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GPUs are Extensively Used for Acceleration
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Performance is important!
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GPU Performance Tools

* Existing tools apply hotspot analysis

API Statistics
NVIDIA®

Nsight

Export to CSV

Mame ™ Mumber of Calls Total Duration Average Duration Minimum Duration Maximum Duration
cudaMemcpy 1 71.41us 71.41us
cudaMalloc 2 1 24ms £1.612ms

cudaGetLastError 1 31n3 931ns

cuModuleGetFunction

CuMemc pyHtol

cuMemAlloc w2

cuInit

ceTotalMmem_v2

cubDevicePrimaryCtxRetain
cubeviceGetuuid
cubevi tHame
tCount
etattribute

An example profile from Nsight Compute

3/5/2022 3



A Motivating Example from PyTorch

void replication pad3d backward out cuda template(...) {
gradInput.resize as_ (input);

gradInput.zero ();

}...

replication_pad3d backward out cuda_template(gradInput,
gradOutput, input, paddingSize);

» Redundant value updates on the gradlnput array
» Replace zeros_like with empty_like improves the operator by 1.08x
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ValueExpert Design Principle
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Value Pattern Categorization
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Redundant Values

* Intercept memory allocation APIs to track memory objects

» Record value changes before and after a GPU Kernel

GPU Memory Before K1

GPU Memory After K1
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Frequent Values

» Some values are accessed more frequently than others

Value Accesses Value Distribution
Values
A
1 Value Count Ratio
1 6 66.7% | > 50%
1 1 1 1
2 2 22.2%
2 1 3 2 3 1 11.1%
> Address

0x80 0x84 Ox88 Ox8a
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Heavy Type

 Values can be represented by narrowed data types

Value Accesses Value Distribution
Values
A

1 Value Count Ratio
1 6 66.7%

1 1 1 1
2 2 22.2%
2 1 3 2 3 1 11.1%

> Address

0x80  0x84  0x88  0Ox8a int8: [-277, 27 — 1]
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Value Patterns are Pervasive

8 value patterns in 10 benchmarks and 9 applications

Applications

Redundant Values

Duplicate Values

Dense Values

Single Value

Single Zero

Heavy Type

Structured Values

Approximate Values

Rodinia/bfs

v

v

v

v

Rodinia/backprop

v

v

v

Rodinia/sradvl

v

v

v

Rodinia/hotspot

Rodinia/pathfinder

v

Rodinia/cfd

Rodinia/huffman

AN AN NI AN BN

Rodinia/lavaMD

AR

Rodinia/hotspot3D

Rodinia/streamcluster

Darknet

QMCPACK

Castro

BarraCUDA

PyTorch-Deepwave

PyTorch-Bert

PyTorch-Resnet50

NAMD

LAMMPS

NANANANANENENENANAN

3/5/2022

10




Construct Value Flow Graph

Program

1 | cudaMalloc(&A_dev, N * sizeof(int));

2 | cudaMalloc(&B_dev, N * sizeof(int));

3 [ cudaMemset(A_dev, 0, N * sizeof(int));
4 | cudaMemset(B_dev, 0, N * sizeof(int));
5 | set_zeros<<<1, N>>>(A_dev, N/4);

6 | set_zeros<<<1, N>>>(B_dev, N/4);

7 | cudaMemcpy(B_dev, A_dev, N * sizeof(int),
cudaMemcpyDeviceToDevice);
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Annotate Information on Graph

* Call path at each GPU operation

 Coarse-grained patterns
» Edge width/color 1
* Vertex size/color write

 Fine-grained patterns
» Use vertex ID to lookup value patterns write

Value Flow Graph

main.cu: 20 foo(void)
main.cu: 10 bar(void) [inline] 7
main.cu: 5 set_zeros(int *, unsigned long) read
cudafel.stub.c: 13  cudalLaunchKernel<char>(...)
cuda_runtime.h: 210 cudalLaunchKernel

All values are zeros



ValueExpert Workflow

* |nstrument kernels
« Record call paths
 Track value flow

« Avalue flow view
« Avalue pattern report

* Analyze value patterns R
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Making ValueExpert Practical

» Accelerating analysis using GPUs
« Employing several sampling mechanisms
* Visualizing large profiles



Evaluation Platforms

« AMD CPU + NVIDIA A100 GPU (A100)
« CUDA/11.2
« GCC/8.3.0

* Intel CPU + NVIDIA GTX 2080 Ti GPU (RTX 2080 Ti)
« CUDA/11.2
« GCC/9.3.0



Speedups with Optimizations Guided by ValueExpert

8.28x 6.05x%

Speedup
= [N}
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Speedup

sradvl hotspot pathflnder huffman hotspot3D Castro

Kernel Time Speedup

4.21x 3.27x 6.03x5.19x%

||||II|||I|||[

pathfinder lavaMD  streamcluster  Darknet BarraCUDA LAMMPS
Memory Time Speedup

EBRTX 2080 Ti ®A100

PyTorch-Bert

16



Overhead

Slowdown Factor
N
o
o
o

 Median overhead
e 7.35x on RTX 2080 Ti
« 7.81x on A100

* Factors that affect overhead

* #GPU kernels
» #Non-coalesced memory accesses
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Darknet: Initial Value Flow Graph
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Darknet: Graph Pruning

390

HOST 266 274 622 678 738
i ] | |
' i |
! :
| [
'| |
|| v Y - \i
392 2 568 276 624 680 740
|
|
|
|
828 978 218
TYPE: MEMCPY
COUNT: 21
DUPLICATE: 392 448 508 568 624 680 740 796 828 1506 2286
CONTEXT:
darknet.c:498 test detector [darknet] 220
detector.c:1603 parse_network cfg_custom [darknet] -

parser.c:1383 parse_convolutional [darknet]

parser.c:222 make_convolutional_layer.localalias [darknet]

convolutional_layer.c:716 cuda_make_array [darknet]
dark_cuda.c:376 <op>

:
1506
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Darknet: Optimizations

3?0 HOIST 566 274 62|2 678 738 1572 ‘ Unnecessary CPU-GPU data
| | transfer
392 llil 5;3 276 6;4 680 7:10 1580 Os Os
i () )
Reduce 84.2% CPU-GPU memory traffic
828 978 218

TYPE: MEMCPY

_ @® /' @Redundant GPU instructions

DUPLICATE: 392 448 508 568 624 680 740 796 828 1506 2286

CONTEXT: fill Os
darknet.c:498 test detector [darknet] 220

detector.c:1603 parse_network cfg custom [darknet] - )

parser.c:1383 parse_convolutional [darknet] d ev B

parser.c:222 make convolutional layer.localalias [darknet] ~  [[RSSESEEEE—  S C S

convolutional layer.c:716 cuda_make_ array [darknet]
dark cuda.c:376 <op> ';

Reduce 4.1% load instructions and 10.6% store instructions
3/5/2022
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Summary

 ValueExpert: the first tool analyzing value patterns

« Applicable
« Efficient
* [nsightful

» Code available at https://github.com/GVProf/GVProf
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