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GPU PROGRAMMING MODELS
CURRENT STATE OF THE MESS
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TRADITIONAL HPC

e Inter-node:
e MPI

e Intra-node:
e OpenMP
e Pthreads

e C/C++ and Fortran
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MODERN HPC

e Inter-node:

e MPI
e PGAS (SHMEM, GASPI, ...)

e Intra-node:
e OpenMP
e Pthreads

e Tasking, C++11 threads, TBB, ...

e C/C++, Fortran and Python
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GPU PROGRAMMING

e Ow-level:

e CUDA (NVIDIA), ROCm (AMD)
e OpenCL

e Pragma-based.:
e OpenACC
e OpenMP target

e On top: SYCL, oneAPI, HIP, KOKKOS, ...
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ULIILIZ L dALIIUEA = TLISLCLENMENLLITUCEA
uint32 t nextElement; Wl inttypes.h
uint32 t i = firstElementIndex + threadsCount;

¥ =% findmax

¥ #F Binaries U stdio.h
> 3 findmax - [x86_64, sm_10 for (; i < ARRAY SIZE; i += threadsCount) { U stdlib.h
* il Includes nextElement = array[il]; W string.h
if (nextElement > max) {
v Esrc max = nextElement; # ARRAY_SIZE
> [g maxIndex = i; # BLOCKS
» = Debug ) 1 # THREADS
threadMax[threadIdx.x] = max; # MEMORY_BANKS
threadMaxIdx[threadIdx.x] = maxIndex; # CUDA_CHECK_RETURN()
e findMaxsingleThread(uint32
reduce(threadMax, threadMaxIdx); i 9 i 7
@ reduce(uint32_t*, uint32_t*) :
if (!'threadIdx.x) { // After reduce max will be in thread @ e cudaFindGlobalMax(uint32_t
array[blockIdx.x] = threadMax[@]; e cudaFindMax(uint32 t*) : voi
array[blockIdx.x + BLOCKS] = threadMaxIdx[6]; . ( - ): H.
} e hostFindMax{const uint32_k[
} e deviceFindMax(const uint32_
. - ) ) : ) initA int32_t* £) :vao
- uint32 t hostFindMax(const uint32 t array[], uint32 t *index, const uint32 t arraylLength) { e m . rray(uin - con? ):ve
uint32 t i, max = 0; B B B e verifyResult(uint32_E, uint32_
for (i = @; i < arrayLength; i++) { e main(int, char**):int

if (array[i] = max) {
*index = 1i;
max = array[i];

MAKE IT WORK
DEVELOPMENT OF GPU APPS
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IDE

Integrated Development Environment

e Integrates Editor, Build system, Debugger, and Profiler
* NVIDIA Nsight (Linux: Eclipse, Windows: Visual Studio)
e Nsight Code Editor

e CUDA aware code completion and inline help

indmax/src/findmax

e CUDA code highlighting
e CUDA aware refactoring

Mitglied der Helmholtz-Gemeinschaft

e & Bk B @S ErE B0 Q| @ |BE @ |G = =% =6
Project Explore & =08 ldfindmax.cu & R =0 Eou® " @MaFcal 78
- & ~ uint32 t max = array[firstElementIndex]; E o ;e -
= uint32 t maxIndex = firstElementIndex; e B W *
v &S findmax uint32_t nextElesent; U inttypes.h
v 4 Binsries uint32 t i = firstelementIndex + threadsCount; W stdioh
* 4 findmax - [x86_64, sm_10 for (; i < ARRAY SIZE; i += threadsCount) { u stdlib.h
» i includes . e array[l];( u stringh
.in if (nextElement > max) <
o max = nextElement: # ARRAY_SIZE
vE maxIndex = i; # BLOCKS
» (= Debug } # THREADS
{I\‘eanvax[' 1dx.x] = max # MEMORY_BANKS
threadMaxIdx[threadIdx.x] = maxIndex: # CUDA_CHECK_RETURN()
e findMaxsingleThread{uint3z,
reduce(threadMax, threadMaxIdx);
o reduce{uint3z_t*, uint32_t*)
it (1t %) { r reduce 1 be ead 0 s cudaFindGlobalMax(uint32_t
array|[t Ldx.x] = threadMax[e]; e cudaFindMax(uint32_t*)
array[blockIdx.x + BLOCKS] = threadMaxIdx[8]; ! -
} ® hostFindMax(const uint32_t[
} s deviceFindMax(const uint32_
. . sitArray(uint32_t t)
uint32_t hostFindMax(const uint32 t array[], uint32 t *index, const uinti2 t arraylength) { © IntArTayluint3z_t+ cons!
wint32 t i, max = 6 o verifyResult(uint32_t, uint3z
for (i=8: i < arrayLength; i++) {  main(int, char+#)
if (array(i] > max) {
*index = i;
max = array[il;
}
}
return max;
}
4int32 t deviceFindMax(const uint3? t arravil. uint3? t *maxTndex. const uint3? t lenath) { =
o Writable Smartinsert  113:1 s L agE Do
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PORTING

e Several tools exist helping expose parallelism

o Example: Appentra Parallelware Trainer

e |dentifies parallelizable sections in sequential applications

Supports OpenMP
and OpenACC

Supports versioning of
changes

Start program directly
from GUI

Mitglied der Helmholtz-Gemeinschaft

Project Explorer Code Editor

File Edit Project Help

ATMUX

» mliv
B ernux

dakefile

W README.md

atmux.c F M originall
| i atmux( .y, *col_ind, atmux (¢ *val, dot ax, dc #y, int scol.
o for ( t 5 f to<n; te)

€ ylt] = 0; 16

L * s omp parallel default(none) shared(col_ind, n, row.p 19 for (int i = 8; i < n; it+) {

! { for (int k = row_ptr[i]; k < row_ptr[i + 1]; k4
# omp for schedule(auto) yleol_ind[k]] = ylcol_ind[k]] + x[i]  vall
for (int 1 =0; 1 < n; 1++) { 22 )

(int k = row_ptrlil; k < row_ptr(i + 1]; k++) { 2 )
2 #oragna omp atomic update 24}
ylcol_ind[k]] = ylcol_ind[k]] + x[i] * vallk]

6 ¥ € main(int arge, *argv[]) {
) ible param_sparsity = 0.66;
) 1 t param_iters = 10;

29 ) 2
! [ if (arge != 2)
t main(int arge, cf +argv[]) { 1 printf( age: %s V', argvle]);
le param_sparsity = 8.66; 3 eturn 8;
t param_iters = 18; 3 }
(arge !=2) {
Jsage: %s <n>\n", argv(0]); ¢ int

€ print

fhone /dantel otero/devel /samples/ATHUX/atmux.c line 19: Parallel sparse reduction pattern identified for
operator '+
/hone /danzel.otero/deval/samples /ATHUX/atmux.c line 19: Available parallelization strategies for varisble 'y

associative, commutative

fho 1.otero/dovel/samples /ATHUX/atmux.c line 19: #1 OpenMP atomic a + implomented)
fhone .c line 19: #2 OpenHP explicit privatization

fhome / ¢ line 19: Loop parallelized with nultithreading using OpenNP
fho 1.otero/devel/samples/ATHUX/atnux.c 1ine 19: Parsllel region defined by OpenNP directive 'parall

[17:02:21] Parallel1zation completed successfully

LS N -] Build output Analysis completed (O

put Consoles

Execution output Parallelware output

JULICH
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Thread State TID a nt

Value

0x000000000000

Breakpoint 11 tensorflow::SoftmaxXentWit|

nstar int 0x00000006 (6)

Stopped 1.2 pthread_cond_wait grap int 0x00000015 (21)

Stopped 13 pthread_cond_wait

Stopped 14 pthread_cond_wait

bute:

{ process of thread attr

group by

v Thread State

Thread ID

v Function
Process State

Control Group

Action P x| Command Line

iDv Type Stop Location Line

MAKE IT RIGHT

610

612

614

615
616

619
628

638

632
633
634

** c_target_oper

run_metadata, T
c_outputs, status);

<tensorflow::string,

names,
TF_Buffer*

std::pai

puts(c_inputs, &input_pairs,
( = 8; 1 < ninputs; ++i) {
input_pairs[i].f st = c_input_names([1i];

std: :vector<tensorflow::string> out
( 1=8; 1< nou ts; ++1)
output_names[i] = c_output_names[

(k-]

flow:
< ntargets;

std: :vector<tensor
( =0; i

:string> targe
++i) {

ape

target_oper_names[i] c_target_oper_name
}
TF_Run_HMelper(s->session, nullptr, run_opt
c_outputs, target_oper_names
TF_PRunSetup(TF_DeprecatedSession® s,
** c_input_names
** c_output_names
** c_target_oper
** handle, TF_S
status->status = Statu oK();
std: :vector<tensorflow::string> input_nam
std: tor<tensorflow::string>

tor<tensorflow:

F_Status

ntargets,
status) {

ensor>> 1r t_pal
status)) return;

(noutputs);

s[1i];

input_pairs,
run_metadata,

ninputs,
noutputs,
names, ntarge

s* status) {

(ninputs);
(noutputs);
(ntargets);

status

(n

outy

6666666686

tensorflow::FunctionLibraryRunti.

tensorflow::DirectSession::GetOr.
std:z_Function_handier<tensorfio..
std:function<tensorflow:: Status (
tensorflow::Sunnamed_namespa
tensorflow::NewLocalExecutor
tensorflow::DirectSession::GetOr..
tensorflow::DirectSession::Run

TF_Run_Heiper

(2)
*
+

TF Run

6606686

tensorflow::TF_Run_wrapper_hel
tensorflow::TF_Run_wrapper
_run_fn

ext_do_call

do_call

_do_run

DEBUGGER AND MEMORY ANALYZER

Mitglied der Helmholtz-Gemeinschaft
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DEBUGGING = A PAINFUL PROCESS

ROOT CAUSE

WHAT ARE
40U DOING?

DEBUGGING

GOTCHA!

Mitglied der Helmholtz-Gemeinschaft
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TOOL COMPATIBILITY MATRIX

CUDA OpenACC OMPD OpenCL

CUDA-

MEMCHECK

CUDA-GDB v (%) x x
TotalView v v (%) x
DDT v v x x

l) JULICH
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CUDA-MEMCHECK

e Valgrind for GPUs

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

e Reports detailed information about global, local, and
shared memory access errors (e.g. out-of-bounds,
misaligned memory accesses)

e Reports runtime executions errors (e.g. stack
overflows, illegal instructions)

e Reports detailed information about potential race
conditions

e Displays stack back-traces on host and device for
errors

¢ And much more

¢ Included in the CUDA Toolkit

Mitglied der Helmholtz-Gemeinschaft

a.;\: Applications Places System e ;é

file Edit View Terminal Help
linux64:~/demo2010% ./ptrchecktest
unspecified launch failure : 79
l1nux64:~/demo2010% cuda-memcheck ./ptrchecktest
========= CUDA- MEMCHECK
unspecxflod launch failure : 79
= Invalid __global__ read of size 4
at 0x00000158 in ptrchecktest.cu:27:kernel2
by thread (0,0,0) 1n block (0,0)
Address 0xfd00000001 1s misaligned

= ERROR SUMMARY: 1 error
lxnuxsa ~/demo2010% cuda-memcheck --continue ./ptrchecktest
========= CUDA- MEMCHECK
Checking...

Done

Checking...

Error: 3 (0)

Done

Checking...

Error: 1 (0)

Error: 3 (0)

Error: 5 (0)

Error: 7 (0)

Done

== Invalid __global__ read of size 4

at 0x00000158 in ptrchecktest.cu:27:kernel2
by thread (0,0,0) 1n block (0,0)

Address Oxfd00000001 1s misaligned

Invalid __global__ read of size 4
at 0x00000198 1n ptrchecktest.cu:18:kernell
by thread (3,0,0) in block (S,0)
Address 0xfdooo00028 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 0xfdo0000204 1s misaligned

Invalid __global__ write of size 4
at 0x000000f0 1n ptrchecktest.cu:44:kerneld
by thread (63,0,0) 1n block (22,0)
Address 0x00000000 1s out of bounds

===zz=z==== EPROR SUMMARY: 4 errors

y JULICH
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e Extension to gdb
e CLI and GUI (Nsight)

e Simultaneously debug on the CPU and
multiple GPUs

e Use conditional breakpoints or break
automatically on every kernel launch

e Can examine variables, read/write
memory and registers and inspect the
GPU state when the application is
suspended

e |dentify memory access violations

e Run CUDA-MEMCHECK in
integrated mode to detect precise
exceptions.

Mitglied der Helmholtz-Gemeinschaft

Debug - vectorAdd/src/vectorAdd.cu - Nsight

File Edit Source Refactor MNavigate Search Project Run Window Help
il @ B0 @G| B oEN 3D 0 % B %
% Debug £2 Fd i+ ¥ T O - variables % Breakpoints @ CUDA 2 =k Modules =g
¥ 5 vectorAdd {0} [device: gk 110 (0)] (Breakpoint) = | B % -
» # CUDA Thread (0,0,0) Block (0,0,0) —
* CUDA Thread (1,0,0) Black (0,0,0) 8= Q . S _—
¥ %l All CUDA Threads ¥ i (0,0,0) SM 11 M 256 threads of 256 are runi
v i Block (0,0,0) [sm: 11] # (0,0,0) Warp OLane 0 [ vectorAdd.cu:36 (0x9a653(
» & CUDA Thread (0,0,0) [warp: 0 lane: 0] (vectorAdd.cu:36) # (1,0,0) | warpOLane 1 | [ vectorAdd.cu:36 (0x9a653(
[¢ vectorAdd.cu 32 = O | 8% outline | 1% Registers 2 L = I - A =
5/ WELLUTAUM\LUNST TLUGL “A, CUNSL 104l 70, TLUdL ~C, LIt (Ui
31 Name T(0,0,0)B(0,0,0) T(1,0,0)B(0,0,0)
34 int i = blockDim.x * blockIdx.x + threadIdx.x; WRS 4 4
35 s
% D7 1 & W G ) U R6 E3149&24 3149824
37 { Wi R7 i 4
gg C[i] = A[i] + B[i]; HiR8 0 1
0} HR9 ‘o 1
41 e W R10 1060608 -271911904
B R11 0 2
B console % . & Tasks| [2 Problems | @ Executables| O Memory B g BB #B~r3~—0

vectorAdd [C/C++ Application] gdb traces

0x400300800"}, {name="C",value="0x400301000"}, {name="numElements",value="500"}], file="../src/vectorAd\
d.cu", fullname="/home/eostroukhov/cuda-workspace/vectorAdd/src/vectorAdd. cu”,line="36"}

476,348 (gdb)

470,340 157~done, register-values=[{number="15",value="0x8"}]

476,348 (gdb)

470,340 158~done, register-values=[{number="15",value="0"}]

479,340 (gdb)

y JULICH

Forschungszentrum




TOTALVIEW

toTaLview REE TaTawvien

e UNIX Symbolic Debugger
for C/C++, Fortran, Python, PGl HPF, assembler programs

o JSC’s “standard” debugger

e Special, non-traditional features

Multi-process and multi-threaded
Multi-dimensional array data visualization

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

Scripting and batch debugging
Advanced memory debugging
CUDA and OpenACC support

e http://www.roguewave.com

e NOTE: JSC license limited to 2048 processes (shared beiv

Mitglied der Helmholtz-Gemeinschaft
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TOTALVIEW: MAIN WINDOW

# @TEMP@CUDA@ £X_ cuda matmul b1ce0ae1 - Process 1, Thread 1.-1 (Breakpomt)

oup (Control)

ReplayEngine

CodeDynamics 20)

Processes & Threads % Start Page * | tx cuda_matmul.cu % | tx_cuda_matmul.cu * Call Stack % | Lookup File or Function
®0o0|== 7 Trvoke Kernel
75 dim3 dinBlock(BLOCK_SIZE, BLOCK_SIZE); @D  MatMulkernel
Description | #P | #T v | Memb 5 dim3 dimGrid{B.width / dimBlock.x, A.heig
7 MatMulKernel<<<d1mGr1d dimBlock=>>(d_A,
¥ tc_cuda_matm... 1 1 pl 7 / Read C from device memory
cudaMemcpy(C.elements, d_C.elements, size
W Breakpoint 1 1 pl cudaMemcpyDeviceToHost) ;
1 // Free device memory
¥ MatMulK.. 1 1 pl.-1 cudaFree(d_A.elements) ;
cudaFres(d_B.elements) ;
3Ry I 1 1 pl.-1 cudaFree(d_C.elements);
}
¥ _polln. 1 1 pl.2 B ;s .
o Matrix multiplication kernel called by MatrixMul()
1.2 1 1 pl.2 __global__ void MatMulKernel(Matrix A, Matrix B, Matrix C)
% A I
// Block row and column
int blockRow = blockIdx.y;
92 int blockCol blockIdx X;
Each thread blo omputes sub-matrix Csub of C
94 Matrix Csub GetSubMatrlx(C bl blockCol);
97
)8 / Tlu—m! row -ml column within Csub ;
99 threadIdx.y;
100 e
elect process or thread attributes to group b 101 Ara e ‘
Control Group l 3 7
104 and he E Matrix @local atrix
ShaceGroup 105 for (int m= 0; m < (A. vidth / BLOCK_SIZE); ++m) { /+ MA
10¢ Get sub-matrix Asub of A Matrix @local (Matrix
[] Hostname 107 Matrix Asub = GetSublat rix(A, blockRow, m);
108 Get sub-matrix Bsub of B Matrix @local (Matrix
109 Matrix Bsub = GetSubMatrix{B, m, blockCol);
11¢
o 1 = -
Action Points % | Command Line » | Logger * I Data View *
| IDY  Type | Stop | File | Line | Name | Type | Value |
v 1 [ 6P | rocess | tx_cuda_matmul 91 v A Matrix @local (Matrix @local)
width int 0x00000002 (2)
height int 0x00000002 (2)
stride int 0x00000002 (2)
elements float @generic * 0xb03ee0000 -...
P D b d E 0

Mitglied der Helmholtz-Gemeinschaft
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arm
DDT rorGE

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

e Special, non-traditional features

e 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://developer.arm.com
e NOTE: JSC license limited to 64 processes (shared between all users)

JULICH
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DDT: MAIN WINDOW

“ Arm DDT - Arm Forge 19.1.1

T & [Be B Bt BJ !

108
106 4/ 20 convolutden filter uvsing global memory
187 W _ glcbal_ wvold conwid_globalduchard® in, wchard® out, dnt width)

& Pnglmage
Prigimage::

® conv2d_globaluchard * inuct
® convad_hostjuchard * inucha | .. Ppragma usesll
B mainvoid) ©int -

aage:ssize() : int
® Pngimage:=-Prgim e
Code

103 int & = ShreadidE.s +
110 int y = threadids.y +

dxax * BLOCK_SEIE;
W * BLGSK_SE2E:

111 int index = (y * width

112

113 floand outper = make_floazd (0.04,0.08£,0.0f inlindax]. v}z
114

115 Ipragma unoll

116 ¥ for(ing gy==1; ey<=li +ecyl

117 t

ine exe=lp Encaly +4e%K

i /.
Step Tiveads Togather  Step CUDAthreads by: | Warp (detault) ~ [ 5;0 ()

Grid size: 32x32x1 Block size: 16x16x1

QUSSR cumentline(s)  Cument Stack
Locals

(flcat)eloment .x = conw[cysl) [cx+l]);
(float)element.y * conwley+l] [entll}
ifloat)element.z * conwlcyel) [cx+l);

© 123 GOtpUT.Y
124 patput. T
128 ]

cut{index) = make_uchard [CUTPUL.X, OUTPUL.Y, OMEPUL.Z, OWLPUL.whI

130 % void convid_host{uchard® in, uchard® out, const Pnglmages pi
131 i

Nama Vahat
(=3 =1
oy -1

» output {x=0,y=0,z=0,w=255}
x 32
¥ 1]
ndax 32

GIPU Devicos

Amnibute Name Value

¥ RanksQ
v GM20B

Ds

1]
c Capabilty s
Number of SMs 1

Registers per Lane 256

InputOutput  Breakpoints  Watchpoints [[USIBGKSN| Tracepoints  Tracepoint Qulput  Logbook

Stacks o0

Kermo rogross Vow |UEiaNAR
Evalsate

00

_INTERMAL_39_tmp:xft_00003164_00000000_8_sdge_cpp1_ii_convimake_floatd (vectol
oomad_ulobatl (ﬁdoeﬂ;:ai“-):!l
i2d 1T

_global (adge.

Mitglied der Helmholtz-Gemeinschaft
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L U.UU 1Ime (5ec) - -l U.B3 1IMe 100p - =L - MACNINE Lray AL -
[0 1082.70 Execution | O 562.77 add_sources ] E-0 - cabinet row 1 M
0 0.00 Overhead O 546.62 compute_all_larmor_positions =-0 - cabinet 8
- @ 309.95 sort_particles -0 -cage 0
5.88e4 \isits (occ) 0.06 compute_fields_at_larmor_points -0 -blade 13
2.59el10 Bytes transferred (bytes) = 0.01 rho_splitting =-0 - asic 877
O 0 MPI file operations (occ) - 0.02 setrho -0 - nic 4680
31.52 Computational imbalance (sec) I~ 2525 species 1 =
0O 0.00 Minimum Inclusive Time (sec) 15,61 species 2 -0 - MPI Rank 0
251.21 Maximum Inclusive Time (sec) 148,07 compute_psi0_corr_disp O 0.00 Master thread
O 0 ALLOCATION_SIZE (bytes) 140.32 gyroaverage_fields 1.57 OMP thread 1
[0 O DEALLOCATION_SIZE (bytes) 0.08 push 1.57 OMP thread 2
O 0 bytes_leaked (bytes) 77.41 solve_fem 1.57 OMP thread 3
0O 0.00 maximum_heap_memory_allocated (bytes) 74,34 ksieta 1.57 OMP thread 4
1.74el2 PAPI_LD_INS (z) 55,30 update_picl_and_work2 1.57 OMP thread 5
5.15ell PAPI SR_INS (#) 19.60 update_workl E-0 - MPI Rank 1
2.36el0 PAPI_LZ _TCM () 14,43 becpart O 0.00 Master thread
7.55 MPI_Barrier O 3.48 OMP thread 1
4,47 diagnose @ 3.48 OMP thread 2
0.78 MPI_Allreduce O 3.48 OMP thread 3
0.01 parmowe E 3.48 OMP thread 4
0.00 collisions [ 3.48 OMP thread 5
0.00 quadtree_smoothing
0 237.65 Initialization
0.19 Epilogue
0.07 MPLInit
0.00 MPI_Barrier —
0.00 MPI_Finalize E
0.00 MPI_Comm_size i
@ 0.00 MPI_Comm_rank E (<] [<I*]

MAKE IT FAST
PERFORMANCE ANALYSIS TOOLS

Forschungszentrum
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TOOL COMPATIBILITY MATRIX

CUDA OpenACC OMPT OpenCL

Score-P v

NVIDIA Tools v v x x
Perf. Reports v (%) x x
TAU 4 v (%)

HPCToolkit v x (%) *

l) JULICH
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allinea
ARM PERFORMANCE REPORTS el

e Single page report provides quick overview of performance issues
e \Works on unmodified, optimized executables
e Shows CPU, GPU, memory, network and I/O utilization

e Supports MPI, multi-threading and accelerators
e Saves data in HTML, CVS or text form

e https://www.arm.com/products/development-tools/server-and-
hpc/performance-reports

e Note: JSC license limited to 512 processes (with unlimited number

of threads) P .
J JULICH
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https://www.arm.com/products/development-tools/server-and-hpc/performance-reports
https://www.arm.com/products/development-tools/server-and-hpc/performance-reports
https://www.arm.com/products/development-tools/server-and-hpc/performance-reports
https://www.arm.com/products/development-tools/server-and-hpc/performance-reports
https://www.arm.com/products/development-tools/server-and-hpc/performance-reports
https://www.arm.com/products/development-tools/server-and-hpc/performance-reports
https://www.arm.com/products/development-tools/server-and-hpc/performance-reports
https://www.arm.com/products/development-tools/server-and-hpc/performance-reports
https://www.arm.com/products/development-tools/server-and-hpc/performance-reports
https://www.arm.com/products/development-tools/server-and-hpc/performance-reports

EXAMPLE PERFORMANCE REPORTS

Summary: cp2k.popt is CPU-bound in this configuration

The total wallclock time was spent as follows:

CPU 56.5% _
MP|  435% -

/O oo% |

Time spent running application code. High values are usually good.
This is average; check the CPU performance section for optimization advice.

Time spent in MPI calls. High values are usually bad.
This is average; check the MPI breakdown for advice on reducing it.

Time spent in filesystem I/O. High values are usually bad.
This is negligible; there's no need to investigate 1/0 performance.

This application run was CFPU-bound. A breakdown of this time and advice for investigating further is in the CFPU section below.

CPU

A breakdown of how the 56.5% total CPU time was spent:
Scalar numeric ops  27.7% [l

Vector numericops  11.3% 1

Memory accesses  60.9% [l

Other 0.0 |

The per-core performance is memory-bound. Use a profiler to
identify time-consuming loops and check their cache performance.

Little time is spent in vectorized instructions. Check the compiler's
vectorization advice to see why key loops could not be vectorized.

110

A breakdown of how the 0.0% total I/O time was spent:
Time in reads 0.0% |

Time in writes 0.0%

|
Estimated read rate 0 bytes/s |
Estimated write rate 0 bytes/s |

No time is spent in I/O operations. There's nothing to optimize here!

Mitglied der Helmholtz-Gemeinschaft

MPI

Of the 43.5% total time spent in MPI calls:
Time in collective calls 8.2% 1

Time in point-to-point calls 91.8% ||
Estimated collective rate 169 Mb/s |

Estimated point-to-point rate  50.6 Mb/s [l

The point-to-point transfer rate is low. This can be caused by
inefficient message sizes, such as many small messages, or by
imbalanced workloads causing processes to wait. Use an MPI|
profiler to identify the problematic calls and ranks.

Memory

Per-process memory usage may also affect scaling:
Mean process memory usage 82.5Mb [
89.3Mb [N

Peak node memory usage 7.4% |

Peak process memory usage

The peak node memory usage is low. You may be able to reduce
the total number of CPU hours used by running with fewer MPI
processes and more data on each process.

JULICH
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PERFORMANCE REPORTS
ACCERLERATOR

Accelerators

A breakdown of how accelerators were used:
GPU utilization 47.8% W

Global memory accesses 1.6% |

Mean GPU memory usage  0.8% |

Peak GPU memory usage 0.8% |

GPU utilization is low; identify CPU bottlenecks with a profiler and
offload them to the accelerator.

The peak GPU memory usage is low. It may be more efficient to
offload a larger portion of the dataset to each device.

IJ JULICH
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NVIDIA VISUAL PROFILER

Part of the CUDA Toolkit

Supports all CUDA enabled GPUs

Supports CUDA and OpenACC on Windows, OS X and Linux

Unified CPU and GPU Timeline
CUDA API trace
e Memory transfers, kernel launches, and other API functions

Automated performance analysis
e |dentify performance bottlenecks and get optimization suggestions

Guided Application Analysis

Power, thermal, and clock profiling

9 JULICH
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re]

)| A

AN\VIIE

A

| mEE Bmao @@ a8
§ *dct8x8.vp 2@‘ = O | W Properties 2 oS
| 161.7 ms 161.8 ms 161.9 ms 162 ms = ernel 1DCT(float*, int, int, int)
[=l Process: 11119 Name iil”i
[=] Thread: -1494415584
Runtime API HEIN cudaMemcpy2D stare - 161,329 ms
Driver API Duration 106.132 ps
=l [0] GeForce GTX 480 Grid Size [64,64,1]
[=l Context 1 (CUDA) Block Size [881]
F MemCpy (HtoD) Registers/Thread 14
F MemCpy (DtoH) Shared Memory/Block 512 bytes
¥ MemCpy (DtoD) - - Memory
[=] Compute CUDAkemelQua... CUDAkemel1IDCT(float*, int... -
S 0.7% [101] CUD... Coov L D
57 0.3% [10] CUDAK... Global Store Efficiency
T 0.0% [2] cuDAke...  [EVTEECNC DRAM Utilization
F 0.0% [1] CUDAke... CUDAkemel1IDCT(float*, int... — Instruction
F 0.0% [1] CUDAKe... Branch Divergence Overhe!
SF 0.0% [1] CUDAke... Total Replay Overhead
SF 0.0% [1] CUDAke... Shared Memory Replay Ov
¥ 0.0% [1] CUDAke...
Bl streams Global Memory Replay Ove
Stream 1 melQua... Akemnel LIDCT(float*, int... Global Cache Replay Overf
Local Cache Replay Overhe
< —— _ || = Occupancy

& Analysis 22 ‘ﬂ Details

B Console

W Settings

Timeline

Multiprocessor
Kernel Memory

& 0o 0|0

Analysis Results

High Branch Divergence Overhead [ 35.1% avg, for kernels accounting for 1.9% of compute ]
Divergent branches are causing significant instruction issue overhead. More...

High Instruction Replay Overhead [ 46.6% avg, for kernels accounting for 39.1% of compute ]
A combination of global, shared, and local memory replays are causing significant instruction issue overhead. More...

High Global Memory Instruction Replay Overhead [ 45.9% avg, for kernels accounting for 39.1% of compute ]
Non-coalesced global memory accesses are causing significant instruction issue overhead. More...
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NVIDIA NSIGHT SYSTEMS

e System wide performance analysis tool
e High-level, low overhead
e Similar functionality as NVVP

 No automated/guided

analysis e
for in-depth kernel analysis ~ =—vr=r =m=———= = = =——
e CLI and GUI S e e B

9 JULICH
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NVIDIA NSIGHT COMPUTE

 Interactive kernel profiler

e Detailed performance
metrics

e Guided analysis

e Baseline feature to
compare versions

e Customizable and
data-driven Ul

e Supports analysis scripts
for post-processing results

e CLI and GUI

Mitglied der Helmholtz-Gemeinschaft

NVIDIA Nsight Compute
File Connection Debug Profile Tools Window Help
Connect X
VecAdd.nsight-cuprof-report

Details ~ Process: ~ | Launch: 18 - VecAdd kernel = | Add Baseline
Current 18 ... Time: 5.54 usecond Cycles: 10,091 Regs: 8 GPU: GeForce GTX 1080 SM Frequency: 1.8
Baseline 2 16 .. Time: 7.81 usecond Cycles: n/a Regs: 8 GPU: GeForce GTX 1060 3GB SM Frequency: 1.63 Ghz CC: 6.1 Process: [
~ GPU Spee

High-level ov4
the theoretic3

SOL SM [% 6.24 (-23.58%)
(-64.19%) | Elagked Cycles [cy
SM Active Cycle

SOL Memo
SOL TEX
SOL L2 [

Speed Of Light [%]
Recommendations
[Warning] Ti ernel exhibits low compute thro

A Bottleneck throughput and/or memory bandwidth below 60.0
potential reasons

ut and memory bandwidth utilization relative to the peak performance of this e. Achieved compute
f peak typically indicate latency issues. Lool Scheduler Statistics” and “Warp State Stat for

» Launch Statistics

Summary of the configuration used to launch the kernel. The launch configuration defines the size of the kernel grid, the division of the grid i
execute the kernel. Choosing an efficient launch configuration maximizes device utilization
Grid Size 196
Block Size 256
58,176 ynamic Shared Memory Pe

Waves Per d Memory Configuration

» Occupancy

Occupancy is the ratio of the number of active warps per multiprocessor to the maximum number of possible active warps. Another way
S ability to process warps that is actively in use. Higher not always result in higher performanc
resulting in overall performance det al and the achieved occupancy during execution typically indicates highly imbalanced
32 (+0.060%)
inf
(+8.00%)

Block Limit SM [block] (+0.086%)

/.
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SCORE-P

e Community instrumentation and measurement core-P

Scalable performance measurement

i n frastr u Ct u re infrastructure for parallel codes

e Developed by a consortium of performance
tool groups

TECHNISCHE RWTH
J]UL|CH .UNIVERSITAT Tu.rl egmmmmm 0 UNIVERSITY OF OREGON
for Simulation Sciences

e Next generation measurement system of
e Scalasca 2.x
e Vampir
e TAU
e Periscope
e Common data formats improve tool interoperability
e http://www.score-p.org

9 JULICH
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SCORE-P OVERVIEW

I

Online
interface

Call-path profiles

Event traces (OTF2) (CUBE4, TAU)

2 counter
ERF, plugins)

Score-P measurement infrastructure

nstrumentation wrappe

Application

y JULICH
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SCORE-P GPU MEASUREMENTS

e OpenACC

e Prefix compiler and linker command with scorep --openacc
export ACC_PROFLIB=$SCOREP_ROOT/lib/libscorep adapter_openacc_event.so
export SCOREP_OPENACC_ENABLE=yes

yes refers to: regions, wait, enqueue

Full list of options in User Guide

e CUDA

e Prefix compiler and linker command with scorep --cuda
e export SCOREP_CUDA ENABLE=yes
e yes refers to: runtime, kernel, memcpy

e Full list of options in User Guide

e OpenCL similar (use SCOREP_OPENCL_ENABLE=yes)

IJ JULICH
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CUBE OVERVIEW

= cube 4.1.1 livedvd2: scorep-20120913_1740_557443655223384/profile.cubex

File Display Topology Help

‘Absol ute v| |Abso| ute

E Metric tree E Call tree Flat view

1.63e9 Visits SRt 0.01 MAIN__ -
767.48 Time 0.82 mpi_setup_

v| |Abso|ute ~

[E System tree [H] Box Plot

Ct [] - generic cluster =
= [ - i06r01c20

[J 0.00 Minimum Inclusive Time
48,58 Maximum Inclusive Time
5.27e8 bytes_sent

5.27e8 bytes_received

0.00 MP|_Bcast

0.00 env_setup_

0.00 zone_setup_

0.00 map_zones_

0.00 zone_starts_

0.00 set_constants_
5.02 initialize_

1.11 exact_rhs_

0.00 timer_clear_

3.67 exch_gbc_

0.04 adi_

39.91 compute_rhs_
233.49 x_solve_
239.34 y_solve_
0.07 z_solve_

[l 0.04 !$omp parallel @z_solve.f:43

O HAHHH

] | )

E - MPI Rank O

= 3.81 CPU thread O
— @ 3.70 CPU thread 1
+ @ 3.64 CPU thread 2
- @ 3.16 CPU thread 3
[ - MPIRank 1

= 3.83 CPU thread O
@ 3.29 CPU thread 1
+ @ 3.72 CPU thread 2
L @ 3.62 CPU thread 3
£ - MPI Rank 2

= 3.84 CPU thread O
@ 3.58 CPU thread 1
— @ 3.66 CPU thread 2
L [ 3.33 CPU thread 3
£ - MPI Rank 3

= 3.87 CPU thread O
— & 3.66 CPU thread 1

767.48 (100.00%)

What kind of il |
performance

metric?

Mitglied der Helmholtz-Gemeinschaft

Where is it in the
source code?
In what context?

How is it
distributed across
the processes/threads?
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EXAMPLE: OPENACC

File Display Plugins Help

Synchronize state of ... . u Restore Setting v Save Settings Delete Settings

Absolute ~ | | Absolute « B Advisor ‘ & score-P configuration ‘ ¥ scorePion ‘ @ source 'ﬁ:
. Metric tree . Call tree ‘ Flat view 79 for (intj = 1;j <n; j++) 2
1.00e4 Visits (occ) ~® 0.04 laplace2d acc . _ _ 2
0.00 ..acc_cuda_funcreg_constructor_1 :; inewu_][l)]; gﬂ[tl}]i_ e o
0.00 Minimum Inclusive Time (sec) ~@ 0.05 main s ) A AL SN =250 g
6.61 Maximum Inclusive Time (sec) 0.05 acc_init 84 =
o 0 bytes_put (bytes) 0.00 StartTimer 85¢pragma acc data copy(A, Anew) B
o 0 bytes_get (bytes) »m 0.05 acc_data_enter@laplace2d.c:85 8 while ( error > tol && iter < iter_max ) G
o 0 ALLOCATION_SIZE (bytes) - 4.16 acc_compute@laplace2d.c:91] K
o 0 DEALLOCATION_SIZE (bytes) »a 2.21 acc_compute@laplace2d.c:103 :: error =0.f;
o 0 bytes_leaked (bytes) »m 0.05 acc_data_exit@laplace2d.c:85 N
. ) pragma omp parallel for shared(m, n, Anew, A)
o 0.00 maximum_heap_memory_allocate 0.00 GetTimer 91¢pragma acc kernels
%2 for(intj=1;j<n-1;j++)
83 {
94 for(inti=1;i<m-1;i++)
85 {
55 Anewl[jI[i] = 0.25f * ( A[jI[i+1] + A[j][i-1]
7 +A[-10] + A0
98 error = fmaxf error, fabsfAnew[jI[i1-A[I[IT);
99
100 } }
101
102tpragma omp parallel for shared(m, n, Anew, A)
103tpragma acc kernels
104 for(intj=1;j<n-1;j++)
105 {
106 for(inti=1;i<m-1;i++)
107 {
0.00 6.61 (100.00%) 6.61 ‘0.00 4.16 (62.94%) 6‘61| 108 A[jIli] = Anewl[jI[i];
N T
b ¢

Pure OpenACC measurements give host-side events only

l) JULICH
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EXAMPLE: OPENACC + CUDA

File Display Plugins Help
Synchronize state of ... ‘ Restore Setting v Save Settings  Delete Settings

Absolute v | | Absolute V| | Absolute &

‘ Metric tree
1.30e4 Visits (occ)
0.00 Minimum Inclusive Time (sec)
5.86 Maximum Inclusive Time (sec)
0 bytes_put (bytes)
0 bytes_get (bytes)
0 ALLOCATION_SIZE (bytes)
0 DEALLOCATION_SIZE (bytes)
0 bytes_leaked (bytes)
0.00 maximum_heap_memory_allocated (t

o

]

O o oo oo

‘ Call tree Flat view

¥ systemtree W] Statistics |. Sunburst

+m 0.05 laplace2d_acc
0.00 ..acc_cuda_funcreg_constructor_1
~® 0.03 main
0.09 acc_init
0.00 StartTimer
»® 0.04 acc_data_enter@laplace2d.c:85
g 3.62 acc_compute@laplace2d.c:91]
»a 2.03 acc_compute@laplace2d.c:103
»® 0.05 acc_data_exit@laplace2d.c:85
0.00 GetTimer
0.00 BUFFER FLUSH
0.05 main_98_gpu__red
o 1.99 main_106_gpu

4" 0.00 machine Linux

~o 0.00 node zam098
~o 0.00 Process
@ 3.62 Master thread
= 3.51 CUDA[0:14]

All (2 elements)

M3IA WaIsAs

saibojodor | 1PYo

‘n.no 11.47 (100.00%) n 47‘ ‘0.00 7.13 (120.52%) 5 92‘ ‘0.00 0.00 (0.00%) 7.13

Enabling CUDA also shows kernels on the GPU

IJ JULICH
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VAMPIR EVENT TRACE VISUALIZER

-----
......

Offline trace visualization for Score-P’s i,
OTF2 trace files

Visualization of MPI, OpenMP, GPU and application events:

» All diagrams highly customizable (through context menus)

e Large variety of displays for ANY part of the trace

http://www.vampir.eu

Advantage:

e Detailed view of dynamic application behavior

Disadvantage:
e Requires event traces (huge amount of data)

e Completely manual analysis

l) JULICH
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VAMPIR DISPLAYS

Timeline

0s 255 50 5 755 100 5 125 5 150 5 1755 2005 | All Processes, Accumulated Exclusive Time...

Frocess 0 == e T 1,000 5 i
Process 2 1,713.B81 = oM

S S e —_— 380.425.5 PHYS
I - i § 5 1 4 1 ) st MPI
Pce=s & = e e T 116.338 s 'l WRF
Frocess 8 : TimEhne ; 18.939% s | I/O
Process 10 e e e e e e e B R o . 71 s | NETCDF
Process 12 = e Function - 1: mem
Process 14 =y

Summar}p ITIEIVF_AI"I

Values of Metric "PAPI_FP_OPS" over Time in #

;mceﬁ% BRIEE EENE i amies ErrEEEr Mumhern{mﬂ;—::;:;“rmm
Process 5 i ==  Performance Sacabvar
Process 9 it i Radar Communication
P 11 o .
= S Mari

o oc T
oG 1

. o Ef FEES

Process O i ‘lé-‘l ngfgqé"

1 Process 0 35k

3 PTUCE‘SS Process 3 %.... 30k

5 ; TimEllne .E Process 6 .:::'."-..- 12‘; :

7 I Il &anessg '::- . 15k

g Process 12 .l.'l..l::_ ;2:
T = = " i e e ? ? v ) Process 15 0.0 k
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VAMPIR COMPLEX APPLICATION

W Fle Edit Chart Filter Window Help (=le) (i)
= | b S ‘ 5 ® E 4.96445 - 4.9690,5
Timeline CallTree r 4
496505 4.9665 s 4.9680 s | All2rocesses
* Master thread:0 ' = I e —— ~ =
OME Biread 130 /= [ 'Somp parallel @vel_verlet_2.F:
r_ea_ = M 130mp do @vel_veret_2.F:103
cupalfo:7]:0 ¥ 1$omp implicit barrier @vel_verlet_2.F117
cupAf0:13].0 M mPI_Allreduce
~ Master thread:1 = [ interact
OMP thread 1:1 & !H‘;‘:’t’;r"‘"‘
CUDA[0:7]:1 M stoptimer_
cupafo:13]:1 M MPI_Allreduce
@ R =[] ace_update_construct@int_ion_mix_acc.F-332
R n e i ™ acc_wait@int_ion_mix_acc.F:332 ||
All Processes, Accumulated Exclusive Time per Function Group % ™ acc_download@|nlf_|0lj_m|x_'acc.f:332
A 3.0 ms b i o = [T ace_data_construct@ink_ion_mix_acc.f:294
e £ A ; =[] acc_data_construct@int_ion_mix_acc.f:294
5115 ms OPENACC = [ acc_compute_construct@int_ion_mix_a...
. CUDA_KERMEL «[™ acc_waib@int_ion_mix_acc.F:296

[ESZWEN Application [ acc_update_construct@vel_verlet_2.F:80

e pu =
; e Bl ‘ ‘ B3

105.688 ps || OMP_SYNC :
64.793 ps ]| OMP_PARALLEL Find Function| | Previous || Next |
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REMARK: NO SINGLE SOLUTION IS
SUFFICIENT!

< A combination of different methods, tools and techniques
IS typically needed!

= Analysis

= Statistics, visualization, automatic analysis, data mining, ...
= Measurement

= Sampling / instrumentation, profiling / tracing, ...
= Instrumentation

= Source code / binary, manual / automatic, ... " JULICH
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WHAT NOW?

s | he tools are there — what now?

= Development phase:
= Use NVDIAtools
= Debug: CUDA-MEMCHECK/CUDA-GDB
= Performance: Nsight Systems and Compute

= Scaling up:
= Use 3"-party tools
= Debug: TotalView/DDT
= Performance: Score-P, Vampir

9 JULICH
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NEED HELP?

= Talk to the experts
= NVIDIA Application Lab
= CST Performance Analysis
= CST Application Optimization
= Apply for a POP audit

& Successful performance engineering often is a
collaborative effort

l) JULICH
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