Pflop/s peak
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KAROLINA SUPERCOMPUTER

| Fat node (data analytics partition)
| 32x 24-core Intel Xeon 8268 @ 2.9 GHz
| 24 TB RAM
| 2x 200 Gb/s NIC
| 2.56 TB/s memory bandwidth, 70 Tflop/s peak

| Cloud partition, 36 nodes — very similar to universal partition

| Login nodes
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STORAGE

- HOME - PROJECT
- For basic user data - For files shared among users in a project
- Mounted at /home - 15 PB total capacity
- Contains user’s home directories - Limit 20 TB per project
- Limit of 25 GB per user, 31 TB total - ~40 GB/s throughput
- 2-3 GB/s throughput - /mnt/projl, /mnt/proj2, /mnt/proj3

- it4i-get-project-dir <projectid>

- SCRATCH
- For fast parallel I/O
- Checkpoints, space for temporary data
- Mounted at /scratch
- Parallel Lustre filesystem
- NOT for long-term file storage
- 731 GB/s write, 1198 GB/s read
- 1 PB total capacity, max 10 TB per user

- itdifsusage, itdi-disk-usage

- Show info about filesystems usage
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KAROLINA SUPERCOMPUTER

| Network

18x

10xApollo2000G10+
(40 compute nodes)

Universal compute partition
Cn001-Cn720

Non-blocking fat tree
60x 40-port Mellanox Quantum HDR switches
https://docs.itdi.cz/en/docs/clusters/karolina/network

HDR Spine switch 1 HDR Spine switch 2 HDR Spine switch 20
1BC41 IBC42 IBCE0

20TB/s agregate
bandwidth

| HOR Loaf switch 1-18

HDR Leaf switch 40
L IBLO1-18 IBL40

HDR Leaf switch 33- 36 HOR Leaf switch 37 | HDR Leaf switch 38 HOR Leaf switch 39
BL33-36 IBLI7

\4\/ iBLag
e

40

INFSTOR 1,2
BKP 1.2

4
. o 2X pa e Tew 9xApollo2000G10+
" 0 I — (36 Cloud nodes)
— 3 Cloud infrastructure
! compute partition
s et 3= S 1x Clusterstor SMU CLnD1-CLNn36
— 1 ClusterStor MDU ] [N RS
! Fil :
1

2 ApolloBS00G10+ 4 o1 sterstor SSU-F 4x Clusterstor SSU-F

Scratch storage

10x Apoll 3
% ApolloB500G10+ | cstorn000-cstorn051

Data Analytics Node

2 DAcn001
= m— |
Legend: 20x ApolloB500G10+ f-'i;-":.'.""—?'-'-im l
INFRA 2,3
HDR 200Gb == .
Accelerated compute partition DM 2 vIZ 2
HDR 100Gh = Acn01-Acn72 INFRA 4,55 LC;(;J\IQ 13,4
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BARBORA

| Since October 2019

| 192 CPU nodes
| 2x 18-core Intel Cascade Lake 6240 2.6 GHz
| 192 GB DDR4 RAM
| 1x 100 Gb/s NIC

| 8 GPU nodes
| 2x 12-core Intel Skylake Gold 6126, 2.6 GHz
| 192 GB DD4 RAM

| 4x NVIDIA Tesla V100-SXM2
| 2x 100 Gb/s NIC

| 1 Fat node
| 8x 16-core Intel Skylake 8153, 2 GHz
| 6 TB DDR4 RAM
| 2x 100 Gb/s NIC
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LUMI

In Finland (Kajaani)
Originally #3 in TOP500, 531.5 Pflop/s
Czechia gets 2.5 % of the resources

1888+128+32 CPU nodes
| 2x 64-core AMD Epyc 7763, 2.45 GHz
| 256/512/1024 GB DDR4 RAM
| 1x 200 Gb/s NIC

| 2978 GPU nodes
| 1x 64-core AMD Epyc Trento
| 512 GB DDR4 RAM
| 4x AMD MI250x GPU (128 GB of HBM2e memory each)

| 4x 200 Gb/s NIC
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§ ACCESSING KAROLINA
& COMPUTATIONAL
RESOURCES

SLURM job scheduler, jobs




WHEN YOU SSH TO KAROLINA

Karolina

Universal
720 CPU nodes
92,160 cores

Accelerated
72 GPU nodes
576 A100 GPUs

Data analytics Cloud 4,608 cores
1 RAM node 9TB RAM
24 TB RAM

1 BEEE
BEEE

J &

1 BEEE
BEEE

LAN network

PROJECT
15PB

S B E

HOME INFRA BACKUP

111 Login

111 Login

$ ssh homB@56@karolina.itdi.cz

...running on Red Hat Enterprise Linux 7.x

Public Service Announcement: Slurm workload manager on Barbora cluster from 17.7.2023
Posted: (2023-05-16 18:09:45)

Wwe would like to inform you that preliminary plan is to implement Slurm
workload manager on Barbora cluster to allocate and access systems resources
from 17.7.2023

$ |
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ACCESSING KAROLINA COMPUTATIONAL RESOURCES

| Login nodes

| SSHing to Karolina will connect you to one of 4 login nodes

| Copy files, prepare code, setup environment, light compilation and testing
| Write and submit job scripts to run on compute nodes
| NO COMPUTATIONS ON LOGIN NODES

| Compute nodes
| For computations, use the compute nodes
| CPU-only nodes — universal partition
| GPU-accelerated nodes — accelerated partition
| Fat node, visualization nodes, cloud partition

| Use Slurm job scheduler to request access to a compute node
| I need 8 CPU nodes for 6 hours. When it’s available, run this script.
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SLURM

-A, --account
| 2 types of jobs -p, --partition
| Batch jobs — run a script when resources are available -N, --podes
| Interactive jobs — execute commands directly on the node in an interactive shell 2 t'g?js

| salloc — submit an interactive job
| salloc --account DD-24-88 --partition gcpu --nodes 2 --time 4:00:00
| salloc -A DD-24-88 -p qcpu -N 2 -t 4:00:00

| sbatch — submit a batch job
| salloc -A DD-24-88 -p gcpu -N 2 -t 4:00:00 ~/path/to/script.sh

| Request 2 nodes from the CPU partition for 4 hours. The consumed node-hours will be
accounted to project DD-24-88.

| Slurm will enqueue the job
| Complicated optimization problem — how to schedule the jobs
| When the resources are available, the job will run

| https://docs.itdi.cz/en/docs/general/run-jobs/job-sub-exec/karolina-slurm
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PROJECTS

| A group of users sharing HPC resources
| One project can have multiple users
| One user can be involved in multiple projects

| Each project has a given number or computational time (node-hours) it can use
| CPU node-hours, GPU node-hours, ...

| Each job consumes the node-hours from a given project (-A in salloc/sbatch)
| Number of nodes * number of hours = number of node-hours used

| One can request joining a project on https://scs.it4i.cz/
| The primary investigator (PI) will approve/deny the request

| itdifree command

| List all projects you are a member of
| See used and remaining node-hours
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SLURM PARTITIONS (QUEUES)

= qcpu
- The main queues, normal priority,
universal partition

- Maximum time 48 hours

- qcpu_long
- Same as qcpu, but:
- Maximum time is 144 hours (6 days)

= qgpu
- Queue for the GPU accelerated partition
- Maximum time is 48 hours

- Possible to allocate just a fraction of a
node (down to single GPUs)

= qCcpu_exp, ggpu_exp
- Express queues, higher priority, for short quick
jobs, meant for development and testing,

- More limited maximum resources, max. 1 hour

- qcpu_free, qgpu_free

- Can be used after project resources have been
depleted

- Up to 150 % of allocated node-hours
- Lower priority and shorter maximum time

- qcpu_preempt, quu_preempt
- Similar to _free, even lower priority
- No node-hour limit
- Job can be killed if higher-priority job appears

https://docs.itdi.cz/en/docs/general/run-jobs/resource-allocation/karolina-partitions
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SLURM JOB SUBMISSION EXAMPLES

-A, --account
| salloc -A DD-24-88 -p gqcpu -N 2 -t 4:00:00 _p, --partition
| Request 2 nodes from the CPU partition for 4 hours for interactive access. -N, --nodes
The consumed node-hours will be accounted to project DD-24-88. -t, --time
| salloc -A DD-24-88 -p gqcpu "G, —gpus
| Use default N=1 and T=24:00:00. Interactive job
| Other queues have different defaults
. #!/usr/bin/bash
| sbatch ./script.sh #SBATCH --job-name MyJobName
| Submission of a batch job, execute ./script.sh #SBATCH --account DD-24-88
. . #SBATCH --partition gcpu
| Takes the arguments from the job script YSBATCH ~-nodes 4
| The script will be run on one of the compute nodes #SBATCH --ntasks-per-node 128
| sbatch -t 5:00:00 ./script.sh IS SRS SAU0ehl
| Takes the arguments from the job script, # ... do some work ...

but overrides time to 5 hours

https://docs.itdi.cz/en/docs/general/run-jobs/resource-allocation/karolina-partitions
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SLURM JOB SUBMISSION EXAMPLES, GPU QUEUES

| 8 GPUs and 128 CPU cores per node

-A, --account
| Possible to allocate a multiple of 1 GPU and 16 cores = 1/8 of the node -p, --partition
-N, --nodes
-t, --time
| salloc -A DD-24-88 -p ggpu --gpus 1 --nodes 1 --time 2:00:00 -G, --gpus

| Request 1 GPU on 1 node for 2 hours

| salloc -A DD-24-88 -p ggpu
| Default: 1 GPU, 1 node, 24h time limit

| salloc -A DD-24-88 -p qgpu --gpus 4 -—time 2:00:00
| Request 4 GPUs for 2 hours. You might get the GPUs scattered across 1-4 nodes

| salloc -A DD-24-88 -p gqgpu --gpus 4 --nodes 1 --time 2:00:00
| Request 4 GPUs on 1 node for 2 hours

| salloc -A DD-24-88 -p qgpu --gpus 16 --nodes 2 --time 2:00:00
| Request 16 GPUs on 2 nodes for 2 hours. You will get 2 full nodes.

| salloc -A DD-24-88 -p ggpu --gpus-per-node 8 --nodes 2 --time 2:00:00
| Request 2 nodes, with 8 GPUs per node (16 GPUs total), for 2 hours

| No way to enforce to get e.g. 4 “neighboring” GPUs on the node VSB TECHNICAL
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MORE SLURM COMMANDS

| Sa”OC, SbatCh $ squeue —-me

JOBID PARTITION NAME USER ST TIME MNODES NODELIST(REASON)
1 1 1874986 (qcpu_exp interact hom@e56 CD 8:e4 1 cn285
| SmeIt d JOb 1875828 qcpu_exp interact hom8856 R 8:19 1 cn719

1875619 ggpu interact hom@856 PD 8:08 1 (Priority)

| scancel <jobid>
| Cancel/delete a job

$ scontrol show job 1875019
Sq ueue JobId=1875819 JobName=interactive
UserId=hom@056(5825) GroupId=hom@856(6398) MCS_label=N/A
. . . . . Priority=300000000 Nice=0 Account=open-28-64 Q0S=2374_3679

| List all running, queued and recently finished jobs JobState=PENDING Reason=Priority Dependency=(null)
Requeue=1 Restarts=0 BatchFlag=6 Reboot=8 ExitCode=8:8
RunTime=00:00:00 TimeLimit=08:00:00 TimeMin=N/A
SubmitTime=2824-11-12T723:39:19 EligibleTime=2024-11-12T723:39:19

| Sq ueue -u <username> AccrueTime=2020-11-12T23:39:19
StartTime=2024-11-12T23:40:23 EndTime=2024-11-13TO7:U40:23 Deadline=N/A
L_ R _f_ SuspendTime=None SecsPreSuspend=0 LastSchedEval=2824-11-12T23:48:11 Scheduler=Main

Partition=qgpu AllocNode:Sid=logini.karolina.itli.cz:1941285

| Imlt Squeue to SpeCI IC user ReqNodeList=(null) ExcNodeList=(null)
NodeList=
NumNodes=1-1 NumCPUs=1 NumTasks=1 CPUs/Task=1 ReqB:S:C:T=8:0:%:%

| Squeue ——me ReqTRES=cpu=1,mem=7766M, node=1,billing=u,gres/gpu=4
AllocTRES=(null)
. . Socks/Node=* NtasksPerN:B:S:C=0:0:%:% CoreSpec=#

MinCPUsNode=1 r“IlnMemotyCPU 7766M MinTmpDiskNode=8

| ShOW Only my JObS In Squeue Features=(null) DelayBoot=00:00:80
OverSubscribe=0OK Contiguous=8 Licenses=(null) Network=(null)
Command=/bin/sh

| ScontrOI ShOW jOb <j0bid> WOrI—(DEF/’home/h0mr3956

Power=

CpusPerTres=gres/gpu:16

| ShOW JOb detalls TresPerNode=gres/gpu:u

| sinfo
| View summary information about allocated nodes in partitions
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OTHER SLURM NOTES

| You can ssh to a node where your job is running

| Find where your job is running

| sgqueue --me

| From the login node, ssh to the compute node

| sshcn123

A, larolina: while_true

$ ./program.x

X ¥ Windows Powershell x

Running infinite loop with 8 threads
rC

$ echo computing something very important
computing something very important

$ echo eastererr
eastererr

$ export OMP_NUM_THREADS=8

$ g++ —fopenmp source.cpp -0

$ mpirun -n uAffmapfhy ppr

Running infinite
Running infinite
Running infinite
Running infinite

Lloop
loop
Lloop
Lloop

with
with
with
with

12
8
8
8
8

progranm.x

socket ./program.x
threads
threads
threads
threads

A Jakub-pC: ~

3170079
3170081
3170088
3170101
3170103
3170164
3170105
317600860
3170082
F1|

hom@@56
hom@056
hom@B56
hom@@56
hom@056
hom@B56
hom@@56
hom@056
hom@B56
F2!

68
21
60 days,

./program.x
. /program.x
./program.x
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CLUSTER UTILIZATION

| Web interface to see real-time cluster allocation Mainnovations Karolina

| https://extranet.itdi.cz/rsweb/karolina/cluster-allocation I I I I

| https://extranet.itdi.cz/grafana/d/IYj4zYL7k/karolina-cluster Cluster usage

Allocation Load CPU Load|CPU Anzlysis Custom

4 5 8 7 8 9 10 11 12 13 14 15 16 17 18 10 20 21 22 23 24 25 26 27 28 20 20

1.2 3
| 000000000000000000000000000000
1 000000000000000000000000000000
7 000000000000000000000000000000
B8 General / Kerolina-cluster =% v 000000000000000000000000000000
’ . 3 oy 2 000000000000000000000000000000
Karolina  Operational ' 5 000000000000000000000000000000
i 000000000000000000000000000000
2 000000000000000000000000000000
2 000000000000000000000000000000
A — 50608 - 27 000000000000000000000000000000
% 000000000000000000000000000000
N S Qued o 14:44:22 2 000000000000000000000000000000
Jscratch % 000000000000000000000000000000
Nodes OFF Hold jobs # 000000000000000000000000000000
2 000000000000000000000000000000
v 000000000000000000000000000000
4 000000000000000000000000000000
5 000000000000000000000000000000
4 000000000000000000000000000000
7 000000000000000000000000000000
w 000000000000000000000000000000
2 000000000000000000000000000000
% 000000000000000000000000000000
“ 000000000000000000000000000000
| 000000000000000000000 00000000
7 00000000000000000000°000000000
v 000000000000
| 000000000000000000000000000000
7 000000
1 @
1 90
Legend @ T I YY)
;a2B8888388 ¢ 27
maiaiaiaiaiaiaiaiai=;' §§
=

uoneriasay @

FEBS data refreshed 2023-06-04 14:42:02

User. [ ALL ~ | Project [ ALL ~ | quee: | ALL ~| oo
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SLURM RESERVATIONS

| Reservations — sometimes you need access to the compute nodes at a specific time
| E.g., during a training or a lecture

| Requesting a reservation
| scontrol create reservation —banned, because people were too creative
| Contact support@it4i.cz to request a reservation

| scontrol show reservation — view all reservations

| Submit a job to a reservation:
| Don’t specify partition (-p)
| Use --reservation=<reservation_name>
| Reservations might have different defaults
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SOFTWARE, MODULES

| There is a large amount of software installed on Karolina
| Each library/program/application can have several versions

| Not accessible directly — bin directory needs to be added to PATH and other variables need to be set
| If everything was in PATH, it would be huge, and using different versions would be hard

| module command (ml as its short version)

| module avail — shows all available modules
| ml avail MPIl — shows all available modules which contain MPI in its name (case-insensitive)

| module load <modulename> — loads the module (case-sensitive)
| E.g., mlintel/2024a
| mlintel — loads the default version of intel

| module unload <modulename> — unloads the module
| module purge — unloads all modules
| module list, ml — shows all currently loaded modules

| module spider <package>
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SOFTWARE, MODULES

| Be careful about versions

| Module versions (toolchains) should match

$ ml GCC/14.2.8

$ mlL GCC/13.3.0
$ ml CMake/3.29.3-GCCcore-13.3.8
The following have been reloaded with a version change:
$ ml CMake/3.29.3-GCCcore-13.3.8 1) GCCcore/1d.2.0 => GCCcore/13.3.@ 2) zlib/1.3.1-GCCcore-14.2.8 => z1ib/1.3.1-GCCcore-13.3.8

| Modules have default versions
| mlI GCC == ml GCC/1420 GCC/9.3.0 GCC/10.3.8

GCC/18.2.8 GCC/11.2.0

| Default versions will change, don’t rely on this dhere

D: Default Module

| Some python packages are available too
| No need to “pip3 install” them yourself
| ml matplotlib

/apps/modules/compiler ————————————————————————————

GCC/11.3.0 GCC/12.3.0 GCC/13.3.0
GCC/12.2.8 GCC/13.2.8 GCC/14.2.8 (D)
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SOFTWARE, MODULES

| Need to install new software
| sudo not available, package managers will not work

| Request installation via support
| https://docs.itdi.cz/en/docs/software/modules/new-software

| It will then be available via modules

| Use containers
| Singularity, docker

| Install it yourself
| In the project or home directory
| You will need to set PATH and other environment variables yourself

| Orset up custom modules

| Can be tricky to set up

| Common software install patterns:
| Use EasyBuild or Spack packages
| Download binaries and just use them
| Download source code and compile it

| Make, CMake and make, ./configure and make, waf, ...

| Just follow the software’s documentation VSB TECHNICAL
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Basics of OpenMP and MPI




Multi-processor (socket, CCD in the case of AMD processors)
- all cores share the same memory
- single / global address space

- the same speed to all memory locations (uniform memory access)

memory-interface

memory memory memory memory

socket
UMA (uniform memory access)

SMP (symmetric multi-processing)
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Several sockets with multi-processors (node)
- memory is shared among all CPUs
- single / global address space

- the same speed to all memory locations (uniform memory access)?

(sockeg (sockea

memory-interface

memory memory memory memory memory memory memory memory
socket node
UMA (uniform memory access) ccNUMA (cache-coherent non-uniform ...)
SMP (symmetric multi-processing) first touch, pinning!
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Several sockets with multi-processors (node)
- memory is shared among all CPUs

- single / global address space
| I I | . (unif \2

- the speed is dependent on a memory location (non-uniform memory access)

E‘.ockea (sockeg

memory-interface

memory memory memory memory memory memory memory memory
socket node
UMA (uniform memory access) ccNUMA (cache-coherent non-uniform ...)

SMP (symmetric multi-processing) first touch, pinning!
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~ Multi-computers with various architectures (cluster)
. set of nodes interconnected by a network

- each node has separated memory

- slower access to memories of other processors

- accelerated nodes

node-interconnect

E‘.ockea (sockeg

memory-interface

memory memaory memory memory memory memory memory memory memory, ' memory, ' memory memaory
socket node cluster
UMA (uniform memory access) ccNUMA (cache-coherent non-uniform ...) NUMA (non-uniform memory access)

SMP (symmetric multi-processing) first touch, pinning! fast access to own memory only
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~ OpenMP: shared memory (socket, node)
MPI: distributed memory (socket, node, cluster)

CUDA: accelerated nodes

Gockea (sockeg

memory-interface

memory memory memory memory memory memory memory memory
socket node
UMA (uniform memory access) ccNUMA (cache-coherent non-uniform ...)
SMP (symmetric multi-processing) first touch, pinning!

T | |\H|, ‘ |
il Sullls

node-interconnect

memory. memory; memory, memory

cluster
NUMA (non-uniform memory access)

fast access to own memory only
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~ Hybrid approach

- combination of more approaches (OpenMP, MPI, CUDA,...)

- potential to fully utilize current (future) hardware

memory-interface

memory memaory memory memory

socket
UMA (uniform memory access)

SMP (symmetric multi-processing)

Gockea (sockeg

memory memory memory memory

node
ccNUMA (cache-coherent non-uniform ..

first touch, pinning!

)

M|T
JL'

node-interconnect

memory. memory; memory, memory

cluster
NUMA (non-uniform memory access)

fast access to own memory only
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Sequential (serial) programs:
- operate on similar principles everywhere

Parallel programs:

- dependent on the target parallel architecture

- more difficult to write than sequential ones

- several new classes of software bugs (e.g., race conditions)
- difficult debugging
- more difficult to run efficiently

» mapping, pinning
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OPENMP OpenMP

Open MultiProcessing

For shared memory parallel processing

An abstraction above threads
| Makes parallelizing loops simpler (among other things) o {“-’_“_ =i
| Primary for C’ C++’ and Fortran Parallel Task | Parallel Task Il Parallel Task IlI
Master Thread / DR - el
| Compiler hints (pragmas) \ /. _%— \
| #pragma omp parallel for 1 JE—

| It is a standard

| A set or rules — this should do this, this should do that
| Implemented by all major compilers (GCC, Clang, MSVC*)

| Fork-join model
| Single initial thread
| Spawn additional threads to do some work (fork)
| Wait for all of them to finish (join)

VSB TECHNICAL
|| II UNIVERSITY
| OF OSTRAVA



#include "omp.h"

int main(int argc, char **argv) ({

int iam = 0, np = 1;

#pragma omp parallel private(iam, np)

{

/* Parallel region */

#if defined (_OPENMP)

np = omp_get num threads() ;

iam = omp get thread num() ;

#endif

printf ("Hello from thread %d out of %d\n", iam, np);

S g++ —-fopenmp hello.cpp -o hello
$ OMP NUM THREADS=4

Hello
Hello
Hello
Hello

from
from
from
from

thread 2
thread 0
thread 1
thread 3

./hello

out
out
out
out

of 4
of 4
of 4
of 4
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- Race conditions
- output is dependent on the detailed timing of concurrent operations
- e.g., modifying the same variable by two threads

- False sharing
- significant slowdown in a parallel block of code
- e.g., modification the same cache line by two threads

- Sequential equivalence @j’\/ 1
- strong: bitwise identical results 3 1

- weak: mathematically equivalent
- not bitwise identical due to the floating-point arithmetic

VSB TECHNICAL
|| ‘l UNIVERSITY
OF OSTRAVA



- Race conditions
- output is dependent on the detailed timing of concurrent operations
- e.g., modifying the same variable by two threads

- False sharing
- significant slowdown in a parallel block of code
- e.g., modification the same cache line by two threads

1
thread 0 ]

- Sequential equivalence &j’\/ 2 PR sy
thread 1
- strong: bitwise identical results 3|,
- weak: mathematically equivalent 1

- not bitwise identical due to the floating-point arithmetic
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- Race conditions
- output is dependent on the detailed timing of concurrent operations
- e.g., modifying the same variable by two threads

- False sharing
- significant slowdown in a parallel block of code
- e.g., modification the same cache line by two threads

- Sequential equivalence
- strong: bitwise identical results

- weak: mathematically equivalent

- not bitwise identical due to the floating-point arithmetic
- X[0] + X[1] + X[2] + X[3] !'= (X[O] + X[1]) + (X[2] + X][3])
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- = ,T Iy :
2T
- Cache coherent distributed memory (ccNUMA)

- thread requests memory that was firstly touched by a thread from
another sockets

- the same memory should be accessed by the same thread
- fix threads to a particular CPUs (OMP_PROC_BIND=true ./app)

double *vals = new double[rows * cols];

#pragma omp parallel for collapse(2)
for (int r = 0; r < rows; ++r) {
for (int c = 0; c < cols; ++c) {
vals[r * cols + c] = 0;
}
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. AV MPI

Message Passing Interface
- Also designed as a standard
- C/C++/Fortran library

Utility functions
- MPI_Init, MPI_Comm_rank, MPI_Comm_size,

Many implementations

- OpenMPI, MPICH, Intel MPI, ... MPI_Finalize, ...
- The same application runs on multiple . point-to-point communication
compute nodes . MPI_Send, MPI_Recy, ...

- Or multiple times on a single node
- mpirun -n 8 ./app

Collective communication

g/ - MPI_Broadcast, MPI_Reduce, MPI_Scatter,
= srun-n¢./app MPI_Alltoall, MPI_Barrier, ...

Each instance (MPI process) is
identified by a unique number — rank
- Use the rank to split work

- Asynchronous communication (MPI_I%*)
Parallel 10
Data types
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#include "mpi.h"

int main(int argc, char **argv) ({
int rank, size;
MPI Init(&argc, &argv);
MPI Comm rank (MPI_COMM WORLD, &rank);

MPI Comm size (MPI_COMM WORLD, é&size);

printf ("Hello from process %d out of %d\n", rank, size);
if (rank==0) {

// recv messages
} else {

// send a message

}
MPI Finalize();

$ mpic++ hello.cpp -o hello
$ mpirun -n 4 ./hello

Hello from process 2 out of 4
Hello from process 0 out of 4
Hello from process 1 out of 4
Hello from process 3 out of 4

\

\\

\\

T
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- Race conditions
- output is dependent on the detailed timing sent/received operations
- e.g., output is dependent on the order of received messages

- Deadlocks
- waiting for resources that will never be available

- Sequential equivalence:
- strong: bitwise identical results

- weak: mathematically equivalent

- not bitwise identical due to the floating-point arithmetic
- X[0] + X[1] + X[2] + X[3] !'= (X[O] + X[1]) + (X[2] + X][3])
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- Race conditions
- output is dependent on the detailed timing sent/received operations
- e.g., output is dependent on the order of received messages

- Deadlocks

- waiting for resources that will never be available

- Sequential equivalence:
- strong: bitwise identical results
MP|_Send(1) MPI_Send(0)

- weak: mathematically equivalent MPL Recv(1) MPL Recv(0)

- not bitwise identical due to the floating-point arithmetic
- X[0] + X[1] + X[2] + X[3] != (X[O] + X[1]) + (X[2] + X][3])
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Non-scalable functions / patterns
- collectives with input of size O(#processes), e.qg., scatterv

Serialization:
- the order of messages serializes the application
- e.g., each process must wait to a message from the previous process

Expensive communication
- exchanging too much of data

Performance is not portable
- MPI assures only portable application!
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Non-scalable functions / patterns
- collectives with input of size O(#processes), e.qg., scatterv

Serialization:
- the order of messages serializes the application
- e.g., each process must wait to a message from the previous process

Expensive communication

- excha ngi Ng too much of data MPI_Send(1) MPI_Send(2) MPI_Send(3) MPI_Recv(2)

MPI_Recv(0) MPI_Recv(1)

Performance is not portable
- MPI assures only portable application!
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MPI AND OPENMP

We can combine MPIl and OpenMP
E.g. run 8 MPI processes per node, with 16 OpenMP threads each

mpirun gets complicated
| Process mapping, binding
| Different arguments for OpenMPI, Intel MPI, ...
| It just never works

»

MPI + OpenMP

| Use slurm options (task = MPI process)

| salloc ... -N 2 --ntasks-per-node 16
| salloc ... -N 2 --ntasks 32
| salloc ... --cpus-per-task 8

MPI

PERFORMANCE

OpenMP

<~—— working sequential code

i working parallel code

| Use srun instead of mpirun
| export OMP_NUM_THREADS=8
| srun-n 32 ./app
| srun-n32-c4./app VSB TECHNICAL

H UNIVERSITY
| OF OSTRAVA
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MULTITHREADING PITFALLS — NUMA = AT

o)

| Non-uniform memory access

| Cores have faster access to their own memory
| Slower access to memory in a different NUMA domain

On Karolina: 4 NUMA domains per CPU
Keep data accesses local

First touch policy

NUMA node —
BE = m a5

= e = Ex
=l Ex @E} .,i .,[o IEJ[‘JEJ EE A
| -H = B oea Hiso | BB EE
| numactl - = Ex oo = =

ccos ccm
ﬁmmi'_imi -77_7 7
T ————— =] = =
== EX E&a
=1 3 == =
[ O S - |
o =] =1
12 12 12 _ | m E w mﬂ_ﬂ
12 12 12 [oes [ 2o | oL ' — El KEx
1212 12 =l =3 c3ica : £2:63 =
12 12 12 = =] : = =

|




OPTIMIZING MPI+OPENMP APPLICATION RUN

https://docs.itdi.cz/general/slurm-batch-examples/

Compute bound app => use all cores

Memory bound app => use one or two cores per memory channel

| salloc-p gcpu_exp-N1
| export OMP_NUM_THREADS=1
Is 128 the best possible settings?
srun-n 8./app 39.66s
srun-n 16 ./app 17.46s What about mapping and pinning?
srun-n 32 ./app 11.87s
srun-n 64 ./app 7.31s
srun-n 128 ./app  5.56s
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https://docs.it4i.cz/en/docs/general/run-jobs/job-sub-exec/slurm-batch-examples
https://docs.it4i.cz/en/docs/general/run-jobs/job-sub-exec/slurm-batch-examples
https://docs.it4i.cz/en/docs/general/run-jobs/job-sub-exec/slurm-batch-examples
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OPTIMIZING MPI+OPENMP APPLICATION RUN

https://docs.itdi.cz/general/slurm-batch-examples/

| salloc-p gqcpu_exp-N1

| export OMP_NUM_THREADS=1

srun-n 8 ./app
srun-n 16 ./app
srun-n 32 ./app
srun -n 64 ./app

srun -n 128 ./app

39.66s
17.46s
11.87s
7.31s
5.56s

Compute bound app => use all cores

Memory bound app => use one or two cores per memory channel

srun-n 8-c16./app 7.11s
srun-n 16-c 8./app 5.21s
srun-n 32-c 4./app 5.08s
srun-n 64-c 2./app 5.31s
srun-n 128 -¢ 1./app 5.56s
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https://docs.it4i.cz/en/docs/general/run-jobs/job-sub-exec/slurm-batch-examples
https://docs.it4i.cz/en/docs/general/run-jobs/job-sub-exec/slurm-batch-examples
https://docs.it4i.cz/en/docs/general/run-jobs/job-sub-exec/slurm-batch-examples
https://docs.it4i.cz/en/docs/general/run-jobs/job-sub-exec/slurm-batch-examples
https://docs.it4i.cz/en/docs/general/run-jobs/job-sub-exec/slurm-batch-examples

Memory bound application
- Number of MPI processes / thread equal to memory channels

- Correct pinning to NUMA domains

Compute bound application
- As many MPI processes / threads as possible

- pinning to avoid migration

Your application

- Test performance for different number of cores per node:
- 16,32, 64, 128 cores per node

- Test different mapping / pinning options
- close, spread
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Parallel scalability




MEMORY AND COMPUTE BOUND KERNELS

| Essentially, a program does two main things
| Load data from and store data to memory
| Compute inside the core

| Arithmetic intensity
| Number of flops performed per each byte loaded from main memory

| High arithmetic intensity => compute-bound kernel
| A lot of flops performed for little data loaded
| Highest performance achievable (closest to theoretical peak)
| Hard to achieve — need to utilize caches and SIMD correctly
| Matrix-matrix multiplication, ...

Attainable Flop/s

| Low arithmetic intensity => memory-bound kernel
| Only a few flops performed, and a lot of data transferred

\

AN

Peak FLOP/s

Attainable Flop/s

N

N

t§§§§i;é;?

?)

o\

andwidth-bound I Compute-bound

:

/.

b

Arithmetic Intensity (FLOP: Byte)

Peak Flop// //

00

| AXPY, matrix-vector multiplication, ...

A 4

Arithmetic Intensity
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PARALLEL SCALABILITY — STRONG SCALING

| Solve the same problem with more computational resources faster
| Expectation: linear scaling, 2x more resources => half the time

| Reality: not as nice

| Amdahl’s law:
| A program always has non-scalable (sequential) parts

| Initialization, global communication
| Use a gazillion cores to speed up the parallel part
| You still must execute the non-scalable part
| This limits the maximum achievable speedup

N=1 | Sequential Parallelizable

N=10 | Sequential | Par.

Strong scallng Total size stays constant

1 CPU

17.5

15.0-

12.5

10.0

Speedup

7.5

5.0

2.5

4 CPU 16 CPU

Strong scaling

300 600 900 1200
Total Threads
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PARALLEL SCALABILITY — WEAK SCALING

| Use more computational resources to solve a larger problem

| Time should stay constant

| Gustafson’s law

| Speedup is not limited by sequential part

| Sequential part gets proportionally smaller
with larger problem sizes

| If the parallel part of the program was sequentialized,

it would take N-times longer
| Plus the time of the sequential part

N=100 | Sequential

Parallelized

N=10 | Sequential

Parallelized

—

1 CPU

Time [s]

Solver

Weak scaling

/’—/
,—-—'—""---'J

4 CPU

Size per each CPU stays constant 16 CPU

150

125

100

75

50

25

0

B FETI Preprocessing B Hybrid FETI Preprocessing CG Solver Runtime

Problem size [billion DOF]
Number of compute nodes [-]
1 1 & & § _§ 8 § B B |

153 3.62 7.07 12.2 194 289 412 56.5 752 97.6 124
216 512 1000 1728 2744 4096 5832 8000 10648 13824 17576

Problem size
from N=10, N=1

Sequential

Parallelizable
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YOUR FRIENDS

T4l Documentation: https://docs.it4i.cz/
Cluster utilization — RSweb: https://extranet.it4di.cz/rsweb
Cluster utilization — Grafana: https://extranet.it4i.cz/grafana

Supercomputing services portal: https://scs.it4i.cz/

| Introduction to HPC course (approx. every June)
| 2026 materials: https://events.it4i.cz/event/397/

Support webpage for tickets: https://support.itdi.cz/

Support email: support@itdi.cz

High-level support available (HLST) — help with more advanced stuff
| Through the EPICURE project
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Ondrej Meca
ondrej.meca@vsb.cz

IT4Innovations National Supercomputing Center
VSB — Technical University of Ostrava
Studentska 6231/1B

708 00 Ostrava-Poruba, Czech Republic
WWW.it4di.cz
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