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WHAT YOU WILL LEARN

> An iterative method to optimize your GPU code

> A way to conduct that method with NVIDIA Nsight VSE

> Companion Code: https://github.com/chmaruni/nsight-gtc2015



INTRODUCING THE APPLICATION

Grayscale

Edges




INTRODUCING THE APPLICATION

> Grayscale Conversion

// r, g, b: Red, green, blue components of the pixel p
foreach pixel p:
p = 0.298839f*r + 0.586811f*g + 0.114350f*b;




INTRODUCING THE APPLICATION

» Blur: 7x7 Gaussian Filter

foreac h pixel p:
p = weighted sum of p and its 48 neighbors




INTRODUCING THE APPLICATION

> Edges: 3x3 Sobel Filters

HEEEEEREEEEEEEEEEEEE foreach pixel p:
EEEEEEEEEEEEEEEEEEE Gx = weighted sum of p and its 8 neighbors
EEEEEEEEEEEEEEEEEEE Gy = weighted sum of p and its 8 neighbors
EEEEEEERE HEEEN p = sqrt(Gx + Gy)
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Weights for Gx: Weights for Gy:




ENVIRONMENT

>NVIDIA GTX Titan X
> GM200
> SM5.2

>Windows 7
> NVIDIA Nsight Visual Studio Edition 4.6



oPUm
PERFORMANCE OPTIMIZATION CYCLE

1. Profile
Application

2. ldentify
Performance
Limiter

5. Change and
Test Code

3. Analyze Profile
& Find Indicators

N8 4. Reflect

4b. Build Knowledge

Chameleon from http://www.vectorportal.com, Creative Commons



PREREQUISITES

> Basic understanding of the GPU Memory Hierarchy

> Global Memory (slow, generous)
> Shared Memory (fast, limited)

> Registers (very fast, very limited)
> (Texture Cache)

» Basic understanding of the CUDA execution model

> Grid 1D/2D/3D
> Block 1D/2D/3D
> Warp-synchronous execution (32 threads per warp)
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AP TRACING THE APPLICATION

nsight-gtc2015-vs2..._Capture 000.nvact* # > [Efslee oI olil] IO 008 (=T lo]qR nsight-gtc2015-vs2...pture_000.nvreport nsight-gtc2015-vs2...pture_000.nvreport

Conn: localhost App: nsight-gtc2015-vs2013.exe Args: data\claw.ppm Sync: True

Connection Name: rcalhost | Disconnect |

Application: C\Users\jdemouth\Devtech\GTC\nsight-gtc2015-master\x64\Step-00\nsight-gtc2015-vs2013.exe

Arguments: data\claw.ppm

Waorking Directory: Ci\Users\jdemouth\Devtech\GTC\nsight-gtc2015-master),

v | Remote Options

I Triggers and Actions Start: On Process Launch Stop: Manually

Activity Type Trace Application

@ Trace Application
Collects events from the target application. The analysis session and data collection are stopped when the launched application exits.
Trace Process Tree

Collects events from the target application and all native child processes of the target application. The analysis session and data collection are not stopped when the launched application exits.
The session and data collection must be stopped manually.

Trace Settings Domains: CUDA
System (2/5) CPU Thread Trace, Module Trace
Tools Extension (4/4) Markers, Push/Pop Ranges, Start/End Ranges, Resource Naming
+ CUDA (4/4) Driver API Trace, Runtime API Trace, Software Counters, Kernel Launches and Memory Operations, Host Callback Trace
OpenCL (3/3) API Trace, Resource Trace, Program Source Code, Program Build Callback Trace, Program Binary Code, Reference Counter, Command Trace
DirectX (7/19) API Trace, CPU Frames, GPU Frames, Push Buffers, Shader Compiles, Performance Markers, Performance Ranges
OpenGL (5/6) API Trace, CPU Frames, GPU Frames, Draw Calls, Transfers

Connection Status Application Control Capture Control

+| Open Report on Stop

\_Summary Report




NAVIGATING THE ANALYSIS REPORTS

Activity?. nvact®
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AP TIMELINE

@ Timeline A |

Row Filters ﬂ @ Compute | ) Graphics | ) System | Aodis Mode: |Re|ative to Capture
L:0.10370315s 0,104 0.105 8 0.114 0.115
R:0.11567168s | | | |
= Processes
= CudaGaussianfl...
= Thread [8472]
Function Calls
= CUDA
= Context 0
Driver API
- Context 1 [...
Runtime API cudaFree [8472)
Nsight
Memory 15.6 MB HostToDevice
Compute
3.3%[1].
0.5% [1]...
0.2%[1]...

Streams
Stream 1 15.6 MB HostTaDevice rab... er_ sobel_filter. .
Counters

Time

Device %

Host = D..
Device M...

Stack Size...
Printf FIF...
Malloc He...
Sync Depth

Pending L...




AP DENTIFY HOTSPOT (CUDA SUMMARY)

> ldentify the hotspot: gaussian_filter_7x7_v0()

Original Version 1.971ms




AP PERFORM KERNEL ANALYSIS

nsight-gtc2015-vs2...pture_000.nvreport nsight-gtc2015.cu

Profile CUDA Application

Trace Application
Collects events from th tion. The analy jon and data c i pped when the launched application
Trace Process Tree

ation and all native child processes of the target appl . The > ta collec when the launched ap
be stop manually.
@ Profile CUDA Application
Collects counters, statistics and derived valu g CUDA kernel launches.
Profile CUDA Process Tree

( t application and all native child pro of the target appl n. The analy

must be

All Kernel-Level Experiments

Select this e p to collect kern:
will be run.

Calculates thi
Calculates th:
Calculates the ¢
Collects

nd SM activity.

V| Open Report on

ummary Report




AP THE CUDA LAUNCHES VIEW

nsight-gtc2015-vs2..._C: - 000.nvact? ight- -vsZ... 000 sight-gtc2015-vs2... 000, nsight-gtc2015-vs2...pture_000.nvreport

@ | CUDA Launches

~ | Filter

-

ration <

amic Shared
Function Name R | \ | Occu )

<> Registers «» | Grid > Block = c
per Thread ¥ | Dimensions ¥  Dimensions © _ . . . . ] Name

gaussian_filter_7x7_v6 1,472,809.855 151.744 100.00 % 30 {80, 100, 1} {32,8, 1} PREFER_SHARED Graphics
sobel_filter_3x3_v1 2,011,601.471 149.696 100.00 % 17 {80, 200, 1} {32,8, 1} { PREFER_SHARED 0 Graphics
rgba_to_grayscale_kernel_vl 922330399 71.200 100.00 % 10 {80, 100, 1} {32, 8 1} [ PREFER_SHARED 0 Graphics

gaussian_filter_7x7_v6<<<8000,256>>> [CUDA Launch] ) .
View By: |Size Name

Device Launches
~ Texture

Call Graph 0.00 Re 0.00 B
L - — Fetchec

gaussian_filter_7x7_v6 [CUDA Kernel] L2 Tran

Experiment Results 384.00 kReg m 104.33 MB 2 Size
Occupancy Cachet
= Cache t
All Counters 0.00 Regq 000FR 26,04 WP,
. o ~ Global
Instruction Statistics

Reques
Branch Statistics

i . 0.00 Re Global
Issue Efficiency D0 - ] .
Atomics Store| 1

Achieved FLOPS .05 ME L2 Tran

Load

Achieved IOPS Load

. S St
Pipe Utilization 0.00 Reg ore
: Y Noniu Size
i Memory Statistics |
k g Metloty Load
4 5.00 MB

2,52 MReq Store

» Local

Overview | Global | Local | Atomics | Shared | Texture | Caches | Buffers




IDENTIFY MAIN PERFORMANCE LIMITER -

> Memory Utilization vs Compute Utilization
> Four possible combinations:

60%

—

Comp Mem

Compute
Bound

—

Comp Mem

Bandwidth
Bound

L]

Comp Mem

Latency
Bound

Comp Mem

Compute and
Bandwidth
Bound



APUEEY MEMORY BANDWIDTH




AP IDENTIFY PERFORMANCE LIMITER

» Utilization of L2S Bandwidth (BW) limited and DRAM BW < 2%
> Not limited by memory bandwidth




AP INSTRUCTION THROUGHPUT

> Each SM has 4 schedulers (Maxwell)
> Schedulers issue instructions to pipes

> Each scheduler schedules up to 2 instructions
per cycle

> A scheduler issues inst. from a single warp

> Cannot issue to a pipe if its issue slot is full




APUEEY INSTRUCTION THROUGHPUT

Schedulers saturated

Shared Control

Mem Texture Flow ALU

Schedulers and pipe

Pipe saturated saturated

S?Aaernid Texture Control ALU Shared Texture Control ALU

Flow Mem Flow
I /.




AP WARP ISSUE EFFICIENCY

Warp Issue Efficiency

Mo Eligible Cne or More Eligible

> Percentage of issue slots used (blue)

> Aggregated over all the schedulers




AP PIPE UTILIZATION

Pipe Utilization
> Percentages of issue slots used per pipe

> Accounts for pipe throughputs

> Four groups of pipes:
Shared Memory
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Texture
Control Flow
Arithmetic (ALU)




APUEEY INSTRUCTION THROUGHPUT

> Neither schedulers nor pipes are saturated

Warp Issue Efficiency Pipe Utilization

Mo Eligible Cne or More Eligible

> Not limited by the instruction throughput



AP | OOKING FOR INDICATORS

Warps Per SM > 56% of theoretical occupancy

Eligible =—Occupancy

> 29.35 active warps per cycle

> 1.18 warps eligible per cycle

> Let’s start with occupancy

aligible:1 .18

56 78 91011121314151617 18192021 2223

SM




AREY OCCUPANCY

Each SM has limited resources

\//

v

64K Registers (32 bit) shared by threads

\//

Up to 48KB of shared memory per block (96KB per SMM)

\//

32 Active Blocks per SMM

v

Full occupancy: 2048 threads per SM (64 warps)



AR | ATENCY

GPUs cover latencies by having a lot of work in flight

>

o
L]

Exposed latency

Fully covered latency

wapO L T T T T T T T T MM TTTTTTTT]

warp 1

warp 2

warp 3

ﬂlmD

. IEEEEEEEE B

warp 4

warp 5

warp 6
warp 7
warp 8
warp 9

|l  HEEEEN BN

No warp issuing



AP | ATENCY: LACK OF OCCUPANCY

> Not enough active warps

wapO L T T T T T T T T MM TTTTTTTT]
wapt ML LT T T T TN TTTTTTT]
warp 2  HIEEEEEEE EEEEEEE
warp 3 W[ TTTTTATTTTT]

| INNEEN | | EEEEEE

No warp issues

A - The schedulers cannot find eligible warps at every cycle



AP | OOKING FOR MORE INDICATORS

Varying Block Size @ Varying Register Count @ Varying Shared Memory Usa@e

Shared L1 Equal
64

M

threads:
warps:36

Warps pel
Warps per 5M

256 512 768 63 126 189 24576 49152 T3T728 98304
Threads Per Block :

Registers Per Thread Shared Memory Per Elock

Occupancy Data | Occupancy Graphs




CONTINUE LOOKING FOR INDICATORS

Uncached Loads
ra 212

L2 Transactions Per Request

R L R

Stores

Store

Overview | Global | Local | Atomics | Shared | Textur




AP MEMORY TRANSACTIONS: BEST CASE

N

> A warp issues 32x4B aligned and consecutive load/store request
> Threads read different elements of the same 128B segment

1x 128B load/store request per

4x 32B L2 transactions per

> 4x L2 transactions: 128B needed / 128B transferred



AP MEMORY TRANSACTIONS: WORST CASE

) g i

> Threads in a warp read/write 4B words, 128B between words
> Each thread reads the first 4B of a 128B segment

1x 128B load/store request per

1x 32B L2 transaction per

» 32x L2 transactions: 128B needed / 32B transferred



AP TRANSACTIONS AND REPLAYS

> Awarp reads from addresses spanning 3 lines of 128B

> 1 instr. executed and 2 replays = 1 request and 3 transactions

Instruction issued

Instruction re-issued

Instruction re-issued

Time

v



Transfer data for inst. 2
LRy = | ERA! |

AP TRANSACTIONS AND REPLAYS

> With replays, requests take more time and use more resources
More instructions issued
> More memory traffic
Increased execution time

Inst. O Inst. 1 Inst. 2 Inst. O Inst. 1 Inst. 2
Issued Issued Issued Completed | | Completed | | Completed
| | 1
Extra work (SM) Extra latency

Transfer data for inst. 0

Transfer data for inst. 1

v



APY CHANGING THE BLOCK LAYOUT

» Qur blocks are 8x8

=========== threadIdx.x (str‘i&le-l, uchar)
EENEEEEEEEER
AEEEEEEEEEE

threadldx.y

ANEEEEEEEEEEEEEEEEE
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L Data Overtetch
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}

» We should use blocks of size 32x2



APUY \MPROVED MEMORY ACCESS

> Blocks of size 32x2

> Memory is used more efficiently

Original Version 1.971ms

Better Memory Accesses 0.725ms



PERF-OPT QUICK REFERENCE CARD

Problem: Latency is exposed due to low occupancy

Goal: Hide latency behind more parallel work

Indicators: Occupancy low (< 60%)
Execution Dependency High

Strategy: Increase occupancy by:
« Varying block size
« Varying shared memory usage
« Varying register count
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PERF-OPT QUICK REFERENCE CARD

Problem: Memory is accessed inefficiently => high latency
Goal: Reduce #transactions/request to reduce latency

Indicators: Low global load/store efficiency,
High #transactions/#request compared to ideal

Strategy: Improve memory coalescing by:
« Cooperative loading inside a block
« Change block layout
« Aligning data
« Changing data layout to improve locality
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PERF-OPT QUICK REFERENCE CARD

Problem: Too much unused data clogging memory system
Goal: Reduce traffic, move more useful data per request

Indicators: Low global load/store efficiency,
High #transactions/#request compared to ideal

Strategy: Improve memory coalescing by:
« Cooperative loading inside a block
« Change block layout
« Aligning data
« Changing data layout to improve locality
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ITERATION 2
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AP \DENTIFY HOTSPOT

1 gaussian_filter_7x7_v0

2 sobel_filter_3x3_v0

3 rgba_to_grayscale_kernel_v0

> gaussian_filter_7x7_v0() still the hotspot

Original Version 1.971ms

Better Memory Accesses 0.725ms




AP IDENTIFY PERFORMANCE LIMITER

» Utilization of L2S Bandwidth (BW) limited and DRAM BW < 4%
> Not limited by memory bandwidth




AP IDENTIFY PERFORMANCE LIMITER

> Scheduler is starting to be busy
> but Tex pipe is clearly the limiter

Warp Issue Efficiency Pipe Utilization

Mo Eligible Cne or More Eligible




LOOKING FOR INDICATORS

> 98.89% Hit Rate in L2 Cache
> The kernel is mostly working from the L2 cache

Loads
LZ Trans: 11,568,392

Stores
L2 Trans: 128 000

Atomic Loads
LZ Trans: O

Atomic Stores
L2 Trans: O




LOOKING FOR MORE INDICATORS

> Kernel Transfers 8MB to/from Device Memory but 360MB to/from L2 Cache




SHARED MEMORY

> Adjacent pixels access similar neighbors in Gaussian Filter

> We should use shared memory to store those common pixels

- ~_shared_ unsigned char smem_pixels[10][64];



APUY SHARED MEMORY

> Using shared memory for the Gaussian Filter

> Significant speedup, < 0.5ms

Original Version 1.971ms

Better Memory Accesses 0.725ms
Shared Memory 0.334ms




PERF-OPT QUICK REFERENCE CARD

Problem: Long memory latencies are harder to hide

Goal: Reduce latency, move data to faster memory

Indicators: Shared memory not occupancy limiter
High L2 hit rate
Data reuse between threads and small-ish working set

Strategy: (Cooperatively) move data to:
Shared Memory
(or Registers)
(or Constant Memory)
(or Texture Cache)
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PERF-OPT QUICK REFERENCE CARD

Problem: Too much data movement
Goal: Reduce amount of data traffic to/from global mem

Indicators: Higher than expected memory traffic to/from global
memory
Low arithmetic intensity of the kernel

Strategy: (Cooperatively) move data closer to SM:
Shared Memory
(or Registers)
(or Constant Memory)
(or Texture Cache)
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ITERATION 3
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AP \DENTIFY HOTSPOT

L gaussian_filter_7x7_v2

2 sobel_filter_

3 rgba_to_grayscale_kernel_v0

> gaussian_filter_7x7_v0() still the hotspot

Original Version 1.971ms

Better Memory Accesses 0.725ms
Shared Memory 0.334ms




AP IDENTIFY PERFORMANCE LIMITER

» Utilization of L2S Bandwidth (BW) moderate and DRAM BW < 8%
> Not limited by memory bandwidth




AP IDENTIFY PERFORMANCE LIMITER

. Pipe Utilization
Warp Issue Efficiency

Mo Eligible One or More Eligible
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AP | OOKING FOR INDICATORS

> No Divergence in our code

Branch Condition

Mot Taken Taken




APUY BRANCH DIVERGENCE

> Threads of a warp take different branches of a conditional

if( threadIdx.x < 12 ) {}

R R R RN

else {}

R R R R R 22 222222

Execution time = “if” branch + “else” branch
< >

Time

v



AP | OOKING FOR MORE INDICATORS

Issue Stall Reasons > Execution dependency is largest block

Instruction Fetch Execution Dependency > NOt a Clea r .I ndicator howeve r

Memory Throttle Memory Dependency

a0 Synchronization Constant Miss
Pipe Busy Other
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AP <TALL REASONS:

EXECUTION DEPENDENCY

a=b+c; // ADD a = b[i]; // LOAD

d=a+ e; // ADD d=a+ e; // ADD

> Memory accesses may influence execution dependencies
- Global accesses create longer dependencies than shared accesses

> Read-only/texture dependencies are counted in Texture

> Instruction level parallelism can reduce dependencies

b + ¢; // Independent ADDs
e + T;



AP 1LP AND MEMORY ACCESSES

No ILP 2-way ILP (with loop unrolling)
float a = 9.0f; float a, a@ = 0.0f, al = 0.0f;
for( int i =@ ; i < N ; )

for( int i =0 ; i < N ; ++i )

= i > {
a += logf(b[i]); a0 += logf(b[i]);

al += logf(b[i+1]);

c = b[0@] }

a += logf(c) a = ao + al

c = b[1] @ = b[o]

a += logf(c) ==l i 1 = b[1]

c = b[2] 0 = b[2] al += logf(cl)
a += logf(c) 2 +2 LogF(Y0) i 1 = b[3]

c = b[3] al += logf(cl)

a += logf(c) l a =ao + al

> #pragma unroll is useful to extract ILP
- > Manually rewrite code if not a simple loop



AP | OOKING FOR MORE INDICATORS

>4TIOP/second

Integer Operations Integer Operations per Second

1.5E+09 5000

1.125E+09

second

7.5E+08

=

=]

2
[v]
=9
O
=




REDUCING COMPUTATIONAL COMPLEXITY

> Separable Filter:

> Gaussian filters are circular and separable
> Compute horizontal and vertical convolution separately

ﬂ 120343 21 L L 2z g

246 8 6 4 2 % 2 4 6 8

| 3609 129 6 3 3 3. 6 9 12
; 4 s 2fi2 s e [1234321] * (4| = |4 8 12 16 12

HEEEERER 3 346\ 9/ 12

W 246 8 6 4 2 7 2 4 6 8

SUNNEENE N AT AN 1 1 2 3 4

NSO OB DN
PIANCM-PUJNP—I\




SEPARABLE FILTER + INCREASED ILP

> Separable filter reduces computational load

> Processing two elements per thread increases instruction
level parallelism

Original Version 1.971ms
Better Memory Accesses 0.725ms
Shared Memory 0.334ms

Separable Filter +incr. ILP  0.179ms
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PERF-OPT QUICK REFERENCE CARD

Problem: Diverging threads

Goal: Reduce divergence within warps

Indicators: Low warp execution efficiency,
high control flow utilization

Strategy: « Refactor code to avoid intra-warp divergence
« Restructure data (sorting?) to avoid data-
dependent branch divergence
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PERF-OPT QUICK REFERENCE CARD

Problem: Not enough independent work per thread
Goal: Do more parallel work inside single threads

Indicators: High execution dependency, increasing occupancy has
no/little positive effect, still registers available

Strategy: « Unroll loops (#pragma unroll)
« Refactor threads to compute n output values at
the same time (code duplication)
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PERF-OPT QUICK REFERENCE CARD

Problem: GPU is computing as fast as possible
Goal: Reduce computation if possible

Indicators: Clearly compute bound problem, speedup only with
less computation

Strategy: Pre-compute or store (intermediate) results
Trade memory for compute time
Use a computationally less expensive algorithm
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Pipe Utilization

THE RESULT: 11.01X

> Much better utilization

> The sobel filter is starting to become the bottleneck




APUEY MORE IN OUR COMPANION CODE

Gaussian Original Version 1.971ms

Better Memory Accesses 0.725ms
Shared Memory 0.334ms
Separable Filter +incr. ILP  0.179ms

Floats instead of int ops 0.153ms

Sobel Filter Baseline 0.200ms
Floats+Intrinsics+fast_math 0.152ms

Your Next Idea!

CGPULY Companion Code: https://github.com/chmaruni/nsight-gtc2015



SUMMARY

A
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ITERATIVE OPTIMIZATION WITH NSIGHT VSE

> Trace the Application
> ldentify the Hotspot and Profile It
> ldentify the Performance Limiter

>Memory Bandwidth ﬂ
»Instruction Throughput ( |

>Latency J

> Look for indicators
> Reflect and Optimize the Code

Ay - lterate




REFERENCES

Performance Optimization: Programming Guidelines and GPU Architecture
Details Behind Them, GTC 2013

> http://on-demand.gputechconf.com/gtc/2013/video/S3466-Performance-Optimization-
Guidelines-GPU-Architecture-Details.mp4

v

> http://on-demand.gputechconf.com/gtc/2013/presentations/S3466-Programming-
Guidelines-GPU-Architecture.pdf

CUDA Best Practices Guide

> http://docs.nvidia.com/cuda/cuda-c-best-practices-guide/

Parallel Forall devblog
> http://devblogs.nvidia.com/parallelforall/

Upcoming GTC 2015 Sessions:

> 5§5655 CUDA Application Development Life Cycle with Nsight Eclipse Edition (Hands-on
lab), Nikita Shulga, Thursday 2pm

- > $§5353+55376 Memory Bandwidth Bootcamp (and Beyond), Tony Scudiero, Thursday
3:30pm and 5pm
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NVIDIA REGISTERED DEVELOPER PROGRAMS

> Everything you need to develop with NVIDIA products

> Membership is your first step in establishing a working relationship with
NVIDIA Engineering

Exclusive access to pre-releases

Submit bugs and features requests

Stay informed about latest releases and training opportunities
Access to exclusive downloads

Exclusive activities and special offers

Interact with other developers in the NVIDIA Developer Forums

REGISTER FOR FREE AT: developer.nvidia.com
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