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Goals for this session

All code has bugs. The more code, the more bugs.

Different classes of "bugs” ﬁ )%
Crashes, undefined behavior, deadlocks, correctness issues, ... %

Time to solution, parallel efficiency, energy efficiency

Treat performance issues as bugs, especially at scale

Manual debugging: Mimic program execution, print state, time code regions

Tool-assisted debugging: Automate “tedious” part
More information, less effort
Otherwise unavailable information (hardware counters!)

Fixing bugs not (yet ©) automated: Tools simplify and enable analysis

Introduce workflow and representative tools, focus on distributed GPU applications

2 NVIDIA.



Debugging Correctness: Best Practices

Crashes are "nice” — the stacktrace often points to the bug

Prerequisite: Compile flags
While developing, always use -g -lineinfo
Use -g -G for manual debugging
Specific flags for compilers/languages (e.g. gfortran): -fcheck=bounds

Memory corruption: Out-of-bounds accesses may or may not crash
compute-sanitizer. Automate finding these errrors in GPU code

Other issues: Manual debugging
cuda-gdb: Command-line debugger, GPU extensions

CUDA_LAUNCH_BLOCKING=1 forces synchronous kernel launches

NVCC compile flags for debugging

-g Embed symbol info for host code
-lineinfo Generate line correlation info for device code
-G Device debug - slow
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Focus on Performance

..without neglecting correctness

Approaches for Multi-Process Tools

compute-sanitizer

FunCtIOﬂa| CorreCtneSS CheCklng SUIte for GPU « Tools usually run on a single process - adapt for highly distributed applications?
https://docs.nvidia.com/compute-sanitizer/ComputeSanitizer/ + Bugs n parallel programs are often serial bugs n disguise

« Common MPI theme: workload is distributed; correctness/performance bug similar for all processes

« Run tool N times in parallel, have N output files, only look at 1 (or 2, ...)

. . . . + Even works for load imbalance (profile the rank spending least amount of time waiting in barriers).
¢ COITIpU'te—Sanlt lze r IS a COlleCtlon Of tOOlS - For parallel race conditions parallel tools are best.
+ How to get unique tool output? OpenMPI:
ind’ .9 i i OMPI_COMM_WORLD_RANK
- memcheck (default) tool comparable to Valgrind’s memcheck. A e o O T COMN_WORLD_LOCAL_RANK
. - Evaluated only once tool starts running (on compute node) - not when launching job )
‘ Other tOOlS ]nClUde « Other tools: Use a launcher script, for late evaluation m;/figh:Mc_HwozﬁLD_RANK
- racecheck: shared memory data access hazard detector V2 COMORED -LOCAL RANK
s PR . Slurm:
- initcheck: uninitialized device global memory access detector - e SLURM_PROCTD
) , . : . e s/ mvapie 56 ohio:state dulstaic/media/mapich muapicn? userauide i 34600013 SLURM_LOCALID
- synccheck: identify whether a CUDA application is correctly using synchronization primitives nttps//surmschedmd com/arun htmI#SECTION OUTPUTENVIRONMENT-VARIABLES

Nsight Systems stitch multiple reports: https://docs.nvidia.com/nsight-systems/UserGuide/index.html#multi-report-mpi-example
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- Example run:
srun -n 4 compute-sanitizer \
--log-file jacobi.%q{SLURM_PROCID}.log \

--save J_‘acol?i.%q{SLURM_PROCID}.compute—sanitizer \ Debugglng Performance
./jacobi -niter 10 Why you must use profilers

Stores (potentially very long) text output in *.log file, raw data separately, once per process.

One file per MPI rank - more on %q{} later Donald Knuth paraphrase: Don't optimize prematurely.

That

Do not trust your gut instinct - very often misleading " optimization
didn’t do

- Easy to waste a lot of time chasing the "perceived” issue

Timers are not sufficient metrics. Need profilers.
5 <ANVIDIA. I

Optimization will not monotonically decrease runtime.

Understand the goal of an optimization: use profiler to verify goal

Debugging MPI+CUDA applications Using cuda-gdb with MPI was accomplished, investigate new blocker.

More environment variables for offline debugging

Don’t give up prematurely based on runtime.

« With CUDA_ENABLE_COREDUMP_ON_EXCEPTION=1 core dumps are generated in case of an exception » Launcher (mpirun/srun/...) complicates starting process inside debugger
« CUDA_ENABLE_LIGHTWEIGHT COREDUMP=1 does not dump application memory - faster
» Can be used for post-mortem debugging
= Helpful if live debugging is not possible

- Workaround: Attach later

#include <unistd.h>
- Enable/Disable CPU part of core dump (enabled by default) if (rank == 8) {
. CUDA ENABLE CPU COREDUMP ON_EXCEPTION char name[255]; gethostname(name, sizeof(name)); bool attached;
- - T printf("rank %d: pid %d on %s ready to attach\n", rank, getpid(), name);
- Specify name of core dump file with CUDA_COREDUMP_FILE while (!attached) { sleep(5); }
- Open GPU !

» (cuda-gdb) target cudacore core.cuda

* Open CPU+GPU $ srun -n 4 ./jacobi -niter 10
- (cuda-gdb) target core core.cpu core.cuda rank @: pid 28920 on jwb@@@1.juwels ready to attach

= Launch process, sleep on particular rank

= Then attach from another terminal (may need more flags)

[jwlogin]$ JOBID=$(squeue -ho %i --me) # obtain job ID of user's first job
[jwlogin]$ srun -n 1 --jobid ${JOBID} --pty bash —i # launch interactive shell on job's node
[jwbeee1]$ cuda-gdb --attach 28920 -

« Wake up sleeping process and continue debugging normally JSC system shortcut:
(cuda-gdb) set var attached=true sgoto --help
https://docs.nvidia.com/cuda/cuda-gdb/index. htmi#gpu-core-dump-support
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compute-sanitizer

compute-sanitizer is a collection of tools

memcheck (default) tool comparable to

Other tools include

racecheck: shared memory data access hazard detector
initcheck: uninitialized device global memory access detector

synccheck: identify whether a CUDA application is correctly using synchronization primitives

Example run:
srun -n 4 compute-sanitizer \
--log-file jacobi.%q{SLURM_PROCID}.log \

--save jacobi.%q{SLURM_PROCID}.compute-sanitizer \
./jacobi -niter 160

Stores (potentially very long) text output in *.log file, raw data separately, once per process.
One file per MPI rank - more on %q{} later
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https://docs.nvidia.com/compute-sanitizer/ComputeSanitizer/
https://docs.nvidia.com/compute-sanitizer/ComputeSanitizer/
https://docs.nvidia.com/compute-sanitizer/ComputeSanitizer/
https://www.valgrind.org/docs/manual/mc-manual.html
https://www.valgrind.org/docs/manual/mc-manual.html

compute-sanitizer

Look into log file, or use compute-sanitizer --read <save file>

Actual output can be very long: usually many GPU threads produce (similar) errors.

========= COMPUTE-SANITIZER

========= Jnvalid __global__ write of size 4 bytes

========= at Ox6d@ in mpi/jacobi_kernels.cu:60:initialize_boundaries(float*, float*, float,
int, int, int, int)

——==—=—====c by

========= Address 0x14fb88020000 is out of bounds

========= Saved host backtrace up to driver entry point at kernel launch time

—======== Host Frame: [Ox20d6ea]
——======= in libcuda.so.1
—======== Host Frame: [©x115ab]

========= ERROR SUMMARY: 10 errors
We introduced an off-by-one error in line 60 ourselves:

a_new[iy * nx + (nx - 1) + 1] = y0;
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Tools usually run on a single process — adapt for highly distributed applications?
Bugs in parallel programs are often serial bugs in disguise

Approaches for Multi-Process Tools

Common MPI theme: workload is distributed; correctness/performance bug similar for all processes

Run tool N times in parallel, have N output files, only look at 1 (or 2, ...)

Even works for load imbalance (profile the rank spending least amount of time waiting in barriers).

For parallel race conditions parallel tools are best.

How to get unique tool output?

%q{ENV_VAR} supported by all the NVIDIA tools discussed here, embed environme

ENV_VAR should be one set by the process launcher, unique ID
Evaluated only once tool starts running (on compute node) - not when launching job

Other tools: Use a launcher script, for late evaluation

Nsight Systems stitch multiple reports:

OpenMPI:
OMPI_COMM_WORLD_RANK
OMPI_COMM_WORLD_LOCAL_RANK

MVAPICHZ:

MV2_COMM_WORLD_RANK
MV2_COMM_WORLD_LOCAL_RANK

Slurm:

SLURM_PROCID
SLURM_LOCALID

NVIDIA


https://www.open-mpi.org/faq/?category=running#mpi-environmental-variables
https://www.open-mpi.org/faq/?category=running#mpi-environmental-variables
https://www.open-mpi.org/faq/?category=running#mpi-environmental-variables
https://www.open-mpi.org/faq/?category=running#mpi-environmental-variables
https://www.open-mpi.org/faq/?category=running#mpi-environmental-variables
https://www.open-mpi.org/faq/?category=running#mpi-environmental-variables
https://www.open-mpi.org/faq/?category=running#mpi-environmental-variables
http://mvapich.cse.ohio-state.edu/static/media/mvapich/mvapich2-userguide.html#x1-34600013
http://mvapich.cse.ohio-state.edu/static/media/mvapich/mvapich2-userguide.html#x1-34600013
http://mvapich.cse.ohio-state.edu/static/media/mvapich/mvapich2-userguide.html#x1-34600013
http://mvapich.cse.ohio-state.edu/static/media/mvapich/mvapich2-userguide.html#x1-34600013
http://mvapich.cse.ohio-state.edu/static/media/mvapich/mvapich2-userguide.html#x1-34600013
http://mvapich.cse.ohio-state.edu/static/media/mvapich/mvapich2-userguide.html#x1-34600013
http://mvapich.cse.ohio-state.edu/static/media/mvapich/mvapich2-userguide.html#x1-34600013
https://slurm.schedmd.com/srun.html#SECTION_OUTPUT-ENVIRONMENT-VARIABLES
https://slurm.schedmd.com/srun.html#SECTION_OUTPUT-ENVIRONMENT-VARIABLES
https://slurm.schedmd.com/srun.html#SECTION_OUTPUT-ENVIRONMENT-VARIABLES
https://slurm.schedmd.com/srun.html#SECTION_OUTPUT-ENVIRONMENT-VARIABLES
https://slurm.schedmd.com/srun.html#SECTION_OUTPUT-ENVIRONMENT-VARIABLES
https://docs.nvidia.com/nsight-systems/UserGuide/index.html#multi-report-mpi-example
https://docs.nvidia.com/nsight-systems/UserGuide/index.html#multi-report-mpi-example
https://docs.nvidia.com/nsight-systems/UserGuide/index.html#multi-report-mpi-example
https://docs.nvidia.com/nsight-systems/UserGuide/index.html#multi-report-mpi-example
https://docs.nvidia.com/nsight-systems/UserGuide/index.html#multi-report-mpi-example
https://docs.nvidia.com/nsight-systems/UserGuide/index.html#multi-report-mpi-example
https://docs.nvidia.com/nsight-systems/UserGuide/index.html#multi-report-mpi-example
https://docs.nvidia.com/nsight-systems/UserGuide/index.html#multi-report-mpi-example
https://docs.nvidia.com/nsight-systems/UserGuide/index.html#multi-report-mpi-example

Using cuda-gdb with MPI

- Launcher (mpirun/srun/. . .) complicates starting process inside debugger
- Workaround: Attach later

#include <unistd.h>

if (rank == 0) {
char name[255]; gethostname(name, sizeof(name)); bool attached;
printf("rank %d: pid %d on %s ready to attach\n", rank, getpid(), name);
while ('attached) { sleep(5); }

}

= Launch process, sleep on particular rank

S srun —n 4 ./jacobi -niter 10
rank @: pid 28926 on jwb00061.juwels ready to attach

= Then attach from another terminal (may need more flags)

[ jwlogin]$ JOBID=$(squeue -ho %i --me) # obtain job ID of user's first job
[ jwlogin]S srun -n 1 --jobid S${JOBID} --pty bash —-i # launch interactive shell on job's node
[ jwbBB81]S cuda-gdb --attach 28926

- Wake up sleeping process and continue debugging normally JSC system shortcut:

(cuda-gdb) set var attached=true sgoto --help
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Using cuda-gdb with MPI

Automatically wait for attach on exception without code changes:

S srun ./jacobi -niter 10

Single GPU jacobi relaxation: 10 iterations on 16384 x 16384 mesh with norm check every 1
iterations

jwb0129.juwels: The application encountered a device error and CUDA_DEVICE_WAITS_ON_EXCEPTION 1is
set. You can now attach a debugger to the application ( ) for inspection.

Same as before, go to node (see previous slide), then attach cuda-gdb:

S cuda-gdb --pid
CUDA Exception: Warp Illegal Address
The exception was triggered at PC 9x508ca’70 (jacobi_kernels.cu:88)

Thread 1 "jacobi” received signal CUDA_EXCEPTION_14, Warp Illegal Address.
[Switching focus to CUDA kernel 0, grid 4, block (0,0,0), thread (0,20,0), device 0, sm 0, warp 21,
lane O]

Ox000OVOOVB508ca80 in jacobi_kernel<32, 32><<<(512,512,1),(32,32,1)>>> ( ) at jacobi_kernels.c
u:38
88 real foo = *((real*)nullptr);

9 NVIDIA



Debugging MPI+CUDA applications

With CUDA_ENABLE_ _ON_EXCEPTION=1 core dumps are generated in case of an exception

CUDA_ENABLE_ =1 does not dump application memory - faster
Can be used for post-mortem debugging
Helpful if live debugging is not possible

Enable/Disable CPU part of core dump (enabled by default)
CUDA_ENABLE_ _ON_EXCEPTION

Specify name of core dump file with CUDA_

Open GPU

(cuda-gdb) target core.cuda
Open CPU+GPU

(cuda-gdb) target core.cpu core.cuda

10 NVIDIA.


https://docs.nvidia.com/cuda/cuda-gdb/index.html#gpu-core-dump-support
https://docs.nvidia.com/cuda/cuda-gdb/index.html#gpu-core-dump-support
https://docs.nvidia.com/cuda/cuda-gdb/index.html#gpu-core-dump-support
https://docs.nvidia.com/cuda/cuda-gdb/index.html#gpu-core-dump-support
https://docs.nvidia.com/cuda/cuda-gdb/index.html#gpu-core-dump-support
https://docs.nvidia.com/cuda/cuda-gdb/index.html#gpu-core-dump-support
https://docs.nvidia.com/cuda/cuda-gdb/index.html#gpu-core-dump-support
https://docs.nvidia.com/cuda/cuda-gdb/index.html#gpu-core-dump-support
https://docs.nvidia.com/cuda/cuda-gdb/index.html#gpu-core-dump-support

Example: Opening a Core Dump

Running and generating the core file

S srun ./jacobi -niter 10
Single GPU jacobi relaxation: 10 iterations on 16384 x 16384 mesh with norm check every 1 iterations
srun: error: jwb0021: tasks 6-3: Aborted (core dumped)

S 1s core*
core.jwb00621.juwels.23959 core_1633801834_jwb0021.juwels_23959.nvcudmp

And opening the core dump in cuda-gdb

(cuda-gdb) target cudacore core_16338601834_jwb0021.juwels_23959.nvcudmp
Opening GPU coredump: core_1633801834_jwb0021.juwels_23959.nvcudmp

[New Thread 23979]
warning: No exception was found on the device
[Current focus set to CUDA kernel ©, grid 4, block (0,0,0), thread (0,2,0), device 9, sm 0, warp 0, lane 0]
#0 0Ox00000000057el1aed in void jacobi_kernel<32, 32>(float*, float const*, float*, int, int, int, bool)
<<<(512,512,1),(32,32,1)>>> ()
at /p/project/cexalab/hrywniak1/code/multi-gpu-programming-models/mpi/jacobi_kernels.cu:87
87 real foo = *((real*)nullptr);
(cuda-gdb)
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Specialized parallel debuggers

e jacobi_mpi/jacobi - Process 1, No current thread - TotalView 2021

I ek - =8 = cuda-gdb can debug multiple processes (add-inferior),
————eTE e A D = w R although...

o ol = e | = For truly parallel bugs (e.g. multi-node, multi-process race

140 MPI ‘fla(vr*: Comm_rank(MPI_COMM_WORLD, &rank)); Y ° ° ° °
SR L e conditions), third-party tools offer more convenience
jacobi (S3) 1 1 pl . :
e . e oy e e S | = Or enable ,,live* analysis in the first place
146 nx = get_argval< >(argv, argv + argc, , 16384);
147 ny = get_argval< >(argv, argv + argc, , 1 1)

148 bool csv = get_arg(argv, argv + argc, ); _ o
L = Linaro DDT (formerly ARM)

local_rank =

{
MPI_Comm local_comm;
153 MPI_CALL(MPI_Comm_split_type(MPI_COMM_WORLD, MPI_COMM_TYPE_SHARED, rar ®
c10ca1_comm)) ocavaraies | = Perforce TotalView (screenshot)

156 MPI_CALL(MPI_Comm_rank(local_comm, &local_rank));
R Tm e —— = Available as module on JSC systems

}
160 printf( , local_rank);
162 CUDA_RT_CALL(cudasetDevice(local_rank));
163 CUDA_RT_CALL(cudaFree(0));

real* a_ref_h;
166 CUDA_RT_CALL(cudaMallocHost(&a_ref_h, nx * ny * sizeof(real)));

real* a_h;
168 CUDA_RT_CALL(cudaMallocHost(&a_h, nx * ny * sizeof(real)));
169 runtime_serial = single_gpu(nx, ny, iter_max, a_ref_h, nccheck, !cs

I | - view * | Command Line »

done

Action Polnts 3 Indexing 15716 bytes of DWARF ".eh_frame' symbols from
IDv Type Stop Location ‘Ip/software/juwelsbooster/stages/2020/software/XZ/5.2.5-GCCcore-10.3.0/lib/ibizma.so.5'...
done

Library /p/software/juwelsbooster/stages/2020/software/nvidia-driver/defaultlib/libcuda.so.1, with 2 asects, was
linked at 0x00000000
, and initially loaded at 0xff00000091896200

Mapping 14433 bytes of ELF string data from "/p/software/juwelsbooster/stages/2020/software/nvidia-
driver/default/iblibcuda.so.1'...
done

Indexing 889056 bytes of DWARF ".eh_frame' symbols from
‘Ip/software/juwelsbooster/stages/2020/software/nvidia-driver/default/lib/libcuda.so.1'...
done

Process: 1 (0) jacobi No current thread
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Write Debuggable Software

Think about interfaces in your code: Which parts must depend on each other, etc.
Example: BLAS, linear algebra routines

Think about structure and architecture (,,the big picture®)

Don't go overboard: ,| read this book, we need 100% test coverage’, etc.
For many research codes that would be overkill

“Everything should be made as simple as possible, but no simpler.

Badly structured legacy code slows you down as well, as it resists change
Today's code is tomorrow's legacy
Strike a balance, avoid full rewrites. Code encapsulates hard-earned bug fixes and knowledge

Representative test cases
Contain the correct science, walk the code paths
But run quickly, best on a single process, should run on a single node
Some (but not all) tests at full scale

13 NVIDIA.



Debugging Performance

Why you must use profilers

Donald Knuth paraphrase: Don't optimize prematurely.

That

Do not trust your gut instinct — very often misleading optimization

didn’t do .
\_anything! < —

- Easy to waste a lot of time chasing the "perceived” issue
Timers are not sufficient metrics. Need profilers.
Optimization will not monotonically decrease runtime.

Understand the goal of an optimization: use profiler to verify goal
was accomplished, investigate new blocker.

Don’t give up prematurely based on runtime.
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http://wiki.c2.com/?PrematureOptimization
http://wiki.c2.com/?PrematureOptimization

Debugging Performance

Why you must use profilers

- |terative workflow

» Different kinds of measurement tools, different tradeoffs
- Instrumenting/Sampling

N _ 4. Deploy 1. Assess
- Profiling/Tracing and Test
- multi-process, single-process, kernel-level

- Here: Focus on GPU and system-level: Nsight Systems

 |[dentify Performance
Limiter

* Analyze Profile

* Find Indicators

3. Optimize 2. Parallelize

4

Build Knowledge
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The Nsight Suite Components

How the pieces fit together

a? - Nsight Systems: Coarse-grained, whole-application Start here

@ - Nsight Compute: Fine-grained, kernel-level

- NVTX: Support and structure across tools

Recheck overall
workload behavior

Recheck overall
workload behavior

- Main purpose: Performance optimization
- But at their core, advanced measurement tools

9 {

Dive into top

CUDA kernels Dive into graphics

frames

— | T

\

Finished if
performance
satisfactory
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A First (I)Nsight

Use the command line
srun nsys profile --trace=cuda,nvtx,mpi --output=my_report.%q{SLURM_PROCID} ./jacobi -niter 160

Inspect results: Open the report file in the GUI
Also possible to get details on command line
Either add --stats to profile command line, or: nsys stats --help

Runs set of reports on command line, customizable (sqlite + ):
Useful to check validity of profile, identify important kernels

Running [.../reports/ jacobi_metrics_more-nvtx.0.sqlite]...

Total Time (ns) Instances Avg (ns) Med (ns) Min (ns) Max (ns) StdDev (ns)

36750359 20 1837518.0 1838466.5 622945 3055044 1245121.7( void jacobi_kernel
22816 2 11408 .0 11408 .0 7520 15296 5498 .5\ initialize_boundaries
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System-Level Profiling with Nsight Systems

Global timeline view

CUDA HW: streams, kernels,
memory

Different traces, e.g. CUDA, MP!
- correlations API <-> HW

Stack samples
bottom-up, top-down for CPU code

GPU metrics

Events View
Expert Systems

looks at single process (tree)

-+ correlate multi-process reports in
single timeline

ﬁi NVIDIA Nsight Systems 2021.4.1

File View Tools Help

Jacobi_metncs_no-nvix.0.nsys-rep

= Timeline View v =] Q 1x Ay 2 warnings, 16 messages
1s ~ +850ms +900ms +950ms 25 +50ms +100ms s
¥ GPU (D000:03:00.0 - NVIDIA
* CUDA HW (0000:03:00.0 - '+ IINEENEN —
M DtoH
r 61.4% Default stream 7 lg [ Memcpy DioH
» 31.8% Stream 13 1 1
¥ £.5% 5Stream 16
5 streams hidden... —
* Threads (8)
FTTee v e w U 10 R
v |V [10309] MPI Rank 0 ~ g m— ] g% gﬁ ——r—rrrT— é |
MP] | MPL_Sendrecv [41,692 ... [MPL_S...| M... [MPLS...| MPI_Sen... || MPL_...|[MPI..| |MPLS.. |
IIIIFL --------- N | —
CUDA API cudariostaiioc | EREIT| [CCTCEEEEEE . wsavemey | [ e
Profiler overhead
v [10367] jacobi - =- i
o threads hidden... — -
Name v ‘
# ~ Name Start Duration TID GPU Context + | Description:
Memset 1,868258s 3,200 ps GFU O Stream 13 void jacobi_kernel<(int)32, *
* float *, int, int, int, bool)
G Memcpy DtoD | 1,88565s 5,024 s GPU O Stream 14 Begins: 1,88259s
[ Memcpy DtoH | 1,88565s 4,864 us GPU O Stream 13 Ends: 1,88565s (+3,050 ms)
b el e o B B4 e - e b
]
18
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Correlating Events on the Timeline

Selecting events in one row highlights related events

» CPU (96)

2S

» CUDA HW (0000:03:00.0 - NVIDIA A" ]

v  Threads (9)

v [v] [10232] MPI Rank 0

MPI
CUDA API

Profiler overhead

+282 5ms +283ms

\/

S R 1 |

¥

- CUDA's execution model is asynchronous

+ Kernel launch on host returns
« Kernel runs on GPU

» Visualized in profiler

» CPU (96)

»  CUDA HW (0000:03:00.0 - NVIDI e

v  Threads (9)

v [v] [10232] MPI Rank 0

MPI
CUDA API

Profiler overhead

2S

v

+282 4/ms +282 48ms

+282,49ms

+282 S5ms

| cudaEventRecord

jacobi_kernel

2s v

r CUDA HW (0000:03:00.0 - NVIDIA A100-

v [All Streams]

v  39.0% Kernels
v >99.9% jacobi_kernel
100.0% void jacobi_kernel(floaf

»  <0.1% initialize_boundaries
61.0% Memory

»  60.6% Default stream 7
»  31.2% Stream 14 1
»  7.9% Stream 17

5 streams hidden... — +

r  Threads (9)

v |V [10232] MPI Rank 0 =

MPI
CUDA API

Profiler overhead

+282 47ms

+282 48ms

+282,49ms

L

/

+282 S5ms

void jacobi_kernel<(int)32, (int

void jacobi_kernel<(int)32, (int

void jacobi_kernel<(int)32, (int

void jacobi_kernel<(int)32, (int

void jacobi_kernel<(int)32, (int

jacobi_kernel

cudaEvent}
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Nsight Systems Basic Workflow

Navigating the timeline and finding interesting areas

ﬁ;‘ NVIDIA Nsight Systems 2021.4.1 — L] it

File View Tools Help

Jacobi_metncs_no-nvix.0.nsys-rep

= Timeline View - Q 1y U Ay 2 warnings, 16 messages

» (s 0.5s 15 1,55 25 2,55 35 =

* CPU (96)

» GPU {(0000:03:00.0 - NVIDIA A1(

+ CUDA HW {0000:03:00.0 - NVID Ty
* Threads (8)
-« [10309] MPI Rank 0 -
MP [MPL_Init [314,790...
CUDA API [ cudaFree { ][ cudaFr...| cudaFreeHost |
Profiler overhead %
v [10367] jacobi ~ | = é E Iy
o threads hidden... = o N o S - ] _ _ _ _ ] ] ] S _ _ ] o ] ] ) o
4 4
Events View
Name
# « Mame Start Duration GPU Context 4| Description:
1 initialize_boundanes{float *, float * float, int, int, int, 1... = 1,88146s 15,360 ps GPU D Stream 7
2 void jacobi_kemel<(int)32, (int)32=(float *, const floa... | 1,88259s 3,056 ms GPU O Stream 13
3 void jacobi_kemel<(int)32, (int)32>(float *, const floa... | 1,88574s 3,052 ms GPU O Stream 13
4 void jacobi_kernel<(int)32, (int)32>(float *, const floa... | 1,888384s 3,057 ms GPU O Stream 13
3 void jacobi_kemel<(int)32, (int)32>(float *, const floa... | 1,89193s 2,052 ms GPU O Stream 13
CJ
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Discovering Optimization Potential

15 ~ :0ms

» CPU (96)

Using our Jacobi example (see -
: » GPU{0000:03:00.0 - NVIDIA A1(
exercise)

r CUDA HW (0000:03:00.0 - NVID

Spot kernels - lots of whitespace |7 Threads@

- Which part is ,bad”?

v/ [10309] MPI Rank 0 ~

+900ms +950ms

+50ms

+100ms + 1

| MPI_Sendrecv [41,... [ MPL..| ... [MPL..| MPLS... |[MP..][ M... | [MPI_..

- Enhancel MP
CUDA AP
MPI Ca”S Drofiler overhead
- Memory copies V' [10367] jacobi -
- We know: This is CUDA-aware MPI 25 <] +127ms

r CPU (96)

Even without knowing source, . GPU (000003000 - NVIDIA AT

insight ~ CUDA HW (0000:03:00.0 - NVID -
. . [ voidjacobi
Too complicated for Alloteams]
repeated/reliable usage " 85.2% Kemels izt
» 100.0% jacobi_kernel [void jacobi,

- How to simplify navigating and
comparing reports?

» CPU (96)
¥ GPU {(D000:05:00.0 - NVIDIA ATC
v CUDA HW (0000:03:00.0 - NVID

¥ [All Streams]

¥ 90.6% Stream 16
b 9.4% Stream 18
b (.0% Default stream 7
5 streams hidden... -

* Threads (8]
* v/ [10309] MPI Rank 0 ~

MPI

127.38ms +127dAms +127.42ms  +127.44dms  +127.d6ms +)

MPI_Sendrecy [179,307 ps]
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Adding some Color
Code annotation with NVTX

25 - +350ms +A400ms +450ms +500ms +550ms +600ms +650ms + f00ms

Same section of timeline as before . oU o6 =

- Events view: Quick navigation » GPU (0000:03:00.0 - NVIDIA

» CUDA HW (0000:03:00.C 1
* Threads (8)

Like manual timing, only less work

Nesting V| [17825] MPIRank 0 ~ § & | i
_ _ _ MP| [MPLSendrec...| MPI_Sendrecv [63,695 ms] |MPI_Sendrecv [55,344 ..| | ... |[...
Correlation, filtering
MNVTX single_gpu [93,348 ms]
CUDA AP Tl (1111 D [0ED) ( coomnerina |

Profiler overhead

V| [17878] jacobi ~

o threads hidden... —

1 4
Events View v
Name v
# + Name Start Duration TID Category + | Description:
‘ I init 0,17077s 2,490 5 17825 it 000
« [] Jacobi solve : — == Begins: 2,66035s
Zoom to Selected on Timeline Ends: 2,661275 (+917,263 us)
Egp}r Selected Thread: 17825

I kernel 2,000355 082,252 s 17825
I MPI 2,60103s 105,391 ps 17825
I norm 2001145 128,150 ps 17825
4 |:| it_001 2,00127s 751,182 s 17825
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Adding NVTX

Simple range-based API

- #include "nvtx3/nvToolsExt.h"

-« NVTIXvV3is header'Only, needeUSt —1d1 int main(int argc, char** argv) {
- C++ and Python APlIs PUSH_RANGE ( "main", ©)
. . PUSH_RANGE( "init", 1

« Fortran: NVHPC compilers include module do_initialgzation() ;)

- Just use nvtx and -cudalib=nvtx POP_RANGE

- Other compilers: See blog posts linked below [* ... %/

o | PUSH_RANGE ( "computation"”, 2)
@ Deflnlte|y: IﬂClUde PUSH/POP Macros (See ||nkS b@lOW) jacobi_kernel<<</* o */' Compute_st ream>>>( o ) ,
PUSH RANGE (name. color idx cudaStreamSynchronize(compute_stream);
B ( ' - ) POP_RANGE

- Sprinkle them strategically through code /* ... %/

- Use hierarchically: Nest ranges \ POP_RANGE

- Not shown: Advanced usage (domains, ...)

- Similar range-based annotations exist for other tools
« e.g. SCOREP USER_REGION_BEGIN

https://github.com/NVIDIA/NVTX and https://nvidia.github.io/NVTX/#how-do-i-use-nvtx-in-my-code

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://docs.nvidia.com/hpc-sdk/compilers/fortran-cuda-interfaces/index.html#cfnvtx-runtime
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Minimizing Profile Size

Shorter time, smaller files = quicker progress

Only profile what you need - all profilers have some overhead
- Example: Event that occurs after long-running setup phase

Bonus: lower number of events leads to 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

- Use NV I X registered strings for best performance

Alternatively: cudaProfilerStart() and —Stop()
- --capture-range=cudaProfilerApi

[207.848 ... | it 001 [1,375 ... |it 002 [1,276...] it 003 [1,758 ms] |t 004 [1,22...|it 005 [1.369 ...|it 006 [1,1... |it 007 [1,319...|it 008 [1,17...| it 009 [1,321...]

106848 o) ) cernel.. (MPL ... (PR [kerme... (MBE[L08.) (eme... (M) [ceme... BT (kemet_.. ([ ken... (B cen... (M (erel... (W]
0 e | @le) | Jfesa) Jeods) | feudes] § fledas) flevd)| Jeuda ][cuda)
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https://nvidia.github.io/NVTX/#register-strings-that-will-be-used-many-times

Nsight Systems Workflow with NVTX

Repeating the analysis

ﬁ' NVIDIA Nsight Systems 2021.4.1 — [] ot
File View Tools Help
Jacobi_metncs_more-nvix.0.nsys-rep
= Timeline View - Qix L /% 2 warnings, 16 messages
25 ~ . +E-E|EII,4m5 . +E-E|EII,5m5 B 2s 660,6070ms +E-Elill,?m5 . +E-EEILEm5 . +E-E|EII,Eilm5 . +E-E|I1r'n5 . +66 1.‘1 ms . +E-E|1IJ2m5 =

» CPU (96)

P GPU {0000:03:00.0 - NVIDIA
¥ CUDA HW (0000:03:00.0 - b
* Threads (8)

¥ V| [17825] MPI Rank 0 ~

MPI | [MPL_Sendrecv [..|MPL..|  [MPLAlreduce [...|
NVTX [ - it_000 [917,263 ps] |
CUDA API el cdeBeentynbvonze ] | i/l 8
Profiler overhead
v [17878] jacobi ~ %
b threads hidden.. — + =
1 | e
‘Events View = ‘
MName = ‘ I =t
+ Name Start Duration TID Category # Description:
| 1 v [] init 0,17077s 2,490 s 17825 it 000
+ [] Jacobi solve 2,66034s 7,810 ms 17825 Begins: 2,660355

Ends: 2,66127s (+917,263 ps)

| kernel 2,66035s 682,252 s 17825
|] 8 l mpl 2,66103s 105,391 ps 17825
E Il norm 2,66114s 128,150 ps 17825
] 10 v [ it_oo1 2,66127s 751,182 s 17825
1] 14 » || it_002 2,66202s 767,433 s 17825
1] 12 v [] it_003 2,66279s 752,632 s 17825
1] 22 v || it_o04 2,66354s 762,572 s 17825 e
4 4
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GPU Metrics in Nsight Systems

..and other traces you can activate

Valuable low-overhead insight into HW
usage:

- SM Instructions

- DRAM Bandwidth, PCle Bandwith
(GPUDirect)

Also: Memory usage, Page Faults (higher
overhead)

- CUDA Programming guide: Unified Memory
Programming

Can save kernel-level profiling effort!

nsys profile
--gpu-metrics-device=0
--cuda-memory-usage=true
--cuda-um-cpu-page-faults=true
--cuda-um-gpu-page-faults=true
./app

0s ~ BYERIENE +67/9ms +680ms +864ms +865ms
* GFU (0000:07:00.0 - AT00-5XM-:

* GFU Metrics [10 kHzZ]

GPC Clock Frequency

5¥S Clock Frequency
GR Active

SM Active

(SM Instructions >

¥ 5M Warp Occupancy

( DRAM Eanc:lwid@

» PCle Bandwidth

* CUDA HW {0000:07:00.0 - A100

¥ 78.2% Context 1

< Memory usage >
—

¥ 100.0% Kernels
Memory:
¥ 20.8% Unified memory < m Usage: 512,00 MiB
~—

< GPFU Page Faults > :

=
%

Write

Write @ Ox7i

¥ 100.0% Memory

il

43.3% HtoD transfer
56.7% DtoH transfer
* Threads (7)

* v/ [1225233] transpose -

IR
R

OS runtime libraries

CUDA AP

~ lcucapevicesyn..
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https://docs.nvidia.com/cuda/cuda-c-programming-guide/index.html#um-unified-memory-programming-hd
https://docs.nvidia.com/cuda/cuda-c-programming-guide/index.html#um-unified-memory-programming-hd

Focusing the Analysis

Introducing GPU metrics sampling

2= » xb0,3ms +660,4ms +660,5ms +660,6ms +660, 7ms +660,8ms +660,9ms +661ms +661,1ms +661,2ms +661,

Discover the ,unit cell” of performance ~ GPU (0000:03:00.0 - NVIDIZ
: : : : ¥ GPU Metrics [10 kHz] =
 In our case: single iteration 5PC Clock Frequendy

SY5 Clock Frequency

Other blank spots during setup can be — T e— -
ignored (amortized, many more SM Active

|terat|on8) F SM Instructions
I—| —
Maybe: Too small for proper comms > SM Warp Occupancy e — —
y Prop
profiling
r DRAM Bandwidth
Kernel itselt adequately using GPU > NVLink Bandwidth
R ] bl k 5 » PCle Bandwidth
¢ emaﬂlﬂg an SpOtS v CUDA HW (0000:03:00.0 - M —r . ]
- [ voidjacobi kemel<(int)32, (int32> (float *, const fioat " float *, int int, int,bool) |
Norm calculation ~ [All Streams] o J
. Can be turned off + 38.1% Keme G e T e w—) ‘
. 15 61.9% Memory ' I I
But still: O_verlap potential? Can we run e e Bt a7
- later lectures » 6.5% Stream 16
5 streams hidden... — +
* Threads (&)
~ V| [17825] MPI Rank 0 ~ E E
MPI (-] MPI_Sendr..M...|  [MPLAlre..|
. |lovisoNe@glOmd
NVTX | #_000 [917,263 ps] Jit_0o.
. kemel®82252psy [MeI[i05357ps]|Cnom (128150 sl ) kern
CUDA AP Wl cudebvent§ncvonze | | Jul 0
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Using Multiple Reports in Nsight Systems

& MVIDIA Nsight Systems 2022.4.1 - O 4

File View Tools Help

Untitled 8 *

= Timeline View - =@a L o .I 1x M2 warnings, 28 messages
* ::IS 1 D, ?S 1 -I|S 1 1 I-|55 i E|5 1 E, ::"E i 3:5 1 -
CUDA HW (0000:03:00.0 - NVIDIA AT00-SXM4-40GB) l,- !' -ll
39.0% Kernels 5 A |
61.0% Memory ) § ’Q u
| | il oioia RN .. OO | N | A 4
~ |V [31252] MPI Rank 0 + I __=_= i —”-H
I ! e[ B M
MP| | MPI_Init [1,127 5] |
{:U DA I,|:'|IF:'| udastreamCreateWithElaos . cudaHostaAlloo ~udaHaostAlloc ]]. ‘:l] JmﬂEF_.IC:IJﬂEF_.I
Profiler overhead | | |
V! [31329] async ~ = '=“ i ! i
| b 1§ e
7 threads hidden.. - M0 | 18 I | 1 1 1 A O (N A A A (O A 1 5 A A O AR N RN AN
)[:}[31255] .,-fjacr::bi | L Il | - Eia =
4 3
Events View -
MName v || \
Description:
Right-click a timeline row and select "Show in Events View" to see events here
CA
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Multi-Process GPU Analysis

rank_0_1

| = Multi-report view v

- Load multiple reports into timeline 2 Analysis Summary  ~ || Report:0

Jjacobi.l.nsys-rep

- analyze differences in execution,

GPU utilization *00:03.362

Profiling session dur

Report file C:/04L Profiles/jacobi.0 nsys-rep
» Pin rows for comparison
e Example: End tlme Of kernel 2s » +168,6ms +168,8ms +169ms +169,2ms +169,4ms
. CUDA HW {0000:03:00.0 - NVIDIA AT00-5XM4-40GE) ; 17T 1
exeCUtIO n 39.0% Kernels ;
61.0% Memary IL '
NVTX K | it_000 [1,054 ms]

CUDA HW (0000:44:00.0 - NVIDIA A100-5XM4-40GE) ;

61.4% Memory X

NVTX F 4 it_000 [1,024 ms]
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Community Profiling Tools

Detecting issues at scale of thousands of GPUs (and processes)
Need to slice and dice data, too much to make sense of raw data

Common measurement/instrumentation infrastructure: Score-P
Prefix all compilation/linker commands with scorep —cuda

GPU data integration
CUDA profiling tools interface (CUPTI)

core-P

Scalable performance measurement
infrastructure for parallel codes

Run the application to collect...
profiling data, for Scalasca
tracing data, for Vampir
(selection of tools not exhaustive)

Tracing in particular: Careful tuning to keep overhead low (filtering)
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Breakdown of different metrics across
functions and processes

Left-to-right: Selection influences

breakdown

Expanding changes inclusive/exclusive

Example analysis:

- Detect computational imbalance

https://scalasca.org/

Scalasca / CUBE

File Display Plugins Help

Absolute

. Metric tree

B call tree ‘ “ || Flat tree

* [ 0.00 Time (sec)
+* [ 0.00 Execution
0.15 CUDA kernels
b 1.12 MPI
d 0.00 CUDA

0.00 Overhead
1896 Visits (occ)

r [
» [ 0 MPI file operations (occ)
a

0.00 General management
5.84 Memory management
[ 0.15 Synchronization
0.01 Kernel launches

2.10e7 Bytes transferred (bytes)

B 0.00 Computational imbalance (sec)
[J 0.00 Minimum Inclusive Time (sec)
B 2.17 Maximum Inclusive Time (sec)

.

Absolute

B system tree ‘ I statistics

-

. Sur

]
|

B - machine juwelsbooste
* [ - node jwb0021.juwels

T v v

1

O 0.31 MPI Rank 0
d 0.31 MPI Rank 1
0 0.31 MPI Rank 2
[ 0.31 MPI Rank 3

All (20 elements)

0.00 1.25 (14.64%)

8.52| |0.00

Ready

1.25 (100.00%) 1.25

0.00

salbojodol ‘ M3\ walshs

EFENED)

File Display Plugins Help

Absolute

b
b

. Metric tree

~ | Absolute

. Call tree ‘ Flat tree

~ 8.52 Time (sec)

1896 Visits (occ)
» [ 2.10e7 Bytes transferred (bytes)

0 MPI file operations (occ)

[ 0.00 Computational imbalance (sec)
0.00 Minimum Inclusive Time (sec)
2.17 Maximum Inclusive Time (sec)

« | |+ [H 0.00 jacobi

. 0.00 void _sti  cudaRegisterAll()
v 8.37 int main(int, char**)

0.00 BUFFER FLUSH

v 0.00 KERNELS

0.00 initialize boundaries

™~ 0.15 jacobl kermel<=32, 32>

Absolute

B system tree ‘ B statistics

. Sur

B - machine juwelsbooste

w v v v

- node jwb0021.juwels
[ 0.04 MPI Rank 0
[ 0.04 MPI Rank 1
] 0.04 MPI Rank 2
[ 0.04 MPI Rank 3

-

b

salbojodoy ‘ maI waishs
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https://scalasca.org/
https://scalasca.org/

Analyze multi-process patterns

What you can see in screenshot
- Main timeline
- Function summary

Example analysis: Pinpoint MP!
message relationships

- e.g. late sender issues

https://vampir.eu/

Vampir trace

File Edit Chart Filter Window Help

ErvRuweR @3

= Master thread:0
CUDA[0:7]:0
CUDA[0:13]):0
CUDA[0:16]:0
CUDA[0:33].0
= Master thread:1
CUDA[0:7]:1
CUDA[0:13]:1
CuDA[0:16]:1
CUDA[0:33]:1
= Master thread:2
CUDA[0:7]:2
CUDA[0:13]:2
CuDA[0:16]:2
CUDA[D:33]):2
» Master thread:3
CUDA[0:7]:3
CuDA[0:13]:3
CUDA[0D:16]:3
CUDA[0:33]:3

1
1.493745s

1.4934s

Timeline
1.4936s

IEN=HES

ﬂ R & @ E ‘@ f i‘ a0 1-49;:;:!1.494:]15

A
1.4938s

x|

—

Function Summary

Accumulated Exclusive " Find:
0 ms

407.258 ps. MPI_Sendrecv
169.979 psB MPI_Allreduce
68.02 usk int main(int, char+*)
36.18 I-IS! cudaLaunchKernel
22.35 Pst cudaMemcpyAsync
17.4 us cudaStreamSynchronize
12.86 pSE cudaMemsetAsync

t

X

jacobi_kernel<32, 32>(f...*, int, int, int, bool)  *
' cudaEventSynchronize

Context View
=‘ 5= Master Timeline X
-Fmperty Value
Display Master Timeline
Type Function
Location CUDA[0:16]:2
Function
Function Group [ CUDA KERNEL
Interval Begin 1.492905s
I:'prrual Fnd 1.493AR1s

Bljacobi kernel<32, 32>(float*, float const*, floa

Function Legend
P MPI Collective Communication

™ MPI Management

M MPI One-sided Communication

M MPI Point-to-point Communication
M MPI Request Handling

M MPI Synchronization

LR
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https://vampir.eu/
https://vampir.eu/

Summary

Looked at a wide selection of different tools
compute-sanitizer
cuda-gdb
Nsight-Systems
Score-P: Scalasca, Vampir, ...
and don't forget compiler flags and checks

Correctness is paramount, but so is optimal resource usage

Pick right tool for the job —and take the time to learn it thoroughly
Do not trust your gut when analyzing performance, easy to be misled
How to adapt serial (or small-scale) tooling to highly distributed applications

Meant as guideline, not gospel
Especially performance issues often require creativity to solve

Workflow is equally important
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Further Material

GTC on-demand talks
- What, Where, and Why? Use CUDA Developer Tools to Detect, Locate, and Explain Bugs and Bottlenecks (s41493, GTC 2022)
« Tuning GPU Network and Memory Usage in Apache Spark (s31566, GTC 2022)

Documentation for cuda-gdb, compute-sanitizer and Nsight Systems and blog posts:

« Efficient CUDA Debugging: Memory Initialization and Thread Synchronization with NVIDIA Compute Sanitizer
e Optimizing CUDA Memory Transfers with NVIDIA Nsight Systems
- ..and other posts: https://developer.nvidia.com/blog/tag/nsight/

GTC labs from Nsight teams: https://github.com/NVIDIA/nsight-training

GPU bootcamp material, e.g., https://github.com/openhackathons-org/nways_accelerated _programming
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https://www.nvidia.com/en-us/on-demand/session/gtcspring22-s41493/
https://www.nvidia.com/en-us/on-demand/session/gtcspring22-s41493/
https://www.nvidia.com/en-us/on-demand/session/gtcspring21-s31566
https://www.nvidia.com/en-us/on-demand/session/gtcspring21-s31566
https://docs.nvidia.com/cuda/cuda-gdb/index.html
https://docs.nvidia.com/cuda/cuda-gdb/index.html
https://docs.nvidia.com/cuda/cuda-gdb/index.html
https://docs.nvidia.com/cuda/compute-sanitizer/
https://docs.nvidia.com/cuda/compute-sanitizer/
https://docs.nvidia.com/cuda/compute-sanitizer/
https://docs.nvidia.com/nsight-systems/
https://developer.nvidia.com/blog/efficient-cuda-debugging-memory-initialization-and-thread-synchronization-with-nvidia-compute-sanitizer/
https://developer.nvidia.com/blog/efficient-cuda-debugging-memory-initialization-and-thread-synchronization-with-nvidia-compute-sanitizer/
https://developer.nvidia.com/blog/optimizing-cuda-memory-transfers-with-nsight-systems/
https://developer.nvidia.com/blog/optimizing-cuda-memory-transfers-with-nsight-systems/
https://developer.nvidia.com/blog/tag/nsight/
https://github.com/NVIDIA/nsight-training
https://github.com/NVIDIA/nsight-training
https://github.com/NVIDIA/nsight-training
https://github.com/openhackathons-org/nways_accelerated_programming
https://github.com/openhackathons-org/nways_accelerated_programming
https://github.com/openhackathons-org/nways_accelerated_programming
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