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HPC development Solutions from Linaro

Build reliable and optimized code on multiple Server and HPC architectures

Linaro Forge combines

X - |___| Performance

Engineering for any

Linaro DDT Linaro MAP Linaro hitect £
Performance Reports architecture, at any
Market leading, simple to use Effortless performance . . I
HPC debugger for C/C+#, analysis for experts and At a glance, single-page, application scale
Fortran and Python novices alike. performance summary.

applications.
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gdb under the hood

Leveraging the gdb community

GDB is the underlying technology
e Linaro upstreams patches to the gdb community
e Forge team raises and fixes gdb bugs

Nimble at supporting new technologies
e Rely on hardware vendors to add gdb support
e Rely on software consortiums to add gdb support
e Helps us to stay current with technologies
e Provides a state of the art debugger
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Scaling gdb

Tree network topology
e Tree server design is how Forge is able to scale
e Send bulk commands and merge responses
e Aggregate the data instead of broadcasting thousands of responses
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DDT Supported platforms

Works across hardware architectures and HPC technologies

CPU Architecture
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DDT UI

File Edit Yiew Control Jools Window Help

PR ELAEFBEEIER ! OO o

Current Group: * Focus on current: ® Group | Proc Thread
e 1 Process controls " -
p. 512 processes (0-511) Paused: 512 Playing: 0 Finished: 0
Currently selected: 1 {on comp000, pid 1003)
e 2 Process groups Do v 02N O Pt P 0 e
. 171 processes (0.3.6.9,12,15,18.21.24,27,30,... (171 total)) Paused: 171 Playing: 0 Finished: 0
e 3 Source Code view S |
Project Files @8 | » petoc " ¥ hello.c X Locals = Current Line(s)  Current Stack
. Search (Ctri+K) % 138 sprintfimessage, “Greetings from process %d!*, my rank); - Locals Gl
. 4 Varlables - @ Application Code 131 printf("sending message from (%d)\n", my_rank); Name Vvalue
132 dest = 0; -1
. : :.Is"‘m:es 133 /* Use strien(message)+l to include '\@' */ ’ x x 7 FFiFfFRd
134 MPI_Send(message, strlen(message) + 1, MPI_CHAR, dest, tag, MPI_COMM WORLD) beingWatched — 0
e 5 Evaluate window ST e e
— - else dest —0
6 P II | St k : —::x:;:z::g;: 137 /* my rank == @ */ v dynamicArray 0x818020
— 138 + for (source = 1; source < p; source++) { ’ x 7
. ara e aC ® funcl() : void 139 printf(“waiting for message from (%d)\n", source); I.'“'m -0 )
:"u""‘ig i'"'d 140 MPI Recv(message, 186, MPI CHAR, source, tag, MPI COMM WORLD, &status); message -
u . nc3) : vou 141 printf(“\s\n", message); my_rank ~ 1
o 7/ PI’OjeCt f||eS o momnt sgc.char = ol beingWatched++; b — s
typeOne 143 } source — 32767
. . . ® typeThree 144 } b status
® typelwo 145 r 2 0x603050
e 8 Find a file or function R g o

147 if (argvii) &5 !'stremplargv(i], "mencrash®)) tag — 50
148 func3(); ' test
149 x — 10000

150 for (1 « 1; 1 < argc; 1++) y _—12
151 if (argviil && Istromplargvlil, "guardafter*)) -
. | = . ndl rivba bt bkl ,
InputiOutput  Breakpoints  Watchpoints | Stacks (AN} Tracepaints  Tracepoint Output  Logbook Evaluate ]
Stacks (AN) 2@ Name ~ 7 Value =
esses Fun(bon . :;; myb.gN_ra’M ! 00001
1 main (hello.c:148) x+y — 10012

(6 (5
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DDT Highlights

for {1 =0 ; 1 < SIZE_N; 1+4) ¢, hello.
inpaOuput | el | | Sl By AL hello.c % |
Tracepoini Outpul CLaInn = e A This file is newer than your program. Please recompile then restart your debugging session.
for {i =@ ; i < SIZE M; i++) 43 else
Tracepoint Processes Values logged for (j =@ ; j < SIZE N; jee) A 4 test=-1:
976, ranks Tor (k=8 ;: k < STZE 0; kel 5} !
hone 0851y s, | MR = s o Wy 20 o ey Cirtll e ALK S LKL 46
47 = void func3()
%0, ranks .
o081 s, | T 1 P Prozezz 0: . L
A, ranks Fr stopped st wakchpaint "rank Iwatchmatrix.c:45) i void* 1 = (void¥) 1;
, ranl 9 oCess stopp nt *rank”® in man [w: .C:45). A hile(i 13
vhone 085 mype | 2350 ol M8 mod Nz 50 while(i++ || 1)
wienznn. | " ) WY ™ , o vahsa: 0 S free((void®)i):
99, ranks e A portabitity itis of type 'void *'. When using void pointers in calculations, the behaviour is undefined.
vhone 1081 DALT2BN ks —— 1 kmax pez ' Aways show this window for watchpants
T ) printf(* e = ” e = Left click to add a breakpoint on line 50
Vione 085 mpe <] 3w o W 28 oo oy . 55 {
21722312 +7 (arge
8 s for (1 =@; 1 = SIZF M; i++) 56 typeThree test;
an [ ( 57 typeThree* t2;
e €081 1) ., | ! p printt ("] "}; 58 | int i

The scalable print alternative

Stop on variable change

Static analysis warnings on code errors

if (argv[i] & !stremp(argv([i], "crash")) {
argv[i] = 0;
printf("%s", *(char **)argv[i]);
/* we shall sej

[emary e | alozation Bbie

2aemse

Program Stopped

H }
Memory D in
emo y ebugg g } o Processes 0-3:
. . . funcl(); Memory error detected in main (hello.c:118):

# Enable reading of debug environment variables: -
func2(); Il pointer derefel ligned

host:~/demo> export NEOReadDebugKeys=1 fp,in{}(stderr, . A T T e T I T s

Note: the latter may sometimes occur spuriously if guard pages are
i =1 enabled Atocation Deis

beingatched = 1; Tip: Use the sback.list apd the local variables to explore your program's

# Disable RTLD DEEPBIND, so that malloc/free calls bind to currentstateand identifyithe source ofithe’ertor:

# our memory debug library, instead of glibc: §§§§;§"§“};F§“t~s = .:“_

host:~/demo> export NEODisableDeepBind=1 beingWatched = 0; [ ]

Bek =R usiom ARca... | s |

Detect read/write beyond array bounds Detect stale memory allocations
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Memory Debugging

Run . . .
, When manual linking is used,
Run: mpirun -n 8 ./mmult2_c.exe Details
H 11 7
Command: \mpirun -n 8 ./mmult2_c.exe | untick “Preload” box
L OpenMP Detail
¥/ CUDA: Track allocations: enabled, Detect invalid accesses: disabled Details
¥ Track GPU allocations (also enables CPU memory debugging) |V Preload the memory debugging library] Language: | Recommended - |
I Detect invalid accesses (memcheck) Note: Preloading only works for programs linked against shared libraries. If your
program is statically linked, you must relink it against the dmalloc library
¥ Memory Debugging: Fast, 1 guard page after, Backtraces, Preload m manually.
R ~ Heap Debugging
Plugins: none Detail$
Fast Balanced Thorough Custom
Enabled Checks: basic More Information

Heap Overflow/Underflow Detection
Program Stopped X
Add guard pages to detect out of bounds heap access

' Processes 0-3: L[

. Ad d
Memory error detected in main (leaky.c:60): —
Set node memory threshold at | | | percent
over node memory threshold limit Check heap consistency every | ' heap operations

V| Store stack backtraces for memory allocations

Exemplar node: ul01462-vm1 (process 0)

L3

Only enable for these processes:

| |
| Help oK Cancel |
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MDA Viewer

Multi-Dimensional Array Viewer X

. . ? Array Expression: [tables[$i][$j] lv] I Evaluate ]
What does your data IOOk Ilke at ru ntlme - Distributed Array Dimensions: How do | view distributed arrays? | Cance|
| | Staggered Array What does this do? || Align Stack Frames
Range of si Range of $j | | Auto-update
View arrays Fam:
e On a single process oo O FEU =
e Or distributed on many ranks Display: Display:
Use metavariables to browse the array ] only show . | | see Examples
e Example: Siand §j Data Table | statistics |
e Metavariables are unrelated to the variables in your program ) Goto P Visualze [ Export . Full Window
e The bounds to view can be specified i ]
) ] . 0 (1 |2 |3 |4 |5 |6 [7 [8 [9 [10 [11] B
e \Visualise draws a 3D representation of the array io 2| 3| 4 s| e 7| 8 9 10 1
1 2 4 6 8| 10| 12| 14| 16| 18 20| 2
Data can also be filtered 2 31 e 9 12 15| 18 21 24] 27| 30 3
3 4 8l 12| 16| 20 24| 28| 32| 36| 400 4
e “Only show if”: Svalue>0 for example Svalue being a specific 4 5| 10] 15| 20[ 25[ 30] 35] 40 45| s0[ 5
| f h 5 6 12| 18 24| 30| 36| 42| 48| 54| 60 6
element of the array 6 7| 14] 21| 28] 35[ 42| 49| s6] 63| 70| 7
7 8| 16| 24 32| 40| 48| 56| 64| 72| 80| 8
8 9 18| 27| 36| 45| 54| 63 72| 81| 90| 9
9 10| 20/ 30| 40{ 50| 60| 70 80/ 90| 100| 11
10 11| 22| 33| 44| 55| 66| 77| 88 99 110] 12
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Terminology

NVIDIA GPU AMD GPU Intel GPU
Name CUDA ROCm Xe
Language CUDA C/C++ and Fortran HIP SYCL
Execution Unit Warp Wavefront Sub-group
EU Size 32 Threads 64 Threads 8, 16 or 32 Threads
EU GDB GDB Thread GDB Thread
EU Thread Lane Lane (work-item)
Forge GPU Thread Lane Lane Lane

ATPESC2025
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Debugging Intel Xe GPUs

: . = Lol J[z][3 ][« ][ ][ ][z ][ ][ ][r0][n][12][1a][re][1][16 ][+7][18][10 ][20] [21][22][23][24][25 ] [26][27][28 ] [28][s0][31 ] [32][33][34][35] 36 ]
Using Linaro DDT (575 5 s o) o) o) o) ) o) o) o) ) ) )2 ) o ) ) o) o) e o ]
GPU Threads Block 0C 0/ 0/ Thread 0 '/ 0 C 0/C Go
. (x]5] Project Files ™ matrix_mul_sycl.... ‘ Current Line(s) | Locals | Current Stack
Debug code simultaneously on the GPU and the CPU oo (s 18 cout <|< "Device: " << q.get_device().get_info<info::devic |©@© GPU Devices
— 49 // Create 2D buffers for matrices, buffer c is bound with A“';b”‘f":)a_’gf [value
B in 50 buffer<float, 2> a buf(range(M, N)); 'anlnieI(R) Data Center GPU Max 1650
. . & init.c 51 buffer<float, 2> b buf(range(N, P)); IDs 1
Controlling the GPU execution: s 52 buffer c buf (reinterpret cast<float *>(c back), range (M, Cores aas
. i . ) ™ S 53 cout << "Problem size: c(" << M << "," << P << ") = a(" <
e All active threads in a Sub-group will execute in o 54 << ™) % b(" << N << ", << P << ")\n";
. . M Istat.c 55 // Using three command groups to illustrate execution ord:
lockstep. Therefore, DDT will step16 threads at a time. 56 // first two command groups for initializing matrices is I
. ® _anona07db4{60102(autc 57 // efficient way. It just demonstrates the implicit multi:
° PIaY/Contlnue runs all GPU threads ® —a”°"a°7db4f6°2°2(a“t| 58 // execution ordering.
. . :_::2::;:22:2222;::: 59 // Submit command group to queue to initialize matrix a
e Pause will pause a running kernel & “orona0Tdbe60502(an 60 - q.submit ([&] (auto &h) {
® __anona07db4f60602(aut 61 // Get write only access to the buffer on a device.
® main() :int 62 accessor a(a_buf, h, write only);
.. ® ValueSame(float a,float b) 63 // Execute kernel.
Key (add|t|0nal) GPU features: ~ ® VerifyResult(float (* c_bac 64 « h.parallel for(range(M, N), [=](auto index) {
. ;“ ) 65 // Each element of matrix a is 1.
e Kernel Progress View D o 26 alindex] = 1.0f;
M osd 7 )i
e GPU thread in parallel stack view m 68 b
i H [Xe) // Quhmit ~Aammand arann ta miene tA initialive matrriv h
L] GPU Thread SeleCtor Input/Output | Breakpoints | Watchpoints | Stacks (All) Tracepoints | Tracepoint Output | Logbook | (x]-] Evaluate
H [x] =] Kernel Progress View Name Value
° GPU DeVICe Pane Kernel Processes ‘ Progress | M — 150

main::{lambda(auto:...

Kernels must be compiled with the -g and -O0 flags

0-1

not scheduled [ scheduled [l selected

ATPESC2025

How do | interpret GPU kernel progress? |[Type: const int
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Debugging Nvidia GPUs

Current Group: | All

Using Linaro DDT

>u|E &K E BB Er E) EE !

(€5

~ |Focus on current: @ Group () Process ()

All
Create Group

Project Files

Controlling the GPU execution:

e All active threads in a warp will execute in lockstep
Therefore, DDT will step 32 threads at a time.

e Play/Continue runs all GPU threads
e Pause will pause a running kernel

» & Extemal Code

Key (additional) GPU features:
e Kernel Progress View
GPU thread in parallel stack view

GPU Threads (Process 23, saxpy<int>)

® saxpy(const int els,const

® saxpy_test() : int

EIEIEIEIE G E] ] fo] (2] 2] (3] 34] (5] (36] (27] (18] [39] [20] [21] [22] (23] 24] [25] 5] (z2] (28] (28] ool (2]

Block (167 [2| [ | |[ "] | Thread | 966 3| | | ] Grid size: 792x1x1 Block size: 1024x1x1

# kpy-visualize-mpi.cu X Locals
~ Locals

[ ]
e GPU Thread Selector
e GPU Device Pane

For NVIDIA’s nvcc compiler, kernels must be compiled
with the -g and -G flags

ATPESC2025

[ not scheduled [l scheduled [l selected

Current Line(s) ~ Current Stack

extremecomputingtraining.anl.gov

1 #include
2 #1incl: Name Value
3 #incl: a =2
4 #incl »x Oxffcfe6a7f18
5 ry Oxfffcfeaa7f18
6 > xv <unavailable>
7  device 1d saxpy_op( e — yw <unavailable>
8 const T con.
® saxpy_op(const T a,cons! B T * 1 const y) {
© 10 ] const T xv X
1n const T yv = *y
12 *y * x
13
14
15 la
16 jlobal__ void sax
17
18 rict__ const
13 v T *# _ restrict__ const y) {
20 int 1 = blockI * C I :
21
22 (1 < els)
23 saxpy_op(a, &x[i], &y[1]); // [in-kernel]
24 )
260N template <typename T>
27 ¥ int saxpy test() { =
‘ - »
Stacks (All) | Kemel Progress View | Tracepoints Tracepoint Output | Logbook GPU Devices | Evaluate
GPU Devices
Progress Attribute Name Value
I |~ e :
~ GH100GL-B 4 Devices
IDs 03
Compute Capability sm_90
Number of SMs 132
Warps per SM 64
Lanes per Warp 32
Registers per Lane 255
How do | interpret GPU kernel progress? |

Argonne &
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Parallel Stack view

(_/ :
Display location and number of threads wo/c
®
- Q AN
Input/Out... | Breakpo... | Watchpoi... BE CRIR- M Kernel Progress V... Tracepo...| Tracepoint Out... | Logb...
06 Stacks (Process 0) /
Threads | GPU Thread Function o &<
1 39734 main::{lambda(auto:1&)#1}::operator()<sycl::_V1::handler>(sycl::_V1::handler&) cc \
1 1 7680/  main:{lambda(auto:1&)#2}::operator()<sycl::_V1::handler>(sycl::_V1::handler&) cons L
1M 1 161 main:{lambda(auto:1&)#2}::operator()<sycl::_V1::handler>(sycl::_V1::handler&) cor
1 7664 v <truncated> 7
1 7664 main::{ /home/rshand/examples/matrix_mul_sycl.cpp:76 ///
. | .
(| — 0. |> main (mat! Kernel 2: 16 GPU threads LL

oﬁ

| /—Vé/
——<<<(0,0,0),(128,0,0)>>>..<<<(0,0,0),(135,0,0)>>> (8 threads) O

L <<<(0,0,0).(128,1,0)>>> ..<<<(0,0,0) , (135,1,0)>>> (8 threads) (/—/ N\

Click stack item /—\/ A

o« /
e Select GPU Thread [ = 7T
e Update variable display o /
e Move Source Code Viewer //
Tooltip displays . o
e GPU Thread Ranges . ~ <

o_/ P /
e Size of each range \:L/.L/
ATPESC2025 extremecomputingtraining.anl.gov Argon ne s
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Python Debugging

« Debug Features
« Sparklines for Python variables
+ Tracepoints
« MDA viewer
+ Mixed language support

 Improved Evaluations:
+ Matrix objects
+ Array objects
+ Pandas DataFrame
+ Series objects

- Python Specific:
+ Stop on uncaught Python exception
« Show F-string variables in “Current Line” display
« Mpidpy, NumPy, SciPy

ddt --connect mpirun -n 8 python3
%allinea_python_debug% ./mmult.py

ATPESC2025

@ Linaro DDT - Linaro Forge 23.1

B i R €

Process Thread

> & O B

Current Group:  All < Focus on current: @ Group

[oll+][2][s][s][s][e][7]

2 mmult..

Create Group

x g Project Files

mr == 0:
fortran style array order:
mat_a numpy.ndarray (shape=(sz,
mat_b numpy.ndarray (shape=(sz,
mat_c numpy.ndarray (shape=(sz,

order="'F"')
order="'F")
order='F")

sz),
sz),
Sz) ,

dtype="'d"',
dtype="d"',
Ismr.py dtype='d",

Isar.py mat_a =
mat b

mat ¢ =

order='C')
order='C")
order='C")

numpy.ndarray (shape=(sz*sz),
numpy.ndarray (shape=(sz*sz),
numpy.ndarray (shape=(sz*sz),

dtype='d',
dtype='d",
Izma.py dtype=td¥,
machinery.py
main.py

matfuncs.py

matfuncs.py

("{}::Initializing:matrices...".
minit (sz, fortran style array order, mat_a)
minit (sz, fortran style array order, mat b)
minit (sz, fortran style array order, mat_c)

(mr) )

("{}: Sending matrices".
i (1, nproc):

(mr))

fortran style array order:
mat_a slice = mat_c[:, i*mslice r:(i+l)*mslice r]
mat ¢ slice = mat c[:, i*mslice r: (i+l)*mslice r]

C

=
2
2
2
2
2
2
2
-]
-]
-]
-]
2

memmap.py

Locals
x &

Current Line(s)
Locals

Current Stack

Name | Value
comm
filename
fortran_style_array_...
intercomm
kernel
mat_a
mat_b

[0]

[1000]

[100]

[101]

[102]

[103]

"'res_Py...

—EIR
Interco...
ngn

Input/Output  Breakpoints Watchpoints Stacks (All) Tracepoints Tracepoint Output Logbook | X &

Evaluate

* 8 Stacks (All) Name | value

mslice T 512
nproc o 8

Processes | Function ~ |
1 N - <module> (allinea_ddt_trace.py:155)
main (allinea_ddt_trace.py:140)
<module> (mmult.py:215)
main (mmult.py:134)

extremecomputingtraining.anl.gov
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DDT in offline mode

Run the application under DDT and halt or report when a failure occurs

You can run the debugger in non-interactive mode

e For long-running jobs / debugging at very high scale
e For automated testing, continuous integration...

To do so, use following arguments:
e S ddt --offline --output=report.html mpirun ./jacobi_omp_mpi_gnu.exe

o --offline enable non-interactive debugging

o =--output specifies the name and output of the non-interactive debugging session
(HTML or Txt)

o Add --mem-debug to enable memory debugging and memory leak detection

ddt --offline -o jacobi_omp_mpi_gnu_debug.txt \
--trace-at _jacobi.F90:83,residual \

mpirun ./jacobi omp mpi gnu.exe

ATPESC2025 extremecomputingtraining.anl.gov Argon ne °



The Forge GUI and where to run it

Forge provides a powerful GUIs that can be run in a variety of configurations

mycluster-login

mydesktop
! D ) Q
—

gsub

Compute Nodes

ATPESC2025 extremecomputingtraining.anl.gov Argon ne s



Remote connection to Aurora

Linaro
Forge

RUN
Run and debug a program.

ATTACH
Attach to an already running program.

OPEN CORE
Open a core file from a previous run.

MANUAL LAUNCH (ADVANCED)
Manually launch the backend yourself.

OPTIONS
Remote Launch:
Configure...

Get trial licence

Support
linaroforge.com

@ Remote Client ?

ATPESC2025

Connection Name:

Host Name:

Remote Installation Directory:

Remote Script:

Private Key:

KeepAlive Packets:

Interval:

Remote Launch Settings

aurora

rshand@login.aurora.alcf.anl.gov

[/lus/flare/projects/Tools/jkwack/Linaro/forge/25.0.1

Always look for source files locally

Enable

Test Remote Launch

Cancel

extremecomputingtraining.anl.gov Argon ne G
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Cheat sheet

Training material Interactive Session

1. Getting the examples gsub -1 -l select=1 -| filesystems=home:flar
cp /flare/ATPESC2025/EXAMPLE S/track6-tools/linaro-forge/linaro-forge-training.tar.9gz  \yalitime=1:00:00 - ATPESC -AATP

tar -xf linaro-forge-training.tar.gz

2. Set the path to the forge training folder Forge command

export FORGE_TRAINING=<path_to_training_folder> ddt --connec

Forge Client (On local machine)
Install Forge client https.//www.linaroforge.com/downloadForge

Running with a batch script
gsub $FORGE_TRAINING/submit-polaris.sh

ATPESC2025 extremecomputingtraining.anl.gov Argon ne s


https://docs.linaroforge.com/23.1/html/forge/forge/index.html
https://www.linaroforge.com/downloadForge
https://docs.linaroforge.com/latest/html/forge/forge/index.html
https://docs.alcf.anl.gov/aurora/debugging/ddt-aurora/#invoking-the-ddt-server-from-aurora

Debugging with DDT on Aurora

1. build deadlock, simple, memory_debugging and split examples
cd $FORGE_TRAINING/correctness/debug
make

2. Get an interactive session

3. export FORGE_LICENSE_FILE=/pe/licenses/arm_forge/Licence

4. split
/lus/flare/projects/Tools/jkwack/Linaro/forge/25.0. 1/bin/ddt --np=12 --connect --mpi=generi

5. deadlock
/lus/flare/projects/Tools/jkwack/Linaro/forge/25.0. 1/bin/ddt --np=12 --con

6. Memory_debugging
/lus/flare/projects/Tools/jkwack/Linaro/forge/25.0. 1/bin/d
/lus/flare/projects/Tools/jkwack/Linaro/forge/25.0. 1/bi

ATPESC2025 extremecomputingtraining.anl.gov Argon ne s



Debugging Intel Xe GPUs using DDT on Aurora

cd $FORGE_TRAINING/correctness/gpu—intel-mmult

mpicxx —fsycl —-g -00 matrix_mul_sycl.cpp —o matrixmul

qgsub —1 select=2 -1 walltime=1:00:00 -1 filesystems=home:flare -A ATPESC2025 -q ATPESC -I
. /soft/compilers/oneapi/2025.1.0/debugger/2025. 1/env/vars.sh

https://docs.alcf.anl.gov/aurora/debugging/ddt-aurora/#invoking—the-ddt-server—-from-aurora

ddt —--np=24 —--connect —--mpi=generic —-mpiargs="--ppn 12 ——envall" ./matrixmul

ATPESC2025 extremecomputingtraining.anl.gov Argon ne s


https://docs.alcf.anl.gov/aurora/debugging/ddt-aurora/#invoking-the-ddt-server-from-aurora

MAP Supported platforms

Works across hardware architectures and HPC technologies

s |SR00) | Rk |25 LKD) i o

) e ) (cniiznzoe) N D

£ ) ' 4

{ AMD ROCm J { NVIDACUDA GPU Accelerator

CPU Architecture
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Linaro Performance Reports

Characterize and understand the performance of HPC application runs

'5,:’.“

Commercially
supported by Linaro

O

Accurate and
Astute insight

5

Relevant advice
to avoid pitfalls

ATPESC2025

Gather a rich set of data
e Analyses metric around CPU, memory, 10, hardware counters, etc.
e Possibility for users to add their own metrics

Build a culture of application performance & efficiency awareness
e Analyses data and reports the information that matters to users
e Provides simple guidance to help improve workloads’ efficiency

Adds value to typical users’ workflows
e Define application behaviour and performance expectations
e Integrate outputs to various systems for validation (eg. continuous integration)
e Can be automated completely (no user intervention)

extremecomputingtraining.anl.gov
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Linaro Performance Reports

A high-level view of application performance with “plain English” insights

mpiexec.hydra -host node-1,node-2 -map-by |/O
spcket -n 16 -ppn 8 ./Bin/low_freq/../../Src//hydro

Command:

arm -i A breakdown of the 16.2% /0 time:
PERFORMANCE ./Bin/low_freq/../../../../Input/input_250x125_corner.nml . .
REPORTS Resources: 2 nodes (8 physical, 8 logical cores per node) Time in reads 0.0% |

Memory: 15 GiB per node Time in writes 100.0% NN
Fasks: 16 processes, OMP_NUM_THREADS was 1 .
Machine node-1 Effective process read rate  0.00 bytes/s |
Start time: ThuJul 9 2015 10:32:13 Effective process write rate ~ 1.38 MB/s [N
Fotal time: 165 seconds (about 3 minutes)
Full path: Bin/../Src Most of the time is spent in write operations with a very low

effective transfer rate. This may be caused by contention for the
filesystem or inefficient access patterns. Use an 1/O profiler to
investigate which write calls are affected.

Summary: hydro is MPI-bound in this configuration

C 20.6% - Time spent running application code. High values are usually good.
OmpUte ' This is very low; focus on improving MPI or I/O performance first
MPI 63.2% _ Time spent in MPI calls. High values are usually bad.
’ This is high; check the MPI breakdown for advice on reducing it
16.2% . Time spent in filesystem 1/0. High values are usually bad.
I/ O : This is average; check the I/O breakdown section for optimization advice

ATPESC2025 extremecomputingtraining.anl.gov Argon ne s
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Performance Roadmap

Verification

Opti miZi ng h ig h performance appl ications ® @ Validate corrections and
Vectorization optimal performance

® Understand numerical intensity
Cores and vectorization level.

Improving the efficiency of your parallel ® Discover synchronization @ Hot loops, unvectorized code and

overhead and core utilization GPU performance reveleaed

software holds the key to solving more o Synchronization-heavy code and
complex research problems faster. mbicL barers e reveaes

This pragmatic, 9 Step best practice guide, B
will help you identify and focus on = @ Reveal lines of code bottlenecked by

memory access times.

application readiness, bottlenecks and @ Trace allocation and use of hot data

i p 5 structure
optimizations one step at a time.
Communication
Workloads ® Track communication performance.

o) © Detect issues with balance. @ Discover which communication calls
® Slow communication calls and are slow and why.

Analyze before you optimize ® Discover lines of code processes.

spending a long time in I/0. Dive into partitioning code.
ugs ®Measure all performance aspects.
® Correct application You can't fix what you can’t see. ® g;atltce?' nasnd debug slow access

©® Prefer real workloads over artificial tests.

Linaro Forge
Linaro Performance Reports {

ATPESC2025 extremecomputingtraining.anl.gov Argon ne a




Linaro Performance Reports Metrics

Lowers expertise requirements by explaining everything in detail right in the report

CPU /O
A breakdown of the 91.2% CPU time:
Multi-threaded single-core code  30.6% SIMD A breakdown of how the 53.9% total I/O time was spent:

parallelism  — | OperMPregions  oo.%% __— Timein -

Scalar numeric ops  9.5% | / para"ellsm Time in W
Vector numeric ops  0.0% | Estimate: Memory

Memory accesses  78.1% [

Estimate{ Per-process memory usage may also affect scaling:

The per-core performance is memory-bound. Use a profiler to
identify time-consuming loops and check their cache Most of tf Mean proce| L us t re
performance. transfer 1l peak proces
Notimeisspd  |\/P| ingfﬁcien Peak
o Load write cally Peaknode | \stre file_operations (per node)
Of the 41.3% total time spentin MPI calls: _—  imbalance The peak nd
Time in collective calls 100.0% | / the total nurl Mean writg Ene rgy
L P o processes a| )
Time in point-to-point calls 0.0% | Peak write
Estimated collective rate 4.07 bytes/s [N A breakdown of how the 32.3 Wh was used:
Estimated point-to-pointrate 0 bytes/s | Mean file q (p, 61.9% N
Allofthe time is sp OpenMP OMP Mean metq System 38.1%
is suggests a sig -
:Aysfhro?:zation ov| A breakdown of the 99.5% time in OpenMP regions: — eﬁICIenCy Mean node power 94.1W [N
profiler. ) .
Computation 58.0% N Peak node power 93.0 W [N
Synchronization 41.1% 1R
System Physical core utilization 100.0% [ Significant time is spent waiting for memory accesses. Reducing
» the CPU clock frequency could reduce overall energy usage.
usage System load 99.7% HH
Significant time is spent synchronizing threads in parallel regions.
Check the affected regions with a profiler.
This may be a sign of overly fine-grained parallelism (OpenMP ; .
AI PESCZ @25 regions in tight 100ps) or workload imbalance. extremecomputingtraining.anl.gov Argon ne
NATIONAL LABORATORY



MAP Capabilities

Profiled: clover leaf on 32 processes, 4 nodes, 32 cores (1 per process) Sampled from: Tue Nov 8 2016 07:59:11 (UTC) for 408.1s

MAP is a sampling based scalable profiler e
e Built on same framework as DDT cPU Resting point 0

319%

e Parallel support for MPI, OpenMP, CUDA Wemoryumage ]

149 MB

e Designed for C/C++/Fortran ol

07:59:11-08:05:59 (408.109s): Main thread compute 2.0 %, OpenMP 60.7 %, MPI 19.1 %, File I/0 8.6 %, Synchronisation . © %, OpenMP overhez

Designed for ‘hot-spot’ analysis e

e Stack traces | e [——
[ ] Augmented with pe rformance metrics = 23 Lc;clos |;¢r T s A S
Input/Output | Project Files | OpenMP Stacks | 0 0.83 .
Adaptlve Sampllng rate Total core time A MPI  Overhea C"U:IY;":/S ol e ]
e Throws data away - 1,000 samples per process JIMETTH Instructions i P
7.0% . .. _ 0.7% 615G /s
e Low overhead, scalable and small file size SO% o e 1% O30 Accesses T —
26% P o 379 M /s oo T, S I e e e
Showing data from 32,000 samples taken over 32 proc L
~, L2 Cache Misses 276 ' o '
125 M /s PR T R ety

ATPESC2025 extremecomputingtraining.anl.gov Argon ne °



MAP Highlights

ympute 76 %, MPI 24 %, File |/

Find the peak memory use

ATPESC2025

. 8%

-6% ..

5%

1%

!‘1ate to'the party
do j=1,20%nprocs; a=s¢
end if

if (pe /= @) then
call MPI_SEND(a, size|
else
do from=1,nprocs-1
call MPI_RECV(b, sii
do j=1,50; b=sqrt(b
print *,"Answer fron
end do
end if
end do

[ call MPI BARRIER(MPI COMM

if (pe == 0) print *,"fle
do iterations=1,2
a(:) = 1000.0"real(pe+2

Fix an MPI imbalance

Inputhutput] Project Files ‘ Main Thread Stacks | Functions

fain Thread Stacks

otal core time 4 MPI

Function(s) on line

Sour,

80.3% I 80.3%
<0.1%
<0.1%

= Call [inlined]

PMPI_File_write at
#6 others
#1 other

= CallActionsSeparatedConcerns [inlined]...

=hemelb::net::IteratedAction::CallActi...
=hemelb::extraction::PropertyActor:....
=hemelb::extraction::PropertyWrite...
hemelb::extraction::LocalPropert...

stef
Call
rety
End]

prog
WPI.

ihowing data from 32,768 samples taken over 512 processes (64 per process)

Remove 1?0 bottleneck

‘ Hide Metrics...

!

L Sleeping © % | CPU floating-point 0 %; Zoom “*1 = ©

Make sure OpenMP regions make sense

Improve memory access

extremecomputingtraining.anl.gov

{

mmult(size, nproc, mat a,

res += A[i*size+k]*B[k*size+]]

MPI Finalize();

muritelgize. mat r.

Restructure for vectorization

filename )

mat

Argonne &
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GPU Profiling

File Edit View Metrics Window Help
Profiled: mixed-cpu-gpu on 3 processes, 1 node, 3 cores (1 per process) Sampled from: Mon Feb 28 21:22:24 2022 for 6.1s  Hide Metrics...

I—— Profile
= m— e Supports both AMD and Nvidia GPUs

67.7 %

ooy e 15— E— e Able to bring up metadata of the profile
o : e Mixed CPU [green] / GPU [purple] application

GPU memory utilization *°°

67% o _ o e CPU time waiting for GPU Kernels [purple]

w’ L) L) L) LY
21:22:24-21:22:30 (6.131s): Main thread compute 31.2 %, MPI 7.3 %, Accelerator 61.4 % Zoom &1 = ©

r— e GPU Kernels graph indicating Kernel activity

10 fdefine BLOCK_SIZE 32
11 #define DURATION 5.0
12

ID

13 v 1lobal void MatrixMulHIP (float *C, float *A, float *B, int wA, int hA,
4 . .
oo GUI information
. 17 int i = blockIdx.y * blockDim.y + threadIdx.y; b
‘ » . .
et | Poject i | e Tesd e | Fundio | ory temels e GUI is consistent across platforms
GPU Kemels @® . . -
Breakcdown * G Kemels swce | e Zoom into main thread activity
~ & mixed-cpu-gpu [program] GPU: line-level information is not available for ROCm kernels
28.1% | e————# MatrixMulHIP . . .
e Ranked by highest contributors to app time
Showing data from 900 samples taken over 3 processes (300 per process) # Main Thread View

ATPESC2025 extremecomputingtraining.anl.gov Argon ne °
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Python Profiling

19.0 adds support for Python
e Call stacks
e Time In interpreter

Works with MPI4PY
e Usual MAP metrics

Source code view
e Mixed language support

Note: Green as operation is on numpy
array, so backed by C routine, not
Python (which would be pink)

ATPESC2025

: Profiled: python3.5 on 2 processes, 1 node, 2 cores (1 per process) Sampled from: Wed Jan 30 2019 18:49:21 (UTC) for 45.1s Hide Metrics...
i i:|
CPU floating-point >

33%
POSIX I/O write rate
11.0 kB/s
Memory usage
78.1 MB
0
MPI point-to-point Mt f : w;
3.77 k calls/s il A vl el e ; il ite o L Y T e P oL T N R gt T AN P
. Jp;}ks_m! J} i sl m._,w ,,w';”;u-\w.‘h,w!m,wt‘p,ﬁt-"q.'s,k.‘-.,_,l.;ﬂ;h\w',w‘w". SR gt T 1, o i“,‘m"-"II,','F'y’lﬁ’wﬂ;\.ﬁwwf‘f““ﬁm!'l-“ A
| 18:49:21-18:50:06 (45.068s): Main thread compute 42.5 %, MPI 48.4 %, File I/O 3.8 %, Python interpreter 5.4 % Zoom % Ei (O]
¥ diffusion-fv-2d.py X Time spent on line 74 ®
| 2; 4] Breakdown of the 38.3% time
0.28 , 69 while glo_max - glo_min > 0.01: spent on this line:
0.2% 70 u[xlow:xxhigh,1:-1] = un[xlow:xxhigh,1:-1] - nu * (dt * ina i .
H ! 71 ((un[xlow:xxhigh,1:-1] - un[xlow+l:xxhigh+1,1:-1]) * (dx/dy) ExeFUtlng InStrUCtPns LHLEE
72 - (un[xlow-1:xxhigh-1,1:-1] - un[xlow:xxhigh,1:-1]) * (dx/dy) Calling other functions  91.5%
73 + (un[xlow:xxhigh,1:-1] - un[xlow:xxhigh,2:]) * (dy/dx) Executing Python code  2.2%|

353 el Mol il letdiisted 74 — (un[xlow:xxhigh,0:=2] - un{xlow:xxhigh,1:-1]) * (dv/dx)) 7 (dy*ax))
e LTI I TR T 75 solid_boundary (u)

76 # Halo exchange
27,57 pi e e i ety halo(u, xlow, xhigh, nx, ny, comm, rank, size)

7

0.3% | |, 1 1 79 loc_sum = np.sum(u[xlow:xxhigh,1:-1])
0.1% | 080 loc_min = np. (u[xlow:xxhigh,1:-1])
0.2% | | 1 1 81 loc_max = np.max(u[xlow:xxhigh,1:-1])
S 6% g imhim 22 glo_min = comm.allreduce(loc_min, op=MPI.MIN) ||
0.4’S|ﬁl||||||||| L.“ 83 glo_max = comm.allreduce (loc_max, op=MPI.MAX) v

1l »

| Input/output | Project Files | Main Thread Stacks | Functions |
Main Thread Stacks

=]
®

»

Total core time A MPI Function(s) on line Source Position
= & python3.5 [program]

= ¢ diffusion-fv-2d.py
= main
array_subtract, array_multiply, array... 0 0
# halo halo(u, xlow, xhigh, nx, ny, comm,

#!/usr/bin/env python diffusion-fv-2d.py:1
main(sys.argv[1:]) diffusion-fv-2d.py:169

0 y*dx)) diffusion-fv-2d.py:74
diffusion-fv-2d.py:77

Arm Forge 19.0.2 # Main Thread View

19> 38.3% siie ibiiditblad it
28.5%““h"m~ 27.2%

Showing data from 2,000 samples taken over 2 processes (1000 per process)

rank, size)

map --profile mpirun -n 2 python ./diffusion-fv-2d.py

extremecomputingtraining.anl.gov Argon ne °
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Compiler Remarks

. 207 ¥ #pragma omp parallel :‘:‘.a:‘ed(newvai, values)

Annotates source code with compiler remarks
e Remarks are extracted from the compiler optimisation report I
e Compiler remarks are displayed as annotations next to your source code

O wave openmp.c:207 __kmpc_fork_call will not be inlined into update
wave_openmp.c:167 because its definition is unavailable [inline]

© wave_openmp.c:207 __kmpc_fork_call will not be inlined into update

CO|OUF COd ed __|wave_openmp.c:167 because its definition is unavailable [inline]
e Their colour indicates the type of remark present in the following priority order: M © wave_openmp.c:207 6 virtual registers copies 1.756000e+01 total
1. Red: failed or missed optimisations B
2. Green: successful or passed optimisations MPY~/ wave_openmp.c:207 'update.omp_outlined debug_'inlinedinto |-
3. White: information or analysis notes 'update.omp_outlined wave_openmp.c:207": always inline attribute at
callsite update.omp_outlined:0:1; [inline]
. -
Compller Remarks menu. ® wave_openmp.c:207 96 stack bytes in function [prologepilog] !
° SPeC|fy build directories for non-trivial build systems . T e e F
e Filter out remarks ATITATT
S 0% by nmmn ndown o ik . 213 if ({(first + j - 1 == 1) || (first + j - 1 == tpoints)) -
214 newvallj]l = 0.0;
215 else
40 e ] 216 do_math(j);
217 }
218 }
219
y 220 /* Swap arravs */ - =

ATPESC2025 extremecomputingtraining.anl.gov Argon ne °



MAP Thread Affinity Advisor

Global (launcher) environment variables
List of Environment Variables which were
set at launch which might be relevant to
how threads are distributed.

Process-specific env vars
List of Environment Variables which
might affect the affinity of a given rank.

Launch Command:
Process Command:
Global (launcher) environment variables:
penM Submission Script = Othel
SLURM_CPUS_PER_TASK
SLURM_NPROCS
SLURM_NTASKS
SLURM_NTASKS_PER_NODE

SLURM_TRES_PER_TASK cpu:16

Process-specific env vars (ranks 0,4):

srun -n 16 python3 /global/homes/r/rshand/linaro-forge-training/performance/mmult.py -s 3072

Exemplar node's topology (shading shows process affinity bindings):

Machine

Package

| L3Cache

‘ ’ L3Cache

| L2Cache || L2Cache ‘ L2Cache || L2Cache

‘ L2Cache

‘ L2Cache

L2Cache

L2Cache ‘ ‘ L2Cache

‘ L2Cache

‘ L2Cache

‘ L2Cache

‘ L2Cache

‘ L2Cache

L2Cache

L2Cache

|L1cache L1Cache || Li1Cache || L1Cache

‘ L1Cache

‘ L1Cache

L1Cache

L1Cache H LiCache

‘ L1Cache

‘ L1Cache

‘ L1Cache

‘ L1Cache

‘ L1Cache

L1Cache

L1Cache

Core

Core

Core

Core

Core

Core

Core

Core

Core

Core

Core

Core

Core

Core

Core

Core

Data taken at: Finalization

Available exemplar nodes:

nid004343 (0 similar nodes)

Processes on exemplar node:
Rank 0 (PID 1166384)
Rank 1 (PID 1166385)
Rank 2 (PID 1166387)

Rank 3 (PID 1166389)

Snapshot Selector
Change at which point of a run the Affinity data is
shown (Library Load, Initialisation, Finalization).

Exemplar Nodes

Selectable list of exemplars,
allowing ability to switch data
between nodes of a run. Nodes
with similar affinity/structures are
merged.

Processes List

List of processes (by MPI rank) of
the selected exemplar. Shows the
key for the node topology diagram

and selecting one shows all threads
for the process.

SLURMD_DEBUG 2 (ri

Rank 4 (PID 1166391) -

Rank 5 (PID 1166393)

’ L3Cache

S A S VEREOSE g Core Core Core Core Core Core Core @
SLURM_DISTRIBUTION bloc
032 034 036 038 4 44 |
SLURM_GTIDS 01,
033 035 037 039 4 48 4 .
SLURM_LAUNCH_NODE_IPADDR 128

SLURM_LOCALID 4 (ri
‘ NUMANode #2

[ (multiple items selected)

SLURM_CPU_BIND quie

L2Cache ‘ L2Cache ‘ L2Cache ‘ L2Cache ‘ L2Cache L2Cache L2Cache

SLURM_CPU_BIND_LIST 0x0

SLURM_CPU_BIND_TYPE mas L1Cache ‘ LiCache ‘ L1Cache ‘ LiCache ‘ LiCache LiCache LiCache

pthread (LWP 1167177) 000-

Threads List

List of all threads for the selected
process. Selecting threads
highlights which cores they are
bound to in the topology view.

pthread (LWP 1166919) 000-

Main thread (LWP 1166384) 000-

pthread (LWP 1167181) 032-¢-

pthread (LWP 1166929) 032-¢-

SLURM_MPI_TYPE cray Main thread (LWP 1166391) 032-¢

Commentary:

[ERROR] nid004343, ranks (processes
compute thread. e.g. threads and k
[INFORMATION] nid004343, number of threads allocated to node may be less than ideal. 48 are currently allocated, but consider using 128 (1 per core) for improved utilization.

) contain at least one compute thread which has an overlapping thread affinity mask with another

Commentary
Alist of commentary, providing information and
advice on Memory Imbalance, Core Utilization etc.

raining.anl.gov

Argonne &

NATIONAL LABORATORY

ATPESC2025




Differences between two profiles

[ ] [ ] Linaro MAP - Linaro Forge 25.0 x
MAP Diff (--baseline support e e e
Profiled: slow_f on 16 processes. 2 nodes, 16 cores (1 per process) for 46.5s Sampled from: Wed Feb 5 12:24:08 2025 @~ o -l. ‘ & Main Thread Only _| Hide Metrics

Alignment Baseline
Points Current

e MAP Diff allows comparisons of two MAP profiles, useful for

Main thread activity —

identifying performance changes between different parameters,

. - - m
compilers, libraries and systems. 1m 18 (20200
e Use the alignment points view (1) to line up phases of execution. P floating:point A .
52.8 % (+13.5 %) —
e Compare metric graphs of the two profiles (2), including metric 12:20:08-12:25:09 (61.5755): Main thread compute 56.1 %, MP1 43.9 %, Sleeping 0.0 % “ Zom = @ ©
. r ; - Time spent on line 12 @
summaries for each. el o == X | evesioms of the T2 s
. - . . 43.7% 10 call imbalance e kol as
e See gaps in activity in the source code viewer (3) and stacks 33.00 B call stride Execuking insructions  0.0%
22.9% g call overlap Calling functions 100.0% NN
views (4), including OpenMP Regions View, Functions View, <! " FIMLIzEerr)
16 contains
Library view and GPU Kernels/Memory Transfer View. B <. cutine overtap
e b 2 resikinde aitocatabio et bCr
N 23 integer :: reqs(nprocs-1
24 mteger H st:t:n:i statulxs size) v

read baseline Input/Output  Project Files  Main Thread Stacks | Functions ~ Libraries
mln u‘ .dlv“v :u"“ﬁt “ — mr"d e @G
Total core time ~ MPI__ Function(s) on line Source Position Ubrary
J

308 ~ & slow_f [program]

R eYLa O o v 7/ slow source file not found: slow.f90 slow.f90:1
ol 308 / """"""""" l!J%- + slow:imbalance source file not found: slow.f90 slow.f90:10 slow_f
125 MB (-10.2 MB) i 33.0% J » slow::stride source file not found: slow,f90 slow.f90:11 slow f

- 22 9% 21.1% slow:-overlap source file not found: slow.f99 slow.f90:12

CPU floating-point 0.4% ' » 1 ather
39.4 %
52.8 % (+13.5 %)

. o B o . il i - = S = " 1

12:24:08-12:25:09 (61.5755): Main thread compute 56.1 %, MPI 43.9 %, Sleeping 0.0 % Zoom *1 5 @ © Showing data from 16,000 samples taken over 16 processes (1000 per process, each representing ~ 0.05s wallclock time)

ATPESC2025 extremecomputingtraining.anl.gov Argon ne °



Profiling with MAP on Polaris

Worked Example: https://docs.linaroforge.com/23.1.1/html/forge/worked_examples_appendix/mmult/analyze.html

1. Setup the environment

qgsub - -l select=1 -l filesystems=home:eagle -l walltime=0:30.:00 -q ATPESC -A ATPESC2025
module use /soft/modulefiles
module load forge cray-cti

module load conda/2024-04-29
conda activate base

2. Build the Python example

cd $FORGE_TRAINING/performance
make -f mmult_py.makefile

3. Run the Python example
MPICH_GPU_SUPPORT_ENABLED=0 map --profile mpiexec -n 8 pyth

4. Offline profile
gsub $FORGE_TRAINING/scripts/submit-polaris

ATPESC2025 extremecomputingtraining.anl.gov Argon ne O


https://docs.linaroforge.com/23.1.1/html/forge/worked_examples_appendix/mmult/analyze.html

ARGONNE TRAINING PROGRAM ON EXTREME-SCALE COMPUTING

Produced by Argonne National Laboratory, a U.S. Department of Energy Laboratory
managed by UChicagoArgonne, LLC under contract DE-ACO2-06CHT1357.

Special thanks to the National Energy Research Scientific Computing Center (NERSC) and
Oak Ridge Leadership Computing Facility (OLCF) for the use of their resources during the
training event.

The U.S. Government retains for itself and others acting on its behalf a nonexclusive,
royalty-free license in this video, with the rights to reproduce, to prepare derivative works,
and to display publicly.
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