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PROGRAMMING THE NVIDIA PLATFORM

Accelerated Standard Languages

std: :transform(par, x, x+n, y, y,
[=] (float x, float y){ return y + a*x; }

);

do concurrent (i = 1:n)

y(i) = y(i) + a*x(i)
enddo

import legate.numpy as np

def saxpy(a, x, y):
y[:] += a*x

Core Math

CPU, GPU and Network

Incremental Portable Optimization

#pragma acc data copy(x,y)
{

std: :transform(par, x, x+n, y, vy,
[=] (float x, float y) {
return y + a*x;

})s

Communication

Acceleration Libraries

Platform Specialization

__global
void saxpy(int n, float a,

float *x, float *y) ({

int 1 = blockIdx.x*blockDim.x +

threadIldx.x;
if (i < n) y[i] += a*x[i];
}

int main (void) {

4

cudaMemcpy (d_x, x,
cudaMemcpy (d vy, y,

4

c.l)
c.l)

saxpy<<< (N+255) /256,256>>>(. ..

cudaMemcpy(y, d vy, ...);

Data Analytics Al



ACCELERATED STANDARDS

Parallel performance for wherever you code needs to run

std: :transform(std: :execution::par, X, X+nh, y, VY,
[=] (auto xi, auto yi) { return y + a*xi; });

do concurrent (i = 1:n)
y(i) = y(i) + a*x(1)

CPUAZ%Zg?’/ \‘~§§§§i3PU

nvfortran -stdpar=multicore nvfortran -stdpar=gpu



ACCELERATED PROGRAMMING IN ISO FORTRAN

NVFORTRAN Accelerates Fortran Intrinsics with cuTENSOR Backend

real(8), dimension(ni,nk) :: a
real(8), dimension(nk,nj) :: b
real(8), dimension(ni,nj) :: c

I$acc enter data copyin(a,b,c) create(d)

do nt = 1, ntimes
I$acc kernels
do j =1, nj
doi=1, ni
d(i,j) = c(1,3)
do k = 1, nk
d(i,j) = d(i,3) + a(i,k) * b(k,J)
end do
end do
end do
I$acc end kernels
end do

I$acc exit data copyout(d)

real(8), dimension(ni,nk) ::
real(8), dimension(nk,nj) ::
real(8), dimension(ni,nj) ::

do nt = 1, ntimes
d = ¢ + matmul(a,b)
end do

TFLOPs

20

18

16

14

12

Naive Inline V100  FORTRAN V100 FORTRAN A100
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HPC PROGRAMMING I[N ISO FORTRAN

Examples of Patterns Accelerated in NVFORTRAN

QO O a9 a a a a9 a9 a a a A

(@]

2.5 * ceil(transpose(a)) + 3.0 * abs(transpose(b))

2.5 * ceil(transpose(a)) + 3.0 * abs(b)
reshape(a,shape=[ni,nj,nk])

reshape(a,shape=[ni,nk,nj])

2.5 * sqgrt(reshape(a,shape=[ni,nk,nj],order=[1,3,2]))
alpha * conjg(reshape(a,shape=[ni,nk,nj],order=[1,3,2]))
reshape(a,shape=[ni,nk,nj],order=[1,3,2])
reshape(a,shape=[nk,ni,nj],order=[2,3,1])
reshape(a,shape=[ni*nj,nk])
reshape(a,shape=[nk,ni*nj],order=[2,1])
reshape(a,shape=[64,2,16,16,64],order=[5,2,3,4,1])
abs(reshape(a, shape=[64,2,16,16,64],order=[5,2,3,4,1]))
matmul(a,b)

matmul(transpose(a),b)

matmul (reshape(a,shape=[m, k],order=[2,1]),b)

matmul(a, transpose(b))

matmul(a, reshape(b,shape=[k,n],order=[2,1]))

(@)

QO O a9 a a a9 a9 a9 a a n

matmul(transpose(a),transpose(b))
matmul(transpose(a),reshape(b,shape=[k,n],order=[2,1]))
spread(a,dim=3,ncopies=nk)
spread(a,dim=1,ncopies=ni)
spread(a,dim=2,ncopies=nx)

alpha * abs(spread(a,dim=2,ncopies=nx))
alpha * spread(a,dim=2,ncopies=nx)
abs(spread(a,dim=2,ncopies=nx))
transpose(a)

alpha * transpose(a)

alpha * ceil(transpose(a))

alpha * conjg(transpose(a))

c + matmul(a,b)

c - matmul(a,b)

c + alpha * matmul(a,b)

alpha * matmul(a,b) + c

alpha * matmul(a,b) + beta * c

6
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NVIDIA PERFORMANCE LIBRARIES

Core and Math

- ANQHEAN

N



NVIDIA COMMUNICATION LIBRARIES

. wE

HPC-X NVSHMEM NCCL

Optimized whole-system communications Low-latency PGAS programming Multi-node collectives for accelerators

8 <ANVIDIA.



INTRODUCING LEGATE

Accelerated and Distributed

import legate.numpy as np
A framework for programming large

numbers of GPUs as if they were a single def cg solve(A, b, tol=1le-10):
processor X = np.zeros(A.shape[1])
r=>b - A.dot(x)
p=r
Pass data between Legate libraries rsold = r.dot(r)

without worrying about distribution or

. : for 1 in xrange(b.shape[0]):
synchronization requirements

Ap = A.dot(p)

alpha = rsold / (p.dot(Ap))
X = X + alpha * p

r=r - alpha * Ap

rsnew = r.dot(r)

if np.sqgrt(rsnew) < tol:

Legate NumPy and Pandas aim to
transparently scale existing Numpy and
Pandas workloads

break
Legate Numpy and Legate Pandas beta = rsnew / rsold
available now and opensource! p=r+ beta * p
rsold = rsnew
return Xx

9 <ANVIDIA.



LEGATE NUMPY

Results from “CFD Python”
https://github.com/barbagroup/CFDPython

import legate.numpy as np

for _ in range(iter):
un = u.copy()

n = v.copy()
build up b(rho, dt, dx, dy, u, v)

Y
b
p = pressure_poisson periodic(b, nit, p, dx, dy)

wn
uf1:-1, 1:-1] = ( o
un[1:-1, 1:-1] 8
- un[1:-1, 1:-1] * dt / dx * (un[1:-1, 1:-1] - un[1:-1, @:-2]) &j
- vn[1:-1, 1:-1] * dt / dy * (un[1:-1, 1:-1] - un[@:-2, 1:-1]) wn
- dt / (2 * rho * dx) * (p[1:-1, 2:] - p[1:-1, ©:-2]) ()
+ nu j;
3 -
dt
/ dx ** 2
* (un[1:-1, 2:] - 2 * un[1:-1, 1:-1] + un[1:-1, ©:-2])
+ dt
/ dy *x* 9
* (un[2:, 1:-1] - 2 * unf1:-1, T:==ltlEEsi OS2Il
)
o R Chis

Extracted from “CFD Python” course at https: //github.com/barbagroup/CFDPython
Barba, LorenaA., and Forsyth, Gilbert F. (2018). CFD Python: the 12 steps to Navier-Stokes equations.
Journal of Open Source Education, 1(9), 21, https://doi.org/10.21105/jose.00021
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Distributed NumPy Performance

(weak scaling)
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https://github.com/barbagroup/CFDPython
https://doi.org/10.21105/jose.00021
https://github.com/barbagroup/CFDPython

LEGATE PANDAS

Pandas join micro-benchmark - 300M rows/GPU

import legate.numpy as np
import legate.pandas as pd

size = num_rows_per_gpu * num_gpus

key 1 = np.arange(size)

payload 1 = np.random.randn(size) * 100.0

lhs = pd.DataFrame({"key": key 1, "payload": payload 1})
key r = key 1 // 3 * 3 # selectivity: 0.33

payload r = np.random.randn(size) * 100.0

rhs = pd.DataFrame({"key": key r, "payload": payload r})

out = lhs.merge(rhs, on="key")

seconds

Time (

0.5

Distributed Pandas Performance

Dask (dask backend)

(weak scaling)

=o—Dask (explicit comm)

-~ egate

MP1+CUDA

16

32

Relative dataset size
Number of GPUs

64

128



NSIGHT PRODUCT FAMILY

Nsight Systems - Analyze application Start here
performance (system-wide) l

Nsight Compute - Optimize CUDA kernel

Re-check overall performance

Other developer tools:

Compute Sanitizer: memory debugging

Dive into top CUDA kernels by using Dive into graphics

S]m]lar tO Valgr]nd for GPUS metrics/counter collection frames

cuda-gdb: CUDA-aware extension of gdb

Re-check overall performance
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'ﬁi MNVIDIA Msight Systermns 2019.3.0

Tools  Help

m30.gdrep X

= - - 15
= Timeline View

Eilz  Wiew

*  [2184] python
0% runtirme libraries
P OMVTX
CUDA AP
= [2181] pytheon
0% runtirme libraries
CUDA AP
= [2123] pythen
05 runtime libraries
B OMVTX
CUDA AP

*  CUDA (Tesla YV100-PCIE-16GE, 0000:04:00.0)
= Stream 24
=  Kernels
dgrad_engine
wgrad_algD_engine
volta_cgemm_32x32_tn
velta_fpl6_scudnn_fp16_122:122_stridedB_splitk_intericr_r
nchwToeMhwecKernel
EigenMetakernel
winograd3x3Kernel
explicit_convolee_sgemm
implicit_convelve_sgemm
volta_fpl6_scudnn_fpl1e_128x128_stridedB_splitk_small_nn,
violta_sB8dcudnn_fpl6_tdx6d slicedlxd ldg8_wgrad_idx_ex;
transpose_readWrite_alignment_kernel
FeluGradHalfkKernel
volta_s834cudnn_fpl16_128x128_Idgl wgrad_idx_exp_interic
volta_fpl6_s834cudnn_fpl16_128:x128 Idg?_dgrad_f2f_exp_ir

zcalePacked Tensor_kernel

uEventSynch...

285 141.92ms

cuEventSynchro...

pthread_cond_wait

cuEventSynchronize

cuEventSynchronize

&3 2 errors. 19 warnings. 26 messages

cuEventSynchronize

‘olta_fp16_sc... ][nch...Iz]_[mlt...] [volta_fp16_scudnn_fp16_128x128_stridedB_splitk_interior_n...| | volta_fp16_scudnn_fp16_128x128_stridedB_splitk_interior_.. ][nch...II][mlt... ] [scale... |

dgrad_engine
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e

volta_s884cudnn_fp16_128x128_|dg8_wgrad_idx_exp_interior_nhwec_nt
Begins: 28.1417s

Ends: 28,1422 (+598.492 ps)

grid: <<<4 8 1d4=>>

block: <<<128 1, 1==>=

Launch Type: Regular

Static Shared Memony: 32,768 bytes
Dynamic Shared Memory: O bytes
Registers Per Thread: 238

Local Memoery Per Thread: O bytes
Local Memory Total: 149,422 030 bytes
Shared Mermory executed: B3,336 bytes
Theoretical cccupancy: 12,5 %
Launched from thread: 2183

Latency: —7E0.761 ps

Correlation 1D: 43013

_scudnn_fple 128x128 stridedB_splitk_interior_n.. ]

EE

[ dgrad_engine




NVTX

NVIDIA Tools Extension for Profiling

NVTX can be used to manually instrument applications, for example in C:

nvtxRangePush (“region name”);

nvtxRangePop () ;

These names are then shown on the nsys timeline (can also be used with ncu)

Headers provided with CUDA toolkit for C/C++; can also be used with Fortran, generic Python (e.g. provided by CuPy),
TensorFlow, and PyTorch



https://nvidia.github.io/NVTX/doxygen/index.html
https://docs.nvidia.com/nsight-systems/UserGuide/index.html#nvtx-trace
https://developer.nvidia.com/blog/customize-cuda-fortran-profiling-nvtx/
https://docs.cupy.dev/en/stable/reference/cuda.html#profiler
https://github.com/NVIDIA/nvtx-plugins
https://docs.nvidia.com/deeplearning/frameworks/pyprof-user-guide/profile.html

COLLECT A PROFILE WITH NSIGHT SYSTEMS

S nsys profile —-o report --stats=true ./myapp.exe
Generated file: report.qgdrep; open for viewing in the Nsight Systems Ul

Can be done inside a container if the container has nsys:

$ mpirun -n 4 singularity-runsss=niaEsEECEEIERNNNESENING n sy sipeelicspython train.py

16 <ANVIDIA.



NSIGHT COMPUTE

¢ NVIDIA Nsight Compute

File Connection Debug Profie Tools Window Help
. D) Connect [ Discornect X Terminate Vrrofiekeme & D D | | S O o4 &

ﬁ old_2_fusion_on_softmax.nsight-cuprof-report * X

Page: Detals ~ Process: Al * Launch: 0-64291-softmax_compute_kernel ~  AddBasefine ~  Apply Rules CopyasImage ™ CUDA kernel profiler
B Current 54291 - softmax_compute_kemel (1966.. Time: 15,65usecond Cydes: 16,235 Regs: 28 GPU: Tesla V100-5XM2-16GB SM Frequency: 1.04 cydejnsecond CC: 7.0 Process: [344]python3.s ® © 0
v GPU Speed Of Light A\ SOLChat ~
HighJevel overview of the utiization for compute and memory resources of the GPU. For each unit, the Speed Of Light (SOL) reports the achieved percentage of utilization with respect to the theoretical maximum, Targeted metrlC SeCtlonS fOI’
SOL SM [X] 45.88 | buration [usecond] 15.65 Various performance aspects
SOL Memory [X] 43.42 | Elapsed Cycles [cycle] 16,235
SOL TEX [X] 55.37 | SM Active Cycles [cycle] 12,110.30
SOL L2 [X] 13.66 | SM Frequency [cycle/nsecond] 1.e4
SOL FB [%] 43.42 | Memory Frequency [cycle/usecond] 701.94
GPU Utilization Customizable data collection and

SM [%)

# presentation (tables, charts, ...)

Memory [%] A
| Ul and Command Line
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0
Speed Of Light [%]
Recommendations
A botieneck o) Thtens o b comut oot and enry it ukaonatve o e ek peromarceofthsdevce. Achved ottt ndf enor bt o Python-based rules for guided
60.0% of pe ically indicate latency issues. Look at "Scheduler Statistics” and "Warp State Statistics* for potential reasons. . .
analysis (or post-processing)

» Compute Workload Analysis )
Detaded analysis of the compute resources of the streaming multiprocessors (SM), induding the achieved instructions per dock (IPC) and the utilization of each avaiable pipeline, Pipelines with very high utiization might limit the overall
performance.
Executed Ipc Elapsed [inst/cycle] 1.83 | SM Busy [X] 61.39
Executed Ipc Active [inst/cycle] 2.44 | Issue Slots Busy [%) 61.39

Issued Ipc Active [inst/cycle] 2.46 | - = (74 <ANVIDIA.




softmax-nl.h v 8 Pal P
Instructions Executed v o] () ) ] ]
= # Source
234 typename DType, typename OType>
235 __global__ void softmax_compute kernel(OType *in, OType *out, index t M
236 Shape<ndim> sshape, Shape<ndim>
237 const double temperature) {
238 const unsigned x_size = 1 << x_bits;
239 _ shared__ AType smem[x_size];
2490 index_t sa = stridefaxis];
241  index_t base = unravel dot(blockidx.x, sshape, stride);
242 index_t x = threadIdx.x;
243
244 red::maximum::SetInitvalue (smem[x]);
255 for (index t i = x; 1 < M; i += x_size) {
246 smem{x] = ::max(smem[x], negate ? -in[base + i*sa] : in[base + i*sa
247 }

257
258
259
260
261
262
263
264
265
266
267
268
269

DType smax = smem[2];
__syncthreads();

red::sum: :SetInitvalus (smem[x]);
DType val;
for (index_t 1 = x; 1 < M; i1 += x size) {
val = negate ? -in[base + i*sal:in[base + i*sa];
smem[x] += static_cast<ATyper(expf((val - smax) / static_cast<AType
}
__syncthreads();
cuda: :ReducelD<red: :sum, x_bits>(smem);
__syncthreads();
AType ssum = smem[2];
__syncthreads();

for (index_t i = x; 1 < M; 1 += x_size) {

val = negate ? -in[base + i*sa] : in[base + i*sa];

out[base + i*sa] = OpP::map((val - smax)/static_cast<DTypes>(temperat
}

i i
" = - E
vioo@mae » oSl o (Sie B

<

_ZNSmxnet2opSmxnet_op22softmax_compute_kemnelILiZENS1_11softmax_fwdELbOERI2EN7mshadowshalfthalf_tES6_EEVPT4_PTS |

NSIGHT COMPUTE

Fall Pe Sard\goatacbtlsand) ¥ | [P
# Source
133 BSYNC 80
134 NOP
135 BAR.SYNC @x@
136 ISETP.GT.AND P2, PT, R11, Ox3f, PT
137 BSSY B1, @x7§3703261¢50
138 ISETP.GT.AND P1, PT, R11, @xif, PT
139 ISETP.GT.AND P2, PT, R11, oxf, PT
142 ISETP.GT.AND P3, PT, RI1, @x7, PT
141 £!P8 LDS.U RS, [Ris+8x108)
142 @!P8 LDS.U RS, [R13]
143 @8!P9 STL [R1+8x2], R<
144 @!P2 FMNMX RS, RS, R4, IPT
145 @IPe 575 [R14], RS
146 NOP

161
162
163

165

| 166
167

168

gip2
@ip2
Ip2

n

192

4

81e3
ere3
gie3
IP3
1P3

m

BAR.SYNC 2x@

LDS.U R6, [R14+8x88]
ISETP.GT.AND PO, PT, R11, @x3, PT
LDS.U /7, [R14]

STL [R1s2xc], 86
FMNMX R7, R7, 86, IPT
STS [R14], R7

NOP

BAR.SYNC 2xa

LDS.U RS, [Ri4+0x40]
ISETP.GT.AND F1, PT, R11, @x1, PT
LD5.U RS, [R14]

STL [R1s2x10], RS
FMNMX RS, RS9, RS, !PT
STS [R14], RS

NOP

LDS.U R18, [R14+8x28)
LDS.U 85, [R14]

STL [Ris2x14], Ri@
FMNMX RS, RS, R18, !PT
STS [R1s], RS

NOP

O NN bl O b O OO bw o b o@ee v wsnn o cBegoe

Lh

Sampiing Data (A)  Instructions Executed *

-

Illlm'

Source/PTX/SASS analysis and
correlation

Source metrics per instruction
and aggregated (e.g. PC sampling
data)

Metric heatmap



KERNEL PROFILES WITH NSIGHT COMPUTE

S ncu -k mykernel —-o report ./myapp.exe

Generated file: report.ncu-rep; open for viewing in the Nsight Compute Ul

(Without the -k option, Nsight Compute will profile everything and take a long time!)
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