Chapter 1: Introduction to CUDA
Programming
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MAKE A 3X FASTER

MAKE A & B 3X FASTER
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[bharatk@hsw21l5 ~]$ ./hello_world
Hello World from host!
Hello World from thread [0,0]! From device




[bharatk@hsw2l5 ~]$ ./hello _world

Hello World from host!

Hello World! from thread [0,0] From device
Hello World! from thread [0,1] From device

[bharatk@hsw21l5 ~]$ ./hellec_world
Hello World from host!

Hello World! from thread [0,0] From device
Hello World! from thread [1,0] From device
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BLOCK 0 BLOCK 1

[ c[0] = a[0] + b[0] ] [ c[1] = a[1] + b[1] ]
BLOCK 2 BLOCK 3

[ c[2] = a[2] + b[2] ] [ c[3] = a[3] + b[3] ]

THREAD 0 THREAD 1
[ c[0] = a[0] + b[O] ] [ c[1]=a[1] + b[1] ]
THREAD 2 THREAD 3

[ c[2] = a[2] + b[2] ] [ c[3] =a[3] + b[3] ]




SCENARIO 1: 4 Blocks with 8 threads each. Total threads = 4 *8 = 32

threaddx.x threaddx.x
pﬂﬂﬂ!ﬂﬂﬂpﬂﬂﬂ!ﬂﬂq Pﬂ!ﬂ!ﬂﬂq
| | |
blockldx.x =0 blockldx.x = 1 blockldx.x =3

SCENARIO 2: 8 Blocks with 4 threads each. Total threads = 8 *4 = 32

threaddx.x threaddx.x threaddx.x threaddx.x threaddx.x threaddx.x

| ooipoEg  pongopome

blockldx.x=0 blockldx.x=2 blockldx.x=4 blockldx.x=6
blockldx.x =1 blockldx.x = 3 blockldx.x =5
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20.22 23 24 25 26 27 28 29 30 31
blockDim.x= 8
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Int index = threadldx.x + blockldx.x * blockDim.x
= 5 + 2 * 8
= 21




|Block 1] |Block 2| |Block 3| |Block 4| |Block 5| |Block 6] |Block 7| |Block 8]

TIMELINE

User Workload of 8 Blocks

|Block 1] ||| Block 5| |Block 1]|||Block 2| ||| Block 3 ||| | Block 4]

[Block 2] f}[Block 6] [Block 5] || [Block 6] || [Block 7] || [Block 8]
'Block 3]|| [Block 7| SM 0 SM 1 sm2 || sm3

[Block 4[| | Block 8] GPU WITH 4 SM
SM 0 SM1

GPU WITH 2 SM




Chapter 2: CUDA Memory Management
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NVIDIA Visual Profiler

1. CUDA Application Analysis

The guided analysis system walks you through the various analysis
stages 10 help you understand the optimizetion opportunities in
your application Once you become Familiar with the optimization
process, you can xplore the individual analysis stages in an
unguided mode. When optimizing your eplication it is important to
fully utiize the compute and data movement capabiliies of the GPU.
this you should look at your applicarion's overall GPU usag:
a5 well as the performance of individual kermels.
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® ©® Import

Select

Import profile data generated by nvprof,

Select an import source:

Command-line Profiler
Nvprof

Cancel




[ @ Import Nvprof Data

Nvprof profile files

Import profile data for a single process or for multiple
processes

o Single process

Multiple processes

< Back Cancel




| BON ) Import Nvprof Data
Import Profile Data for Single Process

Select one nvprof profile file containing timeline data and zero or more
addition nvprof profile files containing event and metric values.

il Timeline Options

Connection: Local Manage connections...

Timeline data file: /Users/hanjack/Downloads/sgemm.nvvp Browse...

Event/Metric data files:

/Users/hanjack/Downloads/sgemm-metric.nvvp Browse...

Remove

Kernel scopes:

Remove

Use fixed width segments for Unified memory timeline

Number of segments

< Back Cancel m







Scenario 1: Coalesced accesses

| Thread 0 |
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L 1

1x 128B load/store request per warp

1x 128B L1 transaction per warp

4x 32B L2 transactions per warp

Global Memory
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1x L1 transaction: 128B
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needed / 128B transferred
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32x L1 transaction: 128B
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32x L2 transactions: 128B

needed - 32x32B transferred

1x 128B L1 transaction per warp

4x 32B L2 transactions per warp
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double u@ = gridData.r[threadIdx.x];
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i Kernel Performance Is Bound By Memory Bandwidth !

For device "Tesla V100-PCIE-16GB" the kernel's compute utilization is significantly lower than its memory utilization. These utilization levels indicate that the performance of the kernel is most likely being 1

limited by the memary system. For this kernel the limiting factor in the memory system is the bandwidth of the Device memory. 1
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& Global Memory Alignment and Access Pattern

Memeory bandwidth is used most efficiently when each global memory load and store has proper alignment and access pattern. The analysis is per assembly instruction.

Cptimization: Select each entry below to open the source code to @ global load or store within the kemel with an inefficient alignment or access pattern. For each load or store improve the alignment
and access pattemn of the memony access, More...
4 Line /File aos.soa.cu - \home\bharatk\openacc\Problemopenaccichallenge
29 Global Load L2 Transactions/Access = 32, Ideal Transactions/Access = 4 [ 1048576 L2 transactions for 32768 total executions ]
29 Global Load L2 Transactions/Access = 32, Ideal Transactions/Access = 4 [ 1048576 L2 transactions for 32768 total executions |
29 Global Load L2 Transactions/Access = 32, Ideal Transactions/Access = 4 [ 1048576 L2 transactions for 32768 total executions |
29 Global Load L2 Transactions/Access = 32, Ideal Transactions/Access = 4 [ 1048576 L2 transactions for 32768 total executions |
30 Global Load L2 Transactions/Access = 32, Ideal Transactions/Access = 4 [ 1048576 L2 transactions for 32768 total executions |
30 Global Load L2 Transactions/Access = 32, Ideal Transactions/Access = 4 [ 1048576 L2 transactions for 32768 total executions |
30 Global Load L2 Transactions/Access = 32, Ideal Transactions/Access = 4 [ 1048576 L2 transactions for 32768 total executions |
31 Global Store L2 Transactions/Access = 32, Ideal Transactions/Access = 4 [ 1048576 L2 transactions for 32768 total executions ]
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i Kernel Performance Is Bound By Memory Bandwidth

For device "Tesla V100-PCIE-16GB" the kernel's compute utilization is significantly lower than its memory utilizstion. These utilizstion levels indicate that the performance of the kemel is most likely being
limited by the memory system. For this kernel the limiting factor in the memary system is the bandwidth of the Device memory.
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& Global Memory Alignment and Access Pattern
Memory bandwidth is used most efficiently when each glabal memory load and store has proper alignment and access pattern. The analysis is per assembly instruction.
Optimization: Select each entry below to open the source code to a global load or store within the kernel with an inefficient alignment or access pattern. For each load or store improve the alignment
and access pattern of the memory access. More...
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Y/ Kernel to compute vector sum C = A+B
| _global__ void vecAdd(float @
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Unified Memory

[bharatk@hsw224 unified memory]$ nvprof ./unified simple.out

==36853== NVPROF is profiling process 36853, command: ./unified simple.out
Max error: O

==36853== Profiling application: ./unified_gimple.out

==36853== Profiling result:

Type Time (%) Time Calls Avyg Min Max Name
GPU activities: 100.00% 2.6205ms 1 2.6205ms 2.6205ms 2.6205ms add(int, float*, float¥)

API calls: 95.58% 245.06ms 2 122.53ms 57.3%0us 245.00ms cudaMallocManaged
1.89% 4.8428Bms 4 1.2107ms 1.1380ms 1.3143ms cuDeviceTotalMem
1.10% 2.8l26ms 384 7.3240us 113ns 317.24us cuDeviceGetAttribute
1.02% 2.6247ms 1 2.6247ms 2.6247ms 2.6247ms cudaDeviceSynchronize
0.30% 758.70us 2 379.35us 341.52us 417.1%us cudaFree
0.09% 228.41lus 4 57.103us 53.321us 59.556us cuDeviceGetName
0.02% 48.725us 1 48.725us 48.725us 48.725us cudalaunchKernel
0.00% 7.3320us 4 1.8330us 801lns 3.0330us cuDeviceGetPCIBusId
0.00% 3.9480us 8 493ns 184ns 2.125%0us cuDeviceGet
0.00% 1.1400us 3 380ns 157ns 511lns cuDeviceGetCount

==36853== Unified Memory prefiling result:
Device "Tesla V100-PCIE-32GB (0)"
Count Avg Size Min Size Max Size Total Size Total Time Name
173 47.353KB 4.0000KB 976.00KB 8.000000MB 1.091584ms Host To Device
24 170.67KB 4.0000KB 0.9961MB 4.000000MB 359.9040us Device To Host
8 - - - - 2.606944ms Gpu page fault groups
Total CPU Page faults: 36




GPU Page Table

pagel

K =1 edp page2

page fault

GPU physical memory CP

U physical memoryj

CPU Page Table
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GPU Page Table CPU Page Table
GPU physical memory CPU physical memory] P3¢ 1
pagel page 2
X=1 — page2
page fault

Step 2: page2 unmapped from CPU memory




GPU Page Table CPU Page Table

GPU physical memory CPU physical memory] Pa8e 1

xX=1 —2p page2
page fault

"f

Step 3: pages data migrated to GPU physical memory
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GPU Page Table CPU Page Table

GPU physical memory CPU physical memory| P2ge !

Xi=A —> pageZ \
access replay

Step 4: page2 mapped to GPU physical memory




[bharatk@hsw224 unified memory]$ nvprof ./unified initialized.out

==36952== NVPROF is profiling process 36952, command: ./unified initialized.out
Max error: 0 -
==36952== Profiling application: ./unified_initialized.out
==36952== Profiling result:
Type Time (%) Time Calls Avg Min Max Name
GPU activities: 98.33% 1.1078ms 1 1.1078ms 1.1078ms 1.1078ms init(int, flecat*, float¥*)
1.67% 18.848us 1 18.848Bus 18.848us 18.848us add(int, float*, float¥*)
API calls: 96.23% 252.05ms 2 126.03ms 59.410us 251.99%9ms cudaMallocManaged
1.80% 4.7206ms 4 1.1802ms 1.1484ms 1.2327ms cuDeviceTotalMem
1.21% 3.18l4ms 384 8.2850us 117ns 711.17us cuDeviceGetAttribute
0.43% 1.1224ms 1 1.1224ms 1.1224ms 1.1224ms cudaDeviceSynchronize
0.20% 522.4%us 2 261.24us 92.656us 429.83us cudaFree
0.09% 233.63us 4 58.406us 55.197us 61.184us cuDeviceGetName
0.03% 91.0%8us 2 45.54%us B8.4680us 82.630us cudalLaunchKernel
0.00% 7.4340us 4 1.8580us 833ns 3.0820us cuDeviceGetPCIBusId
0.00% 4.5400us 8 567ns 160ns 2.4620us cuDeviceGet
0.00% 1.109%Qus 3 369ns 135ns 497ns cuDeviceGetCount

==36952== Unified Memory profiling result:
Device "Tesla V100-PCIE-32GB (0)"
Count Avg Size Min Size Max Size Total Size Total Time
24 170.67KB 4.0000KB 0.9961MB 4.000000MB 354.4960us
10 o 1.094880ms
Total CPU Page faults:

12

Name
Device To Host
Gpu page fault groups

[bharatkihsw224 unified memory]§ nvprof —pr Junified initialized.ont
==38016== NVPROF is profiling process 38016, cemmand: ./unified initialized.eut
Max error: 0

==38016== Profiling application: ./unified_initialized.out

==38016== Profiling resalt:

Start Duration Gria size Block Size Begs*  sSsMems  DsMems Device Context  Stream
435.51ms  1.2463ms (4096 1 1) (256 1 1) 16 o8 0B Tesla V10D-PCIE L
435.51ms  357.92us - - - - Tesla V100-PCIE -
435.67ms  77.888us - - - - - Tesla V100-PCIE -
435.95ms  55.136us - - - - - Tesla V1DD-PCIE -
436.00ms  49.504us - - - - - Tesla V100-PCIE -
436.05ms  71.232us - - - - - Tesla V100-PCIE -
436.13m3  183.87us - - - - Tesla V100-PCIE -
436.31ms 112 74us = - - - - Tesla V100-PCIE -
436.43ms  63.360us = = = = - Tesla V1DD-PCIE =
436.49ms  60.736us - - - - - Tesla V1DD-PCIE -
436.55ms  €9.312us - - - - Tesla V10D-ECIE -
436.62ms  125.54us - - - - - Tesla V1DD-FCIE -
436.75ms  18.304us (4096 1 1) (256 1 1) 16 o 0B Tesla V100-PCIE T
436.78ms = = - = - - - -
436.82ms  1.8880us - - - - - Tesla V1DD-PCIE -

436.82ms  5.7600us Tesla V10D-FCIE

Unified Memory Virtual Address

Hase
init(int, floatw, floate) [410]
(Unified Memory GPU page faults]
[Unified Memory GPU page fanlts]
[Unified Memory GPU page faults]
[Unified Mesory GFU page faults]
(Unified Memory GFU page faults]
[Unified Memory GPU page faults]
[Unified Memory GPU page faults]
[Unified Memory GPU page famlts]
[Unified Memory GPU page fanlts]
[Unified Memory GPU page fanlts]
[Unified Memory GPU page fanlts]
add(int, floate, floats) [411]
[Unified Memory CPU page fanlts]
[Unified Memory Memcpy DtoH]
[Unified Memory Memcpy DtoH]

11 | 0x2abb56000000

7 | 0x2abb56020000
0x28bb56040000
0x2abb56080000
0x2abb56480000
0x2abb36100000
0x2abb56200000
0x2abb56248000
0x2abb56640000
0x2abb56280000
0x2abb56300000
0x2abb56400000
0x2abb56400000
0x2abb36401000

Bauwurcaanra

1

BC 0x4D35d6
4.000DDOKE
60. 000DDOKE

[bharatkfhsw224 unified memory]$ nvprof ./unified 64align.out
==37476== NVPROF is profiling process 37476, command:
Max error: 0

==37476 Profiling application:
==37476== Profiling result:

./unified 64align.out

./unified 64align.out

Type Time (%) Time Calls Avg Min Max Name
GPU activities: 97.63% 557.12us 1 557.12us 557.12us 557.12us init(int, flecat*, float*)
2.37% 13.536us 1l 13.536us 13.536us 13.536us add(int, float*, flocat¥)
APTI calls: 98.53% 633.19%9ms 2 316.59ms 23.74%us 633.l1l6ms cudaMallocManaged
0.75% 4.7915ms 4 1.1979ms 1.1408ms 1.2397ms cuDeviceTotalMem
0.51% 3.2467ms 384 8.4540us 113ns 702.88Bus cuDeviceGetAttribute
0.09% 569.63us 1 569.63us 569.63us 569.63us cudaDeviceSynchronize
0.08% 495.83us 2 247.92us 87.785us 408.05us cudaFree
0.04% 261.40us 4 65.350us 55.34%us 75.675us cuDeviceGetName
0.01% 53.867us 2 26.933us 7.71%90us 46.14Bus cudaLaunchKernel
0.00% 7.5120us 4 1.8780us 813ns 3.0180us cuDeviceGetPCIBusId
0.00% 4.4300us 8 553ns 179ns 2.1480us cuDeviceGet
0.00% 1.1900us 3 396ns 275ns 541lns cuDeviceGetCount
==37476== Unified Memory profiling result:

sla V100-PCIE-32GB (0)"

Count Avg Size Min Size Max Size Total Size Total Time
24 170.67KB 4.0000KB 0.9961MB 4.000000MB 344.3520us
2 = = = - 516.7360us
Total CPU Page faults: 12

Name
Device To Host
Gpu page fault groups




[bharatkghsw224 unified memory]§ nvprof --print-gpu-trace ./unified_Sialign.out
—-38276—— NVEROF is profiling process 38276, command: ./unified 64align.out
Max error: 0
==38276== Profiling application: ./funified_&dalign.out
==38276== Profiling result:

Start Duration Grid Size Block Size Regs* SSMemt DSHem* Device Context Stream Unified Memory WVirtual Address HName
514.02ms  467.87as (®11) (256 1 1) 3z on 0B Tesla V100-ECIE - - init(int, fleats, rloats) [410
814.02ms  354.21us - - - e = Tesla V100-PCIE 2 0x2b376e000000 [Unified Memory OPU page faults]
814.3Bms  72.576us - > = = - Tesla V100-PCIE 1 0x2b376e440000 [Unified Memory OFU page faults]
814.45ms 14.431us (4096 1 1) (256 1 1) 16 o8 0B Tesla Vi00-PCIE - - ada(int, floats, float+) [411
514.51ms - - - BC Bxd0380a  0x2b376e400000 [Unified Memory CEU page faults)
814.55ms  1.8560us - 4.000DDDRB 0x2b376e400000 [Unified Hemory Memcpy DtoH]
814.55ms  5.9520us = 60 .00000OKE 0x2b376e401000 [Unified Memory Memcpy DtoH]

- - - Tesla V100-PCIE
- - - - Tesla V100-PCIE

P e

[bharatk@hsw224 unified memory]$ nvprof ./unified prefetch.out

==37058== NVPROF is profiling process 37058, command: ./unified prefetch.out
Max error: 0

==37058== Profiling application: ./unified prefetch.out

==37058== Profiling result:

Type Time (%) Time Calls Avg Min Max Name
GPU activities: 100.00% 17.696us 1 17.696us 17.696us 17.696us add(int, flocat*, float*)

API calls: 926.00% 249.72ms 2 124.86ms 24.730us 249.70ms cudaMallocManaged
1.77% 4.591%s 4 1.1480ms 1.1137ms 1.186lms cuDeviceTotalMem
1.05% 2.7235ms 384 7.0920us 112ns 309.97us cuDeviceGetAttribute
0.51% 1.326%ms 1 1.3269ms 1.3269ms 1.326%9ms cudaDeviceSynchronize
0.32% 830.56us 2 415.28us 305.64us 524.92us cudaFree
0.24% 629.54us 3 209.85us 7.7910us 490.67us cudaMemPrefetchAsync
0.09% 242.68us 4 60.668us 53.750us 75.485us cuDeviceGetName
0.02% 43.850us 1 43.850us 43.850us 43.850us cudaLaunchKernel
0.00% 7.9190us 4 1.9790us 823ns 2.9600us cuDeviceGetPCIBusId
0.00% 4.6770us 8 584ns 187ns 2.2770us cuDeviceGet
0.00% 3.0310us 1 3.0310us 3.0310us 3.0310us cudaGetDevice
0.00% 1.2720us 3 424ns 126ns 717ns cuDeviceGetCount

==37058== Unified Memory profiling result:
Device "Tesla V100-PCIE-32GB (0)"
Count Avg Size Min Size Max Size Total Size Total Time Name
4 2.0000MB 2.0000MB 2.0000MB €.000000MB 739.9040us Host Tec Device
2 2.0000MB 2.0000MB 2.0000MB 4.000000MB 325.3120us Device To Host
Total CPU Page faults: 24

SM SM i

L1/Tex$ L1/ Tex$S

Shared Mem Shared Mem

Pascal

VOLTA’S UNIFIED L1
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debug_vs Property Pages ? X

Configuration: | Active(Debug) ~ | Platform: | Active(x64) ~ Configuration Manager...
4 Configuration Properties Interleave source in PTX No
General compute_70,sm_70;compute_75,5m_75 ~
Debugging Generate GPU Debug Information Yes (-G)
VC++ Directories Generate Line Number Information No
4 CUDAC/C++ Max Used Register 0
Common Verbose PTXAS Output Yes (--ptxas-options=-v)
Device
Host
Command Line
I Linker
I CUDA Linker
B Manifest Tool
I XML Document Generator!
I Browse Information
I Build Events
b Custom Build Step
P Code Analysis
Code Generation
Specifies the names of the NVIDIA GPUs to generate code for and the class of the NVIDIA GPU architectures for
< > which the input files must be compiled. Specify the architecture and code in the format [arch],[code], multiple ...
Cancel Apply
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sl
© *sgemm.nvvp

bs

§ *sgemm.nvvp 2 =0

O.fl s 0.!

=1 Process "sgemm" (20654)
= Thread 1896349568
Runtime API

Driver API
Profiling Overhead
~! [0] Tesla V100-PCIE-32GB
| Context 1 (CUDA)
I MemCpy (HtoD)
=] Compute
7 100.0% saemm

) 8] [

sgemm_gpu_kernel(float const *, float const *, flc

Kernel Performance Limiter

Kernel Latency

Kernel Compute

Kernel Memory

Global Memory Access Pattern

Shared Memory Access Pattern

£ Properties &

=g

sgemm_gpu_kernel(float const *, float const *, float*, int, int, int...

wy

Warp Execution Efficiency 100%
Aot LEE\ora £ 2002
¥ Occupancy
Achieved 99.1%
Theoretical 100%
Y
/ Shared Memory Executed 0B
. . Shared Memory Bank Size 4B
Achieved and theoretical occupancy  ~ospendency anaysis
] Time on Critical Path Ons
™ Waiting Time Ons
[ Analysis 52 [ GPU Details (Summary) [ CPU Details [7:] OpenACC Details Wz OpenMP Details =l Console i Settings A =
Variable | Achieved | Theoretical | Device Limit lid Size: [ 128,128,1 ] (16384 blocks)Block Size: [ 16,16,1 ] (2
Occupancy Per SM
Active Blocks 8 32 1
0 12 16 20 24 28 32
Active Warps 63.43 64 64 |
0 16 24 32 40 48 56 64
Active Threads 2048 2048
) 0 256 512 768 1024 1280 1536 1792 2048
Occupancy 99.1% 100% 100% .
0% 25% 50% 75% 100%
(/] Warps
Threads/Block 256 1024 d
() 0 128 256 384 512 640 768 896 1024
I ]
Warps/Block 8 32 0 4 8 12 16 20 24 28 32
9 Block Limit 8 32 1
0 4 8 12 16 20 24 28 32
Registers
9 i ' i

Divergent Execution

2
N

Sequential Reduction

Parallel Reduction
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Compute Bound Bandwidth Bound Latency Bound Compute and
Latency Bound

Compute Mem Compute Mem Compute Mem Compute Mem

100%
20%
2%
T0%

I 1iemory operations
I Control-flow operatione
Il rithmetic operations
Il Memony (Device)

0%
0%

40%

Ultilization

0%

20%

10%

complts Mermory (Device)




Stall Reasons

execution
dependency
Instruction
fetch
memory not
dependency selected
memory
throttle
constant
pipe
busy
other
synchronization
texture
100%
90%
B0%
70%
g E0% Bl Memery operations
= - I Contral-fiow operaticns
g Il Arithmetic operations
= 40% Il Memory (Load/Stare Instruction Unit)
S 30%
20%
10%

Memory (Load Store Inetruction Unit)




100%

70%

50%

Ultilization

30%

20%

10%

Memery (Load/Store Inetruction Unit)

- Memory operations

- Control-flow operations

- Arithmetic operations

I Memory (Load/Store Instruction Unit)

if ( threadIdx.x < 16 )
{

End of branch

& Divergent Branches

Compute resource are used most efficiently when all threads in a warp have the same branching behavior. When this does not occur the branch is said to be divergent. Divergent branches lower

warp execution efficiency which leads to inefficient use of the GPU's compute resources.

Optimization: Select each entry below to open the source code to a divergent branch within the kermel. For each branch reduce the amount of intra-warp divergence. More...

w Line/File NA
MA Divergence = 73.4% [ 3080192 divergent executions out of 4194304 total executions |
MA Divergence = 12.5% [ 63536 divergent executions out of 524288 total executions |
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100%

70%

I Memory operations

[ Control-flow operations

Bl Arithmetic operations

Il Memory (LoadStore Inetruction Unit)

50%

30%

Ultilization

20%
10%

Compute Memory (Load/Store Inetruction Unit)

peak computing performance

a7 computational ceiling

|
|
|
|
_____________________________________ b m e e e e e e mmmmmmmmmmmmmmm ]
|
|
|
|
|
|
|
|
|
|

[}
[}
]
[}
4
[}
[}
[}
[}
[}
[}
[}
[}
I
I
I
I
[}
[}
[}
[}

| algorithm 2 - algorithm 3
algorithm 1 memory/compute fcompute bound
' memory bound | bound 1

Attainable Performance (Gflops/s)

Operational Intensity (flops/byte)

Device Memory

Reads 2097160 | 326.939 GBfs

Writes 105437 16.437 GBfs

Total 2202597 | 343.376 GBfs F T T T T T T T ™ T 1
Idle Low Medium High Max




Device Memory

Reads 2097216 616.386 GB/s
Writes 87771 25.797 GB/s
Total 2184987 642.183 GB/s " .
Idle Low Medium High Max
Device Memory
Reads | 2100052 | 387.089GB/s |
Writes 2109160 | 388767 GB/s
Total 4209212 | 775856 GB/s
ldle Low Medium High Max
Thread Block O
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shfl down sync{(m, val, offset)

m = Oxffffffff LANE 01 2 % 4 5 6 7 & 9 10 i1 12 13 14 15
val +=  shfl down sync(m, val, 8)
val +=  shfl down sync(m, val, 4)
val +=  shfl down sync(m, wval, 2)
val +=  shfl down sync(m, val, 1)

Thread Block
warp 0 warp 1 warp 2 warp 3

R

R N Y R N -
w




int tid ...

If (tid <
A ...
___syncthreads ()

blockDim.x) {

B

'_l.
o}
o
-+
e
Q.
I

If (tid < blockDim.x) {
A L.

... B
__syncthreads ()

Deadlock

Some branched threads wait forother threads,
and the other threads wait for the branched
threads

Works without halt

All the threads in a block can meet this
__syncthreads() barrier.

Thread Block

Thread Block

warp 0 warp 1 warp 2 warp 3 warp 0 warp 1 warp 2 warp 3
/r:}:read_block.sync() thread block.sync ()
Shared Memory Il 7_\77"E'/’/
if (block.thread rank
Register = Global Memory ( - 0)

atomicAdd (target, val)

i Kernel Optimization Priorities

The following kernels are ordered by optimization importance based on execution
time and achieved occupancy. Optimization of higher ranked kernels (those that
appear first in the list) is more likely to improve performance compared to lower
ranked kernels.

Rank Description
100 [ 101 kernel instances ] reduction_kernel(float®, float®, unsigned int)
m [ 101 kernel instances ] reduction_kernel(float®, float*, unsigned int)

Utilization

[ Memory operations
Bl Control-flow operations
[ Arithmetic operations
[ Memory (Shared)




>

o~}

X X X X
(i | s s |
N\ W

int32

+

int32 C int32 C

1] il
int32 D int32

i

X

X
[intg | [int8  ints | int8 |
\\+//

int32

o~}

o~}

I+I

O




Chapter 4: Kernel Execution Model and
Optimization Strategies

[= [0] Tesla V100-PCIE-32GB
[= Context 1 (CUDA)
|=| Compute

|~ Streams
- Default

57 100.0% foo_kern...

foo_kernel(int) foo_kernel(int) foo_kernel(int) foo_kernel(int) foo_kernel(int)
foo_kernel(int) foo_kernel(int) foo_kernel(int) foo_kernel(int) foo_kernel(int)

foo_kernel(int) foo_kernel(int) foo_kernel(int) foo_kernel(int) foo_kernel(int)

[=! [0] Tesla V100-PCIE-32GB
[=] Context 1 (CUDA)

Compute
[=| Streams
- stream 15
- Stream 16
- Stream 17 foo_kernel(int)
- Stream 18
- stream 19
[= [0] Tesla V100-PCIE-32GB
[=] Context 1 (CUDA)
=l Compute
- 100.0% foo.kern...
|=| Streams
L Stream 15
- Stream 16
- Stream 17
- Stream 18
- Stream 19
[=| [0] Tesla V100-PCIE-32GB
[=I Context 1 (CUDA)
foo_kernel(int)
Compute
[=| Streams
 Default
- Stream 15
* Stream 16
 Stream 17
- Stream 19

Stream 0O




H2D
Kernel
D2H

Stream O
Stream 1

Stream 2

[=| Process "overlapping_exec ...
|=| Thread 3195586368
- Runtime API
- Driver API
- Profiling Overhead
|=| [0] Tesla V100-PCIE-32GB
[=] Context 1 (CUDA)
- S5F MemCpy (HtoD)
L 5F MemCpy (DtoH)

[=] Compute

- cudaDeviceSynchronize I

vecAdd_kernel(float*, fl... vecAdd_kernel(float*, flo...

vecAdd_kernel(float* flo...

vecAdd_kernel(float* fl...

vecAdd_kernel(float*, fl...

vecAdd_kernel(float*, flo...

~ 7 100.0% vecAdd._...

|~ Streams
L Stream 14
- Stream 15
- Stream 16
. Stream 17

vecAdd_kernel(float*, flo.

vecAdd_kernel(float*, fl... -
_ vecAdd_kernel(float* flo...

vecAdd_kernel(float*, flo...

vecAdd_kernel(float*, fl...

vecAdd_kernel(float*, fl...

[=] Process “overlapping_exec 4" (13...
[=] Thread 3271046376
~ Runtime AP
- Driver API
L Profiling Overhead
[=] [01 Tesla V100-PCIE-32GB.
[= Context 1 (CUDA)
- ¥ MemCpy (HtoD)
L ¥ MemCpy (DtoH)
[=/ Compute
L 100.0% vecAdd_ker...
[=] Streams
L Stream 14
L Stream 15
L Stream 16
* Stream 17

cudaStreamSynchronize

cudaStreamSynchronize

vecAdd_kemel(float®, float c. vecAdd_kemel(float”, float co. vecAdd_kemel(float", float c.
vecAdd_kemel(float*, float c. 2 a vecAdd_kemel(float*, float

vecAdd_kemel(float®, float c...
vecAdd_kemnel(float*, float c..

vecAdd_kemel(float”, float c.
vecAdd_kemel(float®, float c.

vecAdd_kemel(float*, float co.

cudaStreamSynchronize

vecAdd_kemel(float*, float co.

cudaStreamSynchronize:

vecAdd_kemel(float", float c.




[=] Process “host_callback 4° (130109)
[=I Thread 3095869248
- Phread
* Runtime AP|
L Driver AP|
L Profiling Overhead
[=] 0] Tesla V100-PCIE-32GB.
|=| Context 1 (CUDA}
& S MemCpy (HtoDj
L 5P MemCpy (DtoH]

[= Compute

L S 100.0% vecAdd_ker...

[=] Streams
L stream 14
L Stream 15
L Stream 16

L Stream 17

. cudDeiceynchor=

[ | |
vecAdd_kemel(float®, float const ®, fl... vecAdd_kemelfloat”, float const *, fl...
vecAdd_kemel(float”, float const *, flo... vechdd_kemel(float”, float const %

vecAdd_kemel(float®, float const %, fl... vechdd_kemel(float”, float const ™, fl...

T ]
[ ]

[= [0] Tesla V100-PCIE-32GB
|=| Context 1 (CUDA)
¥ MemCpy (HtoD)
I MemCpy (DtoH)

[=! Compute

" 100.0% vecAdd_....

[=| Streams
' Stream 18
- Stream 19
.- Stream 20

- Stream 21

vecAdd_kernel(float* float con... vecAdd_kernel(float* float cons... vecAdd_kernel(float*, float con.
vecAdd_kernel(float* float const * float const *}
vecAdd_kernel(float* float con... vecAdd_kernel(float* float cons...

vecAdd_kernel(float*, float const * float const *)

vecAdd_kernel(float* float con..

[R— vecAdd_kernel(float, float cons...| |

ki . st7, ..
vecAdd_kemel(flost*, flost const *, flo... vecAdd_kemelfloat”, float const * fl...
ke " 7 ..

]
vecAdd_kernel(float* float con...

vecAdd_kernel(float*, float const * float const *

Type
GPU activiti

Name

float const *, float const *)

ernel(floatx,

[CUDA memcpy HtoD]
JDA memcpy DtoH]

= compute

[=| Streams
- Default

[=] Context 1 (CUDA)

[="F 100.0% parent_kernel(int*, int)

L 5F 81.3% child_kernel(int*)

parent_kernel

child_kernel{int*)

child_kemel(int*)

parent_kernel(int*, int)

child_kernel(in
nild_kernel(int*)

parent_kernel(int*, int)




reduction

= [

reduction reduction reduction reduction

DA | S S YA

reduction reduction reduction

i gfph B

reduction

= I

this_grid.sync()

reduction

P

sync within a kernel

Loop with the host

100%
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50%

Ultilization

30%
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[ Memory operations
[ Control-flow operation
[ Arithmetic operations
I Memory (Device)

Compute Mermory (Device)
|=| [0] Tesla V100-PCIE-32GB
[=] Context 1 (CUDA)
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mmmmm  GPU parallelizable part
mmmmm  CPU parallel part
I Scrial part

Process B

I Context B
||

MPS Process

N=1  N=2 N=4
Multicore MPI CPU only

|
o Processes sharing GPU with MPS
N

N

N=1  N=2

: GPU-accelerated L™




| NVIDIA-SMI 418.67 Driver Version: 418.67 CUDA Version: 10.
[--==-mmmmm - o oo o oo +
| GPU Name Persistence-M| Bus-Id Disp.A | Volatile Uncorr. ECC |
| Fan Temp Perf Pwr:Usage/Cap| Usage | GPU-Util Compute M.

| e e e

| 0 Tesla VI00-PCIE... Off | 00000000:17:00.0 Off |

| N/A 53C PO 43W / 250W | OMiB / 32480MiB |

| Processes:
PID Type Process name

s 1.65 1.605 s 1.615 32.68409 ms 1.625 1.625 s 1.635
=| [0] Tesla V100-PCIE-32GB

—=| Context 1-151546 (CUDA)

W (i) —_—
S MemCpy (DtoH) || “
e e -,
=| Compute — L
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]
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—=| Streams
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Stream 17 [F—




| 1.38s 1.385s 1 1.405 s 1.41s 1.4165 s
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-7 VenCay (Diot - . . -
vecAdd_kernel(float® floa... vecAdd_kernel{float® float...
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[=] Streams
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- Stream 14 vecAdd_kernel(float®, floa... -
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~“ New Session  #N

Open... #0
Clone Session 1{r3C

@ NVIDIA Visual Profiler

sl Save S
lsl Save As...
Iz Save All {+88S




| NON | Import
Select
Import profile data generated by nvprof. | g - 5 I

Select an import source:

Command-line Profiler

Nvprof profile files

Import profile data for a single process or for multiple processes

" ISingle process

* Multiple processes

< Back MNext = Cancel




[ NON | Import Nvprof Data

Import Profile Data for Multiple Processes

Select nvprof profile files containing timeline data for multiple processes

HelaZiEa Timeline Options

Connection: = Local

The nvprof profile files:

/Users/hanjack/Downloads/simpleMPI.0_2.nvvp
/Users/hanjack/Downloads/simpleMPIL.1_2.nvvp

| Normalize each profile file independently
Use fixed width segments for Unified memory timeline

Number of segments

Manage connections...

Browse...

Remove

< Back Cancel Finish
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Chapter 5: CUDA Application Profiling and
Debugging
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sgemm_ker...

sgemm_Ker...

sgemm_Ker...




ssh

Visual Profiler CUDA Application

SC
. P

Host machine Remote machine
® ® Create New Session
Executable Properties

Set executable properties
Connection: Local <] Manage connections...
Toolkit/Script: CUDA Toolkit 10.0 (/Developer/NVIDIA/CUDA-10.0/bin/)
File: Browse...
Working directory: Browse...
Arguments:
Profile child processes < |
’ . Val
Environment: Mame Value Add
Delete

Cancel




O @ New Remote Connection

Remote Connections

Manage available connections

jahan@192.168.1.87 Add
Remove

Host name: 192.168.1.87

User name:  jahan|

Label: jahan@192.168.1.87

System type: SSH Port number: 22 °




® O CUDA Toolkits on jahan@192.168.1.87

Configure CUDA Toolkit
Configure CUDA toolkit location on the remote system

° Toolkit path: Jusrflocal/cuda-10.0/bin n Browse... Detect...
Library paths: (= Jusrflocal/cuda-10.0/lib64 Browse...

%" Add new path
Custom Script: Browse...
Temporary Location: Jtmp Browse...
Browse...

Nsight Compute Command Line:

Cancel




@ @
Profiling Options
Set the profiling options

Create New Session

Execution timeout:

Seiillglspelailepi Timeline Options

Start execution with profiling enabled

Enable concurrent kernel profiling
Enable CUDA API tracing in the timeline
Enable power, clock, and thermal profiling

Enable unified memory profiling
Use fixed width segments for Unified memory timeline

Number of segments

Track memory allocations

pgexplain.xml:

Enable OpenACC profiling
Enable CPU thread tracing
Run guided analysis

< Back

seconds

Advanced...

Cancel

e




debug_vs Property Pages

Configuration: | Active(Debug) ~ | Platform: | Active(x64) ~ Configuration Manager...
4 Configuration Properties Interleave source in PTX No
General compute_70,sm_70;compute_75,sm_75 v
Debugging Generate GPU Debug Information Yes (-G)
VC++ Directories Generate Line Number Information No
4 CUDA C/C++ Max Used Register 0
Common Verbose PTXAS Output Yes (--ptxas-options=-v)
Device
Host
Command Line
I Linker
I CUDA Linker
B Manifest Tool
I XML Document Generator!
I Browse Information
> Build Events
b Custom Build Step
P Code Analysis
Code Generation
Specifies the names of the NVIDIA GPUs to generate code for and the class of the NVIDIA GPU architectures for
< > which the input files must be compiled. Specify the architecture and code in the format [arch],[code], multiple ...
Cancel Apply




Nsight = Teoels Test Analyze  Window

Windows

Start Graphics Debugging

Start CUDA Debugging (Next-Gen)
Start CUDA Debugging (Legacy)
Start Performance Analysis...
Enable CUDA Memory Checker
Previous Active Warp

Next Active Warp

Freeze




Autos * [ X

Marme Value Type
W opne 200000 st |
@ beta 1.00000000 float
b @ blockDim {x=236y=12z=1} const d...
@ blockDimx 256 uint

bo@ blockldx fx=0y=0z=0} uint3
@ blockldex 0 uint
W dx 0 int
b threadldx fx=0y=0z=0} uint3
@ threadldxx 0 uint
b ox Onea19202000 { 0.00030519 ) float™
@ fidx] 0.00030519 float
bWy Ooea 19200000 { 000704572 1 float®
@ ylidx] 0.00704973 float
Autos
Autos *OX
Mame Value Type
"
@ beta 1.00000000 float
b @ blockDim fx=2%,y=1z=1} const d...
@ blockDimx 256 uint
bow blockldx {x=0y=0z=0} uint3
@ blockldxx 0 uint
@ idx 32 int
b threadldx {x=32y=0z=0} uint3
@ threadldxx 32 uint
bowox Onea19202000 { 0.00030519 ) float™
@ fidx] 0.00595111 float
by Onea19200000 { 0.00704578 1 float™
@ ylidx] 0.00329600 float

Gl | ocals Watch 1



Warp Info

M=RS

Enter filter

Threads

Context GridID ~ Shader Type ShaderInfo
199a6d8c330 00000001 Compute CTA: ( ©, O,

1992608330 00000001 Compute  CTA @, @), Thread: (192,

| "33 acaacs30| covvaver  Compute | CTA: (o, 0), Tnread: (224,
199a6d8c33@ 00000001 Compute CTA: ( 1 @), Thread: ( @,
19926d8c330 00000001 Compute CTA: ( 1, @, @), Thread: ( 32, @,
199a6d8c330 00000001 Compute CTA: ( 1, @, @), Thread: ( 64, @,
199a6d8c33@ 0000000l Compute CTA: ( 1, @, @), Thread: ( 96,
199a6d8c330 00000001 Compute CTA: ( 1, @, @), Thread: (128,
1992648330 00000001 Compute CTA: ( 1, @, @), Thread: (160,
199a6d8c330 00000001 Compute CTA: ( 1, @, @), Thread: (192,

PC

o), Thread: (0, o, o) [N MRS MR MR  ccocoiss
199a6d8c330 00000001 Compute CTA: ( @, @, @), Thread: ( 32, @, 00000199
199a6d8c330 00000001 Compute CTA: ( @, ©, @), Thread: ( 64, @, 20000199
1992648330 00000R01 Compute CTA: ( @, @, @), Thread: ( 95, 00000199
199a6d8c330 00000001 Compute CTA: ( @, @, @), Thread: (128, 00000199
199a6d8c330 00000001 Compute  CTA: @, @), Thread: (168, 20000199

00000199

20000199

b6224420
b6224420
b6224420
b6224420
b6224420
b6224420
b6224420

b6224420
b6224420
b6224420
b6224420
b6224420
b6224420
b6224420

Viewing 64/64

Active Mas Status

FFFFFFFF
FFFFFFFF
FFFFFFFF
FFFFFFFF
FFFFFFFF
FFFFFFFF
FFFFFFFF

FFFFFFFF
FFFFFFFF
FFFFFFFF
FFFFFFFF
FFFFFFFF
FFFFFFFF
FFFFFFFF

Breakpoint
Breakpoint
Breakpoint
Breakpoint
Breakpoint
Breakpoint
Breakpoint

00000199 b6224420| FFFFFFFF |Breakpoint |

Breakpoint
Breakpoint
Breakpoint
Breakpoint
Breakpoint
Breakpoint
Breakpoint

Color

Thread State

Gray

Inactive

Forest Green

Active

Light Sea Green

At Barrier

Red

At Breakpoint

Orange

At Assert

Dark Red

At Exception

Dark Gray

Not Launched

Light Gray

Exited




Lanes * O X
Enter filter
Lane = Thread Index  Status PC Exception =
@ (224, e, 9) Q) Breakpoint @2000800a 19088750 None
1 (225, e, @) Q Breakpoint 000068062 19666756 None
2 (226, @, @) Q) Breakpoint @0@0@80a 19688758 None
3 (227, 8, @) Q Breakpoint 00000802 19666756 None
4 (228, @, @) J Breakpoint 0000000a 19000758 None
S (229, @, @) Q Breakpoint 0GOB@GBGa 19008750 None
6 (23e, @, @) J Breakpoint 0000002 19008750 None
ey 7 (231, e, @) (J Breakpoint 0@G@B@GEGa 19000750 None
8 (232, e, @) (J Breakpoint 0@G0B@00a 19000750 None
9 (233, e, @) J Breakpoint 0@GOB@GEGa 19008750 None
1@ (234, @, @) () Breakpoint 90800802 19080750 None
11 (235, @, @) J Breakpoint ©08@G0BGa 190808758 None
12 (236, @, @) () Breakpoint 90800802 19080750 None
13 (237, @, @) Q) Breakpoint @8GEGE0a 190087508 None -




& |- &

N @G OB G ® S AW D v
\

C/C++- 06_debug_with_eclipse/src/simple_sgemm.cu - Nsight

Help

o Z

® | B c/c++| % Debug @:Profile

@ ¢/c++Projects 2 = B [dsimple_sgemm.cu & = B g Outlin B @ Make = B8
8% - ; :i:‘:{:g: :Eg;o;;filer api.h> Bl "W e % ~
¥ &5 > 06_debug_with_eclipse [CU 3 . a U stdio.h
» §P Binaries “; #define BLOCK DIM 16 u cuda_profiler_api.h
* @ Includes 78 //! Compute reference data set matrix multiply on GPU[] # BLOCK DIM
Y H>src f{flﬂ-_glnhal_ void sgemm_kernel(const float *A, const float *B, float *C, int N, int e sgemm_kernel(const Float*,
il SimpletsgemmicH ;123 i int col = blockIdx.x * blockDim.x + threadIdx.x; ° ran_(mm'init(FlDat"i"t):vmd
* & > Debug 2 int row = blockIdx.y * blockDim.y + threadIdx.y; © main():int
] §§ float sum = 0.f;
24 for (int i = 0; i <K; ++i)
25 sum += Afrow * [ + i] * B[i * K + coll;
26
27 Clrow * M + col] = alpha * sum + beta * C[row * M + col];
§28 }
29
30~ void random_init(float *data, int size)
31 {
32 for (int i = ©; i < size; ++i)
gj { data[i] = (rand() & exFF) / (float)RAND MAX;
35
36 } -
ble & console 2 o L
No consoles to display at this time.
writable Smartinsert  25:24 Building workspace
(= Variables 52 9 Breakpoints ! Registers @ CUDA =\ Modules = 0
t = [ -
Name Type T(0,0,0)B(0,0,0) T(0,7,0)B(0,1,0)
const @generic float Ox7FFFF5a792010 Ox7FFFF5a79010
> B const @generic float ;| Ox7FFFF4a78010 Ox7FFFF4a78010
B o» C @generic float * @pa; Ox7ffff3a77010 Ox7FFFF3a77010
6= N @reqisterint 2048 2048
td= M @parameter int 2048 2048
(9= K @parameter int 2048 2048
= alpha @register float 2 2
¢ beta @register float 1 1
t9= col @registerint 0 0
)= row @registerint 0 23
9= sum float <pptimized out> <optimized out> |~




]

45 Debug R P d i Y = B ®-variables % Breakpoints i Registers @ CUDA X =\ Modules [}

v [c] 06_debug_with_eclipse [C/C++ Application] &~ & BlG -

v 8 sgemm_kernel [0] [device 0 (GV100GL-A)] (Breakpoint) = Q o @
» @ CUDA Thread (0,0,0) Block (0,0,0) L] —

» & CUDA Thread (0,7,0) Block (0,1,0) @ (0,3,0) Warp 10Lane 16 \f‘ simple_sgemm.cu:23 (0x5~

¥ @) All Kernel Threads (16,384 Blocks of 256 Threads) @ (04,0) arpaliiCanes l:c] simple_sgemm.cu:23 (0x5

» % Block (0,0,0) [sm: 0] @ (0,5,0) Wwarp 11Lane 16 Lg simple_sgemm.cu:23 (0x5

v % Block (0,1,0) [sm: 17] @ (0,6,0) Warp 8 Lane 0 g simple_sgemm.cu:23 (0x5

> & CUDA Thread (0,0,0) [warp: 9 lane: 0] (simple_sgemm.cu:23) < (0,7,0) Warp 8Lane 16 simple_sgemm.cu:23 (0x5.

> & CUDA Thread (0,1,0) [warp: 9 lane: 16] (simple_sgemm.cu:23) @ (08,0) Wwarp 13Lane 0 ‘fl simple_sgemm.cu:23 (0x5

> & CUDA Thread (0,2,0) [warp: 10 lane: 0] (simple_sgemm.cu:23) # (0,9,0) Wwarp 13 Lane 16 ‘_ﬂ simple_sgemm.cu:23 (0x5

> & CUDA Thread (0,3,0) [warp: 10 lane: 16] (simple_sgemm.cu:23) & (0,10,0) Warp 14Lane 0 Lc] simple_sgemm.cu:23 (0x5

= @ (0,11,0) warp 14 Lane 16 g simple_sgemm.cu:23 (0x5
v -

CUDA-MEMCHECK
Invalid __global__ read of size 4
at 9x06090676 in /home/jahan/Dropbox/workspace/CUDA-9x-Cookbook/85_debug/08_memcheck/simple_sgemm_
oob.cu:27:sgemm_kernel(float const *, float const *, floatx, int, int, int, float, float)
by thread (15,15,0) in block (1,127,9)
Address 0x7f2ea7600000 is out of bounds
========= Device Frame:/home/jahan/Dropbox/workspace/CUDA-9x-Cookbook/05_debug/68_memcheck/simple_sgemm_oob.
cu:27:sgemm_kernel(float const %, float const %, float*, int, int, int, float, float) (sgemm_kernel(float const
*, float const *, float*, int, int, int, float, float) : ©x670)
Saved host backtrace up to driver entry point at kernel launch time
Host Frame:/usr/1lib/x86_64-linux-gnu/libcuda.so.1 (cuLaunchKernel + 8x2cd) [8x24f88d]
Host Frame:oob [Bx22f72]
Host Frame:oob [Bx23167]
Host Frame:oob [0x57525]
Host Frame:oob [Bx718b]
Host Frame:oob [0x7034]
Host Frame:oob [Bx70b3]
Host Frame:oob [@x6cf8]
Host Frame:/1lib/x86_64-1inux-gnu/libc.so.6 (__libc_start_main + 0xe7) [0x21b97]
Host Frame:oob [Bx672a]

Starting program: /home/jahan/cuda-workspace/CUDA-9X-COOKBOOK/05_debug/88_memcheck/oob
[Thread debugging using libthread_db enabled]

Using host libthread_db library "/1lib/x86_64-1linux-gnu/libthread_db.so.1"

[New Thread 8x7fffec729760 (LWP 6876)]

[New Thread ox7fffebf28700 (LWP 6877)]

Illegal access to address (@global)ex7fffc7606000 detected.

Thread 1 "oob" received signal CUDA_EXCEPTION_1, Lane Illegal Address.

[Switching focus to CUDA kernel @, grid 1, block (©,127,0), thread (©,15,0), device @, sm 41, warp 20, lane 16]

0x00800555556271efB in sgemm_kernel (A=Bx7fffc6600000, B=0x7fffaec000000, C=0x7fffafB00000, N=2048, M=2048,
K=2048, alpha=2, beta=1) at simple_sgemm_oob.cu:27

27 ) sum += A[row * K + i] % B[i * K + col]




+50ms +100ms. +150ms.

+200ms +250ms +300ms +350ms +400ms

+450ms

+500ms +550ms

+600ms

» CPU (24)

~ Threads (7)

~ v/ [24213] sgemm -
OS runtime libraries
NVTX

CUDA API

Profiler overhead
V! [24220] sgemm -
6 threads hidden. =+
[~ CUDA (Tesla V100-PCIE-32G]

» 04% Kernels

» 5% Memory

NVTX

(Kernel

A 149,908 ms] | Kernel |

= Process "sgemm" (24921)
=) Thread 3420603904
* Runtime AP
 Driver API

=] Markers and Ranges

- Default Domain

© Profil

g Overhead
=] [0] Tesla V100-PCIE-32GB
=] Context 1 (CUDA)
L7 MemCpy (HtoD)
=l Compute
L7 50.0% sgemm_Kernel_B(...
L7 50.0% sgemm_kernel_A(fl.
= Streams
* Default

Data Initialization

Data Initialization

Data Initialization

Data Initialization

[ [ cudaDevices... cudaDevices...

Kernel Execution
[




Connect to process X

Target Platform
A Linux (ppcédle)

I A Linux (x86_64)
& Windows

| Connection: | localhost ~ || 4

Launch | Attach
Application Executable: f03_cuda_thread_programming/05_warp_divergence/reduction | ~

-

Working Directory: (application executable direc

Command Line Arguments: -
Environment: DISPLAY=:0 -

Automatically Connect: Yes -

Activity
I & Interactive Profile
las Profile

Profile an application interactively.
Supported APls: CUDA

Enable NVTX Support: No -
Disable Profiling Start/Stop: No -
Enable Profiling From Start: | Yes -
Clock Control: Base -




profile - NVIDIA Nsight Compute - o Xx
File Connection Debug Profile Tools Window Help

=3 £ Disconnect X Terminate ~ ‘GProfileKemel 2 @ 1 D (. G C 2y
A1 Stream x Untitled 1*
2E1CE R i M Page: [Details  ~ | Launch: [0~ 313 - reduction_kernel_1 |~ | | Add Baseline || [Apply Rules Copy as Image |~

Rt agey| Enter filter [ current 31.. Time: 266.75 usecond Cyeles: 328.214 Regs: 16 GPU: TeslaV100-PCIE-32GB SM Frequency: 1.23 cycle/nsecond CC: 7.0 Process: [26156] reduction @] © @

1D APl Name Details =

296 cubeviceGetAttribute ~ GPU Speed Of Light »
297 cubeviceGetUuid High-level averview of the utilization 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
208 cudaMalloc theoretical maximum.

299 cuCtxGetCurrent oL M [%] 74.52 | Duration [usecond] 266.75
300 cuCtxsetCurrent SOL Memory [%] 90.16 | Elapsed Cycles [cycle] 328,214
301 cuDevicePrimaryCtxRe. SOL TEX [%] 908.57 | SM Active Cycles [cyclel 326,121.39
302 cuCtxGetCurrent SoOL L2 [%] 10.96 | SM Frequency [cycle/nsecond] 123
303 cuCtxGetDevice SOL FB [%] 29.73| Memory Frequency [cycle/usecond] 873.56
384 cuModuleGetFunction GPU Utilization

305 cuModuleGetFunction

306 cutemalloc v2

307 cudaMalloc SM[%]

308 cutemalloc v2

309 cudaMencpy

310 cuMencpyHtoD v2
$ 311 cudalaunchiernel
= 312 culaunchkernel

Memory [%1

0.0 10.0 200 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0
. Speed OF Light [%]
Sections/Rules Info x Recommendations

Reload @ Enable Al © Disable All
be shifted from the most utilized to another unit.

Bottleneck 1€ kemel is utilizing greater than 80.0% of the available compute or memry performance of the device. To further improve performance, work will likely need to |

Name Priority ~ Des* » Compute Workload Analysis »
vl » GPU Speed Of Light (1) |5 Hig Detailed analysis of the compute resources of the streaming multiprocessors (SM), including the achieved instructions per clock (IPC) and the utilization of each available pipeline. Pipelines
V] » Compute Workload Anal.. | 6 Det wiith very high utilization might limit the overall performance.
v Memory Workload Analy.. | 7 Det Executed Ipc Elapsed [inst/cycle] 2.83 | SM Busy [%] 71.16
: A Executed Ipc Active [inst/cycle] 2.85 | Issue Slots Busy [%] 71.16
Issued Ipc Active [inst/cycle] 2.85 - =

Sections/Rules Info | API Statistics |~ NVTX | |»

A reduction [26156]

= Memory Workload Analysis All | -

Detailed analysis of the memory resources of the GPU. Memory can become a limiting factor for the overall kernel performance when fully utilizing the involved hardware units (Mem Busy),
exhausting the available communication bandwidth between those units (Max Bandwidth), or by reaching the maximum throughput of issuing memory instructions (Mem Pipes Busy).
Detailed chart of the memory units. Detailed tables with data for each memory unit.

Memory Throughput [Gbyte/second] 266.16 | Mem Busy [%] 90.09

L1 Hit Rate [%] 0.7 | Max Bandwidth [%] 29.72

L2 Hit Rate [%] 3.04 |Mem Pipes Busy [%] 74.47
Memory Chart

524.29 KReq

589.82 K Inst

65.54 K Req

0.00 Req

0.00 Inst

0.00 Req Unified 64.00 MB

Cache L2 Cache

3.0

0.00 Inst

0.00 Req

Texture

64.00 MB

0.00 Req

0.00 Inst

0.00 Reg

6.32 M Req

2.95 M Inst

Shared

Shared Memory

3.66 M Req
Shared Memory
Instructions Requests % Peak Bank Conflicts
Shared Load 1,638.400 6,318,279 24.27 4,589,684
Shared Store 1,310.720 3,662,900 14.07 2,352,180
Shared Atomic 0 - -
Total 2,949,120 9,981,179 38.35 6,941,864

First-Level (Unified) Cache
Instructions. SM->TEX Requests % Peak Hit Rate TEX->L2 Requests % Peak L2->TEX Returns % Peak =




NVIDIA Nsight Compute - ox
File Connection Debug Profile Tools Window Help
Sconnect = £ FO nn 6 B
profile.nsight-cuprof-report
Page: | Details  ~ | Process: |All - | Launch: |16 - 348 - reduction_kemel 2 | - || Add Baseline |~| | Apply Rules Copy as Image |~
[ current 348 - reduction_kermel 2 (16777216, 1, 1) Time: 204.06 usecond Cycles: 250,993 Regs: 16 GPU: Tesla VI00-PCIE32GB SM Frequency: 123 cycle/nsecond CC: 7.0 Process: [26858] reduction | ©| @ ||@
[ Baseline 1 308 - reduction kemel 1 (16777216, 1, 1) Time: 26675 usecond Cycles: 328,923 Regs: 16 GPU: Tesla V100-PCIE-32GB SM Frequency: 1.23 cycle/nsecond CC: 7.0 Process: [26858] reduction
~ GPU Speed Of Light t ]
High-level overview of the utilization 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.
S0L SM [%] 97.50 (+31,11%) | Duration [usecond] 204,06 (-23.50%)
SOL Memory [%] 83.36  (-7.34%) |Elapsed Cycles [cycle] 250,993 (-23.69%)
SOL TEX [%] 84.11  (-7.25%) | sM Active Cycles [eycle] 248,147.59 (-23.81%)
0L L2 [%] 14.33 (+31.05%) | SM Frequency [cycle/nsecond] 123 (-0.30%)
SOL FB [%] 38.87 (+31.07%) | Memory Frequency [cycle/usecond] 874.00  (-0.17%)
GPU Utilization
- [
0.0 100 200 30.0 400 50.0 60.0 70.0 80.0 20.0 100.0
Speed OF Light [%]
Recommendations
‘ @ Bottleneck The kernel is utilizing greater than 80.0% of the available compute or memory performance of the device. To further improve performance, work will likely need to be shifted from the most utilized to another unit.
» Compute Workload Analysi -
Detailed analysis of the compute resources of the streaming multiprocessors (SM), including the achieved instructions per clock (IPC) and the utilization of each available pipeline. Pipelines with very high utilization might limit the overall performance.
Executed Ipc Elapsed [inst/cycle] 3.08  (+8.89%) | M Busy [%] 77.67  (+9.00%)
Executed Ipc Active [inst/cycle] 311 (+9.00%) | Issue Slots Busy [%] 77.67  (+9.00%)
Issued Tpc Active [inst/cycle] 311 (+9.00%) -
» Mamorv Warkload Analusis .~

& reduction.nsight-cuprof-report * %

Page: |Source  ~ | Process: |All ~ | Launch: [16 - 348 - reduction_kernel 2 | ~ || Add Baseline |~||Apply Rules Copy as Image |~
[ current 348 - reduction_kernel_2 (16777216, 1. 1) Time: 203.84 usecond Cycles: 250,587 Regs: 16 GPU: Tesla V100-PCIE-32GB SM Frequency: 1.23 cycle/nsecond €C: 7.0 Process: [20799] reduction
[ Baseline 1 309 - reduction_kernel_1 (16777216, 1, 1) Time: 266.69 usecond Cyeles: 328,478 Regs: 16 GPU: Tesla V100-PCIE-32GB SM Frequency: 1.23 cycle/nsecond €C: 7.0 Process: [20799] reduction

View: | Source and SASS ~

reduction_kernel 2.cu ~ | |8 Pal e _Z18reduction_kemel 2Pfs j ~ P Pe

Instructions Executed -

Instructions Executed -

#| Source Live Registers| Sampling Data (All)| |* = # Address Source Live Registers| Sampling Data (Al)| |~
67 __syncthreads(); 35 17 ee0e7f. sTs [Rs], RO [ —]
68 ] _ 18 60007f; NOP | —}
69 // do reduction a B2 19 0BOO7F: BAR.SYNC 0x0 | —]
70 // sequential addressing 0 26 00007f2.. @!P1 BRA 0x712462d8d086 [ —
71 for (unsigned int stride = blockDim.x / 2; strid|( 8 [ [ ] 21 00007f2.. ISETP.GE.U32.AND P1, PT, RO, Re, PT [
72 1{ 22 00007f2.. @!PL IADD3 R3, R9, RG, RZ [
73 if (threadIdx.x < stride) 23 00807f2.. @!P1 LDS.U RO, [RS] ¢

B 74 datal threadId s_datal threadTdx. x [N 24 00007F2. SHF.R.U32.HI R6, RZ, Bx1, R6 [
75 (] 25 00007f2.. @P1 IMAD R3, R3, Ox4, R4 |
76 __syncthreads () ; 248 26 8800772 @!P1 LDS.U A3, [R3] |
77 } [] 27 00007f2.. @!P1 FADD RO, RO, R3 [
78 ] 28 BB0O7F2.. @!P1 STS [R5], RO |
79 if (threadIdx.x == 0) 247 29 00007f2.. NOP [
80 g_out[blockIdx.x] = s datale]; 17| 30 600071 BAR.SYNC 6x0 | —}
81} 28 31 ISETP.NE.AND P1, PT, RS, RZ, PT [ —] O 1,638
82 ] 32 BRA 0x7f2462d8cfce | —]
83 int reduction_2(float *g outPtr, float *g_inPtr, 33 EXIT [ 141
84 int size, int n_threads) a 34 LDS.U RS, [R4] [ — 59
85 { ] 35 MOV R2, x4 3 0
86 int n_blocks = (size + n_threads - 1) / n_threa ] 36 IMAD.WIDE.U32 R2, R7, R2, c[0x0][6x168) [— g
87 reduction_kernel 2<<< n_blocks, n_threads, n_thr [ 37 STG.E.S¥S [R2], RS 2 9|
88 return n_blocks; o 38 EXIT it 1

o v =




Chapter 6: Scalable Multi-GPU Programming

System of Equation Row Elimination Augmented Matrix
X-2y+z=0 1 -2 1 0
2X+y-37=5 2 1 3. 5
4x-7Ty+z=-1 4 -7 1 1
Row2 - 2*Row1 - Row2 i 2 0
Row3 - 4*Row1 = Row3 g 35 |5
Ig 1 -3 | -1
Row3 - 1/5*Row2 - Row3 1 -2 1 0
0 5 -5 5
b o2 |2

The matrix is now in Triangular form. With back substitution we get the
following results:

X< N
I
W=




Augmented matrix AB




DIRECT TRANSFER DIRECT ACCESS

GPU 2 GPU 1 GPU 2

— 1111 EIIIII — 1111 :IIIII
EIIIII =IIIII EIIIII =IIIII
=IIIII =IIIII =IIIII =IIIII
=IIIII =IIII| =IIIII =IIIII
Eiiiil =1000R =10000 ==HENNR

cudaMemcpy() Load/Store

PCIE TOPOLOGY

PCle switch PCle switch

96-lane 96-lane

8-GPU-PCle (SN-H2D)




EIGHT GPU CUBE MESH

>
SMP Connection
(8. QPI)
—
= PCle Gen3 xB
E § ~6 GB/s
" w
= =
E = e
PCle Gen3 x16
~12 GB/fs
—
= MVLink
E § ~16/25 GB/s
o w N e
&2 3 2
2 g
=
$ nvidia-smi topo -m
GPUO GPU1 GPU2 GPU3 GPU4 GPUS GPU6 GPU7 mlx5 0 mlx5 2 mlx5 1 mlx5 3 CPU Affinity
SPUO X NV1 NV1 NV1 NV1 SYS SYs SYsS PIX s¥Ys PHB SYsS 0-19
SPUL NV1 X NV1 NV1 5Ys NV1 S5YS 5Ys PIX SYs PHB 5YS 0-19
5PU2 NV1 NV1 X NV1 s¥Ys SYS NV1 sSYsS PHB sYs PIX SYs 0-19
SPU3 NV1 NV1 NV1 X SYS 8sYs sYs NV1 PHB sYS PIX SYS 0-19
SPU4 NV1 SYsS sYsS 5Ys X NV1 NV1 NV1 S¥YS PIX sYs PHB 20-39
SPUS 5Ys NV1 5Ys 5Ys NV1 X NV1 NV1 S¥s PIX 5YS PHB 20-39
SPU6 sYs SYsS NV1 sYs NV1 NV1 X NV1 S¥YS PHB sYs PIX 20-39
SPU7 SYS sYs sYs NV1 NV1 NV1 NV1 X sYs PHB SYS PIX 20-39
nlx5_0 PIX PIX PHB PHB 5¥Ys SYs 5YS 5YS X sYs PHB SYs
2125_2 5Ys S5YsS 5Ys 5Ys PIX PIX PHB PHB S¥s X 5YS PHB
nlx5_1 PHB PHB PIX PIX 5Ys SYs SYS SYs PHB sYs X SYs
2125_3 5Ys S5YsS 5Ys 5Ys PHB PHB PIX PIX S¥s PHB 5YS X
Legend:
X Self
8YsS Connection traversing PCIe as well as the SMP interconnect between NUMA nodes (e.g., QPI/UPI)

NODE Connection traversing PCIe as well as the interconnect between PCIe Host Bridges within a NUMA node
PHB Connection traversing PCIe as well as a PCIe Host Bridge (typically the CPU)

PXB = Connection traversing multiple PCIe switches (without traversing the PCIe Host Bridge)

Connection traversing a single PCIe switch

NV# = Connection traversing a bonded set of # NVLinks




Pivot
info

Shafed‘

GPU,

GPU;,

n

GPU,

GPU,

v

Augmented matrix ABT




I PCle/NVLink

PCle/NVLink

Network - -+ Network
i = Server 2
Server 1 Card T ‘ Card
$ nvidia-smi topc -m
GPUO GPUL GPU2 GPU3 GPU4 GPUS GPU6 GPU7 mlx5 0 mlx5 2 mlx5 1 mlx5 3 CPU Affinity

SPUO X NV1 NV1 NV1 NV1 SYS sYS sYS PIX SYS PHB SYS 0-19
3PU1 NV1 X NV1 NV1 8Ys NV1 sYS 8¥YsS PIX sYS PHB SYS 0-19
3] NV1 NV1 X NV1 sYS SYs NV1 sYS PHB SYS PIX sYS 0-19
3PU3 NV1 NV1 NV1 X sYs 8SYS SYsS NV1 PHB 5YS PIX SYS 0-19
SPU4 NV1 sYs SYS sYS X NV1 NV1 NV1 5YS PIX SYS PHB 20-39
3PUS SYs NV1 sSYs SYs NV1 X NV1 NV1 8SYsS PIX SYs PHB 20-39
SPUS sYS sYs NV1 sYS NV1 NV1 X NV1 sYS PHB SYS PIX 20-39
3PU7 SYsS S¥Ys SYs NV1 NV1 NV1 NV1 X SYS PHB SYsS PIX 20-39
alx5_0 PIX PIX PHB PHB sYS sYS sYS sYS X SYS PHB sSYS
nlx5_2 SYS sS¥Ys sYs SYs PIX PIX PHB PHB SYS X SYsS PHB
alx5_1 PHB PHB PIX PIX sYS sYS sYS sYS PHB SYS X sYsS
alx5 3 SYS SYsS SYs 5Ys PHB PHB PIX PIX sYS PHB S¥Ys X
Legend

X = Self

8YS = Connection traversing PCIe as well as the SMP interconnect between NUMA nodes (e.g., QPI/UPI)

NODE = Connection traversing PCIe as well as the interconnect between PCIe Host Bridges within a NUMA node

PHB = Connection traversing PCIe as well as a PCIe Host Bridge (typically the CPU)

PXB = Connection traversing multiple PCIe switches (without traversing the PCIe Host Bridge)

PIX = Connection traversing a single PCIe switch

NV§ = Connection traversing a bonded set of # NVLinks
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GPU <> Hast Memary

' Haost Memory <> Network Staging Memory
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Transfer over physical Network

| DD

CUDA Aware MPI with GPUDirect
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CUDA Aware MPI| without GPUDirect

DD
N

Time
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L
Devic

cudaSetDevice(0)

cudaSetDevice(0)

T
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Ve

TTELELLT.
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n ! MPI node local rank

nnnn MPI global rank




[=| [0] Tesla V100-PCIE-32GE
[=] Context 1 (CUDA)

L 5F MemCpy (HtoD)
L 5F MemCpy (DtoH)
[=] Compute

L =F 100.0% vecAdd(floa...
[=] streams

L Stream 17

L Stream 18

L Stream 19

L Stream 20

—
.
-

Kernel<<<>>>

]

Serial (1x)

TIMELINE

>

TIMELINE

K1.1<<<>>> K1.2<<<>5>

s

Computat

+.

K2.2<<<>>>

0

TIMELINE

4+ Way Concurrency




=] [0] Tesla V100-PCIE32GB
[=] Context 1 (CUDA)
= 5F MemCpy (HtoD)
L 5F MemCpy (DtoH)
[=] Compute

L 5F 100.0% merging_ke...

[=] streams
L Stream 17
L Stream 18
[= [1] Tesla V100-PCIE-32GB
[=] Context 3 [CUDA}
L 5F MemCpy [HtoD)
= 5F MemCpy [DtoH)
[=] Compute

L SF 100.0% merging_ke...

[=] streams
I Stream 52
[= [2] Tesla V100-PCIE-32GE
[=] Context 2 [CUDA}
L 5F MemCpy [HtoD)
L 5F MemCpy [DtoH)
[=] Compute

L SF 100.0% merging_ke...

[=] streams
L Stream 54
[= ] Tesla V100-PCIE-32GE
[=| Context 4 (CUDA}
L 5F MemCpy [HtoD)
L 5F MemCpy [DtoH)
Compute

Memcpy HtoD [async] Memcpy HtoD [async] Memcpy H

-
i

Memcpy HtoD [async] Memcpy HtoD [async] . Memcpy DtoH [async] Memcpy HtoD

Memcpy HtoD [async] Memcpy HtoD [async]
Memcpy DtoH [async]
Memcpy HtoD [async] Memcpy HtoD [async] ]

Memcpy DtoH [async]

Memcpy HtoD [async] Memcpy HtoD [async] Memcpy HtoD [async] -
Memcpy DtoH [async]

Mermncpy HtoD [async] Memcpy HtoD [async] "W Memcpy DtoH [async] Memcpy HtoD [async] N |

Memcpy HtoD [async]

Memcpy HtoD [async] [
Memcpy DtoH [ssync]

dataset

TTT

-

K

Y/

back-propagation weights averaging weight update

feed forward
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[=! [0] Tesla V100-DGXS-16GB
|=| Context 1 (CUDA)
L 5F MemCpy (HtoD)
Compute
Streams
[=] [1] Tesla V100-DGXS-16GB
|=| Context 2 (CUDA)
L 5F MemCpy (HtoD)
Compute
Streams
[=| [2] Tesla V100-DGXS-16GB
[=| Context 3 (CUDA)
=~ 5 MemCpy (HtoD)
Compute
Streams
[=| [3] Tesla V100-DGXS-16GB
|=| Context 4 (CUDA)
- 5 MemCpy (HtoD)
Compute
Streams

ncclAllReduceKernel_sum_f32(ncclColl)

ncclAllReduceKernel_sum_f32(ncclColl)

| ncclAllReduceKernel_sum_f32(ncclColl)

| ncclAllReduceKernel_sum_f32(ncclColl)




Chapter 7: Parallel Programming Patterns in
CUDA

GPU Utilization

v o I
vemors o [
90.0 100.0

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0
Speed Of Light [%]

» Memory Workload Analysis o
Detailed analysis of the memory resources of the GPU. Memory can become a limiting factor for the overall kernel performance when fully utilizing the involved hardware units (Mem Busy),
ing the ilabl ication bandwidth b those units (Max Bandwi or by hing the i throughput of issuing memory instructions (Mem Pipes Busy). Detailed
chart of the memory units. Detailed tables with data for each memory unit.
Memory Throughput [Gbyte/second] 169.45 | Mem Busy [%] 81.66
88.25 |Max Bandwidth [%] 54.90
54.42

L1 Hit Rate [%]

L2 Hit Rate [%] 58.11 |Mem Pipes Busy [%]




+——— width(N) ————

B

< tile size*

<+—height (M) —

*tile size = BLOCK_SIZE bid_x '

GPU Utilization

ey — |
Moy L EE—

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 [%]

» Memory Workload Analysis o

Detailed analysis of the memory resources of the GPU. Memory can become a limiting factor for the overall kernel performance when fully utilizing the involved hardware units (Mem Busy),

exhausting the available communication bandwidth between those units (Max i or by hing the i throughput of issuing memory instructions (Mem Pipes Busy). Detailed
chart of the memory units. Detailed tables with data for each memory unit.

Memory Throughput [Gbyte/second] 7.69 (-95.46%) Mem Busy [%] 93.80 (+14.87%)
L1 Hit Rate [%] 36.47 (-58.67%) |Max Bandwidth [%] 85.18 (+55.14%)

L2 Hit Rate [%] 98.33 (+69.22%) |Mem Pipes Busy [%] 92.63 (+70.23%)




filter

input

output

Convolution direction
| -
Ll

Convolution filter

]— pad = floor(filter_size/2)

Tile
block size = 6x6, filter_size = 3x3 =» tile_size = 8x8

Convolution with padding




block_size

tile_size
]

i J» Pad size

Element of tile

Element of pad

OO0

Tile update unit by thread block

Total input data space

Xo Z[xo,X1] |E[x1,X2] [E[x2,X3] (Z[x3,X4] |E[x4,X5] |E[x5,X6] |Z[x6, x7]
Xo Z[xg,X1] |Z[X0,Xz] |Z[X1,X3] |E[X2, X4] |Z[X3,Xs] [E[X4,X6] Z[Xs, X7]
Xo  |EZ[xo,xq] |E[x0,Xz] |Z[X0,X3] [Z[x1,X4] (E[X2,Xs5] |Z[X3,X6] [E[X4,%7]




up-sweep -

down-sweep -

Xp

X1

X2

X3

X4

Xs5

X6 X7

-

e

)

-

Xo  |Z[X0, %] X2 |Z[X2,X3] Xs  |Z[X4,X5] Xe  |Z[Xe X7]

Xo I[xg, %] X2 Z[X, X3] X4 Z[x4, Xs] X6 I[xy4, X7]

Xo Z[xg,%4] X2 Z[xg, X3] X4 Z[X4, Xs] X6 Z[xq, X7]
\ 4

Xo I[xg, %] X3 Z[Xg, X5] X4 Z[xq, Xs] X6 Z[xo, X7]

Xo  |Z[x0,%X1] |Z[X0,X2] |Z[X0,X3] [E[X0,X4] |Z[X0,X5] [Z[X0,X6] |Z[X0,X7]




Scanned block 0 Scanned block 1 Scanned block 2 Scanned block 3
Scanned block |1

v
+ + + +
A 4 k l A 4
h 4 k4 A 4 h 4
Scanned output IZ Scanned numbers

0.4 -0.2 0.5 -0.6 0.2 0.8 -0.3 0.1

Compact

04 | 05 | 02 | 08 | 01




input 0.4 -0.2 0.5 -0.6 0.2 0.8 -0.3 0.1
predicate 1 0 1 0 1 1 0 1
scan 1 1 2 2 3 4 4 5
address 0 1 2 3 4
—
gather | 0.4 o.‘_=<2 08 | 0.1
0.4 0.5 0.2 0.8 0.1
Split | S~ T~
0.4 0.0 0.5 0.0 0.2 0.8 0.0 0.1
predicate 1 0 1 0 1 1 0 1
scan 1 1 2 2 3 4 4 5
address 0 1 2 3 4
input 04 | 05 | 02 | 0.8 | 0.1
‘, e
split 0.4 o.o\c;.s 00 | 02 | 08 | 0.0 | 0.1




p body
description
Time

EEEEENEE.-. llllllk pupass
.............................................
.............................................. »

p acceleration ........-...................................

>

Shared memory Shared memory Shared memory
] tile : tile : tile :
Load E Load E Load E Load E
Synchronization 1 Synchronization® Synchronization * Synchronizatior!
point point point point
Histogram
30

25

20

15

10
: I

0
Data CUDA

Parallel GPU




Shared Memory _ Shared Memory Shared Memory

a Atomic Atomic Atomic
a Global Memory
Atomic
Global Memory
a Atomic
Dynamic \
i
Parallelism R | 4/
Only a CPU can generate
work for CPU GPU can geirtfglafte work for
_-—"""—-_—- M‘\
.---"""'—----—- \\
- CPU Thread

* Kernel A Launch

G
*

Kernel A Finish

Thread wait till Kernel B

finishes

.

Kernel B Launch "%

o

~ Kernel B Finish

ENEEEEEN




Quick_sort<<<1,1>>>() Launch

[ 1 ]|
[ |||
Depth E{ r\...
AR A RO ot

Q'-"Ck Sort<cex,y>>>()Launch .- . Quu:k Sort<<<x,y>>>() Launch
......
-"

Depth 1 ... EEE
{ iii EEDnA EENEENEEEEE 55

.
-
..........
,,,,,,,
........
.....

ooz N TEm  EEEEEEEEEC ms

Selection Sort Selection Sort T Selection Sort

I Max Depth allowed: 24




Chapter 8: Programming with Libraries and
Other Languages

$ -run -gencode arch=compute_70,code=sm_70 -lcublas -o cublasXtSgemm ./cublasXtSgemm.cpp

Elapsed Time on 2 GPUs: 8.30685 ms, 23.6682 GFlops.
196608000

14275 s 143 s 14325 5 1435 s W 144 s
1 | |

[0] Tesla V100-PCIE-32GB
[=] Context 1 (CUDA)

L 5 MemCpy (HtoD) [ Memepy... | Memepy... | Wemcpy HoD [senc '
=lcempute | voltasgemm fp16.728+128n
L 5F 100.0% volta_sgemm_fp16_128x128_nn _‘Aﬂw 016 128x128
|=| Streams
L Default [ Mercpy... | Memepy.. | Memepy HloD

1395 5 13975 5 145 w

[0] Tesla V100-PCIE-32GB

[=] Context 1 {CUDA)

L 5F MemCpy {HtoD) M HtoD... | Memcpy HtoD.. Memcpy HtoD [s¢nc]
[=] Compute E‘-. 3_s884g

L < 100.0% volta_s&34gemm_fp16_256x128_|ldg3_nn w‘
[=] Streams

L Default

= [0] Tesla V100-PCIE-32GB.
=i Context 1 (CUDA)

57 MemCpy (HtoD) [o— [ p— -

7 MemCpy (DtoH) - - - -

= Compute

=/ Streams
Default da::device::imgproc:bila
Stream 16 (] p—
Stream 17 — pa—
Stream 18 — o
Stream 19 — a—




Chapter 9: GPU Programming Using
OpenACC




#pragma acc parallel

gang gang
for(int i = 9; i < N; i++
{ an
// Do Something e gang
This loop will be redundantly gang gang
} parallelized across the gangs —
This means that each gang will
execute the entire loop
—

#pragma acc parallel

#pragma acc loop
for(int i = 0; i < Nj; i++)

// Do Something

The loop directive informs the
compiler which loops to
} parallelize.

The iterations of the loop will
be broken up evenly among
the parallel gangs.

m—

The gangs will then execute in
parallel with one another.




CPU

Control Control

L1 Cache L1 Cache

L2 Cache L2 Cache

L3 Cache

|

High Capacity Memory

GPU

1

High Bandwidth Memory

Copy ‘a’
from CPU
to GPU

Allocate ‘a’ on
GPU

Execute
Kernels

Copy ‘a’ Deallocate
from GPU ‘a’ from
to CPU GPU




Wait till all Block processing
has finished

| I P ——

TIMELINE

[FProcess ‘merging.out waes)
=] Thread 2724550808

L OpenacC

L Driver API
L Profiling Overhead
= 10] Tesla PLO0-SXM2-16GB:

= Context1 (CUDA)
A Vs L VLT e L i e Wiy
- MemCoy Dtok) [ Memepy |
= compte u 0 . .
L 45.6% merge_async... ] (]} B [}

L 35.5% merge_data_...
L T 15.9% merge_parall...

| remcp,- Y remco- B frencp, | - |
[vermcpy.] wemco.- ] [vemc>-] (Ve Y vaemcp o |

Multiple Queue - . —
H2D and D2H  gyerlap of data

Overlap for  transfer with
different block kernel execution




/’

A

Gang

N

Workers

J




Chapter 10: Deep Learning Acceleration with
CUDA

o5

i=0
f is activation function




input output

@ —» initialize —‘ i f :
" o

layer




output size -

filter

"r' J
input size—

batch size
.

input

hidden




§ ./train

= MNIST training with CUDNN ==

[ TRAIN]
loading ./dataset/train-images-idx3-ubyte
loaded 60060 items..

.. model Configuration ..
CUDA: densel
CUDA: relu
CUDA: dense2
CUDA: softmax

. initialized densel layer

.. ilnitialized dense2 layer
step: 200, loss: 7.567, accuracy: 77.715%
step: 460, loss: 7.239, accuracy: 92.831%
step: 696, loss: .948, accuracy: 92.596%
step: 800, loss: 9.668, accuracy: 92.586%
step: 1000, loss: 7.468, accuracy: 92.609%
step: 12680, loss: 7.278, accuracy: 92.594%
step: 1460, loss: 7.147, accuracy: 92.588%
step: 1600, loss: 7.472, accuracy: 92.600%
step: 1800, loss: 7.080, accuracy: 92.588%
step: 2000, loss: 7.123, accuracy: 92.604%
step: 22600, loss: 8.899, accuracy: 92.596%
step: 2460, loss: 7.757, accuracy: 92.586%
[INFERENCE]
loading ./dataset/t10k-images-idx3-ubyte
loaded 10060 items..
loss: 3.487, accuracy: 77.4060%
Done.

~Noo s~ o o0 s




First iteration only

* Initialize descriptors
- tensor (x,y,bias)

Y

- filter
- convolution ops
* allocate workspace
size

* |Initialize weights

cudnnConvolutionForward()
cudnnAddTensor()

cudnnConvolutionBackwardFilter()

dx -« cudnnConvolutionBackwardBias() dy
cudnnConvolutionBackwardData()
daL/ow daL/ab
0.8[03 |01 |00 X 04|00 |0
0.3 (0.0 [-0.1]09 03 |09 X 04 |02 0| o0 |02
0.0 (0.4 [02 |05 04 |08 X 05 |01 050 |0
0.6 (0.0 [-02]08 X 0|0 [o1

max-pooling max location

unpooling




§ ./train
== MNIST training with CUDNN ==
[TRAIN]
loading ./dataset/train-images-idx3-ubyte
loaded 68888 items.

.. model Conflguratlon ..
CUDA: convi
CUDA: pool
CUDA: conv2
CUDA: pool
CUDA: dense’
CUDA: relu
CUDA: dense2
CUDA: softmax

. initialized convl layer ..

. initialized convZ layer ..

. initialized densel layer ..

.. initialized denseZ layer ..
step: 2088, loss: ©.825, accuracy: 72.592%
step: 488, loss: 8.887, accuracy: 94.182%
step: 6BB, loss: .332, accuracy: 94.469%
step: 8088, loss: 1.143, accuracy: 94.498%
step: 16088, loss: ©.884, accuracy: 94.576%
step: 1288, loss: ©.292, accuracy: 94.512%
step: 1488, loss: ©.864, accuracy: 94.488%
step: 1688, loss: ©.857, accuracy: 94.482%
step: 1888, loss: ©.837, accuracy: 94.484%
step: 2008, loss: ©.895, accuracy: 94.518%
step: 2288, loss: ©.118, accuracy: 94.521%
step: 2488, loss: ©.487, accuracy: 94.492%
[IMFEREMCE]
loading ./dataset/t18k-images-idx3-ubyte
loaded 1BBBB items..
loss: 2.784, accuracy: 87.888%
Done.

DD DODODODDE =22 EOD




~ CUDA (Quadro GV100) — AL Sl

~ 86% Default stream (7) — L .

~ 5% Kernels (] ot i R et s e et e 1 e L
39% calc_bias_diff (ElBRs) [ si——
12% volta_cgemm_32x3 (veie) voita) (o)
9% wgrad_algo_engine i on.comn)
5% pooling_bw_kernel_m ) (o)

21 kernel groups him=s x mam s e s —— = om -

~ 4% Memory —
3% Memset
89% HtoD memcpy [Mem)
5% DtoH memcpy .
1% DtoD memcpy |

e m— o 7 —]

b 13% Stream 14 o - - —

1 stream hidden —y

fi = a(wfxt +Rehyq + bf)

ir = o(Wixy + Rihe—1 + b;)
c{ = tanh(W,x; + r.hy_y + b.)

0y = o(Wox¢ + Rohe—q + b,)

ct=frocitigoc

h; = o, o tanh(c;)

v {5 | @) @ fo = o(wpx, + Rehy_y + by)
—{+) ’r T iy = a(Wix; + Rihey + b))
E’:‘] ' ¢; = tanh(W,x, + 1.h,_y + b.)

@ @ . 0, =0 (Wox, + Rohy_1 + by)
& : L

p— g !
> Ry Cg=ftociy tiroc

hy = o, o tanh(c,)




14

12
10

L 8
S
= 6

|

2 R

0

32 64 96 128 160 192 224 256
====CUDNN ===SGEMM

231
232 for i, (input, target) in data_iter:
233 # NVTX: displaying step index
234 torch.cuda.nvtx.range_push(“step:" + str(i))
235
236 bs = input.size(@)
237 Ir_scheduler({optimizer, i, epoch)
238 data_time = time.time() - end
239
248 if prof = 8:
241 if i == prof:
242 break
243
244 optimizer_step = ((1i + 1) % batch_size_multiplier) == @
245 loss, precl, prech = step(input, target, optimizer_step = optimizer_step)
246
247 it_time = time.time() - end
248
249 if logger is not None:
250 logger.log_metric('train.topl’, to_python_float(precl))
251 logger.log_metric(' train.top5', to_python_float(precs))
252 logger.log_metric('train.loss', to_python_float(less))
253 logger.log_metric(' train.compute_ips', calc_ips(bs, it_time - data_time))
254 logger.log_metric( ' train.total_ips', calc_ips(bs, it_time))
255 logger.log_metric( ' train.data_time', data_time)
256 logger.log_metric(' train.compute_time’, it_time - data_time)
257
258 end = time.time()
259
2608 torch.cuda.nvtx.range_pop() # NVTX:step index

261




163
164 def get_train_step(model_and_loss, optimizer, fp16, use_amp = False, batch_size_multiplier = 1):

165 def _step(input, target, optimizer_step = True):

166 torch.cuda.nvtx.range_push("forward")

167 input_var = Variable(input)

168 target_var = Variable(target)

169 loss, output = model_and_loss(input_var, target_var)

178 precl, prec5 = torch.zeros(1), torch.zeros(1) #utils.accuracy(output.data, target, topk=(1, 5))
171 torch.cuda.nvtx.range_pop() # NVTX: forward

172




187
188
189
196
191

192
193
194
195
196
197
198
1949
268
281

282
283
264
285
286
287
268
269
218
211

212
213
214
215
216
217
218
219

def forward(self, x):
torch.cuda.nvtx.range_push("convl")
®x = self.convi(x)
if self.bn1 is not None:

®x = self.bn1(x)
®x = self.relu(x)
torch.cuda.nvtx.range_pop() # NVTX:

torch.cuda.nvtx.range_push("conv2")
¥ = self.maxpool(x)
x = self.layerl(x)
torch.cuda.nvtx.range_pop() # NVTX:

torch.cuda.nvtx.range_push("conv3")
®x = self.layer2(x)
torch.cuda.nvtx.range_pop() # NVTX:

torch.cuda.nvtx.range_push("conv4")
®x = self.layer3(x)
torch.cuda.nvtx.range_pop() # NVTX:

torch.cuda.nvtx.range_push("conv5")
x = self.layer4(x)
torch.cuda.nvtx.range_pop() # NVTX:

torch.cuda.nvtx.range_push("fc"}

x = self.avgpool(x)
X = x.view(x.size(8), -1)
x = self.fec(x)

torch.cuda.nvtx.range_pop() # NVTX:

return x

convl

conv?

conv3

convd

conva




|- Threads (14}
~ [70] python
05 runtime libraries

pthread_cond_wait

E
VT e 7 o 00 P .. . A W P11 L. X5 W
Aoz e om e |

cua = Con ) S——
CubNN RTINS B P PRI RRTIR TRIR T IR
CuBLAS ,

profiler overhead
~ [154] python

05 runtime libraries pthread_cond_wait | [ pthread_cond_wait
CUDA API 10 g () "

CuDNN AT FINPEART UL TIPSO oY PO T

CuBLAS .

12 threads hidden... ==

- CUDA (Tesla V100-DGXS-16G
R ¥ TRy TR T

" -

~ B86% Default stream (7) CIT T g YN WTT R T W e YT
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417
418 # NVTX
419 nvtx_callback = NVTXHook(skip_n_steps=1, name='Train')
420 training_hooks.append(nvtx_callback)
421
357
358 # NVTX annotation - convl
359 inputs, nvtx_context = nvtx_tf.ops.start(inputs, message='convl', \
360 domain_name='Forward', grad_domain_name='Gradient', enabled=True, trainable=True)
361 net = blocks.conv2d_block(
362 inputs,
363 n_channels=64,
364 kernel_size=(7, 7),
365 strides=(2, 2),
366 mode="'SAME_RESNET ',
367 use_batch_norm=True,
368 activation='relu',
369 is_training=training,
370 data_format=self.model_hparams.compute_format,
371 conv2d_hparams=self.conv2d_hparams,
372 batch_norm_hparams=self.batch_norm_hparams,
373 name='conv2d'
374 )
375 net = nvtx_tf.ops.end(net, nvtx_context) # NVTX: convl
376




173

174 # if mode == tf.estimator.ModeKeys.TRAIN:

175 # assert (len(tf.trainable_variables()) == 161)
176 # else:

177 # assert (len(tf.trainable_variables()) == @)
178

23

24  dimport nvtx.plugins.tf as nvtx_tf

25

26  @nvtx_tf.ops.trace(message='conv2d', domain_name='Forward', grad_domain_name='Gradient', \
27 enabled=True, trainable=True)

28 def conv2d_block(

29 inputs,

30 n_channels,

31 kernel_size=(3, 3),

32 strides=(2, 2),

33 mode='SAME',

34 use_batch_norm=True,

26

27 import nvtx.plugins.tf as nvtx_tf

28

29 @nvtx_tf.ops.trace(message='bottleneck', domain_name='Forward', grad_domain_name='Gradient', \
30 enabled=True, trainable=True)

31 def bottleneck_block(

32 inputs,

33 depth,

34 depth_bottleneck,

35 stride,

36 training=True,
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