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Compute Capability
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Compute Capability I &k 33& L)
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32 64
432 528
9.7 TFLOPS 34 teraFLOPS
19.5 TFLOPS 67 teraFLOPS
19.5 TFLOPS 67 teraFLOPS
312 TFLOPS™® 989 teraFLOPS
624 TFLOPS™® 1,979 teraFLOPS™
624 TFLOPS™ 1,979 teraFLOPS”
1248 TOPS™® 3,958 teraFLOPS?2

* With sparsity.
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https://www.nvidia.com/en-us/gpu-accelerated-applications/

< NVIDIA. Products Solutions Industries For You Shop  Drivers  Support Q @®©

Applications Accelerated .
on NV' DI A PI atf o r m‘ SANVIDIA.  Products Solutions  Industries  For You oo Drivere Sunpor Q@

Filted =1 Sort AZ Share < Search Apps Q,

The Accelerated Apps Catalog features DPU- and GPU-accelerate .. . | dustry Validation Type Acceleration

applications, developer tools, plugins, and more for Al, data scien

. _ : All Workloads (1594) Data Science (218) Rendering / Ray Tracing (236)
and discover how they benefit from the latest NVIDIA technologi e — T - Robotice -
Accelerated Computing & Developer Tools (130) Game Engines (5) Simulation / Modeling / Design (479)
) Computer Vision / Video Analytics (554) Generative Al (138) Video Streaming / Conferencing (102)
Conversational Al / NLP (170) Networking (7) Virtualization (10)
Filter ? Cybersecurity / Fraud Detection (12) Other (196)
Data Center / Cloud (66) Recommenders / Personalization (13)

1500 A EDT7 T4 —2 3 >H GPU ISXT

Display 15 v per page

Shenzhen Rayvision Technology Co Ltd
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CUDA A

ok
* GPU Speed Of Light

L % S0L SM 17.84 | Duration (Nanoseconds) 70%,056_00

% SOL TEX 17.84 | Elapsed Cyecles 1,761,844_00

% SOL L2 15.08 | SM Fregquency (Hz) 1,242,387,061.11

% S0L FB 87.94 | Memory Freguency (Hz) Z,493 503 565_30

Recommendations
Bottleneck Simple GPU bottleneck detection. Apply

GPU Utilization

@ Current

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0
% Utilization

} Compute Workload Analysis

Executed Ipc Elapsed 0.71|% 5M Busy 17.84
Executed Ipec Retiwve 0.72|% Issue Slots Busy 11._54
Issued Ipc Actiwve 0.72

¥ Memory Workload Analysis
Memory Throughput (bytes/s) 70,335,550,858.10| % Mem Busy 87.94
% L1 Hit Rate 0_00|% Max Bandwidth 87.94
% LZ Hit Rate 33.34|% Mem Pipes Busy 17._50

» Scheduler Statistics

Active Warps Per Scheduler 13_20 | Instructions Per Actiwe Issue Slot 1.04
Eligibkle Warps Per Scheduler 0.25|% No Eligible Bz2_73
Issued Warps Per Scheduler 0.18|% One or More Eligible 17_27
» Warp State Statistics
Cycles Per Issued Instruction T2.86 | Avg. RActive Threads Per Warp 3Z.00
Cycles Per Issue Slot T76.02 | Awvg. Not Predicated Off Threads Per Warp 30.87
= Cycles Per Executed Instruction T72.87

System-wide application algorithm CUDA Kernel Profiling and Debugging
tuning

M ™ @ Debug - vectorAdd/src/vectorAdd.cu - Nsight

File Edit Source Refactor Mavigate Search Project Run Window Help

Cn o= W | B0 Y@ R B LS S M i Hi % R e

%% Debug &3 a2 i# ¥ = O || ®=Variables | % Breakpoints | @ CUDA % =i Modules =g
¥ § vectorAdd {0} [device: gk110(0)] (Breakpoint) = + o [g] @
» & CUDA Thread (0,0,0) Block (0,0,0)
(¢ 8= |Q =
¥ %l All CUDA Threads ¥ i (0,0,0) SM 11 |_| 256 threads of 256 are runr
v i Block (0,0,0) [sm: 11] # (0,0,0) Warp 0 Lane 0 |_C| vectorAdd.cu:36 (0x9a653¢
> & CUDA Thread (0,0,0) [warp: 0 lane: 0] (vectorAdd.cu:36) | & (1,0,0) i warpOLane1 |[€ vectorAdd.cu:36 (0x9a653(
[€] vectorAdd.cu 8 = B |5 Outline | %! Registers 2 i B OO Y TO
24 WELLWUTARUU(LUISL TwwdLl "H, LUISL ITwdil "D, ITLWdL "L, LIL jumec, =
33 { Name T(0,0,0)B(0,0,0) T(1,0,0)B(0,0,0)
%f int i = blockDim.x #* blockIdx.x + threadIdx.x; e oo 4 4
i ;; if (i < numElements) it R6 3149824 3149824
37 { i R7 4 4
38 C[i] = A[i] + B[i]; " R8 0 1
33 } 1010 .
40 } ool RS 0 1
41 = i R10 1060608 -271911904
) ' 1 R11 0 2 =
E console 28 . ¥ Tasks | [£{ Problems | (2 Executables| @ Memory % @f i =# B ~[3~=0O

vectorAdd [C/C++ Application] gdb traces

0x400300800"}, {name="C",value="0x400301080"}, {name="numElements",value="500"}],file="../src/vectorAd\ N
d.cu", fullname="/home/eostroukhov/cuda-workspace/vectorAdd/src/vectorAdd.cu",line="36"}

470,340 (gdb)

478,340 157"done,register-values=[{number="15",value="0x8"}]

470,340 (gdb)

478,340 158"done,register-values=[{number="15",value="0"}]

470,348 (gdb)

1
4

Visual Studio

o cuoa 2 =] E - & -
FLE EDT VEW PROICT GUID DRAUG ToM NSGHT TODLS TEST ANAVZE WINDOW WGP
- i < b ot - s - f 0w AT s sealE,

Range Profier View

o6 2

Accumulated Event Tim) 1 3 50000 60000 70000 80000 90000 100000 120000 130000 140000

= ————— )
= s = = - - B ST el

(GPUBIa Schole Cll P, owe oAt -

Actions
0003, = D-O0000NKE = DTO0N00 |
= 00320000 7 = 000200

All Actions Al Actions (148070.53 us - 100.0%)

Perf Markers

Pipeined Actions

T 1 I | G S T
11 N ] [ E:9644 - £:9655 (20771.%6 s - -

1
1(77

TV 260 RTV 2¢ RTV 2 RTV 209 RTV 2 1 11 R =
Render Target R -

AN VIS Wvertexshader 133, P | [VeriexShader 104, Pl | vertexShader 51, Pixeishader 20 ||| [ T )
Program Ranges . i

| 1

€€ e+ - Mindman/sre/Tindmancu - Cider
Add...

«

Range Info - [All Actions] All Actions (148070.53 ps - 100.0%)

1 max = array stElement Index |

Draw Call Count 486 | Dispatch Call Count t saxlndes = tELementIndex
(Total/Avg) 931242 / 1916.1 | Threads (Total/Avg) - PRRTELERNT ; .
4.98482e+7 / 102568.3 | Instructions (Avg Per Dispatch/Avg Per Thread) § = firstElementIndex + threadsCount .
* 4 findman - [xB6_g4, sm_1 167 1 < ARRAY SIZE: 1 += threadsCount) { u o
g . nextELenent = array[il: u s GBSk, o, ok, At ot
if (next
v g gr
i e
" i =
| DRAM: 19.7% | TEX:16. SM:15. 1% | CROP:5.1% | SM Issue Utilization Per Elapsed Cyde L Lt =1 o
36.5% | SM Issue Utiization Per Active Cyde " L
SM Occupancy (Active Warps Per Activ x| = max I
SM Unit As x] = maxIndex; s
2 -
SM Active Threads Per Instruction Executed 100.0% %) ; .
ir i { - F 2L
array| k] = thresdMas[8]; - Findia 32 b .
Memory array| x + BLOCKS] = threadMaxTdx[d] b -
} L axiconst uint32_t
L2->IA - SM->Texture Texture->SM Tex Hit Rate SM->ROP Texture->12 1L2-> Texture XFB->12 ROP->12 L2->Memory Memory->12 L2 Hit Rate L2soL y P
0.1% 5.4% 5.0% 78.4% 47.5MFrags  0.5% 11.0% 0.0% 1.6% 5.1% 13.6% 95.8% 20.1% .
i p . = ip t* cen
ImT32 © bostFindMax|const ulnidZ T array[l. wintd2 © *index, censt ulnt32 T arrayLength) { A
T3t 1, max = @; L e 2k
for I =8; 1 « arrayLength; 1++ i - mal har*
if [array[i] » max) {
*index = i;
I
max arrayli]
Name - Description ~  Metric Name All Actions ) ——
RedundantStateChangeCountPerDrawCall Counter provided by the API interception layer DrawCaliCount 436 }
RenderTargetPixelCount Counter provided by the API interception layer ResourcelockCount 134 Feture man;
H > C 879
Resourcel ockCount Counter provided by the API interception layer i RasbuscelipdateCoamt 1
= X : ShaderChangeCount 450
Resourcel ocksPerDrawCall Counter provided by the API interception layer : i deviceRindmazicanst uint12 1 arravl] 17 1 *maxtndex. comst o lenathh 4
ResourceUpdateCount Counter provided by the API interception layer
ResourceUpdatesPerDrawCall Counter provided by the AP interception layer writable art st 113 s B a8

ShaderChangeCount Counter provided by the API interception layer
ShaderChangeCountPerDrawCall Counter provided by the APl interception layer

Graphics Shader Profiling an Nsight Eclipse Edition/Visual
Debugging Studio (Editor, Debugger

//0Out-of-bounds Array Access
__global _ void oobAccess(int* in, in

int bid = blockIdx.x;
int tid threadIdx.x;

Mem[tid]];

main()

// Array of 8 elements, where element 4 causes the 0OB
std::array<int, Size> hMem = {0, 1, 2, 10, 4, 5, 6, 7};
cudaMemcpy(d_mem, hMem.data(), size, cudaMemcpyHostToDevice);

oobAccess<<<10, Size>>>(d_in, d out);
cudaDeviceSynchronize();

Memory, Race Checking

$ /usr/local/cuda-11.0/Sanitizer/compute-sanitizer --destroy-on-device-error kernel --show-backtrace no

COMPUTE-SANITIZER
Tesla T4
Invalid _ global  read of size 4 bytes
= at ox480 in
DA11.0/ComputeSanitizer/Tests/Memcheck/basic/basic.cu:40:00bAccess(int*,int*)
= by thread (3,0,0) in block (4,0,0)
Address 0x7f551f200028 is out of bounds
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SAXPY (Y=A*X+Y)

CPU CUDA

void saxpy(int n, float a, ~ global void saxpy(int n, float a,
float *x, float *y) float *x, float *y)
{ {
for (int 1 = 0; 1 < n; ++1) int 1 = threadlIdx.x + blodkDim.x * blockIdx;
y[i] += a*x[1i]; if (1 < n)
} y[1] += a*x[1i];
}

size t size = sizeof(float) * N;

cudaMemcpy(d_x, x, size, cudaMemcpyHostToDevice);
.o cudaMemcpy(d vy, y, size, cudaMemcpyHostToDevice);
saxpy(N, 3.0, X, y); saxpy<<< N/128, 128 >>>(N, 3.0, d x, d y);

cudaMemcpy(y, d_y, size, cudaMemcpyDeviceToHost);




SAXPY (Y=A*X+Y)

CPU CUDA

void saxpy(int n, float a, ~ global void saxpy(int n, float a,
float *x, float *y) float *x, float *y)
{ {
for (int 1 = 0; 1 < n; ++1) int 1 = threadlIdx.x + blodkDim.x * blockIdx;
y[i] += a*x[1i]; if (1 < n)
J ylil += a*[1l; threadldx: ALYRID
J blockDim: JOvJH94 X

blockldx: 7 0v4ID

size t size = sizeof(float) * N;

cudaMemcpy(d_x, x, size, cudaMemcpyHostToDevice);
cudaMemcpy(d y, y, size, cudaMemcpyHostToDevice);
saxpy<<< N/128, 128 >>>(N, 3.0, d x, d y);

N—)AsZ A <<<GS,BS>>>

GS: JUy R4/ X (J0Y7)
BS: JOYIYAX (ALY REX) cudaMemcpy(y, d_y, size, cudaMemcpyDeviceToHost);
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index = blockDim.x * blockldx.x + threadldx.x;
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Linear Algebra, FFT, RNG, and Basic Math

i

L

CUBLAS cuSPARSE

N

cuTENSOR
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CURAND

AVaY

cuSOLVER
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Math API

Il

CUTLASS
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Python Bindings to CUDA

LLVM to CUDA

KU, ELRT T MEEEDRITE

FRREAA TOREEDADGPUTERLEINIHEERZ 1T S U
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% _a®
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W CUPY

1F TensorFlow
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CUBLAS
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CuFkFT
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Optimized CUDA Libraries




MatX -

HIEABDT-0DC++177TL—bF S TS5)

https://github.com/NVIDIA/MatX

X

E Ease of Use:
FEWVENf T2 —T7 1T —X

SIVUETIL
Straightforward programming model with
familiar interfaces

cuFFT, CUTLASS, cuRANDD & 5 RBEZ =
172V %22v7

BEICHX RN A8
'(\ High Performance:

AN =220 7—RZMERNICNIET
% 7 DB FIBALT T

TOg—g> e Ot ANIBOE

(MATLAB/Python-like)IC & 2 FXRERXR FOY

MatX|ZCUDARY R— R XED Z;FH L. AEZIET—x20O—H )
T4 DILEEDSEREINS

T EIRERIRI XTI TNA A LD T — X TH B 7 /)L T
E1TS

7 2%/ )L IENumpy ndarray® kK S [C. IR TOMatXFERA T IT AN
oY %3]

Clone,Slice,PermuteZFDIR{ERFICT —XBEHA L OICH D L DICT
SINTIILEFICTF T — > %" SR

%< DEH =Y R— b FFT, EMIAH, GEMM, pointwise/&&  etc..
R/NEDI—REETHRAMETNA ZADETEYR— b
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https://github.com/NVIDIA/MatX

MatX/Python LbB%

FFT Based Resampler - No Windowing

- import numpy as np
« from numpy import fft as fft

* N = min(num_samp, num_samp_resamp)
nyg =N // 2+ 1

. Create an empty vector with num samps elements
+ sig = np.empty(num samp)

« # Real to complex FFT, time to freq domain
- fft sig = fft.rfft(sig)

« # Slice
- slice sig = fft sig[0:nyq]

 # Complex to real IFFT
« resamp_sig = fft.irfft(slice_sig,
num_samp_resamp)

5.36s (Xeon E5-2698v4 @ 2.20GHz)

uint32 t N =
uint32 t nyg =

std::min(num_samp, num_samp resamp);
N/ 2 + 1;

make tensor<float, 1>({num _samp});
make tensor<complex, 1>({num_samp/2+1});
make tensor<float, 1>({num _samp resamp});

auto sigView
auto sigViewComplex
auto resampView

// Real to Complex FFT, time to freq domain
(sigViewComplex = fft(sigView)).run(stream);

// Slice to half spectrum based on num _samp resamp
auto sliceView = slice(sigViewComplex, {0}, {nyqg});

// Complex to Real IFFT, back to time domain
(resampView = ifft(sliceView)).run(stream);

5.48ms (V100)

4

~1000x improvement!

@A NVIDIA. I



Python Bindings to CUDA

LLVM to CUDA
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CUDA PythonIT a3 X FLDMEIE

nvmath-python

Fasy Pythonic access to CUDA Math library functionality in a performant manner

Minimal lead-time

to access new CUDA library ] | Python Application
features from Python

Python Libraries
Inter-operability
with core Python
numeric packages

NumPy, SciPy, CuPy, PyTorch,
scikit-learn, scikit-image, etc.

NVIDIA Python APls

, Access to all expanded and
Python | peak-performance features

Pythonic library interface JIT Compilers

to CUDA accelerated libraries -. Cgllet\)l:c::is

Reduced & mixed precisions

Numba, Warp, Device APlIs

CuPy, etc. . fpals
Functional customizations

(e.g. cuFFT inline callbacks)

Platform-agnostic CUDA Math NVIDIA

Runs on GPU, CPU (x86 & BERaEsEN |Herformance
Libraries
Arm) and Grace-Hopper

Deep Dive into Math Libraries [S6216 @A NVIDIA
NVIDIA

NVIDIA




CuPy

CuPy [ENumpyE#.DAPIZF DA —T Y —AD5A4 751) T, NVIDIAGPUIZX ANRTEIEGTE TCEHLVEREZRIET 5.
NumPyM b B S5 IZE ZHZ Al EE

With NumPy

import numpy as np

X
W
¥y

np.random.rand(10)
np.random.rand(10, 5)
np.dot(x, W)

With CuPy

import cupy as c¢p

X
W
y

cp.random.rand(10)
cp.random.rand(10, 5)
cp.dot(x, W)

NVIDIA


https://github.com/cupy/cupy

CuPy Raw Kernel ##&E

1—HFEDCUDA Kernel Z8INTENTET S NDLGHEBE, 70 3 A4 JBRE. BMEMERE 2 LEITIT UV = UDERIZ{EF)
Raw Kernel > Z7)La—F

import cupy as cp

square kernel = cp.RawKernel(r'*®’

extern "C" global void my square(long long* x) {
int tid = threadIldx.x;
x[tid] *= x[tid];

, 'my square’)

X = cp.arange(5)
square kernel((1,), (5,), (x,)) # grid, block and arguments
print(x) # [ 06149 16}

NVIDIA


https://docs.cupy.dev/en/stable/user_guide/kernel.html#raw-kernels
https://github.com/cupy/cupy/tree/main/examples/gemm

cupy.scipyx.signal - Selected Algorithms

GPU-accelerated SciPy Signal (Python)
Kaiser

: Convolve/Correlate
Convolution FFT Convolve
Convolve/Correlate 2D
: : Blackman
Phased Array Window Functions Hamming

Filtering and Filter Design

Firwin, FIR Filter

Chirp
Waveform Generation Square
Gaussian Pulse

Ambgfun

Resampling - Polyphase, Upfirdn, Resample
MVDR
Hanning

Hilbert/Hilbert 2D
- Periodogram
Peak Finding Spectral Analysis Welch
Spectrogram

Wiener
5 Full List of Supported Functions - CuPy Docs

@A NVIDIA. I


https://docs.cupy.dev/en/latest/reference/scipy_signal.html

SciPy Signal - Polyphase Resampler

import numpy as np
from scipy import signal

start = 0

stop = 10

num samps = int(1e8)
resample up = 2
resample down = 3

cX = np.linspace(start, stop, num samps, endpoint=False)
Cy = np.cos(-cx**2/6.0)
%htimeit

cf = sighal.resample poly(cy, resample up, resample down, window=('kaiser', ©.5))

2X Xeon E5-2600: 2.36 seconds

NVIDIA



CuPy - Polyphase Resampler

import as

import as
start = 0

stop = 10

num samps = int(1e8)
resample up = 2
resample down = 3

CX = .linspace(start, stop, num samps, endpoint=False)

cy = .cos(-cx**2/6.0)

%htimeit

cf = .resample poly(cy, resample up, resample down, window=('kaiser', 0.5))

NVIDIA A100: 4.69 milliseconds,

NVIDIA
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CUDA kernel Bz EI1TIA3FENTET S (X 20OXAVNTILIINETY)
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Appendix.

Useful links

- CUDA toolkit documentation (cuda-c-programming-guide)
 https://docs.nvidia.com/cuda/cuda-c-programming-quide/index.html

- CUDA Samples
 https://github.com/NVIDIA/cuda-samples

- [S62400] CUDA: New Features and Beyond (GTC 2024 talk)
 https://www.nvidia.com/en-us/on-demand/session/gtc24-s62400/

- [A21118] GPU Acceleration in Python (GTC fall 2020 talk)
 https://www.nvidia.com/en-us/on-demand/session/gtcfall20-a21118/

- [A31149] GPU Acceleration in Python using CuPy and Numba (GTC fall 2021 talk)
 https://www.nvidia.com/en-us/on-demand/session/gtcfall21-a31149/

- [A21103] GPU-Accelerated End-to-End Signal Processing with Python (GTC fall 2020 talk)
 https://www.nvidia.com/en-us/on-demand/session/gtcfall20-a21103/

- |CASSP 21 Tutorial: GPU-Acceleration of Signal Processing Workflows from Python
 https://github.com/awthomp/cusignal-icassp-tutorial

- CuPy 03
 nhttps://github.com/cupy/cupy
« https://cupy.dev/
 https://docs.cupy.dev/en/stable/user guide/kernel.ntml#raw-kernels (CuPy Raw Kernel)

<ANVIDIA. I


https://docs.nvidia.com/cuda/cuda-c-programming-guide/index.html
https://github.com/NVIDIA/cuda-samples
https://www.nvidia.com/en-us/on-demand/session/gtc24-s62400/
https://www.nvidia.com/en-us/on-demand/session/gtcfall20-a21118/
https://www.nvidia.com/en-us/on-demand/session/gtcfall21-a31149/
https://www.nvidia.com/en-us/on-demand/session/gtcfall20-a21103/
https://github.com/awthomp/cusignal-icassp-tutorial
https://github.com/cupy/cupy
https://cupy.dev/
https://docs.cupy.dev/en/stable/user_guide/kernel.html#raw-kernels
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