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Performance factors of parallel applications

= “‘Sequential” performance factors
= Computation
= Choose right algorithm, use optimizing compiler
= Cache and memory
< Tough! Only limited tool support, hope compiler gets it right

= Input/ output
= Often not given enough attention

= “‘Parallel” performance factors
= Partitioning / decomposition
= Communication (i.e., message passing)
= Multithreading

= Synchronization / locking
% More or less understood, good tool support
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Tuning basics

= Successful engineering is a combination of
= Careful setting of various tuning parameters
= The right algorithms and libraries
= Compiler flags and directives

= Thinking !!!

= Measurement is better than guessing
= 10 determine performance bottlenecks
= 10 compare alternatives

= 10 validate tuning decisions and optimizations
= After each step!
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Performance engineering workflow

s > N
e Prepare application with ¢ Collection of performance data
symbols e Aggregation of performance

e Insert extra code data
(probes/hooks)
\ Preparation Measurement v
P~ Optimization N
Calculation of metrics
* Modifications intended to e Identification of performance
eliminate/reduce performance problems
g problem _ e Presentation of results
Y o
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The 80/20 rule

= Programs typically spend 80% of their time in 20% of the code

= Programmers typically spend 20% of their effort to get 80% of the total speedup

possible for the application
@ Know when to stop!

= Don't optimize what does not matter
& Make the common case fast!

N

“If you optimize everything,
you will always be unhappy.”

Donald E. Knuth
0 4
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No single solution is sufficient!

A combination of different methods, tools and techniques is typically needed!
= Analysis

= Statistics, visualization, automatic analysis, data mining, ...
= Measurement

= Sampling / instrumentation, profiling / tracing, ...
» Instrumentation

= Source code / binary, manual / automatic, ...
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Typical performance analysis procedure

= Do I have a performance problem at all?
= Time / speedup / scalability measurements / how near to limits

= What is the key bottleneck (computation / communication)?
= MPI/ OpenMP / flat profiling
= Where is the key bottleneck?
= Call-path profiling, detailed basic block profiling
= Why is it there?
= Hardware counter analysis, trace selected parts to keep trace size manageable

= Does the code have scalability problems?
= Load imbalance analysis, compare profiles at various sizes function-by-function
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Performance engineering workflow

j#Score-P

You!
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core-P

DOI 10.5281/zenodo.1240731

» Infrastructure for instrumentation and performance measurements
= Instrumented application can be used to produce several results:

= Call-path profiling: CUBE4 data format used for data exchange
= Event-based tracing: OTF2 data format used for data exchange
= Supported parallel paradigms:
= Multi-process: MPI, SHMEM
= Thread-parallel: OpenMP, POSIX threads
» Accelerator-based: CUDA, HIP, OpenCL, OpenACC
u In|t|a| pI‘O]eCt funded by BM BF GEFIRDEAT vOM
= Close collaboration with PRIMA project funded by DOE AR | Bundesministerium

und Forschung

» Further developed in multiple 3rd-party funded projects
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Vampir SCEEEeE UBE TAU Extra-P
Trace Tools
Event traces Call-path profiles
(OTF2) (CUBE4, TAU)

Score-P measurement infrastructure

Hardware counter
(PAPI, rusage, PERF, plugins)

A S S O O

Instrumentation wrapper

Accelerator-based

. . . I/O Activity Recording Source code Sampling
Process-level parallelism Thread-level parallelism parallelism (Posix 1/0 instrumentation intermupts
(MPI, SHMEM) (OpenMP, Pthreads) (CUDA, OpenACC, e ;
OpenCL, Kokkos, HIP) MPI-1O) (Compiler, PDT, User) (PAPI, PERF)
Application
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o
Call-path profiles
(019] 2] =/ p\V)

Vampir Scalasca
Trace Tools

Event traces
(OTF2)

Hardware counter
(PAPI, rusage, PERF, plugins)

Score-P measurement infrastructure

S O T4

Instrumentation wrapper

Accelerator-based

. . . I/O Activity Recording Source code Sampling
Process-level parallelism Thread-level parallelism parallelism (Posix 1/0 instrumentation intermupts
(MPI, SHMEM) (OpenMP, Pthreads) (CUDA, OpenACC, e ;
OpenCL, Kokkos, HIP) MPI-1O) (Compiler, PDT, User) (PAPI, PERF)
Application
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Score-P features

= Open source: 3-clause BSD license
= Commitment to joint long-term cooperation
= Development based on meritocratic governance model
= Open for contributions and new partners

= Portability: supports all major HPC platforms
= Scalability: successful measurements with >1M threads

= Functionality:
= Generation of call-path profiles and event traces (supporting highly scalable I/0)
= Using direct instrumentation and sampling
» Flexible measurement configuration without re-compilation
= Recording of time, visits, communication data, hardware counters
= Support for MPI, SHMEM, OpenMP, Pthreads, CUDA, HIP, OpenCL, OpenACC and valid
combinations

» | atest release: Score-P 8.4 (Mar 2024)
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cube™ CubeLb

scalasca CubeGU

= Parallel program analysis report exploration tools

. . . . g =
» Libraries for XML+binary report reading & writing
[ vetric tree calitree | [E] F
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O 0 DEALLOCATION SIZE (bytesj » M 0. W 35.28 OMP thread 4
O 0 bytes_leaked (by W 0. M 35.29 OMP thread 5
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8 1.19¢10 bytes sent (bytes) o ® 35.29 OMP thread 7
- Req u I res Qt Z 5 ¥ 1.19e10 bytes | ece ved (bytes) | @ 35.29 OMP thread 8
= ® 35.29 OMP thread 9
| B 35.20 OMP thread 10
. ® 35.30 OMP thread 11
-= | » @ 427.03 MPI Rank 1
- O 0.00 node jrc1532
z1,1 » @ 426.92 MPI Rank 2
X @t | af ¢g.f90:1¢ » @ 431.03 MPI Rank 3
[ tea_leaf c gfgg Zun = O 0.00 node jrc1533
. - - M 2.43tea lea f_kerns » [@ 422.41 MPI Rank 4
~ ® 2.01 3o 2 + @ 430.27 MPI Rank 5
= Origina eveloped as part o e E
] F £90:2¢ » @ 428.48 MPI Rank 6
W 2.72 snmp\mp\:the ier @rea Iear :gfso 257 » @ 431.53 MPI Rank 7
- W 2.04 tea leaf kemel cg_module.tea ve_
. » - Il (96 elements)
& T100.00%) 563339 [0.00 342111 (39.63%] o0 %
.

= Now available as separate components

* Can be installed independently of Score-P Note: source distribution tarballs for Linux, as well as
and Scalasca, e.g., on laptop/desktop binary packages provided for Linux, Windows & MacOS,
* Latest releases: Cube v4.8.2 (Sep 2023) from www.scalasca.org website in Software/Cube 4.x
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Analysis presentation and exploration

» Representation of values (severity matrix) Calll
on three hierarchical axes > 1 path
= Performance property (metric) L
= Call path (program location) 09_
= System location (process/thread)

~

» Three coupled tree browsers >
Location

= Cube displays severities
= As value: for precise comparison
= As color: for easy identification of hotspots
= Inclusive value when closed & exclusive value when expanded
= Customizable via display modes
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Plain summary analysis report (opening view)

CubeGUI-4.4,3: scorep_tea_leaf_baseline_8x12_sum/profile.cubex <@jri11>

File Display Plugins Help
Restore Setting ~ Save Settings

Absolute * | | Absolute v | | Absolute v
E Metric tree E Call tree Flat view E system tree | [ statistics Sunburst | [ Pr | »
 1.17e8 Visits (occ) -  1.17e8 tea leaf baseling) -  1.17e8 machine Linux =

8633.39 Time (sec)

0.00 Minimum Inclusive Time (sec)
97.11 Maximum Inclusive Time (sec)
0 bytes put (bytes)

0 bytes_get (bytes)

0 ALLOCATION_SIZE (bytes)

0 DEALLOCATION_SIZE (bytes)

0 bytes leaked (bytes)

0.00 maximum_heap memory allocated (bytes
1.19e10 bytes sent (bytes)

1.19e10 bytes received (bytes)

malp waishs

12U10

EEOCOO0O0O0OEORE

1

All (96 elements)

What klnd Of 1.17e8 (100.00%) l.lTeB‘ Whel’e |S |t |n the - 1.17e8 (10 HOW |S It
performance source code? distributed across
metric? In what context? the processes/threads?
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Plain summary analysis

report (expanded call tree/system tree)

CubeGUI-4.4.3: scorep_tea_leaf baseline_8x12_sum/profile.cubex =@jrl11=

File Display Plugins Help
Restore Setting ~ Save Settings
Absolute * | | Absolute * | | Absolute “lu
E Metric tree E Call tree Flat view [ system ree | Wl statistics  Wsu > §
1.17e8 Visits (occ) =|| ~ ® 0.00 tea_leaf baseline = m 0.00 machine Linux s
~ 8633.39 Time (sec) - [ 0.03 MAIN =~ [0 0.00 node jrc1531 =
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O 0 DEALLOCATION_SIZE (bytes) » W 0.06 set_field module.set field 35.28 OMP thread 4
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1.19e10 bytes sent (bytes) » @ 0.26 timer_ 35.29 OMP thread 7
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» W 20.78 tea_module.tea_allsum_ 35.29 OMP thread 10
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g g : ~ W 2.43 tea_leaf_kernel_cg_module.tea_leaf kernel_solve_ ' . an
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- W 2.04 tea leaf kernel cg module.tea leaf kernel solve _| ! b
o f : — e ) All (96 elements) -
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v
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Post-processed summary analysis report (Scalasca)

CubeGUI-4.4.3: scorep_tea_leaf_baseline_8x12_sum/summary.cubex <®@jril1>

File Display Plugins Help
Restore Setting ~ Save Settings
Absolute = | | Absolute = | | Absolute - @
Metric tree Call tree Flat view B system tree | [ statistics sunburst = @ er » f;l;
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hlerarChy of more 12.08 Point-to-point » @ 0.06 set_field_module.set field_ 35.28 OMP thread 4
e . 19.82 Collective » @ 0.00 timestep_module.timestep_ 35.29 OMP thread 5
SpeCIfIC metI‘ICS O 0.00 One-sided - @ 0.75 tea_leaf module.tea leaf_ 35.28 OMP thread 6
» O 0.00 File I/O » 0.26 timer_ 35.29 OMP thread 7
~ O 0.00 OpenMP » @ 51.30 update halo_module.update h 35.29 OMP thread 8
~ O 0.00 Synchronization » @ 6.22 tea leaf kernel cg module.tea_ 35.29 OMP thread 9
- O 0.00 Barrier » @ 1.03 tea_module.tea_allsum_ 35.29 OMP thread 10
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O 0.00 Critical - @ 1.69 $omp paraliel @tea_leaf cg. 35.59 Master thread
0 0.00 Lock API 35.58 OMP thread 1
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O 0.00 Flush - W 2.43 tea leaf kernel cg module.tea_ 35.58 OMP thread 4
O 0.00 Overhead - m 2.01 'Somp paraliel @tea leaf cg. 35.58 OMP thread 5
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[ I
‘f
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Vampir Event Trace Visualizer

= Offline trace visualization for Score-P’s
OTF2 trace files
= VVisualization of MPI, OpenMP

and application events:

= All diagrams highly customizable (through context menus)
= Large variety of displays for ANY part of the trace

= http://www.vampir.eu

= Advantage:
= Detailed view of dynamic application behavior
= Disadvantage:

= Requires event traces (huge amount of data)
= Completely manual analysis
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Vampir Displays

W' File View Help =] S

View Chart Filter
EXLOTERS &G o~ | W NI ONRD ININE SO0 i

Timeline Function Summary
All Processes, Accumulated Exclusive Time p...
0s 55 10 s 15s 20 s 25 s 30s 35s 40 s 500 s 0s
: ; ; ; ; ; ; ; .- OV |
Process 8 MP|
................. PHvS
Process 25 i
24295072 s WRF
Process 42 112.424503 s Ijo
3.467969 5 |10
Process 59 : . . ' : ! . . 2.165661 5 |Appl..tion
Process 0 : : : : : : : -
; ; ; 1 ] H : 1.391392 5 [VT_API b
1 i | ﬂ
2 Communication Matrix View
3 Mumber of Messages
4
5 ]
5]

S50M
jM
Function Legend Frocess Summary Context View
Application - ® Function Summary £ l -
O™ 20 s
W o Property |\a’a|ue |
D T Display Function Summary
L EY Function Group MPI (&)
[ Accumulated Exclusive Time 748.945947 s (29.198329%)
[T pHyvs
W vT_APi
M \RF hd
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Vampir: Timeline Diagram

» Functions organized into W Fle View iy =[e]x
groups ENLOTERS BC VA | SN I MAFAN) WOV (UMD TWENED I I |
Timeline _! App“E:;;:m Legen
0s 58 10s 15 s 20 s 255 30s 35s 40 s .DYN
) ; ; Mo
» Coloring by group proces B
Process 7 PHYS I
Process 10 = \\;rR—FApl
» Message lines can be colored process 13
by tag or size B
i Context View
Process 22 - 5= Master Timeline (£ l -
Process 25 : Property |Va|ue
= Information about states, NN Dy HoserTine
- 4 Function Name open
messages, collective and I/0O Process 34 Function Group 10
Process 37 x Interval Begin  0.222 s
operations available through process a0 RS buraton 1435
. . . Process 43 E Source Fi.Ie
clicking on the representation process 45 [
Process 49 4
Process 52 ]
Process 55 :_
Process 58 :
Process 61 :
|| ; : : I
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Vampir: Process and Counter Timelines
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= Process timeline
show call stack nesting

= Counter timelines
for hardware and
software counters

W File ‘iew Help
Wiew Chart Filter

S o 7 NN I OUCIRY OO VUNURI IRAED SIRTIAN SR fhim

ENWLOTIER
Timeline
1789s 180s 18.1s 1825 183 s 184 s
Process 0 : |
I | |1 I (11 (T [T T 1 1 (T [
s T UMWY TR WI IMI 1,
4]
7 | —
Process 63 3
2 | o
3 | (.
a LI A I| I|||||I||II|I [ | LTI {1 O I 1 o O 0 (1T IO
: ! —m‘Iq ¢l L LT
7 g | -]
Process 0, Values of Counter "MEM_APP_ALLOC" over Time
S50 M
oM : : : : H
Process 63, Values of Counter "ru_| ut|me overTlme
- - i ' Mo i
--\..€||[ |'[ ]Ill e AN e V! N | M |I[ 1 LS )"J 1', ------ \
. ) -
750 k 1 Vo IUI ILJ u u o \ : ..
0k -
Kl [l 2

_|=] %

Function Legend

M Application

B o

Mo

Mo

B mEM

PHYS
B T AP
B wrr
Context View
™" Process Timeline [£] l =

Property |\a’a|ue
Display Process Timeline
Type Function

Function Name MPI_Wait
Function Group MPI
Interval Begin  18.121 s

Interval End 18.121s
Duration Os
Source File

Source Line
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Vampir: Execution Statistics

= Aggregated profiling

“ew Chart Filter

information: ENLOTERS GG v 7 I N NN

Function Summary
All Processes, Accumulated Exclusive Time per Function Group

execution time,
number of calls,
inclusive/exclusive

MPI [38,185731 5]

= Available for all / any

group (activity) or
all routines (symbols)

DYN [135.259444 s]
PHYS [73.474569 s]

= Available for any part of the trace

All Processes, Accumulated Exclusive Time per Function

30s

20s

34.847761 s

(8] x

unction Summary

10s 0s
solve_em_ =1
module_radiati...iation_driver_
MPI_Wait

9797311 s
8.571178
8.207032

3.66
3.59
33

10i030524 s

7.818991s -
3.885892 5 .
3.882541 s module_

29659335
2614258 s
2.448083 s

module_microp...ysics_driver_
module_em_m..._step_prep_ |
Il module_em_mp_rk_tendency_
module_small...p_advance_w_
module_pbl_dr...p_pbl_driver_
module_advect...dvect_scalar_
module_small..._advance_uv_
module_small...dvance_mu_t_
module_small_...p_calc_p_rho_
srmall_...||_step_prep_
714 s module_small..._mp_sumflux_
342 s S MPI_lsend

5295 - module_cumul...ulus_driver_
module_em_mp...date_scalar_
module_em_m...ddtend_dry_
module_advec...mp_advect_u_

2.440911 s module_adve...p_advect_w_
2.392384 5 module_advec...mp_advect_v_
2.295455 s [ MPI_lrecv
2147392 s [ {module_surfac, .rface_driver_
1.739366 s @ module_small_..._step_finish_
1.265127 s @module_em_m...o_tendency_
1.141828 s @module_small_..._calc_coef w_
774{4239 ms |{module_physi..._mp_add_az2a_
700,

4165 ms ffmodule_em_m...e_phy_tend_ ~|

= selectable through time line diagram
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Vampir: Process

Summary
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= Execution statistics
over all processes
for comparison

= Clustering mode
available for large
process counts

Trace View - fhome/doleschajtracetiles/feature-traces/wrt-p6d-io-mem-rusage/wrf. 1h. ot
' File View Help =
View Chart Filter

SEXLOTERS G v+ |IEINNIN N NN UNIED RN RIS

Process Summary

' File View Help
View Chart Filter

ERrke3IE

0s

Trace View - fhome/dolescha/tracetiles/feature-traces/wrt-p6d-io-mem-rusage/wrt. Th.ot’

RS &G v+ | | DU NI N

Process Summary
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Vampir: Communication Statistics

= Byte and message count, ML o iew Heb
EL©TIEWS GG v 2 | I T N NN TR R G

min/max/avg message length o
and min/max/avg bandwidth

3

o

&
& i
£

o
T Q@
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2501
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Vampir: CUDA Example
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Motivation
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While interactive trace visualization

is often intuitive...
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trace tools 9
scalasca

» Scalable trace-based performance analysis toolset for the most popular

parallel programming paradigms

= Current focus: MPI, OpenMP, and (to a limited extend) POSIX threads

= Analysis of traces including only host-side events from applications using CUDA, OpenCL, or
OpenACC (also in combination with MPI and/or OpenMP) is possible, but results need to be
interpreted with some care

= Specifically targeting large-scale parallel applications
= Demonstrated scalability up to 1.8 million parallel threads
= Of course also works at small/medium scale

= | atest release:
» Scalasca Trace Tools v2.6.1 (Dec 2022)

EPICURE GPU HACKATHON (CINECA, BOLOGNA, ITALY, 28 - 31 OCTOBER 2024) 27
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Automatic trace analysis

» Jdea
= Automatic search for patterns of inefficient behavior
= Classification of behavior & quantification of significance
= Identification of delays as root causes of inefficiencies

Call
£t path
<> @
Low-level High-level — ;el
event trace result Pl
Locat{on

» Guaranteed to cover the entire event trace
= Quicker than manual/visual trace analysis
= Parallel replay analysis exploits available memory & processors to deliver scalability
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Example: “Late Sender” wait state

A\
o) MPI Send MPI Send
2 ~ ~
S MPI Recv MPI Irecv [ MPI Wait -
< > <> )
A time
5 MPI Isend MPI Wait MPI Isend MPI Wait
3 ™~ I
S MPI Recv MPI Irecv H MPI Wait
> - ,

= Waiting time caused by a blocking receive operation posted earlier than the

corresponding send

= Applies to blocking as well as non-blocking communication

EPICURE GPU HACKATHON (CINECA, BOLOGNA, ITALY, 28 - 31 OCTOBER 2024)

time
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Example: Critical path

foo foobar
S
>

foo Send bar foobar

time

Computation Communication _ Critical path

= Shows call paths and processes/threads that are responsible for the program’s

wall-clock runtime
» [dentifies good optimization candidates and parallelization bottlenecks
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Example: Root-cause analysis

A Send
. Computation
(@)
O 5 o
g. B Recv Send — Communication
o
-

T S— \ Wait state
N
< Indirect >< Direct >

@)

N
7

time

» Classifies wait states into direct and indirect (i.e., caused by other wait states)
= Jdentifies delays (excess computation/communication) as root causes of wait states

= Attributes wait states as delay costs

EPICURE GPU HACKATHON (CINECA, BOLOGNA, ITALY, 28 - 31 OCTOBER 2024)
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Scalasca Trace Tools features

= Open source: 3-clause BSD license
= Portability: supports all major HPC platforms
= Scalability: successful analyses with >1M threads

» Uses Score-P instrumenter & measurement libraries

» Scalasca v2 core package focuses on trace-based analyses
= Provides convenience commands for measurement, analysis, and postprocessing

= Supports common data formats
» Reads event traces in OTF2 format
» Writes analysis reports in CUBE4 format

= Current limitations:

= Unable to handle traces ...
» with MPI thread level exceeding MPI_THREAD_FUNNELED
= containing memory events, CUDA/HIP/OpenCL device events (kernel, memcpy), SHMEM, or OpenMP nested parallelism

= PAPI/rusage metrics for trace events are ignored

EPICURE GPU HACKATHON (CINECA, BOLOGNA, ITALY, 28 - 31 OCTOBER 2024) 32



Putting it all together
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Optimized measurement configuration

1
\4

Measurement

1
Summary

library

Instr. HWC

target

o
| . o —
@, application
| -
@)
O
0] 1
Instrumented

executable

Instrumenter
compiler/linker

Source
code

EPICURE GPU HACKATHON (CINECA, BOLOGNA, ITALY, 28 - 31 OCTOBER 2024)
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Vampir

Parallel trace
analysis

report

Trace
analysis
report

Scalasca Trace Tools
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