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OVERVIEW

No prior GPU (profiling) experience required here

Examples use GPU, but no requirement for method
Variety of different tools, possibilities for profiling

Recommend: Start with Nsight Systems

Sampling, system-wide, CUDA traces (+ more)
Many people do not use profilers - perceived difficulty?

Most important lesson: ,,Do not trust your gut®

Let‘s start with profiling basics!
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WHAT DOES A PROFILER DO?

Sampling vs. Instrumentation (very simplified)

<

Every ms, take a sample of callstack Instrument function calls, APIs, etc. (automatable)

while (...) { - while (...) {

do_nothing() trace_do_nothing() -> do_nothing()

intense_calculation() trace_intense_calculation() -> intense_calculation()

}sleep() }trace_sleep() -> sleep()
(+) Hot spots show up, low overhead (+) Captures whole program, full call chains
(-) May miss some calls (-) Potentially higher overhead, skew
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THE NSIGHT SUITE

Application-wide profiling (Systems), Kernel-level profiling (Compute)

Tracing: CUDA API calls, MPI trace, OpenACC trace, OpenMP )
Nsight Systems

Sampling, hardware counters

Augment with NVIDIA Tools Extension (NVTX):
Create (nested) ranges, define macros

Nsight Compute

NVTX primer: https://devblogs.nvidia.com/parallelforall/cuda-pro-
tip-generate-custom-application-profile-timelines-nvtx/
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https://devblogs.nvidia.com/parallelforall/cuda-pro-tip-generate-custom-application-profile-timelines-nvtx/

WHETTING YOUR APPETITE

Timeline overview in Nsight Systems GUI

= Timeline View v

» CPU (80)

b CUDA HW (Tesla V100-SXM2-1i
* Threads (10)

= +f | [44932] MPI Rank 0 -

MPIL

CUDA APT

Profiler overhead
| [44943] IbmD2Q37 ~

8 threads hidden... =

(s

45

7 1x A\ 1 warning, 14 messages

8s 125 205 -

NVTX
ranges

Here: Application already ported
to GPU - basic guidelines
followed (coalescing, data
movement, SOA)

S7122: CUDA Optimization Tips,
Tricks and Techniques (2017)

GPU
activity
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https://on-demand-gtc.gputechconf.com/gtcnew/sessionview.php?sessionName=s7122-cuda+optimization+tips%2c+tricks+and+techniques

A FIRST (I)NSIGHT

Maximum achievable speedup: Amdahl‘s law

Amdahl‘s law states overall speedup s given the parallel fraction p of code and humber of processes N

Limited by serial fraction, even for N — oo

Example for p = 30%

Also valid for per-method speedups

S =

N=1

N=2

N=3

N:

1 - 1
1—p+% 1-p

Using 1 to 4 processes

B Serial part W Parallel part

12
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A FIRST (I)NSIGHT

Recording with the GUI

.

-

mhrywniak@localhost:8200 IR YK S Target is ready More info...
v/ sample target process

Sampling Period: i 1,000,000 events
The sampling peried is the number of 'CPU Instructions Retired' events counted before a CPU instruction pointer (IP) sample is
collected. If configured, call stacks may also be collected. The smaller the sample period, the higher the sampling rate. Lower
sampling periods will increase overhead and significantly increase the size of result file(s).

» + Collect call stacks of executing threads

¥ Target application

Mode: Specify process launch options below

Command line with arguments: Edit arguments
/gpfs/fsi/mhrywniak/code/lbmd2q37/d2q37-v1-acc-mpi v

Working directory:
[apfs/fs1/mhrywniak/code/lbmd2q37 v

»  Environment variables

Trace fork before exec

v/ Collect CPU context switch trace
v Collect 05 runtime libraries trace
v Collect CUDA trace

Collect OpenMP trace

Collect GPU context switch trace
v Collect MPI trace

v Collect NTX trace

Start
Start profiling manually
Start profiling after 10,0 |5 seconds

Limit profiling to 10,0 |5 seconds

Hotkey {F12} Start/Stop
(not available in console apps)

@ Manage targets

Recent connections
Make sure your target is on the same subnetwork as this computer.

Target Username
1® mhrywniak@localhost:3200 mhrywniak

4y Create a new connection S

Connect directly

Or use an SSH Tunnel:
ssh -L 8200:compute-

node:22 login-node

Select traces to collect
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A FIRST (I)NSIGHT

Recording an application timeline

1) We‘ll use the command line

mpirun -np SNP \
nsys profile --trace=cuda,nvtx,mpi \
—-output=my report.%g{OMPI COMM WORLD RANK}.gdrep ./myApp

Note: Slurm users, try srun $g{SLURM PROCID}

2) Inspect results: Open the report file in the GUI

Also possible to get details on command line (documentation), nsys stats --help

See also https://docs.nvidia.com/nsight-systems/, “Profiling from the CLI on Linux Devices”
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https://docs.nvidia.com/nsight-systems/index.html

THE GENERAL IDEA

Application timeline with Nsight Systems

Create reduced test case that hits important code paths
Profile once and look at structure

Augment & Annotate analyzed regions (NVTX)

|dentify optimization targets (Wallclock, Amdahl‘s law)

Fill ,,blank spots“ on timeline with GPU activity

Now: Let‘s see how to start using this on your codes and on JUWELS
Simple example

Real-world application
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ON JUWELS

Recording a profile from JupyterLab

File = Edit View Run Kernel Git Tabs Settings Help

New » Console
. New Launcher Ctrl+Shift+L [®] Notebook
Terminal Termi
B Terminal

Onen fram Path

Load modules, launch profiling command
module load CUDA GCC Nsight-Systems # see below for versions
srun -nl -N1 nsys profile -f true -o my report ./executable
Generates and overwrites my_report.qdrep

Open the report in nsys-ui or use nsys stats my report.gdrep

Caveat: Load Nsight-Systems/2020.4.1 since 2020.5.1 has a bug with JUWELS® srun (fixed in next version)

File naming for MPl with my report.%g{SLURM PROCID} (see MPI talk)
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LAUNCHING THE GUI

Xpra X-forwarding in your browser

— B BigBlue < X — Jupyterlab X  [:) xprawebso: X +
: File = Edit View Run Kernel Git Tabs Settiy

C @ jupyterjscfz-juelich.de

New >

3 DEEE
New Launcher Ctrl+Shift+L — @ AN

uld niak 1 (@jwlogin23:~
hrywniakl@jwlogin23:~$ |]
|E| Notebook

@& B C o

Python 3 Bash C++17 Javascript Julia 1

(Node.js)
R 4

R 4.0 Ruby 2.7.1 Xpra Desktop [ 7]
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LAUNCHING THE GUI

Xpra X-forwarding in your browser

Caveat: You need to re-load your modules - this is a separate session

module load Nsight-Systems

nsys-ui
= | 1 W
Newer nsys versions can open older reports 2 Start
Xpra: Note the bar, in case you close your terminal... 3 server ’
@ Information >
Generally works very well (zero setup) 5] Disconnect

For heavy usage: Nsight Systems is free, can install it locally

https://developer.nvidia.com/nsight-systems
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LOOKING AT A SIMPLE EXAMPLE

File View Tools Help

Project Explorer =8 3 scale_report.qdrep

» =i Project 1

scale report.qdrep = Timeline View v @m Qix /\ 4 warnings, 15 messages

0Os *ms +50ms +100ms +150ms +200ms +250ms +300ms +350ms +400ms +450ms +500ms -
2 L I L h L L L L L X L L L L L X L L x L 1

» CPU (96)

» CUDA HW (A100-SXM4-40GB)

~ v [30604] scale_vector_u

n=
£l

0S runtime libraries | ioct! | [ se... [s--]

CUDA API cudaM:

Pro verhead [0S ru...| OpenGL ... | [CUDA profiling...|

6 threads hidden... -_—

Events View -

Name - A

Description:

Right-click a timeline row and select "Show in Events View" to see events here




USING CALLSTACK SAMPLES

il iln =

~ Vv [30604] scale ==+~~~

0S runtime libr

CUDA API
Profiler overhe i

=rOv | % Pin row Ctrl+P
6 threads hidder "
s T Show in Events View

Events View makes
information searchable

,Highlight All“ shows all
matches

Can search in description,
includes callstack

= Timeline View o B Q1x : /\ 4 warnings, 15 messages

Os v+ Ms +100ms +200ms +300ms

» CPU (96)

» CUDA HW (A100-SXM4-40GB)
v Threads (7)

v Vv [30604] scale_vector_| ~

0OS runtime libraries

+500ms |*

CUDA API cudaMallocManaged
Profiler overheac [0...IOpe...] [CUDA ]
6 threads hidden... =
4
Events View v
1 of 14 matches [std::abs
¥ Name ~ | Description:

.02 scale_vector_um!std::abs(...)
.03 scale_vector_um!std::absl(...)

_ scale_vector_um!std::abs(...)

.05 scale_vector_um!main
.06 scale_vector_um!std::abs(...)
.07 scale_vector_um!main

Sampling point
Call stack at 0.40045s
= Qr_um!

- or_um!main
libc-2.28.s0!

__libc_start_main
scale_vector_um!_start




Like manual timing, only less work
Nesting, timing

Correlation, filtering

ADDING SOME COLOR

Code annotation with NVTX

= Timeline View - le | /1% 3 warnings, 17 messages

» CPU (96)

Os -~ +100ms +150ms +2ou +250ms +300ms +350ms +400ms

F CUDA HW (A100-5XM4-40GE)
v Threads (7)

* |¥| [31520] scale_wvector_um - ]

0S runtime libraries

ain [319, 944 ms]

malloc [202,197 ms]

NWTX & init [303,215 ms]

i

r

Os [ validate 0,4017675

Profiler overhead OpenGL ] [CUDA profiling initi..]
& threads hidden... — + . . .
h
4

Events View v

Name v A
# A Name Start Description:
01 « [] main 0,0941701s | kernel

o Begins: 0,397388s

[ I » Binit 0,09417155 | ends: 0,401767s (+4,379 ms)
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ADDING NVTX

Simple range-based API

int main(int argc, char** argv){
#include <nvToolsExt.h> PUSH("main", ©)
PUSH("init", 1)

Copy&paste PUSH/POP macros (or module)

POP
PUSH(name, color) PUSH("kernel", 2)
Sprinkle them strategically through code scale<<<gridDim, blockDim>>>(alpha, a, c, m);

NVTXv3 is header-only cudaDeviceSynchronize();

POP

Not shown: Advanced usage (domains, ...) PUSH("validate", 3)
J

https://github.com/NVIDIA/NVTX

https://developer.nvidia.com/blog/cuda-pro-tip-generate-custom-application-profile-timelines-nvtx/

https://developer.nvidia.com/blog/customize-cuda-fortran-profiling-nvtx/
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https://github.com/NVIDIA/NVTX
https://developer.nvidia.com/blog/cuda-pro-tip-generate-custom-application-profile-timelines-nvtx/
https://developer.nvidia.com/blog/customize-cuda-fortran-profiling-nvtx/

Kernel launch

UM migrations and
page faults

Use Amdahl‘s law as
heuristic

ZOOMING IN

Regions of interest
GPU

activity

UDA HW [AL00-SXM4-400G TTHEETREY "7 M A TR =T E o

* 04.1% Context 1
b 100.0% Kernels

NVTX

* 35.9% Unified memory
¥ 100.0% Memory
62.9% HtoD transfer
37.1% DtoH transfer
v Threads (7)

0S runtime libraries

NVTX

CUDA APT

w ¥| [31520] scale_wvector_um -

| kemnel [4301ms] |

RN ET D I T '
ARIITRY
L d c=nd |I1 —in ki |I] -_J_L.D

\

sem_timedwait [ |_| |_|

DTN - G
malloc [202,197 ms]

cudaMallocManaged
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MINIMIZING PROFILE SIZE

Shorter time, smaller files = quicker progress

Only profile what you need - all profilers have some overhead
Bonus: lower number of events => smaller file size

Add to nsys command line:

--capture-range=nvtx --nvtx-capture=any nvtx_marker_name \
--env-var=NSYS NVTX PROFILER REGISTER ONLY=0 --kill none

Alternatively: cudaProfilerStart() and -Stop()

--capture-range=cudaProfilerApi

TFIFEY

N

——

IE

l-l
—]
11

L

il

!
-

kernel_and_validate [39.703 ms]

emer 7.1 (D
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OTHER FEATURES

»1raditional® top-down or bottom-up stack views
Lots of different traces (MPIl, OpenACC, OpenMP, ...)
Data export (csv, sqlite, ...)

Customizable reports via Python scripts

Full guide:

Top-Down View ¥ | Process [31520] scale_vector_um (7 of 7 threads)

I’ Filter... | 901 samples are used.

Symbol Name
« _start
* _libc_start_main

main 766 5438

» cudaError cudaMallocManaged <float=(flo... 2242

» cudaSetDevice

Self, % otal, ™
54,61 ;
5461

19,31 4

sbooster/stages/2020/software/Nsight-Syste

lite]...

Minimum Maximun

Minimum Maximum

53119

B/target-linux-x64/reports/«

Name
(float, float*,

020.5.1-GCCco

Operatior

[CUDA Unif
[CUDA Unifie

udaap

B/target-1linux-x64/reports/gpuker
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https://docs.nvidia.com/nsight-systems/UserGuide

WHEN TO MOVE ON

Proper tool for the job

Specialized MPI profiling/bottlenecks, load imbalance
Kernel-level profiling -> Nsight Compute
Used later on (get the low-hanging fruit first!)
Use it when you find a hotspot kernel

Now: Revisit the real-world example from the beginning
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KNOW YOUR CODE

Overview of LBM D2Q37* algorithm phases

One-time setup: Create and fill data structures AOO ".;;., _ OO
Time loop T 3) (o) 19 @3) @9
Propagate
Boundary conditions
Collide

Output and finalization

*Details on code and in-depth analysis: What the Profiler Is Telling You (GTC 2020)
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https://developer.nvidia.com/gtc/2020/video/s22141

LOOKING CLOSER

Focusing on the time loop

0s 0,55 is 1,55 25 Setup on host, page fault,
» CPU (80) transfer to device

* CUDA HW (Tesla VIGG—SXMZL“-—- =4 - - = 4 - - -
b 62.9% Context 1 Profiling: Sklp long first iteration

¥ 37.1% Unified memory

v 100.0% Memory [
100.0% HtoD transfer T LU0 LI L 0o I e m o T

* Threads (7}

Unified Virtual Memory,
Managed Memory

* o/ [3158] MPI Rank 0 - .

Details in S9727: Memory
Management on Modern GPU

MPT )
timeloop [2,157 s] Architectures (2019)
VT d S8430: Everything You Need
propagate [1,606 5] ....... an T .
CUDA AP1 Y e ooooeeeeNg toKnow About Unified Memory
Profiler overhead D (201 8)
V| [3179] [NSys Comms] = -ti—s—-oa s e e T E e e AL TE RN UL R = .
[3179] [NSy ] |y ey o 1 U Host-to-Device
5 threads hidden... et 5 - N B B - B N B N B 5 - S B B - m‘igrat'ions
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https://on-demand-gtc.gputechconf.com/gtcnew/sessionview.php?sessionName=s9727-memory+management+on+modern+gpu+architectures
https://on-demand-gtc.gputechconf.com/gtcnew/sessionview.php?sessionName=s8430-everything+you+need+to+know+about+unified+memory

o

| = Pin row Ctrl+P

F Mame ¥ Duration

[ 1 + [] timeloop 2,157 5

0= b [ iteration 1,651 s

0s w || iteration 56,219 ms

.] 7 I propagate 11,972 ms

8 ] be 216,023 ps
Our I 10 b [ iteration 56,197 ms
focus S
I 14 b [ iteration 56,138 ms

LOOKING CLOSER

Focusing on the iteration

Zooming in and using Events View for NVTX

Useful for other rows, e.g. CUDA API

Hierarchy of ranges, use to locate on timeline:

07
[ &

iteration
l propagate

[] be

56,219 ms 1,67962s

Highlight Selected on Timeline

Show Current on Timeline
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IDENTIFYING INTERESTING REGIONS

How to correlate ranges, APl and kernel calls

Basic block NVTX ,,iteration“. Identify components. Mark kernel in CUDA API row, find kernel launch

¥ Threads (7)

¥ +/ [3158] MPI Rank 0 -

b CUDA HW (Tesla VIOO—SXM1 bl —’

MPI L
NVTX

propagate [11,972 ... collide_cuda [38,977 ms]
CUDA API I cuStreamSynch mnizﬂ [ cudaStreamSynchronize

Finding
correlations

¥ CUDA HW (Tesla V100-SXM2-16GE, 0000:06:00.0)

¥ 62.9% Context 1

~ [All Streams)

o N |
 bczzagu )

~ 99.8% Kernels

» 81.1% propagate_18_gpu

«collide

¥ 18.6% collide .

collide

100.0% collide(double®, double const™, par_t const™, int) »

6 kernel groups hidden... — e
0.2% Memory
> 81.2% Stream 14 4 bcragu

» 18.4% Stream 15 b |
3 streams hidden.. = M

* 37.1% Unified memory

* 100.0% Memory

100.0% HtoD transfer

Threads (7)

¥ o/ [3158] MF

MPL

NVTX

CUDA APT cuStreamSynchronize

collide

Begins: 1,69183s

Ends: 1,73068s (+38,855 ms)

grid: <<<40, 1434, 1>>>

block: <<<256, 1, 1>>>

Launch Type: Regular

Static Shared Memaory: 0 bytes
Dynamic Shared Memory: 0 bytes
Registers Per Thread: 80

Local Memory Per Thread: 0 bytes

Shared Memory executed: 0 bytes
Shared Memory Bank Size: 4 B
Theoretical occupancy. 37,5 %

Launched from thread: 3158
§ Latency: —11,478 ps
Carrelation ID: 1422
Stream: Stream 15

Local Memory Total: 241.172.480 bytes
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SUMMARY

How to approach porting your own code

Start with Nsight Systems and record a first profile

Ildentify roughly some features (use call stacks, code knowledge), add NVTX
Add and customize traces as needed
Use capture ranges

lteratively eliminate ,,blank spots - is the GPU active?

Switch to more specialized profilers as needed
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