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Agenda

* 09:00am Welcome

* 09:10am Ensuring Program Correctness with Linaro DDT

* 10:10am Break

« 10:20am Performance Engineering with Linaro Performance Tools
« 11:20am Wrap up
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HPC Development Solutions from Linaro

Best in class commercially supported tools for Linux and
high-performance computing (HPC)

Linaro Forge

X

Debug
Linaro DDT

Profile

Linaro MAP

[

Analyse

Linaro
Performance Reports

Performance Engineering for any architecture, at any scale
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Linaro Forge
An interoperable toolkit for debugging and profiling

K The de-facto standard for HPC development

e Most widely-used debugging and profiling suite in HPC
e Fully supported by Linaro on Intel, AMD, Arm, Nvidia, AMD GPUs, etc.

State-of-the art debugging and profiling capabilities

e Powerful and in-depth error detection mechanisms (including memory debugging)
e Sampling-based profiler to identify and understand bottlenecks
e Available at any scale (from serial to exascale applications)

Easy to use by everyone
I‘ e Unique capabilities to simplify remote interactive sessions

e Innovative approach to present quintessential information to users
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_inaro DDT
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The scalable print alternative

r 144
for ()20 ;) < SIEO; Jo4)

CLAIT = 0
for {i =8 ;i < SIZE N iee)
for (§=8; § « SIZE N joo)
Tor (k= 8 ; k < STZ 0; Kail
CILITT += ALK * BIKITTS
#:
wpr § @ Proccss stopped st watchpaint ‘rank* in man (watchmatrix.c:45).
old vakio: 0
} New valug: 1074700400
7! AWy show this window for watchpants
printf(*

w »gumme| WRuse || 1 Pause Al

© (arge
for (1 =8; 1 < SIZE M; 144)

printt (| “);

Stop on variable change

* helloc %

A Ths il is newerthan your rogram, Plaserecompi the retatyour debugging sesion.

B3 else
Aw test=-1;

5}

46

41 8 void func3()
8 {

49 void® i = (void¥) 1;
Ao while(is || )
51 free((void*)i):
A portasizity i of type oid *. When using vaid pintes n cakclations, the behaviour s undefined.|

Left click to add a breakpoint on fine 50
5 {

56 typeThree test;

51 typeThree* t2;

58 int i;

Static analysis warnings on
code errors

if (argy[i] & !stremp(argv[i], "crash”)) {

argvli] = 6;
printf("%s", *{char **)argv[i:

¥
1+ ve shall sg Program Stopped

} ' Processes 0:3:
funcl(); Memory error detected n main (helo.c18):
func2(); null pinter dereference or unaligned memory access

fprintf(stderr, '
Note: the latter may sometimes occur spuriously if quard pages are
enabled

belnghatched = 1; Tip: Use the stack list and the local variables to explore your program's

curent state and deniy the source fthe eror.

test.anotherList.s|
test.c

Detect read/write beyond array
bounds

@

st vt

e ]| we

bt e |

Detect stale mem

allocations
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GPU Debugging

File Edit View Control Tools Window Help
PHELGREEEIEEI! OO

Focus on current: ‘® Process Thread

Threads o o Qﬂ

GPU Threads (MatrixMulHIP(float*... Block 3|¢ [2]2][0 |2 Thread | 5 |¢ [18 |3 [ Grid size: 4x4x1 Block size: 32x32x1
Project Files ®‘ # matrixMul.cpp X lo.. Curre.. Curr.. GP..
Search (Ctrl+K S 19 int i = blockIdx.y * blockDim.y + threz* GPU Devices e®
~ W Application Code 20 int j = blockIdx.x * blockDim.x + threz Attribute Name Value
yom s . ~ Ranks O
~ ¥ Sources g - Ior( int k = 05 k < wAj k++) - vegIaDZO ngevices
e s -
24 temp += A[ i * wA + k] % B[kx wB + Threads 2400
onstantlr
o 25 } Cores 240
® main(int al © 26 ]| C[ i * wB + j] = temp;
® MatrixMul 27
® MatrixMul 28 __syncthreads() ;
® MatrixMul 29 '}
» & External Code 30
31 v __global__ void MatrixMulHIPShared(float *C
32 {
33 // Block row and column
24 int hlackRow = hlackTdy - v
4 b 4 »
Kernel Progress View ‘ Input/Output ~ Breakpoints =~ Watchpoints ~ Stacks Evaluate g
Kernel Progress View @® Narne alue
Kernel Progress ! =8
wA 128
wB 128

temp 1.27999914

|:] not scheduled . scheduled . selected How do | interpret GPU kernel progress?

Support both AMD and Nvidia GPUs
Debug simultaneously on GPU and CPU

Look and feel exactly the same
Main Features work in GPU

Key (additional) GPU features:
Kernel Progress View

GPU thread in parallel stack view
GPU Thread Selector

GPU Device Pane

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

Module load PrgEnv-nvidia

Run GPU examples in a GPU batch job
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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 srun -n 8 python3
%allinea_python_debug% ./mmult.py

Linaro DDT - Linaro Forge 23.1

E- B Ht B R

Thread

n B & O N

A

Current Group: | All <

[o[+][2][s][a][s][e]

2 mmult..

Focus on current: @ Group Process

Create Group
x 8 Project Files

mr ==

Ismr.py
Isqr.py

Ilzma.py
machinery.py
main.py
matfuncs.py
matfuncs.py
£("{}: Sending matrices".f
r i ir je (1, nproc) :
if fortran_. : a r:
mat_a_slice a :, i*msli
mat

ch
2
2
2
2
2
2
2
]
]
]
]
2

memmap.py

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

Input/Output  Breakpoints ~Watchpoints Tracepoint Output  Logbook

@ -

Locals Current Line(s) Current Stack
Locals

Name | Value
comm
filename
fortran_style_array_... |mmm False
intercomm Interco...
kernel "c"
mat_a
mat_b

[0]

[1000]

[100]

[101]

[102]

[103]

"res_Py...

Evaluate
Name | value
mslice [ 512
nproc (o 8
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The Forge GUI and where to run it

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

mydesktop mycluster-login

IO §
X

Compute Nodes
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Hands on Setup

Remote System

Host perimutter
Hostname perlmutter.nersc.gov
user <username>

linaro-forge-training.tar.gz

module load forge

Local Machine

Install Forge https://www.linaroforge.com/downi

Forge userguide



https://www.linaroforge.com/downloadForge
https://docs.linaroforge.com/23.1/html/forge/forge/index.html

Hands on session

System Info

https://docs.nersc.gov/systems/perimutter
Perimutter:

+  AMD EPYC 7763 CPUs
*  NVIDIAA100 GPUs

https.//docs.nersc.gov/systems/perimutter/running-jobs/
Interactive Session:
« salloc --nodes 1 --qos interactive --time 00:30:00 --c
» salloc --nodes 1 --gos interactive --time 00:30:

Scripting:
« <linaro-forge-training>/scripts



https://docs.nersc.gov/systems/perlmutter
https://docs.nersc.gov/systems/perlmutter/running-jobs/

Remote connection to Perimutter

Linaro
Forge

Remote Launch Settings

Connection Name: |Perlmutter|

Run and debug a program. Host N :  perimutter.nersc.gov

Attach to an already running program.

H emote Installation Directory: /global/common/software/nersc9/forge/23.1.
/ Llnal’O R I llation Di lobal f 9/f 23141
& D DT Open a core file from a previous run. Remote Script:
Manually launch the backend yourself. Private Key:
|_| naro Always look for source files locally
OPTIONS 5
MAP KeepAlive Packets: Enable
Remote Launch: Interval:
Configure...

¥ Proxy through login node

Quit Test Remote Launch

Get trial licence
Support
linaroforge.com

@ Remote Client ?

Linaro Forge



Hands on session

Build and run debug examples

# Use default Perlmutter modules

# build deadlock, simple and split programs
cd <linaro-forge-training>/correctness/debug

make

# run simple example with ddt
ddt --connect srun -n 4 ./simple

# offline-debugging
sbatch <linaro-forge-training>/scrip




Linaro Performance tools

Characterize and understand the performance of HPC application runs

l;l’\\ Gather a rich set of data

(/

_" e Analyses metric around CPU, memory, IO, hardware counters, etc.
Commet;;'ﬂlﬁ,’:;pported 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
Accurate and

Astute insight e Provides simple guidance to help improve workloads’ efficiency
3 ? Adds value to typical users’ workflows
10X e Define application behaviour and performance expectations
Relevant advice e |Integrate outputs to various systems for validation (eg. continuous integration)

to avoid pitfalls ! .
e Can be automated completely (no user intervention)

Linaro Forge



Linaro Performance Reports Metrics

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

Multi-threaded c SIMD i~

A breakdown of the 91.2% CPU time: A breakdown of how the 53 9% total I/O time was spent:

i Single-core code 30.6% M — H me i
para”ellsm ) ) ) para”ellsm Time in reads
OpenMP regions 69.4% N Time in writes Memory
Scalar numeric ops  9.5% Estfmalsd re?d A€l per.process memory usage may also affect scaling:
Vector numeric ops  0.0% | &~ Estimated write rate| oo, process memory usage 160 Mb [N
Memory — Most'of the ﬁr_v;_z isg Peak process me L
transfer rate. This nj
The per-core perform| M PI inefficient access p4 Peak node memory ustre
identify time-consum| write calls are affect] Lustre file operations (per node)
performance. Of the 41.3% total time spentin MP| calls: ;';e“’;;ﬁmt?‘;" P P
No time s spent in V| Time in collective calls 100.0% [ processes and mord Mean write
:ompller's vectorizat] Peak write r. E
be vectorized. Time in point-to-point calls ~ 0.0% | Load nergy
imated collective rate  4.07 bytes/s N . bal Mean file 0 5 preakdown of how the 32.3 Wh was used:
Estimated point-to-point rate 0 bytes/s | Imbalance Mean metad) -, 61.9%
All of the time is spent i llective lls wif System 38.1% M
This suggests a signific]
A M s 941w N
synchronization overhe| o pen MPp ean node power
MPI profiler. . . Peak node power  98.0 W [N
P A breakdown of the 99.5% time in OpenMP regions: OM P P
Computation % W | Significant time is spent waiting for memory accesses. Reducing
28.9  — - .
P < efflClenC the CPU clock frequency could reduce overall energy usage.
Synchronization 41.0% W y
Physical core utilization 100.0% [l S
| sSystem
System load 99.7% HH usage
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
regions in tight loops) or workload imbalance.

Linaro Forge
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Verification

@Validate corrections and
Vectorization optimal performance

Understand numerical intensity Y
and vectorization level.

The Performance Roadmap Cores

So - e Discover synchronization
Optimizing high performance applications overhead and core utilization

Hot loops, unvectorized code and
GPU performance reveleaed

@Synchronization-heavy code and
implicit barriers are revealed

Improving the efficiency of your parallel
software holds the key to solving more
complex research problems faster. ..~ o

Memory

eReveal lines of code bottlenecked by
memory access times.

This pragmatic, 9 Step best practice guide,
will help you identify and focus on N e o e orheaete
application readiness, bottlenecks and ~ ‘
optimizations one step at a time. = Communication

;Track communication performance.

Workloads Discover which communication calls
@are slow and why.
Detect issues with balance.

L. Vo @Slow communication calls and
Analyze before you optimize ® Discover lines of code processes.

Bugs Measure all performance aspects spending a long time in 1/0. Dive into partitioning code.
eCorrect application You can't fix what you can’t see. ® Trace and debug slow access
patterns.

Prefer real workloads over artificial tests.

Key :O Linaro Forge e

Linaro Performance Repor{s ‘ = " e 7 Linaro Forge
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Performance Improvement

I j, K
= In-memory layout [Excellent spatial Iocality]
c - T T T T
= [ Good spatial locality |
A T T T
X
= [ Poor spatial locality |
-
!B —m —m: —m T—m :— —m:
= 4096 elements apart
i, K, ]
In-memory layout
C
=
A -
X
B

© 2008-2018 by the MIT 6.172 Lecturers

.y code,
run, run, run... ’

...to test and measure many
different implementations

Loop order Running
(outer to inner) time (s)
i, j, k 1155.77
i, K, j 177.68
jy i, k 1080.61
j, k, i 3056.63
k, i, j 179.21
K, J, i 3032.82

i, ], K

HO RN (Ciinitais —NOJ I RN E-+ii8) ]
0 Rl (Tt = O i P <) B ) M
for (int k = @; k < n; ++k) {
: C[i][3] += A[i][k] * B[k][]];
}
5

i, K, ]

for (int i = 9@; i < n; ++i) {
for (int k = @; k < n; ++k) {
for (int j = @; j < n; ++j) {
C[i1[J] += A[i][k] * B[k]I[3];
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[] [ ] [
a p a I I t I e S 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
o /ﬁ
100 T oo h = - = =
[
0

CPU floating-point
31.9%

MAP is a sampling based scalable profiler S
e Built on same framework as DDT e s R s
e Parallel support for MPI, OpenMP, CUDA kX ]
e Designed for C/C++/Fortran :

\LL timestep ()

CALL PdV(.TRUE.)

OpenMP Stacks

Designed for ‘hot-spot’ analysis st | s T e |

Total core time

e Stack traces
e Augmented with performance metrics -

@ visi
@ ndv mods

5.0% R ule::ndy_ . car. RS N e o
3.1% 2 & Cycles per instruction | e
H : M o1 ¢ oss
Ad a pt I Ve S al I I p I I n g rate Showing data from 32,000 samples taken over 32 processes (1 0 — — —
~ CPU Cycles 353 [

e Throws data away - 1,000 samples per process S ,

Instructions

e Low overhead, scalable and small file size o156 o T
L2 Cache Accesses b -
379M/s [
L2 Cache Misses 270 . )
125 M /s ‘_'.'.;_-','-.'-.~:~.:‘-.\',».'_-’_’--_';'.' _'_'_-.«_-_.'_—.' e
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_inaro MAP Source Code Profiler Highlights
Bee @ + LSRR 30 1 late to the party
} ! 8% 31 do j=1,20"nprocs; a=st
= E end if InputiOutput | Project Files | Main Thread Stacks | Functions
./_\'"_H-'_ .
34 8 if (pe /= @) then fain Thread Stacks
6% . . . - ) "
- ;é ﬂ:gll HETRSER[BTNELTE) otal coretime ~ MPI  Function(s) on line Sour
o 373 do from=1,nprocs-1 = CallActionsSeparatedConcerns [inlined]... stef
,'—'J 15N 38 call MPI_RECV(b, 51{ =Call [inlined] Call
"_'-:. :rg‘ 33 “0_121;593 b=sqr:(b‘ =hemelb:net::IteratedAction::CallActi... rett
| 1% . - cng’;g‘ + Answer Tror =hemelb::extraction::PropertyActor:.... Endl
P 2 end if =hemelb::extraction::PropertyWri rof
43 end do hemelb::extraction::LocalPropert... locg
0, 0, 1.6 — 44 TU MPI_BARRIER(MPI COMM 80.3% I 80.3% PMPI_File_write_at MPT
ympute 76 %, MP| 24 %, File I/ || “* = f o ' st -
46 if (pe == @) print *,"fley <0.1% 1 other
47 = do iterations=1,2 —
48 a(:) = 1000.0"real(pe+2. ihowing data from 32,768 samples taken over 512 processes (64 per process)

Find the peak memory use Fix an MPI imbalance Remove 1?0 bottleneck

. - 1 {
. == || mmult(size, nproc, mat a, mat
: res += A[i*size+k]*B[k*size+]

I
i

. Slesping © % | CPU floating-point 0 %: Zoom 21 = © MPI Finalize();
murite(cize. mat . filename )

Make sure OpenMP regions
make sense

Restructure for vectorization

Improve memory access

Linaro Forge




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...

Main thread activity

GPU utilization
67.7 %

GPU memory usage
41%

GPU memory utilization '°°

6.7 %

[ S . o . . x . X e,
21:22:24-21:22:30 (6.131s): Main thread compute 31.2 %, MPI 7.3 %, Accelerator 61.4 % Zoom %1 = ©
* mixed-cpu-gpu.cpp X
( #define BLOCK_SIZE 32
1  #define DURATION 5.0
iQ v 1lobal void MatrixMulHIP (flcat *C, float *A, float *B, int wA, int hA,
14 {
15 float temp = 0;
16
17 int i = bl «Idx.y * blockDim.y + thr iIdx.y; 3
‘ »
Input/Output  Project Files ~ Main Thread Stacks ~ Functions = GPU Kernels
GPU Kemels ®
Breakdown “ GPU Kemels Source
~ & mixed-cpu-gpu [program] GPU: line-level information is not available for ROCm kernels
28.1% @ MatrixMulHIP
Showing data from 900 samples taken over 3 processes (300 per process) & Main Thread View

Profile

e Supports both AMD and Nvidia GPUs

Able to bring up metadata of the profile
Mixed CPU [green] / GPU [purple] application
CPU time waiting for GPU Kernels [purple]
GPU Kernels graph indicating Kernel activity

GUI information

e GUI is consistent across platforms
e Zoom into main thread activity
e Ranked by highest contributors to app time

Linaro Forge



Python Profiling

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

Works with MPI14PY

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

: 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...

™ bbbt ol o oo o s o

CPU floating-point £y
33%

POSIX 1/O write rate
11.0 kB/s

Memory usage
78.1 MB

0
MPI point-to-point pre |
3.77 k calls/s

SV LA g e

L

Time spent on line 74 ®

{* | Breakdown of the 38.3% time
spent on this line:

)+ (dx/dy) Executing instructions  0.0%
12 1]) * (dx/dy) Calling other functions  91.8%
3 e S 4 -,: {dy/dx) | Executing Python code  2.2%]|

= dy/dx
ST I TR TR 75 L

n, Op=MPI.MIN)
ax, op=MPI.MAX)

(]

D]

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

Python (which would be pink)

v

®
Total core time A MPI Function(s) on line Source Position E
= & python3.5 [program]
= ¢ diffusion-fv-2d.py #!/usr/bin/env python diffusion-fv-2d.py:1
= main main(sys.argv[1:]) diffusion-fv-2d.py:169
38.3% sl el hd array _subtract, array_multiply, array... - ( u i-1]) *
28.5% ykiai ke o 27.2% @ halo halo(u, xlow, xhigh, nx, ny, comm, rank, size) diffusion-fv-2d.py:77 =
Showing data from 2,000 samples taken over 2 processes (1000 per process)

Arm Forge 19.0.2 2 Main Thread View

map --profile srun -n 2 python3 ./diffusion-fv-2d.py

Linaro Forge



Matrix Multiplication example

Build and run matrix multiplication example

https://docs.linaroforge.com/23.1.1/html/forge/worked _examples_appendix/mmult/anal

# Build / Debug C and Fortran Examples

make -f mmult.makefile DEBUG=1
ddt --connect srun -n 8 ./mmult_c
ddt --connect srun -n 8 ./mmult_f

# Build / Debug Python Examples

module load python
make -f mmult_py.makefile
ddt --connect python3 %allinea_python_debug% ./

# Offline profile
sbatch <linaro-forge-training>/scripts/:

Linaro Forge


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

Thank you

gl Linaro Forge
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