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Scalasca

DOI 10.5281/zenodo. 7440854

* Collection of trace-based performance tools
» Specifically designed for large-scale systems
* Features automatic trace analyzer providing wait-state, critical-path & delay analysis
e Supports MPIl, OpenMP, POSIX threads, and hybrid MPI+OpenMP/Pthreads

e Uses Score-P instrumentation & measurement infrastructure
and CUBE analysis report infrastructure

* Available under 3-clause BSD open-source license

e Documentation & sources:
* https://www.scalasca.org

 Contact:

* mailto: scalasca@fz-juelich.de trace tOO|S ,

scalasca
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Score-P

Infrastructure for instrumentation and performance measurements

Instrumented application can be used to produce several results:
e Call-path profiling: CUBE4 data format used for data exchange
* Event-based tracing: OTF2 data format used for data exchange

Supported parallel paradigms:

e Multi-process: MPI, SHMEM
* Thread-parallel: OpenMP, Pthreads
* Accelerator-based: CUDA, HIP, OpenCL, OpenACC, Kokkos

Open Source; portable and scalable to all major HPC systems
Initial project funded by BMBF
Further developed in multiple third-party funded projects

Documentation & sources: https://www.score-p.org

2026/06/10 Training (NCC Latvia)

009

DOI 10.5281/zenodo. 10822140

core-P



Scalasca workflow

I
v

Measurement
library

Instr. HWC

target
application

1

Optimized measurement configuration

a S
1 1
Q
| -
@)
O Instrumented
wn
executable
Instrumenter

compiler / linker

I

Source modules

2026/06/10 Training (NCC Latvia)

Summary report ———y

> Local event »  Parallel wait- T i
> X arallel wait-state . Wait-state
> races — search

report

Scalasca Trace Tools analysis

Which problem?

Where in the
program?

Which
process?

el ke

B rdesric bree

cuba 4.1.1 lvaedvd R sco

1 0.00 Time
T I F00.9] Exnecutiom
E - CUDH el |

W 177 Communid tl:!n
1+ [ Du0D Fike 140
Ll DET ninfExi
CUOD QP
] G0 Flush
=+ Il 2.17 Managemssrg
[ 000 Swreching rzagd o
-} 0,00 Barriar
= 0,00 Explicin
+ [l 0.8 implich
[0 Z2.Z1 ‘Wait at Barri
0. 00 Critical
0, 00 Lk AP
0, 0 Cirgd mresc]
] 000 Overte=sd

EY
m
<
|
-
"

23.F1 |E.5B%a)

= | Aksol ube
-Ea bree O] Flat wiew

rap_hk-me

] OO0 WA

[] 000 mps_setup_
CL00 WP _Scast
B0 v _metup_
OUD0 Zon e setup
OO0 map_zones
OO0 2o d_stars
OO0 we?_cormbnrfis_
010 initislize_
002 enact_rhs
020 wmxch_gks

| 000 adi_

[ B B3 57 compuffe_rhs_

13745 j0.00

] BLOG w_solw
[ l.'.-l:l"' 'Sofnp paraiel @u_sol
0.00 Jcenp do @ solee
| LI:I:-E..‘.I.E $omp implicit barri
BF L1628 y_molve
Er L1568 z 5-D-|'|-’\-E-
P+ Il OU1E add
O00 WP Harries
. OO sy
O i

6. 15 (27T T0%E) 22.21|

B s et raend o hess

- | Absolube
B Sysberm bree ._ Bl Flox

T Thraad 3
I Rank 1
Z Thranad 0
1 Thread 1
Thread 2
Thraad 3
ank I
Thread 0
Thread 1
Thraead 2
Thraad 3
mank &
Thread 3

'ILII&LIII
£ E-‘uac1ﬁ!"l
2kBR»ERRRR0H"

r

Thread 1
Thraad 2
5 Thraad 3

Lanm
=0oog
LREE

1.47F (23.90%

S

v

Report
manipulation




Cube

DOI 10.5281/zenodo.B8345207

* Parallel program analysis report exploration tools
* Libraries for Cube report reading & writing
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Application use case CEEC

Centre of Excellence in Exascale CFD

* Neko

* Portable framework for high-order spectral-element flow simulations
* roots in Nek5000

* Assessment requested by Niclas Jansson (KTH/S) for CEEC CoE
* Version 0.9.99

Fortran parallelized with MPI (+OpenMP) & CUDA: one MPI process per GPU
 GCC 13.3.0, OpenMPI1 5.0.5 (GPU Aware), OpenBLAS 0.3.27, CUDA 12.6.0

Testcase: Taylor-Green Vortex (TGV) ExaCB benchmark
* 301 solver time-steps, 3D meshes with 32768, 262144, 2M & 16M elements

Executed on JEDI Eviden BullSequana XH3000 (JSC)
* test & development module for JUPITER

e 48 compute nodes with quad Nvidia GH200 superchips:
72-core Nvidia Grace (Arm Neoverse-V2) CPUs [120GB] @ 3.1 GHz and Nvidia H100 (‘Hopper') GPUs [96GB]

* Nvidia NVLink-C2C interconnection network
* Measurements with Scalasca/2.6.2 using Score-P/9.0, analysis with Vampir/10.5 & CUBE/4.93
Focus of analysis (FOA): neko-solve/Time-Step
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Instrumentation & measurement 000

* Score-P instrumenter captured NVTX region markers of application
* |nitial measurement filter subsequently applied when instrumenting

e Score-P measurement dilation 7-40% (for 2M TGV testcase)
* run-to-run variability typically 10-20% for solve time (both 1 or 2 threads)

2026/06/10 Training (NCC Latvia) 12



CUBE GUI: Time-Step [2M]
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CUBE CPU & GPU topologies
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CUBE POP Advisor: Time-Step [2M]

b ]
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CubeGUI-4.9.0: scorep_neko_gs1_123_trace/summary.cubex <@jsfl02 jusuf>
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GPU Efficiences
GPU Parallel Efficiency

* GPU Load Balance Efficiency
* GPU Communication Efficiency
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CUBE POP Advisor: Time-Step [2M]

,
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* GPU Communication Efficiency

10 Efficiences

1/O Efficiency
* Posix I/O time
* MPI 1/O time

Additional Efficiences

Computation time
GPU Computation time

Control

Wall-clock time, min
Wall-clock time, avg
Wall-clock time, max

& Score-P Configuration

@ source

Values

0.0660187
0.560268
0.117834

Values

0.678187
0.99837
0.679294 °

Values

1
0
0

Values L

71.6422
736.061

Values

67.8238, 2.04335e-05%
67.8251
67.8335, 0.000123583%

MPI -

calculate

009

copy

salbojodol = MaIIA WASAS

|elausn

4 nodes, 16 GPUs

Execution efficiency
factors calculated
for FoA: Time-Step
CPU & GPU variants
with computation
times for each

High confidence FoOA



Efficiency model 000

2M gsl 16 gsl 32 gsl 64 gsl 128
MNodes 4 8 16 32
GPUs 16 32 64 128
rchestration efficien
Wall [s] 146.07 79.15 59.09 57.86 Orchestration e C.e (_:y
Time-Step [s] 67.83 43.32 34.15 39.41 * MPIl communication
& GPU management
Global scaling efficiency 0. ETB_ e aka Communication
- Computation scaling 1.000 0.973 .
: efficienc
GPU - Parallel efficiency y
- - Load balance efficiency Key:
- - Orchestration efficiency 1.10
1.00
Global scaling efficiency 0.90
- Computation scaling 0.80
CPU - Parallel efficiency g';g
- - Load balance efficiency 0.794 0.801 0.747 .
- - Orchestration efficiency
* Excellent GPU strong scaling load balance efficiency & computation scaling
* Poor parallel & orchestration efficiencies, deteriorating with increasing scale
* Very poor CPU efficiencies ot

2026/06/10 Training (NCC Latvia) 17



Execution call-tree & Focus of Analysis

l Call tree Flat tree

- 2.38 neko-cuda-instr (2 hidden children)
- 0.00 usrneko (1 hidden child)
¥ [ 71.02 neko_init
- 0.07 neko_solve (6 hidden children)
3 er execlie

- . 0.91 Time-5tep (9 hidden children)

~ [l 0.00 fluid_pnpn_step

~ [l 2.44 Fluid (17 hidden children)
10.75 fluid_scheme_bc_apply_vel
10.61 Pressure residual
3.98 projection_pre_solving
0.00 Pressure_solve

ir>v
« BEE

El 00 hsmg_solve
1.34 HSMG_solve (8 hidden children)

™ 4.76 HSMG_schwarz

™ 6.71 HSMG coarse grid
5.35 projection_post_solving
2.40 Velocity_residual

¢ @ 20.25 Velocity_solve

b
b

0
1 93 gmres_device_solve (18 hidden children)

~ [ 0.01 '$omp parallel @pc_hsmg.fa0:402

=TT faitTe
» @ 8.17 neko finalize

* Expensive initialization (neko_init) for small testcases

e Qutput disabled for TGV benchmark

* Time-Step within neko_solve used as Focus of Analysis for assessment
e time also reported directly by application
e 301 steps for TGV benchmark testcase

2026/06/10 Training (NCC Latvia)



Time-Step FOA structure

l Call tree Flat tree B system tree | M Statistics
~ @ 2.38 neko-cuda-instr (2 hidden children) -
- 0.00 usrneko (1 hidden child) - [ - EWItChI jpb|_t-[}f}l-I2
b [0 71.02 neko_init ~ [ - switch jpbit-001-11-03
- 0.07 neko_solve (6 hidden children) ~ O - node jpbot-001-48.jupiter.

b 4.96 output_controller_execute O 0.00 CUDA Device 0

- 0.91 Time-5tep (9 hidden children)
~ [l 0.00 fluid_pnpn_step

O 0.00 CUDA Device 1
O 0.00 CUDA Device 2

b
b
¥
2.44 Fluid (17 hidden children) * [] 0.00 CUDA Device 3
b 10.75 fluid_scheme_bc_apply_vel » [ 2.87 MPI Rank 0
b 10.61 Pressure_residual » O 2.87 MPI Rank 1
b 3.98 projection_pre_solving ¢ [0 2.86 MPI Rank 2
v 0.00 Pressure_solve b [ 2.87 MPI Rank 3
~ [ 1.93 gmres_device_solve (18 hidden children)

~ [l 0.00 hsmg_solve
~ [l 1.34 HSMG_solve (8 hidden children)
- 0.01 !'somp parallel @pc_hsmg.f90:402 (1 hidden ct

" 6.71 HSMG coarse grid
5.35 projection_post_solving
2.40 Velocity_residual
v @ 20.25 Velocity_solve
b 0.01 user_finalize
¢ @ 8.17 neko_finalize

b
b

NVTX marked regions augment function profile

* Time-Step within neko_solve contains Fluid simulation

* Pressure_solve/HSMG_solve contains OpenMP parallel region for two threads

* HSMG_Schwarz & HSMG_coarse_grid (potentially) executed by different threads

2026/06/10 Training (NCC Latvia)
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Time-Step FOA with OpenMP threads

E Call tree Flat tree B system tree B statistics
- 2.39 neko-cuda-instr - B - machine Linux _
~ [ 0.00 usrneko (1 hidden child) M - switch [pbit-001-12
b [d 73.20 neko_init » [ - switch jpbit-001-11-01
- 0.07 neko solve (7 hidden children) ~ [ - node jpbot-001-13.jupiter.
b 4,15 gutput_controller_execute » [ 0.00 CUDA Device 0
M 1.32 Time-Step (9 hidden children) O 0.00 CUDA Device 1

- 0.00 fluid_pnpn_step O 0.00 CUDA Device 2

| v w w

- 2.76 Fluid (17 hidden children) ] 0.00 CUDA Device 3

b 11.44 fluid_scheme_bc_apply_wvel L1 - MPI Rank 0

¢ 11.22 Pressure_residual [0 1.52 Master thread

¢ 4.08 projection_pre_solving O 2.49 OMP thread 1
~ [l 0.00 Pressure_solve = [ - MPI Rank 1

~ [l 2.22 gmres_device_solve (18 hidden children) @ 1.51 Master thread

~ [l 0.00 hsmg_solve O 2.48 OMP thread 1
- 1.42 HSMG_solve (8 hidden children) + [ - MPI Rank 2

~ [ 0.01 !$omp parallel @pc_hsmg.fo0:402 [@ 1.53 Master thread
[ 6.08 HSMG schwarz [0 2.47 OMP thread 1
4.15 !'Somp implicit barrier @pc_hsmg.fa0:439 [ - MPI Rank 3

T 9.92 HSMG coarse grid O 1.51 Master thread
@ 2.47 OMP thread 1

L]

b 5.46 projection_post_solving
b 2.46 Velocity_residual
¢ [0 21.19 Velocity_solve

b 8.36 neko_finalize

* Time-Step within neko_solve contains Fluid simulation

* Pressure_solve/HSMG_solve contains OpenMP parallel region for two threads

* HSMG_Schwarz & HSMG_coarse_grid (potentially) executed by different threads
e concurrent execution is slightly faster
* however, each thread's computation is somewhat slower

* and the other serial computation is also slower! R
2026/06/10 Training (NCC Latvia) 20 D



HS

<

G solve structure detail

.00 device_event_sync

1o
O 0.00 '$omp parallel @pc_hsmg.f90:402 (1 hidden MPI
= [ 0.00 HSMG_schwarz

= [0 0.00 schwarz_compute

C] 0.00 device_event record e device _glsc3 includes MPI_Allreduce

[ 0.00 device stream wait event

[] 0.00 device_schwarz toext3d| e gs_op routines include GatherScatter using MPI P2P

0.00 device schwarz extrude|

0.15 gs_op_vector] * both include CUDA kernels (possibly on additional streams)

00 device event sync

0.

0.00 fd te

0.00 Fm COmpUte  reasd e gather_kernel _add, scatter_kernel,
0.

00 be list I |
000 devieappyy-Scalar.aray gs_pack_kernel, gs_unpack_kernel
HSMG coarse grid

02 gs op rd

.00 devi .

00 be st amnly Semtar array HSMG_schwarz & HSMG_coarse_grid

.00 HSMG_coarse_solve

0.00 cg_device solve * both do MPI communication

O 0.00 device rzero .
[ 0.00 device copy * both launch CUDA kernels (to different streams)
[& 0.89 device glsc3|

[ 0.00 krylov_monitor_start » HSMG_Schwarz uses stream 14 (etc)
E 0.00 device jacobi solve| -

OO0

0o

i

oo ooe

>~

0.00 device add2sl] ° Only USEd here

0.00 ax helm device compute]
0.23 gs op vector| :
01 0:00 devics svent sync * HSMG_coarse_grid uses stream 13 (etc)
T 000 Hegieeapply-sealar_array e common stream used elsewhere
O 0.00 krylov_monitor_iter
O 0.00 krylov_monitor_stop
O 0.00 krylov_is_conwverged
b E 0.00 device addz|
b 0.03 gs op vector|

* T T T T F w
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Execution timeline 00Y

Fll-!l-“|||||',,lll||| 40,20 sl L il | I||| L L l. L Ll h.l .I-IJ‘II. Ilul I"Illlll.lllll II.'.I il o s ©
Timelir e

L] .
= == LE = ZE L ELE B “@s  Score-P trace shown by Vampir

|9-5- LN
1

= Master thread:0 o "
CUDA[0:13]:0 | : | ]
CUDA[0:14]:0
* Master thread:1
CUDA[1:13]:1
CUDA[1:14]:1
- Master thread:2
CUDA[2:13]:2
CUDA[2:14]:2
* Master thread:3
CUDA[3:13]:3
CUDA[3:14]:3

I : .
1 Single node execution

* 4 MPI processes each using
a dedicated GPU device
via 2 CUDA streams

Substantial initialization
 dominated by some
device associate calls

Master thread:0

i 1

| :
X
[ES S S B B
simulation:neko solve

O O O [e)

o o o el

o O & O

%) P "k b

& o & o
o

o o u ]

Fluid Fluid

=
[=1

n
[
[
-
i
n
=
[=
— .

Solve = Focus of Analysis
* multiple Time-Steps
* heavy GPU utilization

[=<TRE = NS B L ST N B

o I'imm
1 Il IWWE | | |
| |

: : |

=
3]

Finalization
* (optional) file output

(=
w
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Execution timeline: solve (FOA) 0009

20 Lo I ; VT e
S g R h.l.-‘] VIR TR T

Timeline

Solve
* multiple Time-Steps

* 301 for TGV bench case
e first rather longer than others
> occasional disruption

- Master thread:0
CUDA[0:13]:0
CUDA[0:14]:0

* Master thread:1
CUDA[1:13]:1
CUDA[1:14]:1

= Master thread:2 *

CUDA[2:13]:2 I|II|I|E|III|III|I|IIIiIIIII M I|III||I|I|||I Ny

cuDA[2:14]:2 LM
* Master thread:3
CUDA[3:13]:3
CUDA[3:14]:3

1 01 R 0 |,|,||_|||ll!|!!::..-u|l‘iiﬁ
—_— N Heavy GPU utilization

* mostly stream 13

A e e S e e e e occasionally stream 14
S ———, (rarel\ other streams for GS)

Master thread:0

Fluid Fluid Fluid

(Y= T TC = N ) B O TR A

=
[ =

[
=

=t
[¥)

—
&

0N VO 00O VAU T 10 WA
I O OO 0O 0 R
I L O 1 M T O 1 O
1 T W A T
| A A 0 A A0 0 O R
10RO R A R0 T R A O S

L

.

[
S o @ -
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Execution timeline: solve (single step)

24.975 s 125.004 s
29185(ms|

« Master thread:0
CUDA[0:13]:0
CuDA[0:14]:0

v Master thread:1
CUDA[1:13]:1
CUDA[1:14]:1

w Master thread:2
CUDA[2:13]:2
CUDA[2:14]:2

v Master thread:3
CUDA[3:13]:3
CUDA[3:14]:3

Master thread:0

[ . R R T

Timeline

249775 s 24.9800s 2498255  24.9850s  24.9875s 24.9900s  24.9925s5  24.9950s 24.9975s  25.0000s  25.0025s

XXI\I)) i

II IIII Il I|i||| 1 IIIIIIII--Ill-IIIIIIIIIIIIIIIII IIIIIﬂII||IIIIIIIII|I|IIIIIIIIII

[ A 3 [ A

é.... ...... ......

Pressure residual

Pressure_solve

gather_scatter

gs_nbsend !$omp par...q.f90:402

2026/06/10 Training (NCC Latvia)

One of 301 simulation time-steps

Time-Step (Fluid)

e fluid_scheme_bc_apply_vel
* Pressure_residual

* Project_on

* Pressure_solve*

* Project_back

* Velocity_residual

* Velocity_solve

Heavy GPU utilization
* mostly stream 13
e partially stream 14

24 SNRE
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Execution timeline: Pressure solve

009

24.987 sl124.992 5
5/095/ms
=

« Master thread:0
CUDA[0:13]:0
CUDA[D:14]:0

v Master thread:1
CUDA[1:13]:1
CUDA[1:14]:1

w Master thread:2
CUDA[2:13]:2
CUDA[2:14]:2

v Master thread:3
CUDA[3:13]:3
CUDA[3:14]:3

Master thread:0

00 =~ O W o L R e

(=]

10
11

12 M8

13
14
15
16
17
18
19
20

Timeline

24.9870 s 24.9875 s 24.9880 s 24.9885 s

24.9890 s

24.9895 s 24.9900 s

[
wmgmamwwm@mw

M E*‘Elﬂbﬂi’ﬂ@k

HSMG_coarse_grid
H5MG

2026/06/10 Training (NCC Latvia)

_coarse_solve

24.9905 s 24.9910 s 24,9915 s

WEWWT |

HSMG_solve

e HSMG_schwarz
 (CUDA stream 14)

e HSMG_coarse_grid
 (CUDA stream 13)

Executed serially
e OMP_NUM_THREADS=1

MPI communication
 gs op_r4(GS P2P)
 gs_op_vector (GS P2P)
Allreduce

25 SNRE
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Single step comparison (1v2 threads)

009

24.975 LZT' 004 s,
291189

25.010 s
ms

24.984 ¢ |
nMHHWzs it

24.9775s  24.9800s 2498255  24.9850s

= Master thread:0
CUDA[0:13]:0
cubalo:14].0
* Master thread:1
CUDA[1:13]11
CUDA[1:14]1
= Master thread:2
CuDA[2:13]:2
CuDA[2:14]:2
= Master thread:3
CUDA[3:13]:3
CUDA[3:14]:3

Master thread:0

[

R R e
Sbom—wolEWNRE O

Execution with additional OpenMP thread only for HSMG_solve
e concurrent execution of HSMG_Schwarz & HSMG_coarse_grid
* both with MPI (GS) communication and CUDA kernel launches

2026/06/10 Training (NCC Latvia)

——Timeline
24.9875 s 24.9900 s 24.0325 s 24.9950 s 24.9975 s 25.0000 s 25.0025 s

I IO REELE I
II\II m

24.9900 s 24.9975 s 25.0025 s 25.0050 s 25.0075 s

——Timeline
24.9850 s 24.9950 s

24.9875 s 24.9925 s 25.0000 s
* Master thread:0
CUDA[D:13]:0
CUDA[0:14]:0
OMP thread 1.0
* Master thread:1
CUDA[1:13]:1
cupa[1:14]1
OMP thread 1:1
= Master thread:2
CUDA[2:13]:2
cuDa[2:14]:2
OMP thread 1:2
= Master thread:3
CUDA[3:13]:3
CUDA[3:141:3
OMP thread 1:3

WA JH\IIII\E
III.II Il Wl

Master thread:0

[ I T R N

O e e e e
RN T R P N

OMP thread 1.0

-
O ®Wm NGO u e W N

[ ]
A

— * ¥k —

o * 7]
Cx *3
26 SRR
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Single psolve comparison (1v2 thrds) RAX

24.987 s 8§24 992 24.9943 5 I24 9985 s
15095/ ms] = u T 4*19] mis

Timeline = Timeline A
24.9870s 24.9875 s 24.9880 s 24.9885 s 24.9890 s 24.9895 5 24.9900 s 24.9905 s 24.9910s 24.9915 s 24.9945 s 24.9950 s 24.9955 s 24.9960 s 24.9965 s 24.9970 s 24.9975 s 24.9980 s

= Master thread:0 & 3 * Master thread:0
CUDA[0:13):0 T [ ‘ I T T| |l l { { T 1’ 1’ \ CUDA[0:13]:0
CUDA[D:14]:0 L CUDA[h0114d]10‘

v Master thread:1 % 7 OMP threa _1‘0
R i ' I i + Master thread:1
CUDAI1:13]):1 1] | || CUDA[L:13]:1
CUDA[1:14]1 i\ ' CUDA[1:14]:1

= Master thread:2 OMP thread 1:1

e WE»EFEWHMEE mwmmm mm@mm M

= Master thread:3 cuDA[2:14]:2

cuDAl3.131:3 T ' [T T T T TN O CT TN e TR TR ome thread 1.2

= Master thread:3 3
CUDA[3:141:3 — -- - H
2141 Ill. I L L : CUDA[3:13]:3 II-HII‘IIII 0 (1T TR T T T (T WL i NI AT N II\H TEH-LL -\IIII T II\II I I- [
: : f f ‘ f CUDA[3:141:3 [ T Tl | W] L 1 [T o ;
OMP thread 1:3 : ] i
Master thread:0 Master thread:0 =

@~ W R W e
N U T

T T T
| 0 T lgsond || [0 ] Il
[ T [T . |
i i 1D
Execution with additional OpenMP thread only for HSMG_solve
* concurrent execution of HSMG_Schwarz & HSMG_coarse_grid :
» each is slower, but together slightly faster ’
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