@ @ & o1 -
Name Type Value sorfiow -t - Adeati
** c_target_oper_names, ntargets, @ tensarfiow:-FunctionkibyaryRunti.
Thread Suate TID a int Ox000000000000 TF_Buffer® run_metadata, 7T Status* status) {
. 684 2ur (noutputs, c_outputs, status); (C+=+ tensorflow::DirectSession::GetOr...
B Breakpoint 1.1 tensorflow::SoftmaxXentWit] nstar int Ox00000006 (6) 6es <std::pair<tensorflow::string, Tensor>> ir t pairs(ni
666 Inputs{c_inputs, &input_pairs, status)) return; (C++ ] std::_Function_handier<tensorfio..
B Stopped 1.2 pthread__cond_wait grap int Ox00000015 (21) 687 = O ninputs; ++i) {
608 tnput_pairs{i].f st = c_input a st function<tensorfiow: : Status (.
B Stopped 13 pthread_cond_wait [Aod b3
610 std: :vector<tensorflow::string> output_names(noutputs); aa tensorflow: Sunnamed_namespa
B Stopped 1.4 pthwead_cond_wait 611 ( i=9; 1i<no uts; ++i) {
612 output_names[i] = c_output_names[i]; = tensorflow::Newl ocalExecutor
) )
615 ( i = ®; i < ntargets; ++i) { B = ST
- t process or thread attnbutes to group by 616 target_oper_namesfi] c_target_oper_names[i];
3 - - tensorflow:-DirectSession::Run
¥ Thread State TE_Run _Helper(s->session, nullptr, run_options, input_pairs, outf
< Thread ID 1 619 C_outputs, target_oper_names, run_metadata, status (C+s ] TF_Run_Heiper
58 628 3}
Function = TF_Run
TF_PRunSetup(TF_DeprecatedSession” s,
Process State [C+=] tensorflow: - TF_Run_wrapper_hel
** c_input_names, ninputrts,
= -
Controt Group [C+=] tensorflow:-TF_Run_wrapper
** c_output_names, noutputs, F
[ Py ] _run_fn
** c_target_oper_names, nta
_ ** handle, TF_Status* status) {
ext_do_cal
630 status->sStatus = Status::0K(); « SeSthacces
Command Line = e
632 3 R = ensorflow: ::string> input_nar (ninputs); m do_call
= 3 633 - <tensorflow tring> output_nan (noutputs);
1D Type Stop Location Line 634 S : <tensor ::string> target - ames{ntargets); [ Py ] _do_run

DEBUGGER & CORRECTNESS TOOLS
HPC SUPPORT CORNER

OCT 22, 2025 | MICHAEL KNOBLOCH | M.KNOBLOCH@FZ-JUELICH.DE

@) JULICH | &
SUPERCOMPUTING
Mitglied der Helmholtz-Gemeinschaft Forschungszentrum CENTRE



OUTLINE

Debugger and Correctness
Tools

Make it work,
make It right,
make It fast.

Kent Beck

Performance Analysis Tools
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WHAT IS DEBUGGING?
What is Debugging?

Identify Error Identify the Error Location

Analyze Error Prove the Analysis
Cover Lateral Damage

www.educba.com
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ATTENTION: DEBUGGING CAN BE TIME CONSUMING
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ATTENTION: DEBUGGING CAN BE FRUSTRATING

ST

B

Y OIEP DE

SUGGING

STEP
OVER
N

MANY STEPS LATER

STEP OVER

STEP INTO
STEP OVER

SHOULD HAVE STOPPED

OTEP OVER
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| AM GOING

TO KiLL
You!

MONEYUSER. COM
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BUT. DON‘T BE THESE GUYS

— |DONTKNOW™

| DON'T USE DEBUGGERS
HOWTO USE A DEBUGGER A
\

|STARE DOWN U
THE conicourisszs

7' pE At ,71)‘!,’ e 8

JULICH | Lue
SUPERCOMPUTING

Forschungszentrum CENTRE
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DEBUGGING TOOLS (STATUS: OCT 2025)
- =3 ./

e Debugger:
e (GDB)
« CUDA-GDB
e TotalView

L —

e LinaroForge - DDT

e Correctness and Memory Analyzer:
e MUST
e Archer
e CUDA Compute Sanitizer

JULICH
SUPERCOMPUTING
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CUDA-GDB

Debug - vectorAdd/src/vectorAdd.cu - Nsight

File Edit Source Refactor MNavigate Search Project Run Window Help

b Part Of the CUDA tOOIklt i~ @ | % v 0O v @~ Q- | = I B i w (3] @ e

%% Debug 232 E i# ¥ = O||ed=variables |®%s Breakpoints | @ CUDA 2 =i Modules =0
¥ [ vectorAdd {0} [device: gk110 (0)] (Breakpoint) = - =] 'g' -

e Extension to gdb o cupA Thread (600 Block (0,0.0 .
s> [ . =

. ¥ [l All CUDA Threads ¥ %% (0,0,0) I sSM 11 M 256 threads of 256 are runr |
(Y CLI and G U I (NSlght) ¥ i Block (0,0,0) [sm: 11] =¥ (0,0,0) wWarp OLane 0 | [g vectorAdd.cu:36 (0x9a653(
» & CUDA Thread (0,0,0) [warp: 0 lane: 0] (vectorAdd.cu:36) | _ = (1,0,0) Warp 0 Lane 1 @ vectorAdd.cu:36 (0x9a653( | _
H H [€] vectoradd.cu = = B || &= outline | ! Registers &2 =t = i A e S == |
e Simultaneously debug on the CPU and multiple GPUs —— T e o oaor -
int i = blockDim.x * blockIdx.x + threadIdx.x; ¥ RS 4 4
., . . . . i Re | 3149824 | 3149824
e Use conditional breakpoints or break automatically on — S
c[i] = a[i]l + BIi]; i Ra ‘o i1
i RO ‘o 1
every kernel launch : _ | Wm0 |tososwe |-zrisrasos
WHR11 4] 2 =

° Examine Variables’ readlwrite memory and registers B console = ] Tasks | 2 Problems | @ Executables| @ mMemory = BB =] = B~~~ —0O0

vectorAdd [C/C++ Application] gdb traces
0x400300800"}, {name="C" ,value="0x400301000"}, {fname="numElements"” ,value="500"}],file="../src/vectorAdy =
d.cu", fullname="/home/eostroukhov/cuda-workspace/vectoradd/src/vectorAdd.cu”,line="36"}

* Inspect GPU state when the application is suspended | 7655 1572, reossiervatuesstiumer=1s- vatue=-oxo
479:349 lggEdone,registerfvaluesz[{numberz“15",ualuez“e"}]

478,340 (gdb)

e |dentify memory access violations

@) JULICH| 4
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TOTALVIEW DD TaTtawview

e Symbolic Debugger for C/C++, Fortran, and mixed Python/C++ programs
e JSC's “standard” debugger
e Advanced features

e Multi-process and multi-threaded

Multi-dimensional array data visualization

e Support for parallel debugging (MPI: automatic attach, message queues, OpenMP, Pthreads)
e CUDA and OpenACC support

e Scripting and batch debugging

e Advanced memory debugging

e Reverse debugging

e Remote debugging

e NOTE: JSC license limited to 2048 processes (shared between all users)
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TOTALVIEW: MAIN WINDOW

= @TEMP@CUDA@.tx_cuda_matmul.blceOael -
| Edi By s ug  Wir

Group (Control) ReplayEngine

Process 1, Thread 1.-1 (Breakpoint) - CodeDynamics 20J

Processes & Threads | Start Page »* lb(_:uda_matmul.cu * | tx_cuda_matmul.cu

Call Stack » | Lookup Fle or Function

// by accumu ting
float Cvalue = O;
Thread row and column

row = threadIdx.y:

Csub

within
int

elect process or thread attributes to group b

that

and B

Control Group .

E ub-matrices tc ther

te the ults

:m = (A.width / BLOCK_SIZE); ++m) {

atrix Asub of A
GetSubMatrix(A, blockRow, m):;

rix Bsub of B

GetSubMatrix(B, m, blockCol):;

Share Group

] Hostname

@06 | == 7 Tnvoke | T
r—+ — : nvoke kernel
75 dim3 dimBlock(BLOCK_SIZE, BLOCK_SIZE):;
Description #EP [T | Memb 76 dim3 dimGrid(B.width / dimBlock.x, A.heig
77 MatMulKernel<<<dimGrid, dimBlock=>=(d_A,
W tx_cuda_matm... 1 1 Pl 78 Read C from device memory
cudaMemcpy(C.elements, d_C.elements, size
W Breakpoint 1 1 pl cudaMemcpyDeviceToHost) ;
/ Free device memory
W MatMulK... 1 1 pl.-1 cudaFreei(d_A.elements) ;
cudaFree(d_B.elements) ;
1.-1 2E Sk pl.-1 cudaFree(d_C.elements) ;
g
v poll_n... 1 1 pl.2 .
SR o Matrix multiplication kernel called by MatrixMul()
1.2 1 1 pl.2 __global__ void MatMulKernel(Matrix A, Matrix B, Matrix C)
z : i
r/ Block row and column
e TSRS z . (FREt int blockRow = blockIdx.y:
92 int blockCol blockIdx.x:
11 1 1 pl.1l 93 // Each thread block computes one sub-matrix Csub of
94 Matrix Csub GetSubMatrix(C, blockRow, blockCol):;
Each thread comp : OMsagglement of Csub

MatMulKernel

Matrix @local

Matrix @local (Matrix

Matrix @local (Matrix

Action Points I Command Line = I Logger = I Data View

| 1D Type Stop | Fle | Line ||| Name

| Tvpe | value |

~ 1 Process tx_cuda_matmul 91 v A

Matrix @local (Matrix @local)

width

height
stride

elements

Thread: 1.-1 - Breakpoint Frame: MatMulKernel

@TEMP@CUDA®.tx_cuda_matmul.blcelaesl

Mitglied der Helmholtz-Gemeinschaft

..vcc_7.5_compute-

int 0x00000002 (2)
int 0x00000002 (2)
int 0x00000002 (2)
float @generic * 0xb03ee0000 -...

_cuda_matm Line: 91
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LINARO FORGE - DDT

e Graphical Debugger for C/C++, Fortran, and Python programs
e Modern, easy-to-use debugger

e Advanced features

Multi-process and multi-threaded

Multi-dimesional array data visualization

Support for MPI parallel debugging
(automatic attach, message queues)

Support for OpenMP (Version 2.x and later)
Support for CUDA and OpenACC

Job submission from within debugger

e https://linaroforge.com/linaroDdt

e NOTE: JSC license limited to 128 processes (shared between all users) __
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CENTRE

IJ JULICH

Forschungszentrum

Mitglied der Helmholtz-Gemeinschaft



DDT. MAIN WINDOW

[ N ) <=5 Arm DDT - Arm Forge 19.1.1
' Ee B8 Ef EI !

i e
Step Threads Together  Step CUDA threads by: | Warp (delault) B o (> ]

Go

Grid size: 32x32x1 Block size: 16x16x1

A4F 20 convolution filter wsing global memory
w __oicbal__ wold conwid _glcbalduchars® in, wchard® out, imt width)

int x = thresdids.x + v' ckide.x * BLOCK_SI2E: -1
int ¥ = chreadids.y + Ddx.y = BLOCK_SIZE:

Nama
(=
. oy -1
Ent index = dy - xi.:ll.h LI = output {x=0,y=0, z=0, w =255}
x 32
¥
imdac

flcard cutpot = sake_floaxd (0.0, 0.0, 0.0 dn[indax] vl s

Ppreg=a unroll
v forfint ey==-1; Sy<=iki +ecyd
r

fpragma uszoll

ime ex=-lp awcsly +sesh GPU Devioas. 2 a
Amibute Name Vadue
ouEpuT.x += (floatpelement.x = ﬁ“[‘??'lllﬂl'lll w Ranks 0
outpuL.y += (floathelement.y = conweyel) [exel]s GM20B
output .z 4= (floatlelemssnt.z * conv[oyel) [exel]p - IDs
]
] Capability sm_53
cut(index] = make uchard [CULPUL.X, CULPUL.Y. CUEPUL.E, CULRUt.whs Mumber of SMs
' Warps par SM B4
130 % woid conwid_hostfuchars® &n, uschar4® out, const PngImagos ph Lanes per Warp a2
131 [ Registers per Lane 256
InpUOutpul  Breakpoints  Watchpoints [JISIBEKSIl Tracepoints  Tracepoini Output  Logbook Kemel Progress View |[IEREREIEN
Stacks (5=} Evalsato 2o

4= H-HS

Mitglied der Helmholtz-Gemeinschaft
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MUST

Next generation MPI correctness and portability checker

https://www.i12.rwth-aachen.de/go/id/nrbe

MUST reports

= Errors: violations of the MPI-standard

= Warnings: unusual behavior or possible problems
= Notes: harmless but remarkable behavior

= Potential deadlock detection

Usage

= Compile with debug information (i.e. use the -g flag)

= Run application under the control of mustrun (requires (at least) one additional MPI process)
» E.g. on JUSUF: mustrun --must:mpiexec srun --must:np -n -n 4 ./app

= Open output html report (might need to copy it to your local machine) __
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MUST DATATYPE MISMATCH

om:

#0 main@example.c:33
A send and a receive operation use datatypes that do not match! Mismatch occurs at (contiguous) efirggggfe;v calll-e d
[O]J(MPI_INT) in the send type and at (MPI_BYTE) in the receive type (consult the MUST manual for a S
detailed description of datatype positions). A graphical representation of this situation is available in a MPI_Sendrecv |, me-xin@ e e
S iError detailed type mismatch view (MUST Output-files/MUST Typemismatch 0.html). The send operation called from: R
was started at reference 1, the receive operation was started at reference 2. (Information on #0 e ferene 3 rankots
communicator: MPI_COMM_WORLD) (Information on send of count 1 with type:Datatype created at |main@example.c:33 1 - ontigu-ous
reference 3 is for C, commited at reference 4, based on the following type(s): { MPI_INT}Typemap = alled from:
{(MPL_INT, 0), (MPI_INT, 4)}) (Information on receive of count 8 with type:MPI_BYTE) #0 main@example.c:29

eference 4 rank 0O:
1 Type_commit called

Tom:

0 main@example.c:30

The application issued a set of MPI calls that mismatch in type signatures! The graph below shows details on this situation. The first differing item of each involved
communication request is highlighted.

MPI_Sendrecv:send

I

MPI_Type_contiguous(count=2) MPI_Sendrecv.recv

j—

_INT | MPI_BYTE

- VU LINsITT | SUPERCOMPUTING
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MUST DEADLOCK DETECTION

The application issued a set of MPI calls that can cause a deadlock! The graphs below show details on this situation. This includes a wait-for graph that shows
active wait-for dependencies between the processes that cause the deadlock. Note that this process set only includes processes that cause the deadlock and no
further processes. A legend details the wait-for graph components in addition , while a parallel call stack view summarizes the locations of the MPI calls that cause]
the deadlock . Below these graphs, a message queue graph shows active and unmatched point-to-point communications. This graph only includes operations that
could have been intended to match a point-to-point operation that is relevant to the deadlock situation. Finally, a parallel call stack shows the locations of any
operation in the parallel call stack. The leafs of this call stack graph show the components of the message queue graph that they span. The application still runs, if
the deadlock manifested (e.g. caused a hang on this MPI implementation) you can attach to the involved ranks with a debugger or abort the application (if
necessary).

MPI_COMM_WORLD)

MPI_Send@0

Active MPI Call

Sub Operation

A
MPI_Send®@2 A A waits for B and C' B

comm=A, tag=456

MPI_Send@1

comm=A, tag=456 comm=A, tag=456

comm=A, tag=456

C
MPI_Send@3
A waits for B or C
main@example.c:39 A - --=-- >~ B
Ranks: 0-3 e =
~a
C
MPI_Send

@) JULICH| 4
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ARCHER

e Data race detector for large OpenMP programs

e Combination of static and dynamic technigues
e Low runtime and memory overhead

 Still high accuracy and precision

e Now part of LLVM
e Compile with —fsanitize=thread
e Can be used with GCC, but CLANG OpenMP runtime must be linked

e Creates output in text format
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ARCHER EXAMPLE

.omp_outlined._debug__ /p/project/training2410/knoblochl/archer_test.c:11:10 (a.out+0xdlefb)
.omp_outlined. /p/project/training2410/knoblochl/archer_test.c:9:1 (a.out+0xd1f85)
__kmp_invoke_microtask <null> (1libomp.so+@xb8782)

main /p/project/training2410/knoblochl/archer_test.c:9:1 (a.out+0xd1d55)

.omp_outlined._debug__ /p/project/training2410/knoblochl/archer_test.c:11:12 (a.out+0xdled6)
.omp_outlined. /p/project/training2410/knoblochl/archer_test.c:9:1 (a.out+0xd1f85)
__kmp_invoke_microtask <null> (1ibomp.so+0xb8782)

main /p/project/training2410/knoblochl/archer_test.c:9:1 (a.out+0xd1d55)

#0 pthread_create /dev/shm/swmanage/jusuf/Clang/16.0.6/GCCcore-12.3.0/11lvm-project-16.0.6.src/compiler-rt/lib/tsan/rtl/tsan_interceptors_posix.cpp:1048:3 (a.out+0x2678b)
#1 _ kmp_create_worker <null> (libomp.so+0x97676)

SUMMARY: ThreadSanitizer: data race /p/project/training2410/knoblochl/archer_test.c:11:10 in .omp_outlined._debug__
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CUDA COMPUTE SANITIZER

e Valgrind for GPUs

e Monitors hundreds of thousands of threads running concurrently on each
GPU

e Multiple Tools to detect various issues
e Memcheck — Memory error and leak detection tool
e Racecheck — Shared memory data access hazard detection tool
e |nitcheck — Uninitialized device global memory access detection tool

e Synccheck — Thread synchronization hazard detection tool

e |Included in the CUDA Toolkit

Mitglied der Helmholtz-Gemeinschaft

-¢$ Applications Places System e Jé > |

File Edit View Terminal Help
Linux64:~/demo2010% ./ptrchecktest
unspecified lLaunch failure : 79
Linux64: ~/demo2010% cuda-memcheck
CUDA - MEMCHECK
unspecified launch failure : 79
e Invalid _ _global__ read of size 4

./ptrchecktest

at Ox00000158 in ptrchecktest.cu:27:kernel2
by thread (0,0,0) i1n block (0,0)
Address OxfdoooOOOOl 1s misaligned

LI 1 |

ERROR SUMMARY: 1 error
Linux64: ~/demo2010% cuda-memcheck --continue ./ptrchecktest
========= CUDA- MEMCHECK
Checking...
Done
Checking...
Error: 3 (0)
Done
Checking...
Error: 1 (0)
Error: 3 (0)
Error: S (0)
Error: 7 (0)
Done

Invalid __global__ read of size 4
at Ox00000158 in ptrchecktest.cu:27:kernel2
by thread (0,0,0) i1n block (0,0)

Address OxfdoooOOOOOl i1s misaligned

Invalid _ _global__ read of size 4
at Ox00000198 in ptrchecktest.cu:18:kernell
by thread (3,0,0) in block (S,0)
Address 0Oxfdoooo0028 1s out of bounds

Invalid __global__ write of size 8

at 0x000001d0 in ptrchecktest.cu:38:kernel3
by thread (1,0,0) in block (8,0)

Address OxfdooOO0O0204 1s misaligned

Invalid _ _global__ write of size 4

at 0x000000f0 in ptrchecktest.cu:44:kernela
by thread (63,0,0) in block (22,0)

Address Ox00000000 1s out of bounds

: 4 errors
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DEBUGGING RECOMMENDATIONS

e Always debug at the lowest possible scale!

 GPU Applications:
e Single Node / Workstation: Use CUDA-GDB
e Multi-Node / Supercomputer: Use TotalView/DDT

» MPI Applications: DEBUGGINGIS'DONE *

e Check with MUST at least once

e Use TotalView/DDT at small scale (if error occurs there), else attach to as few
processes as neccessary
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NEED HELP?

= Talk to the experts
= Use local 18-level support, e.g. SC support, SimLab
= JSC/NVIDIA Application Lab
= When porting/debugging on GPUs
= ATML Parallel Performance
= Provides tools

= ATML Application Optimization and User Service Tools
= EPICURE
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http://epicure-hpc.eu/

P+

QUESTIONS
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