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INTRODUCING NSIGHT SYSTEMS

System-wide Performance Analysis Tool
Focus on the application’s algorithm - a unique perspective

Scale your application efficiently across any number of CPUs & GPUs

3.2x-4.1x Speedup Achieved on Visual Molecular Dynamics!

Stay tuned for the details
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NSIGHT PRODUCT FAMILY

Standalone Performance Tools Workflow

Nsight | Start
Nsight Compute - Debug/optimize specific CUDA kernel Systems | Here

available @next
major CUDA release - Use NVIDIA Visual Profiler today

: o . e : Nsight Nsight
Nsight Graphics - Debug/optimize specific graphics shader Compute | | Graphics

Nsight Systems - System-wide application algorithm tuning

IDE Plugins

Nsight Visual Studio/Eclipse Edition - editor, debugger, some perf analysis
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NSIGHT SYSTEMS USER




MAXIMIZE YOUR GPU INVESTMENT

Find the right optimization opportunities /’ \
Balance your workload across CPUs and GPUs '
Achieve real-time performance requirements

Optimize for HPC environments - minimum time to solution
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FEATURES

User Instrumentation +753.9ms +753.95ms +7534ms mS
v [v] [47048] Im ~
NVidia Tools eXtension System _ phresdmuexlodk
i aka NVTX NVTX MPD_TIMESTEP [240.354 ps] 1T
. CUDA API
API Tracing v [7] [47047] Im -
System ||:|ﬂ'|i| ( pthread_cond_wait J
CUDA’ OpenGL’ NUTX MPD_TIMESTEF [204.442 ps] | MCLKR Barrier [66.565 ps] |
[MPD_SYNCHROMIZ. |
CUDNN, cuBLAS CUDA AP (. ||
17 threads hidden...
System strace-lite v CUDA (TITAN V) - T w -
wv Stream 38 L B B | )
. v Memary .. l . .
Backtrace Collection DtoD memcpy
PtoP memcpy ' ' . '
Sampled IPs w Kernels o) () (M...| [MGPU_precomp_react...
» MGPU_precomp_reac... _
Blocked state > MGPU_x_kernel )
> MGPU_y_kernel (M.
> MGPU _z kernel .
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APPLICATION ALGORITHM

Zoom Out

Four Distinct
Phases of
VMD
Algorithm
Become
Visible

Segmentation test script [3.817 s]

Segmentation (All Steps) [3.144 5]
Segmentation::segment() [3.103 s]

m ion::m: 2.131

T

Segmentad

Watershed

Initialization || Data Read Segmentation
pthread_cond_wait
pthread_cond_wait
g FrTITTATTT CTTRTTT FTTT AP TP T T T A M A A n FTFTFIFIFITIrITIF
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CORRELATION TIES API TO GPU BEHAVIOR

Zoom In o

v Threads (21)

w [v] [47046] Im ~

System
MNVTX MPD_TIMESTEP [235.192 ps]
L
T k CUDA API =l cudaMemcpyAsync ey
raC [47045] Im - i _ _

. [~] (470487 Im ~ _ _ _
Algor]thm 9 670471 m I Sclecting one I

from CPU highlights both

“CpATTANY cause and effect,
v Stream 38
to GPU or I, i.e. dependency \-

frOm GPU e — e analysis (encpy )

MGPU_precomp_reac... ' MGPU_precomp_reaction_kernel

P ' MGPU_x_kernel
O ° MGPU_y_kernel

MGPU_z_kernel
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BLOCKED STATE BACKTRACE

= Timeline View -

k CPU(12)

¥ Threads (6)

v /| [3910] Smokel ~

}
poll poll Pl m waiting
System e a W] Duration: 11.768 ms

Call stack at 2.336s:
libe-2.19.s50!__poll
libxch.50.1.1.0/0x7f3f92a47b72
libxeb.so.1.1.0/xcb_wait_for_event
libX11.50.6.3.0!_XReadEvents
lib¥11l.50.6.3. 0! XPeekIfEvent
NVTX libglut.s0.3.9.0!fgOpenWindow me | oU.024 Ns]|  Iran
libglut.s0.3.9.0!/fgCreateWindow

libglut.s0.2.9.0!/fgCreateMenu
libglut.s0.3.9.0!glutCreateMenu render [3...
smokeParticles!initMeanus()
smokeParticles!main
OpenGL API (4.5.0 NVIDI... gIBindFramebufferEXT } ||hc-2.19.m_:!_lihc_start_rnain ] l ' E
smokeParticles!_start I

OpenGL GPU work 1DC {[ngindFramebufferExT, glBindFramebuf... ]

CUDA API
i
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DATA COLLECTION

‘(ﬁ;)l),

Host Target

Host-Target
Remote Collection

Command Line Interface
No connection! Import later

CLI enables easy
collection on servers and
in containers
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REPORT NAVIGATION DEMO

Core Areas

Algorithm Overview Using NVTX Tags L et e A S
OS Thread Timeline including APIs Traced .. ‘messsessscous s——r
Correlation of OS Thread API Use with GPU [LA] - kbt AN AR SR s AL

Activit
y CUDA (Tesla V100-SXM2-.. o s Pt s o
CUDA (Tesla V100-SXM2-.. e e e v e !
CUDA (Tesla V100-SXM2-.. -- . e v
CUDA (Tesla V100-SXM2-.. R o e B '
d CUDA (Tesla V100-SXM2-.. _~—,.— St e e eie g o :
CUDA (Tesla V100-SXM2-.. . + = g g e — 0 - o o 3
CUDA (Tesla V100-SXM2-.. R T e : R
CUDA (Tesla V100-SXM2-. " S S - . :
<

‘<-l..<‘
3 ok

Bottom-Up View ~ | Process [160] (8 of 71 threads)

 Filter... = 63.09% of data is shown due to applied filters.
O e / O t t e n e C S Symbol Name self, % Module Name

0x7fbdb264b0f6 860 /usr/local/nvidia/lib64/libcuda.s0.384.51
0x7fbdb257dc78 4.11 /usr/local/nvidia/lib64/libcuda.so.384.51
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COMMON OPTIMIZATION OPPORTUNITIES

Thread synchronization Memory operations - blocking,

serial, unnecessar
Algorithm bottlenecks starve Y

the GPUs Excessive synchronization -
device, context, stream,
default stream, implicit

Communication between GPUs CPU/GPU overlap - avoid

. excessive communication
Lack of stream overlap in

memory management, kernel
execution
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VMD - “Visual Molecular Dynamics”

* Visualization and analysis of:
— Molecular dynamics simulations
— Lattice cell simulations
— Quantum chemistry calculations
— Sequence information

» User extensible scripting and plugins
* http://www.ks.uiuc.edu/Research/vmd/

..

Cell-Scale Modeling MD Simulation

AStructu re [P‘?a_rameteri_z_ation] L Analysis ] MD/Cell + Parallel
j_l! " 23 " Analysis
PIRAL: T oa Y “pr—— - 2
N\ —

2 Refinement ] ~ Preparation J Visualization
X-ray, cryo-EM, cryo-ET, NMR ~ with MDFF _ with QwikMD (]




CRYO-EM / CRYO-ET IMAGE
SEGMENTATION

Tomography data Segmented tomogram Lattice Microbes simulation

Evaluate 3-D volumetric
electron density maps
and segment them, to
identify key structural
components

Index/label components
so they can be referred
to, colored, analyzed,
and simulated...

L1 @9V 22
444444444 %%
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CRYO-EM DENSITY MAP SEGMENTATION
APPROACH, GOALS

Watershed segmentation: Goals:
Smooth/denoise image (e.g. blur) Reach interactive performance
: . : . rates (under 1 second) for
Find local minima of image/gradients common density map sizes

Connect minimum voxels with neighbors of between 128° to 256° voxels

similar intensity, marking them with the

same “group” number Handle next-generation problem

sizes (7683 to 20483) smoothly with

“Grow” each group (merging groups where only a brief wait
rules allow) until no more updates occur

Scale-space segmentation variant does
further blurring and group merging
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1: INITIAL VMD IMAGE SEGMENTATION TRACE

¥ CPU (B)

¥ Threads (18)

w v [9234] vmd_LINUXA... ~

System

CUDA API

v [v] [9249] vmd_LINUXA... -

System

CUDA AP

~ v/ [9248] vmd_LINUXA... -

System

CUDA API
15 threads hidden..
» CUDA (Quadro GP100)
» CUDA (Quadro GP100)

pthread_cond_wait

L TTF R TTTTITTTI T ¥ F T YT FTITFIT R F IR TP R T T FTTTF T T Y P T FF T YT T YT TP TFT TP TFTTFT TP TFT TP TFTTRTFTYFRTIRTYF T T

GPU compute activity shown in BLUE.

Memory transfer activity shown in RED.

Trace shows memory transfers taking a lot of the time in the second phase...
What is the algorithm doing here? Why?

16 NVIDIA.



2: VMD PROFILE W/ NVTX TAGS

3 1s 1.55 25 2.55 3s 3.55
b CPU (8B)

¥ Threads (18)

w || [9282] vmd_LINUXA... ~ u

pthread_cond_wait
System N

VMD main{) initialization [2.413 s]

Segmentation test script [3.817 s]
NVTX

Segmentation (All Steps) [3.144 5]

Segmentat

Segmentation::segment(} [3.103 s]

CUDA API
Profiler overhead D

w || [9296] vmd_LINUXA... ~

System

pthread_cond_wait
CUDA API

w [ [9207] vmd_LINUXA... -

pthread_cond_wait
System
CUDA API | cudaMalloc
15 threads hidden
P NVTX

» CUDA (Quadro GP100)
» CUDA (Quadro GP100)

Linalianulispilonalunnloneloplinnlonnlonelonelanlonelnnlins B

» Added NVTX tags clearly show algorithm phases in the Nsight System timeline.
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2: VMD IMAGE SEGMENTATION W/ NVTX

» CPU (8)

w Threads (18)

w | [9282] vmd_LINUXA... -

System

Segmentation test script [3.817 s]

“ Segmentation (All Steps) [3.144 s]

NVTX "
Segmentation::segment() [3.103 s]

Watershed::watershed(Image on host) [B98.865 ms]

hed_opu() 1583.86...| [T I ORCOCCIONOCON0CI00N00D
CEOLECELCEEEELEEEUEREREREEEELEE
HHTHT T T

CUDA API
r .r overhead

w || [9296] vmd_LINUXA... ~

= Can easily zoom in on NVTX tags (double click) so they fill horizonal view.

= Selected yellow “Segmentation test script” view relevant work

= Tags shown are algorithm phases, sub-phases, iterations, kernels, and
CUDAAPI calls...

Total time: 3.14s
Total speedup: 1.0x

» Phases:

» CUDA (Quadro GP100) - TR FTAF TP T A AT TR N AT TR PR PR R PR RN AT AN TR R R AR T AU NN AN TP PR OAATATTNNTA

» CUDA (Quadro GP100) Constru Cto Is: 0 1S
. .

Watershed: 0.9s
Scale-Space: 2.13s
Other: 0.014s




2: IDENTIFIED BOGUS COPIES, SLOW CPU INIT

b CPU (8)

* Threads (18)

w || [9282] vmd_LINUXA... ~

System
VMD process user script(s) [4.429 5]
VMDreadStartup(): process cmd scripts [3.820 s
Segmentation test script [3.B17 s]
e Segmentation (All Steps) [3.144 s]
BHIN e 0 e R IR R R R LY IR LR R L AR A R R D REREER AR L RN AR AR AR L R
CUDA API Py (mi

rofiler overhead

~ [v] [9296] vmd_LINUXA... ~

System

we ™ CPU iInit routine is slow (30% of Watershed tlme)
e m Scale-space algorithm phase dominated by GPU-host memory transfers that
shouldn’t be there!

CUDA API
15 threads hidden..
P NVTX

» CUDA (Quadro GP100)
» CUDA (Quadro GP100)

K .
TTTT TP T TFITTF TR FFTTFIF P T F T T T T T T T PP AT T T T T T T T T T T T T T T T TTITTTTITTITTITTTTITTTTITFTFFFFRPTTITTTT I
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2: DETAIL: IDENTIFIED BOGUS GPU-HOST COPIES

as

b CPU (B)

w Threads (18)

v || [9282] vimd_LINUXA... ~

ioctl|jio... ioctl
System :

VMD process user script(s) [4.429 s]

VMDreadStartup(): process cm

Segmentation test script [3.817 5]
Segmentation (All Steps) [3.144 s)
NVTX
Wi hed::watershed(lm n h
Watershed::watersh 7 m
CUDA API RO T R R R T T AT T

-
Lo --

Profiler overhead

w [¢] [9296] vmd_LINUXA... ~

pthread_cond_wait
System

CUDA API

v || [9297] vimd_LINUXA... ~

= Bogus memory copies!
e = Create gaps in GPU execution

15 threads hidden..
P NVTX

» CUDA (Quadro GP100) B e e e e L -
» CUDA (Quadro GP100)
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b CPU (8)

~ Threads (19)

~ [v] [9341] vmd_LINUXA...

System

CUDA API

w || [9327] vmd_LINUXA...

System

NWTX

CUDA API
rofiler overhead

w || [9342] vmd_LINUXA...

System

CUDA API
16 threads hidden..
P NVTX

» CUDA (Quadro GP100)
» CUDA (Quadro GP100)

3: BOGUS COPIES ELIMINATED

pthread_cond_wait

Segmentation test script [3.082 5]
' Segmentation (All Steps) [2.214 5] (
Segmentatigo
Watershed::watershed(image on host) [893.945 ms [l

Watershed::init() [310.236 ms] g
e e

Total time: 2.21s
= Bogus copies eliminated. | Total speedup: 1.4x

Phases:
Constructors: 0.1s
Watershed: 0.9s
Scale-Space: 1.25s
Other: -




3:

* Threads (19)

¥ CPU (8)

DETAIL: BOGUS COPIES ELIMINATED

b ¥ [9341] vmd_LINUXA... ~

v [¥] [9327] vmd_LINUXA... ~

System

NVTX

CUDA API

Profiler overhead

v [v] [9342] vmd_LINUXA... ~

System

CUDA API
16 threads hidden
P NVTX

» CUDA (Quadro GP100)
» CUDA (Quadro GP100)

ioctl ]| ioctl ioctl | L| ioctl [} ioctl

VMD process user script(s) [3.567 s]

VMDreadStartup(): process cmd scripts [3.089 s]

Segmentation test script [3.082 s]

Segmentation (All Steps) [2.214 5]

Segmentation::segmen

Watershed::watershed(Im: n hi .945 m:
Watershed::watersh .701 m:

EERRERRE I RREERREREERRE RN RRRRRR IRRRRRRY - - - L -
[Ty et A A R A .Q..........

= Bogus copies eliminated.
= Gaps between GPU kernels are now very short.
» Speedup for just the scale-space algorithm phaseis 1.7x
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3: DETAIL: SLOW CPU INIT ROUTINE

» CPU (8)

~ Threads (19)

b v [9341] vid_LINUXA... ~

v || [9327] vmd_LINUXA... ~

System
VMD process user script(s) [3.567 s]
VMDreadStartup(): process cmd scripts [3.089 s]
Segmentation test script [3.082 s]
NVTX I Segmentation (All Steps) [2.214 s]
Segmentation::segment() [2.173 5]
Watershed::watershed(Image on host) [893.945 ms] ] 5§mental:‘|un::merge Emues{) I
Watershed::init() [310.236 ms] 4 Watsrshed::watershed_apu[) [583.701 ms] ] “
CUDA API 110060

*rofiler overhead

» \Watershed algorithm CPU init takes 310ms.
= Total Watershed runtime is 894ms.
» CPU init taking 34% of the runtime for this phase!??!

v || [9342] vimd_LINUXA... ~

System

CUDA API
16 threads hidden
P NVTX

» CUDA (Quadro GP100)
» CUDA (Quadro GP100)

m) E 23 NVIDIA.



4: FAST GPU INIT ROUTINE

» CPU (8)

 Threads (19)

v [¥] [9373] vmd_LINUXA... ~

System
VMD process user script(s) [3.330 s]
VMDreadStartupl): process cmd scripts [2.774 5]
Segmentation test script [2.768 s]
' Segmentation (All S5teps) [1.914 5] [
Lhe Segmentation::segment() [1.873 5] ’
Watershed::watershed(Image on host) [595.467 ms] | Segmentation::merge upsi .
Watershed: matershed_gpul) (581,995 ms] 1 - H0 L0000 00000000 00D 0O 00000 D000 000D 0D0EE00000000o00000000
e oocoonnnInIIIOOIIINROIRINNOORIT IO ER RO IIOR TN
CUDAAP' T e e e e e e

v [v] [9388] vmd_LINUXA... -

pthread_cond_wait

System

CUDA AP

e w - GPU-based Watershed init kernel 13.4ms. Total time: 1.91s
e m o Speedup over CPU-based initialization: 23x Total speedup: 1.6x

CUDA API
16 threads hidden..
» CUDA (Quadro GP100) T

» CUbA (Gundre cr100) Phases:
Constructors: 0.1s
Watershed: 0.59s
Scale-Space: 1.25s
Other: -




4: DETAIL: SLOW SCALE-SPACE MERGE GROUPS KERNEL

SSSSSS

SSSSSS

SSSSSS

" = GPU kernel for scale-space group merge operations is slow compared to
other kernels, opportunity!
= Write new special-case scale-space merge kernels for problem sizes small
enough to allow atomic ops in shared memory rather than global memory.
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5: FASTER MERGE GROUPS KERNELS

b CPU (8)

w Threads (19)

v || [9425] vmd_LINUXA... ~

ser scriptis) [2.489 5]

System
VMD process u
VMDreadStartup(): process cmd scripts [1.936 s]
Segmentation test script [1.930 s]
Segmentation (All Steps) [1.069 5] [

NVTX ] -
Se Segmentation::segment() [1.028 s]
. Watershed: watershed({image on host) [594.736 ms]
| Watershed::watershed_gpu() [581.232 ms]

CUDA AP o0

v [V [9441] vmd_LINUXA... ~

System

Total time: 1.07s
Total speedup: 2.9x

CUDA API
v || [9440] vmd_LINUXA... ~

System

CUDA API
threads hidde

» CI._JE}A {Quadro GP10”0] Jr— L —
Phases:

Use Nsight Compute to examine kernel in detail.
Constructors: 0.1s

New problem-size-specific shared memory kernels speed up

scale-space segmentation phase by 3x over original kernel. Watershed: 0.59s
Scale-Space: 0.4s

Other: -




5: DETAIL: FASTER MERGE GROUPS KERNELS

» CPU (8)

* Threads (19)

~ [¥] [9425] vmd_LINUXA... -

System

VMDreadStartup(): process cmd scripts [1.936 s]

Segmentation test script [1.930 5]

Segmentation (All Steps) [1.069 s]

NVTX -
Segmentation::segment() [1.028 s]

Segmentation::merge_groups() [404.557 ms]

GaussianBlur::blur_cuda(} [1.647 ms] ScaleSpaceFilter::sequentialize_group_nums() [2.211 ms]

Devicesynchronize | cudaDeviceSynchronize | [~ cudaDeviceSynchronize | ((cudaMemcpyTosy... |G| | cudaDeviceSynchronize [cu-)| (CogEDeviEe|[<ud-- B

CUDA API

w || [9441] vmd_LINUXA... ~

pthread_cond_wait
System

CUDA API
w [ [9440] vmd_LINUXA... -

pthread_cond_wait
System

= New problem-size-specific shared memory kernels speed up scale-
 Cuba (unem Qr200) space segmentation phase by 3x over original kernel.
= New kernels have comparable runtime to neighboring scale space

kernels, no longer an outstanding optimization opportunity.

m) E 27 NVIDIA.



5: DETAIL: EXCESSIVE ERROR CHECKING

d4s +151m: +151.5m +152m +152.5m +153m +153.5m +154m 154.5m +155m +155.51m

b CPU (8)

w Threads (19)

v || [9425] vmd_LINUXA... ~

System
VMD process user script(s) [2.489 s]
VMDreadStartup(): process cmd scripts [1.936 s]
Segmentation test script [1.930 s]
Segmentation (All Steps) [1.069 s]
NVTX -
Segmentation::segment() [1.028 5]
mentation::merge_grou 404.557 ms
CUDA API

Profiler overhead

w [/ [9441] vmd_LINUXA... ~

System
CUDA API

v || [9440] vmd_LINUXA... ~

ptead_cond_wait
System

CUDA API
16 threads hidden..
p CUDA (Quadro GP100)
» CUDA (Quadro GP100)

= EXcessive synchronizations happening here
= Many calls to cudaDeviceSynchronize(), checking error status, etc.

28 <ANVIDIA.



6: DETAIL: STREAMLINED ERROR CHECKING

b CPU (8)

* Threads (19)

w || [9470] vmd_LINUXA... ~

System

NVTX

=] ntation test script [1.917 s]
Segmentation (All Steps) [1.054 5]
igpscegment() [1.014 s]

CUDA API

rofiler overhead

w || [9485] vmd_LINUXA... ~

System
CUDA API

~ [v] [9484] vmd_LINUXA... ~

System

CUDA API
16 threads hidden..
» CUDA (Quadro GP100)
» CUDA (Quadro GP100)

NIH)

Excessive cudaDeviceSynchronize() calls eliminated

Total time: 1.05s
Total speedup: 3.0x

Phases:
Constructors: 0.1s
Watershed: 0.59s
Scale-Space: 0.4s
Other: -




6: DETAIL: ITERATED MALLOC/FREE

VMD process user scripti(s) [2.480 5]

Segmentation test script [1.917 5]

Segmentation (All Steps) [1.054 5]
NVTX
—— oo cegment() [1.014 5]

segmentation: merge_groupsir:

CUDA API

Profiler overhead

w || [9485] vmd_LINUXA... ~

System
CUDA API

~ [v] [9484] vmd_LINUXA... ~

System

CUDA API
16 threads hidden...
» CUDA (Quadro GP100)
» CUDA (Quadro GP100)

= Several areas of trace show CUDA malloc/free calls in iterative algorithm phase
» (Re)allocation APIs create gaps in GPU execution stream

m) E 30 <A NVIDIA.



7: MADE WORK BUFFERS PERSISTENT

» CPU (8)

 Threads (19)

v [/ [9556] vmd_LINUXA... -

System

WVMD process user script(s) [2.440 s]
VMDreadStartup(): process cmd scripts [1.882 s]

Segmentation test script [1.876 5]

N '| Segmentation (All Steps) [1.014 5] [

Se... Segmentation::segment() [973.716 ms]
_. Watershed::watershed(Image on host) [592.615 ms] ] ion:merge_groups() [353.344 ms]
Gl Watershed:iwatershed gpu() [579.131 ms] IIIIIIIIIII|IIIIIIIIIIIIIllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

C.UDA API [ P T il |

w || [9571] vmd_LINUXA... ~

System

CUDA API

Total time: 1.01s
Total speedup: 3.1x

v || [9570] vrmd_LINUXA... ~

System

CUDA API
16 threads hidden..
p CUDA (Quadro GP100) e —

» CUDA (Quadro GP100)
= Al VMD kernel work buffers persistent across iterations

Phases:
Constructors: 0.1s
Watershed: 0.57s
Scale-Space: 0.35s
Other: -




7: DETAIL: ... EXCEPT THRUST SCAN()

artup(): process cr

t script [1.876 s]
Segmentation (All Steps) [1.014 5]

) [973.716 ms)

Segmentatio

NVTX

CUDA API

Profiler overhead

w [v| [9571] vmd_LINUXA... ~

System
CUDA API

w || [9570] vmd_LINUXA... ~

pthread_cond_wait

System

CUDA API
16 threads hidden...
» CUDA (Quadro GP100) . ! - b
} CUDA (Quadre GP100)

» Thrust scan performs GPU malloc/free
= Allocations disrupt GPU work stream slightly
» Can use special allocation scheme or use CUB instead

m E 32 <ANVIDIA.



8: DETAIL: CUB SCAN PERSISTENT WORK BUFFERS

» CPU (8)

 Threads (19)

w [V [9600] vimd_LINUXA... ~

System
Segmentation test script [1.866 s]
Segmentation (All Steps) [1.003 5]

NVTX : -

Segmentation::segment({) [963.375 ms]
Segmentation::merge_groups() [342.153 ms]
ScaleSpaceFilter::sequentialize_group_nums() [3.041 ms]
CUDA API

ifiler overhead

w [V [9615] vmd_LINUXA... ~

= Persistent CUB work area eliminates iterated GPU malloc/free
= No significant interruptions in GPU work stream now :
Total time: 1.00s

Total speedup: 3.1x
 cuon (e a0y ' -
Phases:

Constructors: 0.1s
Watershed: 0.57s
Scale-Space: 0.35s

m) Other: -




9: DETAIL: USE OF CUDA ASYNC APIS

b CPU (8)

* Threads (19)

w || [9644] vmd_LINUXA... ~

System
VMDreadStartup(): process cmd scripts [1.831 5]
Segmentation test script [1.824 s
NVTX Segmentation (All Steps) [1.014 s]
Segmentation::segment{) [373.637 ms]
Watershed::watershed(Image on hos 84.570 m:
Witgﬁhﬂ:mitgﬁhgﬂ HEH“ |§71.412 ms,
CUDA API PE 00 I000000 (T
Profiler overhead

v [v] [9659] vmd_LINUXA... ~

pthread_cond_wait

System
CUDA API

w || [9658] vmd_LINUXA... ~

pthread_cond_wait
System

CUDA API
16 threads hidden..
b CUDA (Quadro GP100)
» CUDA (Quadro GP100)

= Use of cudaMemcpyToSymbolAsync() allows CPU to enqueue subsequent
kernel and result copy-back efficiently while first copy is still running

m) E 34 <NVIDIA.



9: DETAIL: CONSTRUCTOR HOST-GPU COPY

b CPU (8)

* Threads (19)

w || [9644] vmd_LINUXA...

System
Segmentation test scrig
All Steps) [1.014 s]
NVTX - - -
Segmentation::Segmentation{MAP) [22.351 ms] Segmentation::segmen
CUDA API _q-[-mu:.iulq-.'!;m'u( | idaMe mcpyAsyne | MII“ - lgu g
Profiler overhead

v [v] [9659] vmd_LINUXA... +

pthread_cond_wait
System

CUDA API

= Extra copy: side effect of a C++ class constructor
= Eliminate via tiny refactoring

w || [9658] vmd_LINUXA... ~

System

CUDA API
16 threads hidden..
b CUDA (Quadro GP100)
» CUDA (Quadro GP100)
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10: FINAL RESULT

System
VMD process user scriptis) [2.2

VMDreadStartup(): process cmd scripts [1.785 5]
Segmentation test script [1.778 s
Segmentation {All Steps) [987.536 ms]

]
Segmentation::segment() [947.785 ms]
] Segmenmﬁon"mege EmuEH|351.13IJ ms

NVTX
Se...
[ Watershed::watershed{image on GPU) [576.687 ms]
Watershed::watershed_gpu() [575.620 ms]

.n

=]

CUDA API Q20

rofiler overhead

w [v] [9710] vimd_LINUXA... -
pthread_cond_wait

System

w | [9709] vmd_LINUXA... ~ .
' Total time: 0.98s
Total speedup: 3.2x

System

CUDA API

Phases:
Constructors: 0.03s
Watershed: 0.57s
Scale-Space: 0.36s
Other: -

» CUDA (Quadro GP100)




VMD CRYO-EM SEGMENTATION:
LESSONS LEARNED

Nsight Sytems helped identify unintentional copies caused by indirect side-effects
of C++ class designs

Demonstrates the value of applying profiling tool during ongoing algorithm
development

Final performance result on Quadro GP100 is 3.2x faster
Speedup on Tesla V100 (Volta) is even more dramatic:
Initial runtime 2.66 seconds
Final optimized runtime: 0.64 seconds, 4.1x faster

VMD GPU image segmentation is now 12x faster than competing tools
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s

. —— Lattice Microbes

” . * Whole-cell modeling and simulation, including
_/__‘“
[/

Metabolic ~ f , heterogeneous environments and kinetic
—

IEhierk network of thousands of reactions
* Incorporate multiple forms of experlmental
f B
In vitro kinetics

lmaglng for model construction
criptable in Python Glucose/Agar

Lattice

Microbes i
HEEg
4/ Exp-2-LM g g
.A. \)\_/\/, 7
— r/ @ python™ jupyter g
N’ \ Ml

l‘l UE WATERS 8

SLST INED PETASCALE COMPUTING

@ )

Fluorescence In vitro kinetics fW.scs.illin®
microscopy

?nllm Biophys. J. 2015

Biopolymers, 2016

ribosome




LATTICE MICROBES DESCRIPTION

Simulate cell dynamics (R
on biologically A SRR Sl

relevant timescales
using a lattice-based i AR

model

Earnest, et al. J. Physical Chemistry B, 121(15): 3871-
3881, 2017.
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Particle

Particle at next
timestep

Reaction

Diffusion

Subvolume

LATTICE MICROBES SIMULATION

Simulation Lattice

Simulation Timestep Loop

X-axis Diffusion

Y-axis Diffusion

Z-axis Diffusion

Reactions

Check Overflows

40 <ANVIDIA.



DEFAULT STREAM SYNCHRONIZATION

1s +E49. 97 ms +B49.98ms +849.99ms +B50ms +B50.01ms +B50.02ms +B50.03ms =1k 1c 8500

e e e |

CUDA API

Profiler overhead

w ¥ [22599] Im -

System

- 'F EXECUTE [3.811 5]
MPD_TIMESTEF [75.739 5]

NVTX D (

E [22.085 ps) ][MPD OVERFLOW [16.79...]

9 threads hidden...
* CUDA (TITAN V) =
w Stream 14
¥ Kernels (MpdRdmeSolver...| (MpdRdmeSo...| (MpdRdmeSol...| (precomp..

P MpdRdmeSolver_x_ker... _ S h . d
» MpdRdmeSolver y ker... (MpdRdmeSo. .| yncnronize

P MpdRdmeSolver z_ker... _ TW]Ce
b precomp_reaction_kernel -

 Default stream
* Memory

Memset
HtoD memcpy
DtoH memcpy

Default stream - Implicitly Synchronized 41 Snvibia



DEFAULT STREAM SYNCHRONIZATION 2

1 +909.13ms +909.14ms +909.15ms +909. 16ms +909.17ms +909.18ms

CUDA API

Profiler overhead

- 7 207521 m - -

System

ECUTE [3.027 5]
NVTX j[ MPD_TIMESTEP [56.354 pis]
) MPD_SYNCHRONIZE [22.132 ps)

CUDA AP! . . [MpdRdmeS.) (MpdRdme.)  (MpdRdmeS.) | (precomp.res.)
9 threads hidden...
* CUDA (TITAN V)
* Stream 14

~ Kernels (MpdRdmeSolver x kernel ) (MpdRdmeSolvery..) (MpdRdmeSolverz,.) (precomp reacti.
> MpdRdmeSolver_x_ker... R T

b MpdRdmeSolver y ker... _ .
» MpdRdmeSolver_z_ker... (MpdRdmeSolvi CUdaMemey replaced with

F precomp_reaction_kernel ZerO-COpy-memory

w Default stream
* Memory

Memset 20% performance gain

HtoD memcpy

DtoH memcpy
42 <A NVIDIA.



LATTICE MICROBES MULTI-GPU SIMULATION

Simulation Timestep Loop

» Divide the cell into chunks for each GPU to process
« Communicate particles on the edge of each volume
to neighboring GPU

Receive Lattice Edges
eceive Latti g X-axis Diffusion

Y-axis Diffusion

Z-axis Diffusion

Reactions

Send Lattice Edges Check Overflows
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HOST THREAD PARALLEL OPTIMIZATION

File View Help
Select device for profiling...

Project Explor:
report57.qdrep
report59.qdrep
report60.qdrep
| | reportbl.qdrep
spoutld_nvtxdomain.q.
| | yeast-initial.Im-1.qdrep
| | yeast-initial.Im-2.qdrep
| | report63.qdrep
report64.qdrep
report66.qdrep
report67.qdrep
report68.qdrep
| | report69.qdrep
| | report73.qdrep
report75.qdrep

~ ||| | R
Project 5 X

= Timeline View

NVTX
CUDA API

~ V] [22812] Im -
System

NVTX

Using System API trace

pthread cond broadcas

Replaced with CPU spinlock

60us faster on average!

More info...

wholeCell.Im-8.qdrep X

e

A\ 2 warnings, 5 messages

+~ 1x
MPD_TIMESTEP [233.139 pis] I MCLKR Barrier [68.975 ps] I PD_TIMESTEP [223.449 pis]

cudaMemc

L D B @ 6

—
e
pthread_mutex_lock

MPD_TIMESTEP [227.691 ps]

pthread_mutex_lock

MPD_TIMESTEP [303.127 ps]

Average: 39.5% (+ 48.7%)

(EEETEET) O ESERERE)EH 75 961.492ms +63.689 s )Gl GUaSMEME ) e

A
—

pthread_mute

MPD_TIMESTEP [233.797 pis]

pthread_cond_wait

TCLKR Barrier [93.422 pis] I

pthre:

e MemepyAsync ) Cu e (e (Cudar - cud )Eudam - (cud) . (M) (B () (M) (cudame|cudamMemepyAsyne | cud

S
pthread_mutex_lock

MPD_TIMESTEP [200.993 pis]

pthread_cond_wait

MCLKR Barrier [156.941 ps] I8

L D ) ) e S
B B

= s
pthrea...| [pthr... pthread_mut

MPD_TIMESTEP [216.320 pis]

pthread_cond_wait

MCLKR Barrier [99.400 1is] I

4PD_TIMESTEP [174 171..]

n [ cudaMemcpyAsync  Jcud...[cu...| cudaMemd

~25% performance gain

=
pthread_m pthread_cond_wait pthrea..
MPD_TIMESTEP [227.656 ps] I MCLKR Barrier [106.275 pis] i[i MPD_TIMESTEP [172.218 ps]

udaM...| cudaMemcpyAsync [cud...|

pthread_cond_wait

pthread_mutex

pthread_mu..

T T CenerZZyurer

| | caffe2-2.qdrep
caffe2-simon-minibatch...

|| report107.qdrep

report110.qdrep

reportlll.qdrep

report112.qdrep

reportll3.qdrep

|| reportll8.qdrep

| | report120.qdrep

| | reportl23.qdrep

| report124.qdrep

| | wholeCell.Im-1.qdrep

| | yeast-initial.Im-1.qdrep
ecoli-initial.Im-2.qdrep

B wholeCell.Im-8.qdrep

NVTX
CUDA API

~ vl [22811] Im -

Bottom-Up View ~
T Filter...

Symbol Name

» Ox7ffdcceedacc

» __pthread_mutex_lock

» __pthread_mutex_unlock

Process [22781] Im (8 of 32 threads)

MPD_TIMESTEP [210.951 pis]

(Cudar...(cod™((udamJeud) (M) (M) (M) (M) (Euda)(c)_cudamemcpyAsync ) _cudaMemcpyAsy

MCLKR Barrier [137.771 pis] I

———————————————
]

Synchronization
Histogram

Conditions
o || (original)
= - | .

0 100 200 300

Spinlocks

‘l‘l (optimized)
ﬁ II-

81.55% of data is shown due to applied filters.

Self, % « Module Name
6.35 [vdso]
4.88 fusr/lib64/libpthread-2.17.s0
3.83 jusr/lib64/libpthread-2.17.s0

- 44 <SANVIDIA.




INTER-GPU TRANSFER IMPROVEMENTS

Eliminate small D2D Copies

v @ (52382] Im ~
System
MVTX

CUDA API

13 threads hidden...

v CUDA (TITAN V)
¥ Stream 22
¥ Memory

DtoD memcpy
FtoP memcpy
+ Kernels

1 stream(s) hidden...

v CUDA (TITAN V)
¥ Stream 24
Memory

CtoD memcpy
FtoP memcpy

> Kernels

1 stream(s) hidden...

18

+841.5ms '1 +841.8ms +841.9ms
L 4
............ =
Lo U |
MPD_TIMESTEP [216.232 ps] 1 MPRPTIMERTER [215.548 us] 1 MPD_TIMESTEP [211.918 ps] |

§-1r T " T T wyT Trar
moar T FT1 A NI Trar i
a1l 1 k11 A kil Ll ;
i .| 1111 g
; 1111 ;
(Mo M. |M..|MGPUP..| (Mo..|M... M. [MGPU_pr..
1 =TT T ™
i1r TTTCT T1 r
i dilil i1|la
b . i

MPD_SYN... ( MPD_SYNCHRONIZE [10... | @FD_

cudaStreamSynchronize | "I:I:I:I:“Jdu
1

Reduce transfer overhead by packing multiple transfers in to one
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INTER-GPU TRANSFER IMPROVEMENTS

25 +266.6ms +266.7ms +266.Bms +266.9ms +267ms
v £ (30206] Im ~ I —
System (pt..] pt..]
q MPD_TIMESTEP [162.125 ps] i MPD_TIMESTEP [164.209 js] I MPD_TIMESTEP [179.843 ps] }
NVTX (MPD_SYNCHRONIZE...| (MPD_SYNCHRONIZE [8... | [MPD_SYNCHRONIZE o

1
1
1
CUDA API E..:I. cudaStreamSynchro... | .:I.. | cudaStreamSynchronize | ... ‘cudaStreamSynchro... |
1
1
1
1
1

» B (30188] Im -

12 threads hidden...
v CUDA (TITAN V)

- = T = - r E

¥ Stream 22 = w 3 L] w [ i
v Memory 11 1 i i
PioP memcpy . . . . . . i

b Kernels MG...|M... |M...|MGPU_pre.. | MG...|M...|M... [MGPU_pre... (Moo [M..|M...|[MGPUpr.. | i

1 stream(s) hidden... i
',C;f:;{;';i‘” Y § 10 - 75% performance gain
v Memory ; based on cell size
PtoP memcpy i i r
> Kernels MG M M MG... M. [M..| y MG..]  [M..|M..](MGPUpr..]
1 stream(s) hidden... i \ .

Only one copy to each neighbor
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4-WAY DGX INTER-GPU TRANSFERS WITH NVLINK

System
NUTX "PD_TIMESTEP .. [MCLK... | MPD_TIMESTEP [673.347 ps] 1 MPD_TIMESTEP [90.870 ps] [MCLKR. Barrier [25.2...]
PD_SYNCHRO... MPD_SYNCHROMIZE [602.636 ps] (MPD_S..|

(
cooare D ONOENN ) o) B FED) FeUD)  (eRwds.)

cudaStreamyndhvonize
9 threads hidden...
v CUDA (Tesla V100-...
~ Stream 40 \ \
DU T L— @ | e moes me) (FerumEm )

* Stream 41
Kernels [ copytdge |
1 stream(s) hidd...

v CUDA (Tesla V100-...

* Stream 38

Kemels MGPU_precomp .| (comydge (| MGPUxdemel ) MGPUy kemel J(L oo  MGPU.) [MGP.) (MG..]  (MGPU precomp reaction .|
~ Stream 39

Kernels -

1 stream(s) hidd...

v CUDA (Tesla V100-...

* Stream 44

< Saom 5 - 28% performance gain
Kernels -

kernel-based P2P copy

1 stream(s) hidd...
v CUDA (Tesla V100-...

» Stream 42
Comel: PR P e s
~ Stream 43
Kernels - /
Communicate Compute Communicate Compute
Larger Size Cells Smaller Size Cells

A kernel directly accessing remote lattice via P2P copies can achieve concurrent bidirectional transfers



COMMON OPTIMIZATION OPPORTUNITIES

CPU
Thread synchronization

Algorithm bottlenecks starve the
GPUs

Multi GPU

Communication between GPUs

Lack of Stream Overlap in memory
management, kernel execution

Single GPU

Memory operations - blocking,
serial, unnecessary

Too much synchronization -
device, context, stream, default
stream, implicit

CPU GPU Overlap - avoid
excessive communication
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TOOL COMPARISON

NVIDIA © NVIDIA© NVIDIA© Intel © Linux perf
Nsight ™ Nsight™ Visual Profiler VTune ™ OProfile
Systems Compute Amplifier
Target OS Linux Linux, Linux, Mac, Windows Linux, Windows Linux
Windows
GPUs Pascal, Volta, Future Pascal, Volta, Kepler, Maxwell, Pascal, None None
Future Volta, Future
CPUs x86_64 x86_64 x86, x86_64, Power x86, x86_64 x86, x86_64,
Power
Trace NVTX, CUDA, OpenGL, NVTX, MPI, CUDA, MPI, ITT Kernel
CuDNN, CuBLAS, CUDA OpenACC
System
PC High Speed No Yes High Speed High Speed
Sampling
UVM, NVLINK, Future Yes No No
Power, Thermal
Src Code View No Yes Yes Yes No
Compare No Yes Yes Yes No

Sessions



NSIGHT SYSTEMS

Visit us at the NVIDIA booth in the exhibit hall for a live demo!

When can you get it? Workflow

Soon. Fixing the last issues now. Nsight

Systems

Where can you get it?

http://developer.nvidia.com/nsight-systems /\

Questions/Requests/Comments? Nsight Nsight
Compute | | Graphics
nsight-systems@nvidia.com
For Tegra-based systems Note: Currently still
Codeworks NVIDIA System Profiler
JetPack in some packages

Drivelnstall

50 <4NVIDIA.


http://developer.nvidia.com/nsight-systems
mailto:nsight-systems@nvidia.com

NSIGHT SYSTEMS

Upcoming features:
NVIDIA GPU Cloud (near future)
Future GPUs
Future CUDA Releases
Windows targets

Many more HPC and cluster features

51 NVIDIA.



DON’T MISS THESE PRESENTATIONS

: CUDA Kernel Profiling: Deep-Dive Into NVIDIA's Next-Gen Tools (Thursday 11:00AM)

: NVIDIA SDK Manager - Simplify Your Development Environment Setup
(Wednesday 3:30 PM)

: Introducing NVIDIA's New Graphics Debugger (Wednesday 4:00 PM)

: VMD: Biomolecular Visualization from Atoms to Cells Using Ray Tracing,
Rasterization, and VR (Thursday 11:00AM)

: Accelerating Molecular Modeling Tasks on Desktop and Pre-Exascale
Supercomputers (Monday 4:00PM)

Show floor demos available:

Tuesday 11-1 and 5:30-7:30; Wednesday 12-2 and 5-7; Thursday 12-2
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BACKUP



COMMAND LINE INTERFACE

usage: sp profile [<args>] [application] [<application args=]
args:
-y, --delay=
Collection start delay in seconds. Default is 0.

-d, --duration=
Collection duration in seconds. Default is 10 seconds.

-e, --env-var=
Set environment variable(s) for application process to be launched.
Environment variable(s) should be defined as 'A=B'. Multiple enwvironment variables can be specified as 'A=B,C=D'

-h, --help
This help message.

-n, --inherit-environment=
Inherit environment variables. Possible values are 'true' or 'false'. Default is 'true'.

-0, --output=
Output QDSTRM filename. Default is report#.qdstrm.

-5, --sample=
Select the entity to sample. Possible values are

cpu' or 'none'. Select 'none' to disable sampling. Default is 'cpu'.

-b, --backtrace=
select the backtrace method to use while sampling. Possible values are 'lbr', 'dwarf', 'fp', or 'none'.
Select 'none' to disable backtrace collection. Default is 'lbr'.

-w, --show-output=
If true, send target process’ stdout and stderr streams to both the console and stdout/stderr files which are added to the QDSTRM file.
If false, only send target process stdout and stderr streams to the stdout/stderr files which are added to the QDSTRM file.
Possible wvalues are 'true' or 'false'. Default is 'false'.

-t, --trace=
Select the API(s) to trace. Possible values are 'cublas', 'cuda', 'cudnn', 'nvtx', 'opengl', 'system', or 'none'.
Multiple APIs can be selected, separated by commas only (no spaces). If 'none' is selected, no APIs are traced.
Default is 'cuda,opengl,nvtx,system'.
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