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Context

« EuroFusion Advanced Computing Hub at BSC

» Provides computer science, performance, optimization and software
engineering support to EuroFusion program

« 3 BSC teams and departments involved
« STELLA, SPICE, KNOSOS, and ERO2 among others

* In collaboration with EROZ2.0 developers from JSC, at TSVV-7
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ERO?2 O

* Monte Carlo 3D code for global erosion and deposition modelling
*  Written in C++ and parallelized using MPI and OpenMP

e Setup

* Input files from:
* https://juqgit.fz-juelich.de/ero/runs/jromazanov/jet/run03/seq01

« JET simulation

« Random Seed set to false
» 500k Particles

« 250 maxMpiChunkSize

* 0.1 maxTracingTime

* More information on the simulation setup:
« Juri Romazanov <j.romazanov@fz-juelich.de>
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https://jugit.fz-juelich.de/ero/runs/jromazanov/jet/run03/seq01
https://jugit.fz-juelich.de/ero/runs/jromazanov/jet/run03/seq01
https://jugit.fz-juelich.de/ero/runs/jromazanov/jet/run03/seq01
https://jugit.fz-juelich.de/ero/runs/jromazanov/jet/run03/seq01

Environment

* Intel Compiler 2017.4
« MPI: IMPI 2017.4

 Libraries:
« MKL 2017.4
« HDF5 1.8.19

« BOOST 175.0Z

« For performance analysis:
« Extrae to get traces
« Paraver to visualize traces

MareNostrum 4

3240 nodes

SUSE Linux Enterprise Server 12
SP2

Intel Xeon 6140 Intel Xeon 6140
24 cores @ 2.1 24 cores @ 2.1
GHz GHz

12x8 GB DDR4-2667 DIMMS

100Gb Intel Omni-Path
Full-Fat Tree
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Structure - 1 step execution O

=2
MPI call @ ero2.@4nodes.lit.prv O outside MPI
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Structure - 1 step execution (@)

\=?
MPI call @ ero2.@4nodes.lit.prv O outside MPI
_I_HREm 1-1-1 - = - -.-R kl__. -._-b-.-T_._. _r-_- ---.: ; u ."FI_M
= n 1 ] - = = = .. ol I:l
. : L . ( an seems to be a ways J . -.'I B - ::;_::::t
i . . . . . . 5 |
T e 1 f, . o in communication _ ; . ._': _'| " W w1 Barrier
— : [ ] " " O . . [ ] " o . [ ] . ] . . : ."FI_MEE
% THREAD 1.25.1 5 Y . ) ) . : S e l|:| j [ WPI_cather
THREAD 1.33.1 |, - ) . . . - 3 - L O wpI_Gatherv
THREAD 1.41.1 |" - ; . o . " - L E [ wpI_Probe
i 1. ! . . L = 4
THREAD 1.45-4 0 us Randomly distributed L
Useful Duration @ ero2.®4nodes.lit
THREAD 1.1.1 =
C  THREAD 1.0.1 E_
RS =
4+~  THREAD 1.17.1 =
() =
- =
=  THREAD 1.25.1 z
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—  THREAD 1.33.1 S
- =
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< 1.01 O\ 152,301,278.87 296,141,374\62 >
)
: e
s
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Scalability )

4 nodes

8 nodes

16 nodes

32 nodes

(-

Useful Dura
THREAD 1.1.1 |

THREAD 1.17.1
THREAD 1.33.1 |

THREAD 1.48.4 }

Useful Dura
THREAD 1.1.1

THREAD 1.33.1

THREAD 1.65.1

THREAD 1.06. 4 Je 4,183,394,394 us

Useful Duration @ ero.lénodes.lit.prv
THREAD 1.1.1 =

THREAD 1.17.1

i

THREAD 1.33.1

Gathering phase does not scale
Computation seems to scale.
Useful Duration @ ero2.32nodes.1it.prv Load imbalance increases.

THREAD 1.1.1 = = J

THREAD 1.17.1

THREAD 1.48.4 g ur

THREAD 1.33.1

THREAD 1.48.4 g 4,183,394,304 us
1 [
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Structure - Master/Slave

MPI call @ ero2.@dnodes.lit.prv
-

THREAD 1.1.1

THREAD 1.9.1
=

THREAD 1.17.1

THREAD 1.25.1

THREAD 1.33.1

THREAD 1.41.1 (7

THREAD 1.48.4 5 .

®

= !
] LR .
gt
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O outside MPI
B MPI_Send
U MPI_Recw

Ul MPI_Bcast

Only Master-Slave B wp1 Barrier
communication W WP1_Reduce

O MPI_Gather

am
ml e "

4,183,304,304 us
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Structure - Master/Slave

MPI call @ erg2. @4nodes.lit.p
THREAD 1.1.1 |__ = -
n = n
T

"
THREAD 1.0.1
.
THREAD 1.17.1 |,
-
THREAD 1.25.1 |"

THREAD 1.33.1

THREAD 1.41.1 (7

THREAD 1.48.4 5 ,

L
1

1@

101
101
1.1.
1.1.
1.6.
1.6.
1.6.
1.6.

T T L L]

Rank 6 Rank 1

MPI call @

THREAD 1.1.

THREAD 1.6.

®

s

ero2.ddnodes.lit.prv

Only Master-Slave
communication

e o e e

" "
n

4,183,394,394 us

ero? 2oodes.lit.prv

2,461,131,612 us

( Work petition J
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connectivity

O outside MPI
B MPI_Send

U MPI_Recw

Ul MPI_Bcast
M wPI Barrier
B MPI_Reduce
O MPI_Gather
O mPI_Gatherv
[ MPI_Probe

I\

( New work reception J
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St

ructure - Master/Slave

MPI call @ erg2. @4nodes.lit.p
THREAD 1.1.1 |__ = -
n = n
L] E L] L] o L] L]

THREAD 1.0.1 T
z

THREAD 1.17.1 (. .

-
THREAD 1.25.1 |" ¢

THREAD 1.33.1

THREAD 1.41.1

THREAD 1.48.4 5 .

-
e o e e

4,183,304,304 us

11 @ ero2.@4nodes.lit.prv

1.1.1
L.1.2
1.1.3
1.1.4
1.6.1
1.6.2
1.6.3
1.6.4

Rank 6 Rank 1

Useful Duration @ ero2.@4nodes.lit.prv

THREAD 1.1.1 .
THREAD 1.1.2
THREAD 1.1.3
THREAD 1.1.4
mhrean 161 ICEETANIN AN NENE AR ' /R 'Y WA T F TR TEEes e
trean 1.6z | (NN TT T EEN TN [T WOEN N T T _.\
threan 1.6.3 | IDNIITTHNINENENE UVECHN (A DY (| D e (e
tirean 1.6.4 | TITHTHEN ATEENE [N I IffET N NTEEN e fmmE | momn
B us 4,183,394,394 us
1 1
< 1.0 94,945,392.82 184,616,040.64 >

(=

4,183,3%4,394 us
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O outside MPI
B MPI_Send

U MPI_Recw

Ul MPI_Bcast
M wPI Barrier
B MPI_Reduce
O MPI_Gather
O mPI_Gatherv
[ MPI_Probe

//"

The threads of the
master process don’t
perform useful

computation Yy,

/Worker rank do useful

computation at all
threads )

p

Gaps happen when
one thread has longer
useful computation.
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Summary structure
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Compute particle

Simulate

ragl/

0

Ask for Wait for
..particles..... e lequest..

here are Send next
: Chunk.....
particles

Yes
No here are

particles

Compute
particle <. g

OMP parallel loop
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Efficiency metrics (@)

Nodes: 4 8 16 32

192(48x4)[1] 384(96x4)[2] 768(192x4)[3] 1536(384x4)[4]
| I | |

# Very low global eff. due
- 100 to bad parallel efficiency.

Global efficiency = 80.20 70.95 57.81 39.51 <=
-- Parallel efficiency = 80.20 70.59 58.33 40.43 -80
-- Load balance . 91.52 86.73 76.55 62.27 =
o
- Communication efficiency - 87.64 81.39 76.21 64.93 0 =
1~}
)
-- Computation scalability - 100.00 100.52 99.10 97.73 o .
o Very good computation
-- IPC scalability - 100.00 99.94 100.23 100.35 & | blt
SCalablility.
-- Instruction scalability - 100.00 100.58 93.91 97.67 20 y
-- Frequency scalability - 100.00 100.00 99.96 99.71
0
192(42?3(4}[1] 384(9(?3{4}[2] 7'68(19|2x4}[3] lS36{38:4x4J[4] 100 Very IOW MP| Pa ra”e' Eff
-- Hybrid Parallel efficiency - 80.20 70.59 58.33 40.43 Due to Load Balance and
-- MPI Parallel efficienc - 88.95 79.11 66.42 47.71 ‘ol 2
Y -80 Serialization.
-- MPI Load balance - 95.46 90.80 84.69 68.30
-- MPI Communication efficiency — 93.18 87.13 78.42 69.86 0 E;EJ
-- Serialization efficiency - 93.20 87.18 78.53 70.03 E
=
[1¥]
-- Transfer efficiency - 99.98 99.94 99.86 99.75 -40 @ -
N g OpenMP Parallel
-- OpenMP Parallel efficiency - 90.17 89.23 87.83 84.74 L.
55 efficiency shows a
-- OpenMP Load Balance - 95.87 95.53 90.39 91.17
-- OpenMP Communication efficiency- 94.05 93.41 97.17 92.94 tendency to decrease'
0
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Load imbalance in detall @)
()
\n——/
MPI call @ ern.32nodes.lit.prv
THREAD 1.92.1
THREAD 1.02.32
THREAD 1.02.3
THREAD 1.02.4
THREAD 1.185.1 I
THREAD 1.185.2
THREAD 1.185.3
THREAD 1.105.4
8 us 1,846,855, 177 us
In barrier @ ero2.3Znodes.lit.prv
THREAD 1.02.1
THREAD 1.02.2 u
THREAD 1.92.3 u
THREAD 1.02.4 i
THREAD 1.185.1 I
THREAD 1.105 .32 u
HREAD 1 105 3 - OpenMP Load Imbalance J
THREAD 1.185.4 |
® us 1,846, 855,177 us
Useful Duration @ ero2.32nodes.lit.prv

THREAD 1. NIl
THREAD
THREAD
THREAD
THREAD
THREAD
THREAD
THREAD

One burst of compute
takes a lot much longer
than the others

@ us | 1,846, 855,177 us Ve

(. ﬁﬁ\ MPI Load Imbalance

< 1.14 133,449,344.36 266,898,687.59 >

@ ::;ctt:r:;’::puﬁng . . 13
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L oad imbalance (@)

=2
 —
Useful Duration @ erel.32nedes.lit.prv useful cycles @ ero2.3Znodes.lit.prv
. T I nooormm oo nini .| moormm oo i
TEIEE L [e———a— W WeiEd oo . ]
THREAD 1.92.2 THREAD 1.92.2
THREAD 1. 0% 3 jE————— mew 8§ | THREAD 1 02 3 I |
——— e ewe ] | I |
THREAD 1,02 | e — | 1 1 w1 i TR 1 | o — | | oo LIIL R
lEr g I N T T | WilE g I |
THREAD 1.1@85.2 0 THREAD 1.185.2 i
I P P R I |
B g 2 [ I I WilE g
THREAD 1.185.4 THREAD 1.185.4
B us 1,846,855, 177 us B us 1,846, 855,177 us
O AT T T 1T T T | O A T T 1T T T e [ |
< 1.3 174,367 ,965.03 348,735,920.04 > < 9.23 2,132.95 4,265.66 =
useful instructiens @ ere2.3Znedes.lit.prv useful IPC @ ero2.32nodes.lit.prv
| P — nooormm oo nini T mooamm oo i
IS il e — W RISt | — e e eee— ]
THREAD 1.92.2 THREAD 1.92.2
THREAD 1.02 3 j———— w8 | THREAD 1.02.3 T |
e ————— L mee | = | oy ] |
THREAD 1.0 | o — | 1 1 w1 i TR 1 A | o —— | | noomn o [IIL R
TIEE a2 I N T T | J e | me———— i ——
THREAD 1.185.2 0 THREAD 1.185.2 i
I D e e
THIEE ild 2 [ I J e
THREAD 1.185.4 THREAD 1.185.4
@ us 1,846,855, 177 us @ us 1,846, 855,177 us

[ [ [
< 1,260 642,104, 060, 447.50 1,284,208,119,635 > <

The amount of
instructions correlates
with the burst duration. )~

On the other hand, the
cycles and IPC are stable for
Load balance seems to come most bursts.

due to more instructions.

Hence more code execution.

Barcelona
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Load Imbalance — grain (@

maxMpiChunkSize: 50 10 € —W0__ | i .
p 1536(384x4)[1] 1536(384x4)[2] MPI graln redUCtlon )
Global efficiency - 40143 : 100
-- Parallel efficiency - 40.43 -80 (
- Load balance - e 0237 €—3 Overall Worst Load Balance |
-- Communication efficiency - 64.93 53.53 60 ‘% /
-- Computation scalability - 100.00 112.51 | 10 é AI ready US| ng
- IPC scalability - 100.00 100.31 &
-- Instruction scalability - 100.00 112.47 I20 We trade0ff the Open M P IoweSt Open M P
- Frequency scalabiity - 100,00 5 . Load Balance for the MPI granularity -
J

1536(384x4)[1] 1536(384x4)[2]
] ]
-- Hybrid Parallel efficiency - 40.43
-- MPI Parallel efficiency - 47.71 53.22
- MPI Load balance ] 68.30 /I\ 74.46 .
- MPI Communication efficiency . 69.86 71.48 % #p rag m a9 m p fo rs h Ced u Ie(dyn ami C)
o g for (int i=0; i<chunkSize; i++) {
-- Serialization efficiency - 70.03 71.65 il
=
S ooc
-- Transfer effici . 99.75 99.77 o 1 .
ransfer efficiency 5 transportParticleLoop (...);
-- OpenMP Parallel efficiency - 84.74 \V 62.73
-- OpenMP Load Balance E 91.17 \1/ 83.77 20 }
- OpenMP Communication efficiency- 92.94 74.89 }
0
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Load Imbalance summary

®

MPI
* Only present at the end of the execution

* Due to:
» Heterogeneous distribution of “particle chunks”
* “Long” particles

OpenMP
* Present at the end of every “particle chunk”
* Due to:

« Implicit OpenMP barrier at the end of parallel
« “Long” particles
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Proof of concepts
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PoC1: Guided-like particle chunk size @)

ﬂ)bjective:

e Start with a big granularity so we reduce
the overhead and improve OpenMP
Load balance.

* Reduce the granularity towards the end
to MPI load imbalance.

/How we do it:

We assign the chunk size to be the
1/3 of particles remaining (divided
by number of processes).

We set the minimum to 1.

Default set to input value /

nRemaining = nParticles - nSent
CSgyigea =Max(1, (nRemaining / comm_size) * 0.3 )
CS = min(nRemaining, CS,;4eq)

Barcelona
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PoC1: Guided-like particle chunk size

Compute particle

Simulate

0

Ask for Wait for
' ....request....

N\
T N Send next

et chunk

<

- (VvVariable
Yes
No

here are
particles

Compute
particle <. g
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PoC1: Guided-like particle chunk size

= 4
4 x 4 x 12, original - The load

imbalance gets
better with this

version. -
THREAD 1.192.1 ¢ 3,793,131,882 us
Useful Duration @ ero2 quided.prv 4x48x1, guided /Even though
THREAD 1.1.1 - we have

THREAD 1.33.1

improved the
load balance,
we still observe

THREAD 1.65.1
THREAD 1.97.1
THREAD 1.129.1

THREAD 1.161.1

THREAD 1.192.1 5 793,131,882 us .
: S some outliers

(. [

< 0.9 599,456,412.19 1,158,949,062.64 > that keep us

from further
improving. /
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PoC2: Dynamic maxTracingTime

Useful Duration @ ero? guided.prv

THREAD
THREAD
THREAD
THREAD
THREAD
THREAD
THREAD

1.1.1
1.23.1
1.65.1
1.97.1
1.129.1
1.161.1
1.192.1 4

Is it worth to They will probably be
wait for these 3 killed here can we kill
particles? them earlier?

3,793,131, 882 ws

D—D

599,456,412.19 1,158,949, 862.564

Objective:

Detect early that the particle is

lost and kill it earlier

»

/How:
We keep track of the average tracing
time of particles, and kill particles that

®
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are above that threshold

/
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PoC2: Dynamic maxTracingTime

]
//—-
(

\

 —
=

/
(\\

Compute particle

Simulate

ragl/

0

Ask for Wait for
' ....request....

T Send next
Seticles chunk

~\VdlidoIC SIZC )
No and max

tracing time

Yes

19%
w

Compute

. “w here ar
particle -« SUSEA

particles

OMP parallel loop

Finish
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Comparing Original, PoC1 and PoC2

Original

Instantaneous parallelism @ ero? original.prv

.

3,878,995,936 us 3, /93,141, 88 us

PoC1: guided

We start losing
efficiency later,
for the two new
versions

%

Instantaneous parallelism @ ero? guided.prv

APPL 1

Gather
phase

1't:)}’{ﬁkz us

sarallelisa @ eroz preaciny.pl POC2: dynamic maxTracingTime

T

3,878,995,936 us 3,793,131,882 us

PoC2 (dynamic maxTracingTime) ends the
simulation when running inefficiently.
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Comparing Original, PoC1 and PoC2 (@

Speedup wrt original with same
configuration

1,50
1,45
1,40
1,35 — —
1,30
1,25
1,20

16 32 64
—- PoCl - PoC2

For executions with low number of

nodes we observe huge improvement
with the "dynamic maxTracingTime". We observe at least a 1.3 speedup for all

node counts with PoC1 and 1.35 for PoC2.
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Comparing Original, PoC1 and PoC2 ©

64 node execution

ERO2 64 nodes execution time vs %timedOut particles tarthe 3 different
0,25 L4 | versions.
1,35
0,2 -
1,3 &
- 80
3 0,15 1,25 'S
9 12 S
£ . “ 3
o)
e 1,15 §
1,1 &
0,05 &
1,05
0 e e e 1
original guided dynamic MTT
Version

(-
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B atoms @@ particles —e—Speedup

/PoCI (guided)

- 1.32 speedup

- Insignificant number of
atoms and particles timed

out. _ _ /
orkshop | Nov. 2023

fPoCZ (dynamic MTT)
- 1.35 speedup
- ~1% increase of timed

out particles. Y,
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PoC3: Outer parallel (@)
\=Z

MPI load imbalance has been almost completly

removed, only OpenMP load imbalance is remaining

Useful Duration.cl @ erol.dynamic timeout.prv

@ us
Objective:
avoid OpenMP threads waiting " How:
for other threads Allow threads to start computing next
chunk of particles before all threads
finish their particles Y,

Barcelona
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PoC3: Outer parallel

Compute particle

Simulate

Barcelona

Supercomputing

Center

Centro Nacional de Supercomputacion

Ask for

here are
particles

Yes

Compute
particle

OMP parallel loop

No

b

\
2
)

e

'~
)
7

]
//—-
(

\

 —
=

/
(\\

rank 0 &&

thread.0

Yes

Wait for
~.request...

Send next
chunk

“(variable size)
No And max

tracing time

here are
particles

Finish
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PoC 3: Outer

il Duration.cl @ ero2.dymamic timeout.prv

Parallel

" THREAD 1.1.1

64 x 6 x 8, guided

Useful computation

il Duration.cl @ ere2.outer parallel.prv

I
[} 144,764,195.23

64 x 6 x 8, outer parallel
I

No load imbalance is observed
among different chunks.

MPI call @ erol.dynamic timeout.prv

THREAD 1.1.5
THREAD 1.18.1 |'

THREAD 1.18.5

THREAD 1.18.8
@ us

982,764,196 us

MPI calls

MPI call @ ero2.outer parallel.prv
THREAD 1.1.1 O

THREAD 1.1.5
THREAD 1.18.1 |

THREAD 1.18.5

THREAD 1.18.8
B us

[

289,528,390.46 >

082,764,196 us

All threads perform
communication, even
those from rank O.

Threads from RankO
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also compute particles
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Summary - Conclusions

* Analyzed and optimized ER2.0 code

« Main issues affecting efficiency:
« OpenMP load imbalance
« MPI load imbalance
« 3 incremental optimizations:
« Guided-like distribution of particles among MPI processes
« Dynamic max tracing time for particles
« Outer OpenMP loop

« Speedup achieved 1.35

» Successful interdisciplinary work
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