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WHY REBALANCE?

GPU Motivation: Performance Trends
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BECAUSE PERFORMANCE MATTERS

DELIVERING MOST OF THE NEW COMPUTING
PERFORMANCE

NVIDIA GPUs Share of New FLOPS
on Top 500 Systems

2017 2018
Tesla P100 Tesla V100




HOW?
NSIGHT SYSTEMS & NSIGHT COMPUTE

> Nsight Systems

~ Focus on the application’s algorithm - a
unique perspective

~ Rebalance your application’s compute cycles Workflow
across the system’s CPUs & GPUs
' Start Here

Systems

> Nsight Compute
| ~ CUDA kernel profiling

Compute Graphics
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NAMD - NANOSCALE MOLECULAR DYNAMICS

25 years of NAMD
50,000+ Users

Awards: 2002 Gordon Bell, 2012 Sidney
NAMbD colar Dynamics FEIFNDACH

Solving Important Biophysics/Chemistry
Problems

Focused on scaling across GPUs - Biggest
Bang for Their Compute $
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NAMD & VISUAL MOLECULAR DYNAMICS
COMPUTATIONAL MICROSCOPE

Enable researchers to investigate systems at the atomic scale

NAMD - molecular dynamics simulation
VMD - visualization, system preparation and analysis
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NAMD OVERVIEW

Simulate the physical movement of
atoms within a molecular system

Atoms are organized in fixed volume
patches within the system

Forces that move atoms are
calculated at each timestep

After a cycle (e.g. 20 timesteps), atoms
may migrate to an adjacent patch

Performance measured as ns/day - the
number of nanoseconds of simulation that
could be calculated in one day of running
the workload (higher is better)
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PARALLELISM IN MOLECULAR DYNAMICS
LIMITED TO EACH TIMESTEP

Computational workflow of MD Update about 1% of
lterate for billions of time steps coordinates computational work

Initialize =% coordinates forces, coordinates

Force about 99% of
calculation computational work



TIMESTEP COMPUTATIONAL FLOP COST

90% — short-range non-bonded forces

5% — long-range PME electrostatics

force
calculation 2% — bonded forces
2% — corrections for excluded interactions
update

o . . .
COordinates_( 1% — numerical integration

Start applying GPU acceleration to most expensive parts
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BREAKDOWN A WORKLOAD




v

Inreaas (13)

¥ V| [4465] namd2 -

NVIDIA TOOLS EXTENSION (NTVX) AP

+68.45ms

19s

3 195 68.45668ms [RESEATnE

OS runtime libraries

NVTX

CUDA API

v

4

v

v

integrate 3 [73.862 ps)
submitReductions [13.848 ps] 0

| newtonianV...

integrate 1: 347 [5.393 ps]

B
—

submitCollections
Begins: 19.0685s

Ends: 19.0685s (+255 ns)
Thread: 4465

’_

Instrument application behavior

~ Supported by all NVIDIA tools
Insert markers, ranges
Name resources

> OS thread, CUDA runtime

Define scope using domains

void Wait(int waitMilliseconds)

S S
nvthameOsThread(“MAIN”);

nvtxRangePush(__ FUNCTION_ );
nvtxMark(>"Waiting...");
Sleep(waitMilliseconds);
nvtxRangePop();

}

int main(void)

{

nvtxNameOsThread( "MAIN");
nvtxRangePush(___FUNCTION_ );
Wait();

nvtxRangePop();

}
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NAMD ALGORITHM SHOWN WITH NVTX

Timeline View - 2~ 1x Al warning, 17 messages
5s 10s 15s 20s 25s 30s -
» CPU(12)

~ Threads (13)

> Z OO m O u t v v [1816] NAMD masterPe ~

0S runtime libraries
v NVTX

moleculeConstructor [15.379 s]

I O | oot o 00 | S o 0 o

[Default] I
- oy ol
> Distinct !

v Vv [1834]namd2 ~

P h ases Of 0S runtime libraries

¥ NVTX

|
NAMD (et e o v
Charm++ ( J idle [16.657 s] ) 4 ]O

Become CUDA API
Visible ~ v/ [1833] namd2 -

0S runtime libraries

v NVTX
[Default]

|
- Ill L ) 1. ) 0 ) 0 0

f idie[16.6575] ]O
I | Jv‘

[/
[ / J/
I,A
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NAMD CYCLE

= Timeline View v Pix LF Al warning, 17 messages
22.6s 22.8s 23s 23.2s 23.4s 23.6s 23.8s 24s -

0S runtime libraries
¥ NVTX

- Zoom In I l:n W O , O OO OO WO O O . O . OO . .U WOt N O A o | B8 |
EEm® + A H L B L b N B L 4N W Lo oa koL o@D

T e PP

Charm++
CUDA API

| =M [ 1} . |

Profiler overhead

v |v| [1831] namd2 ~ : _— Atom
- 20 - ' Migration

) etaut 15,0 0 0 NN L NN OO NN . N O O, L. N O OO
Tlmesteps chame-+ JEES® & b i A B Lok 0 B L AN o oWk bR 0 @)

CUDA API

followed . icome.

0S runtime libraries

b Ato m 7 threads hidden I I I
y ~ CUDA (TITAN V, 0000:01:00.0) s - & m;m- e . - - - ' il = o = . A =R R . = o~ i -
. . ~ Stream 15 = I - A &= & & == =B B =B = & 8B = & = & & = = - I ,I
Mlgratlon b Kemels @, @ @ e 0@ 0@ 0 6 8 0@0 B8 0 .
»  Memory I - . Lo 1 - 1. .o PR - - P - P . L. - ' Lo Lo I LI
»  NVTX
- Stream 16 | T T T TR TS SR TR ST TR SRS, TR S TR S U S TR S T | w|
»  Kernels ] . i 1 L I ] . | ] 1 1 | 1 ] I b 1 [ 1 '
»  Memory I - a . d o I u - a - b Fi a o L 4 A Fi & 4 I l.l.l
~ Stream 14 b d =t # & + + +a = [ e r
b Kemels I N . J . J ! : | N I I
»  Memory - a L a3 L aa - u e L
. 1 T L d L d 1 l d i L
4 ’ »
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ONE NAMD TIMESTEP

= Timeline View v > 1x C ‘ Al warning, 17 messages

22s +770ms +780ms +790ms +800ms +810ms

+830ms -~

0S runtime libraries

¥ NVTX

» Zoom In (et

Charm++
CUDA API

2197 patch calculate

v Vv [1831]namd2 ~

05 runtime libraries UpR dates B forces

¥ NVTX

et 0 0 0 ) T A G O, o esnfcomputesonea_ i, AR wa vl
Charm++ I m

CUDA API

» V| [1830] namd2 ~

II IIIIIIIIIII]IIIIIIIIIIIII]IIIIIIIIIIIII]]IIIIIIIIIIIIII]IIIIIIIIIIIII]]IIIIIIIIIIIII]IIIIIIIIIIIIIIIIIIIIIIIII]IIIIIII=I [ II AEEEEEEE NIRRT ] 1 ] 1 [ [ ] 1 ] [] 1 (N1}
7 threads hidden...

I- -—
» Kernels . l . .
-

»  Memory I a .
NVTX X - . A
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TIMESTEP - SINGLE PATCH

= Timeline View - 2 1x

19s +376.24ms +376.25ms +376.26ms +376.27ms +376.28ms +376.29ms +376.3ms

» CPU(12)
~ Threads (13)

v v [1816] NAMD masterPe ~

OS runtime libraries T I . ) 0 . .
¥ NVTX

[Default] , -

Charm++

CUDA API

» Zoom In

~ Patches are implemented as user-level threads

A\ 1 warning, 17 messages
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v

v

v

User

Instrumentation
API Tracing

Backtrace
Collection

Custom Data

Mining

Nsight Compute
Integration

NSIGHT SYSTEMS

(> ] NVIDIA Nsight Systems 2019.3.0

File View Help

test-cno-100us-300.qdrep X%

£ Timeline View

v v [1834] namd2 ~

0S runtime libraries
v NVTX

[Default)

Charm++
CUDA AP1

v v [1833] namd2 ~

0S runtime libraries
v NVTX

[Default]

Charm++
CUDA API
Stream 14
Memory
Memory
Kernels

Kernels

CUDA (TITAN V, 0000:01:00.0)

Stream 15
Kernels
Memory
Stream 16

1x A\ 1 warning, 17 messages
+360ms +380ms +400ms +440ms +460ms +480ms +500ms +520ms |+

(11 fp-—)lpth... [pthr... | [pthread_...

NN R Y GG B ICT) [

- ooot | AMOMMNGY NURERRII N NONROT COORDMOS C-O

O e

1] pth...||pthr...| |pthread_,

e AT AR 1O G UG (1 EURSEERN T T T T

Bottom-Up View ~ | Process [1816] namd2 (6 of 13 threads)

Symbol Name

» CedCallBacks

» CcdRaiseCondition

» CmiGetNonLocal

» CsdScheduleForever

» Sequencer::submitHalfstep(int)

-
-
-
w i~
‘ »
| Filter...  98.22% (1,043,114 samples) of data is shown due to applied filters. Searcl
Self, % = Module Name -
18.68 /home/rknight/namd/Linux-x86_64-g++/namd2
18.30 /home/rknight/namd/Linux-x86_64-g++/namd2
14.16 /home/rknight/namd/Linux-x86_64-g++/namd2
7.14 /home/rknight/namd/Linux-x86_64-g++/namd2
5.70 /home/rknight/namd/Linux-x86_64-g++/namd2
5.07 /home/rknight/namd/Linux-x86_64-g++/namd2 -

» Sequencer::submitReductions(int)

Ll

»
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APl TRACING

> Process stalls on file I/O wh1le waltmq for 160ms mmap64 operatmn

+550ms ms +650ms +700ms +750ms +800ms -
»  CPU (80)

¥ Processes (41)
v (@) [63] python
v  Threads (12)

E———

11—

MI

[ mmap64

OS runtime libraries

CuDNN
CuBLAS

» Thread communicates over socket

| socket | | connect | | read | |—\ [—| \

write I
Begins: 72.7716s

> APIs: CUDA, cuDNN, cuBLAS, OSRT (OS RunTime), -
OpenGL, OpenACC, DirectX 12, Vulkan*® * Available in next release

18 <ANVIDIA.



SAMPLING DATA UNCOVERS CPU ACTIVITY

£ Timeline View -

18s +470ms
INVIA 5

CUDA API

Profiler overhead

Filter By
Selection

4

V| [22262] NAMD masterPe ~

OS runtime libraries b d

shows a specific m— . Lt

CUDA API g

thread’s activity

Profiler overhead

» [22270] namd2 ~
4

| Bottom-Up View Process %

T Filter.. | 0.00% (5 samples)

Blocked State

Backtrace
shows the path
leading to an OS
runtime library call

Symbol Name
v ComputereCUDA :sendAtoms()
~ ComputePmeCUDA:doWork()

~ WorkDistrib:enqueueWorkC(LocalWorkMsg*)

v CkDeliverMessagefree

v _processHandler(void*, CkCoreState*)
~ CsdScheduleForever
[Max depth]

CdsFifo_Pop
~ CsdNextMessage
+ CsdScheduleForever
Mav denthl

,-._l

+480ms ' +490rns ) +50‘Orns

Filter By

Selectlon

262] namd2 (1 of 13 threads)
f data is shown due to applied filters. Time filter: 18.50 to 18.50 (0.00 seconds or 0.0%).
Self % ~ Module Name

; /home/rknlght/namd/Llnux x86 64-g++/namd2
8000 /home/rknight/namd/Linux-x86_64-g++/namd2
80.00 /home/rknight/namd/Linux-x86_64-g++/namd2
80.00 /home/rknight/namd/Linux-x86_64-g++/namd2
80.00 /home/rknight/namd/Linux-x86_64-g++/namd2
8000 /home/rknight/namd/Linux-x86_64-g++/namd2
80.00 [Max depth]

20.00 /home/rknight/namd/Linux-x86_64-g++/namd2
20.00 /home/rknight/namd/Linux-x86_64-g++/namd2
20.00 /home/rknight/namd/Linux-x86_64-g++/namd?2
20 NN IMav denthl

Blocked State

Backtrace

l Waltlng (with callchain)

Call stack at 18.497s:
libpthread-2.23.s0!__pthread_mutex_lock
namd2!PmeAtomStorage:addAtoms_(...)
namd2!ComputePmeCUDADevice:recvAtoms(...)
namd2!ComputePmeCUDA:sendAtoms()
namd2!ComputePmeCUDA::doWork()
namd2!WorkDistrib::enqueueWorkC(...)
namd?2!CkDeliverMessagefree
namd?2!_processHandler(...)
namd2!CsdScheduleForever
namd?2!CsdScheduler
namd2!ScriptTcl:run()
namd?2!after_backend_init(...)
namd2!main
libc-2.23.s0!_libc_start_main
namd?2!_start

19
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REPORT NAVIGATION DEMO
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CUSTOM DATA MINING Find Needles

> nsys-exporter®
QDREP->SQLite
» Use Cases

» Qutlier
Discovery

> Regression
Analysis

~ Scripted
Custom
Report
Generation

* Available in next release

of Data
Kernel Statistics - all times in nanoseconds
minimum maximum average kernel
1729557 5347138 2403882.7 nonbondedForceKernel
561821 631674 581409.6 batchTranspose xyz yzx kernel
474173 574618 489148.1 batchTranspose xyz zxy kernel
454621 593402 465637.6 spread charge kernel
393470 676060 420914.9 gather force
52288 183455 116258.2 bondedForcesKernel

The longest nonBondedForceKernel is at
nonbondedForceKernel 35.453s on GPU1, stream 133
duration start
5347138 35453528745 133 7 1
5245934 39527523457 132 8 0
5076271 41048810842 132 8 0 21 <INVIDIA



KERNELSTATS SCRIPT .
?SQthe

#!/bin/bash
sqlite3 SDB "ALTER TABLE CUPTI_ACTIVITY_KIND_KERNEL ADD COLUMN duration INT;"
sqlite3 SDB "UPDATE CUPTI_ACTIVITY_KIND_KERNEL SET duration = end-start;"

// add duration column, set duration column’s value

sqlite3 SDB "CREATE TABLE kernelStats (shortName INTEGER, min INTEGER, max INTEGER, avg
INTEGER);"

sqlite3 SDB "INSERT INTO kernelStats SELECT shortName, min(duration), max(duration),
avg(duration) FROM CUPTI_ACTIVITY_KIND_KERNEL GROUP BY shortName;"

/] create new table, insert kernel name IDs, min, max, avg into it

sqlite3 -column -header SDB SELECT min as minimum, max as maximum, round(avg,1) as
average, value as kernel FROM kernelStats INNER JOIN Stringlds ON Stringlds.id =
kernelStats.shortName ORDER BY avg DESC;“

// print formatted min, max, avg, and kernel name values, order by descending avg 2. CANVIDIA



NSIGHT COMPUTE INTEGRATION

4y tnreaas niaaen..

~ CUDA (Tesla V100-SXM2-32GB, 0 & pumr

~ Stream 132 b g T— .
~ Kernels g [ nonbondedForceKernel ]I

» nonbondedForceKernel &

Analyze the sele

cted kernel with NVIDIA Nsight Compute

23 kernel groups hidden.
»  Memory f— i )
calcNonBondedF Fit to screen
NVTX

Undo Zoom (36)
Reset Zoom

s Pin row

» Stream 141
» Stream 126

1 stream hidden.

o2}
(1]
wn

CUDA AP
48 threads hidden. ® NVIDIA Nsight Compute

o
~ CUDA (Tesla V100-SXM2-32GB. 0 e Please install NVIDIA Nsight Compute and then run this command

v Stream 132 * - on the target system to analyze the selected kernel:
J
~ Kernels = ] - nv-nsight-cu-cli -k nonbondedForceKernel -s 16 -c 1 'Jusr/local/
» nonbondedForceKernel & N namd/bin/namd2' --SOAintegrate on +p40 +setcpuaffinity +idlepoll

+devices 0,1,2,3,4,5,6,7 stmv_nve_cuda.namd

23 kernel groups hidden.

 Memory -
—
NVTX %

» Stream 141 —
» Stream 126

23 <ANVIDIA.



DATA COLLECTION

‘(ﬁ»)&

Host Target

Host — Target
Remote Collection

rknight @RKNIGHT-WS: ~

rknight@RKNIGHT-WS:~$ nsys launch -t cuda,nvtx,osrt
Jusr/local/namd/bin/namd2
nity +idlepoll +devices 0,1

--osrt-threshold 100000

Command Line Interface

No root access required
Works in Docker containers

Interactive Mode
Supports cudaProfilerStart/Stop

APIs

--beginEventStep 1010 --endEventStep 1070 +p40 +setcpuaffi
Yo

24  <ANVIDIA.



What about NAMD...

Profiling Simulations of
Satellite Tobacco Mosaic Virus (STMV)
~ 1 Million Atoms

25 <ANVIDIA.



V2.12 TIMESTEP COMPUTATIONAL FLOP COST

90% — short-range non-bonded forces

5% — long-range PME electrostatics
force 0 g g GPU
calculation 2% — bonded forces CPU
2% — corrections for excluded interactions
update

o . o .
Coordinates_( 1% — numerical integration



NAMD V2.12

Profiling STMV with nvprof - Maxwell GPU Fully Loaded

I I \ \ I [l | I | | | I I | \ | I | \ | I I
| | |
| | [ nersonded " [Vt~ vt ) e i [ TS Ve n | e[Vt [ R Wl a = | [ mon o n [ ven [vedn |
I a1 i

d rom

i - .
L

U re el voic-]

e 1 17 Bl

| void nonbondedForceKernel<bool=0, bool=1, bool=0, bool=0, bool=0, bool=0, bool=0, bool=1>(int, int, TileList const *, TileExcl*, i...



bonded force NAMD VZ. 1 2

and exclusion Volta GPU Severely Underloaded
calculations

")

| = Timeline View

£1x O .&w
Os +720ms +750ms +760ms +770ms +780ms +790ms =
v ¥ [954] NAMD masterPe =
LT 11} w1 11 1L HITININOOND 1T 1 IHEI HER [LL1] 11 [INTRTI] [T [INL L] [LITL T} [ 1 1] 1 11 [ 111 ] I T
OS runtime libraries

¥ NVTX

[Default] L — e = = e = = = =

CUDA (Tesla V100-SXM3-32GB, 00 =#*

T 1Y

]
I T B L - ~ 2 e O= =
22.7ms i
Bottom-Up View ~ | Process [954] namd2 (44 of 44 threads)

Functions Events
1 Filter... 150,433 samples are used.

Symbol Name

CUDA (Tesla V100-SXM3-32GB, 00 =*

K

Search...

Self, % ~ Module Name
10.63 /usr/local/namd/bin/namd2

PCQueuePop 8.71 /usr/local/namd/bin/namd2 b O n d e d
forces and

ExclElem::computeForce(ExclElem*, int, double*, double*)

CcdCallBacks

DihedralElem::computeForce(DihedralElem*, int, double*, double*)
Sequencer:submitHalfstep(int)

8.34 /usr/local/namd/bin/namd2
6.44 /usr/local/namd/bin/namd2
5.93 /usr/local/namd/bin/namd?2 .
AngleElem::computeForce(AngleElem*, int, double*, double*) 5.55 /usr/local/namd/bin/namd2 eXCI u S I O n S
Sequencer:submitReductions(int) 5.11 /usr/local/namd/bin/namd2 0

3.17 /usr/local/namd/bin/namd?2 25 . 8 A)

v v v v v v v w

BondElem::computeForce(BondElem*, int, double*, double*)

28 <A NVIDIA.



NAMD PERFORMANCE

GPUs Architecture V2.12
Nanoseconds/Day

1 Maxwell 0.65

1 Volta 5.34619
2 Volta 5.45701
4 Volta 5.35999
8 Volta 5.31339

Volta (2018) delivers ~10x performance boost relative to Maxwell (2014)

Failure to scale is caused by unbalanced resource utilization

29
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V2.13 TIMESTEP COMPUTATIONAL FLOP COST

90% — short-range non-bonded forces

5% — long-range PME electrostatics

force
calculation 2% — bonded forces
2% — corrections for excluded interactions  Gpu
update o .. : CPU
coordinates —( 1% — numerical integration



NAMD V2.13

Moving all force calculations to GPU shrinks timeline gap

= Timeline View -

v W [1347] namd2 =

OS runtime libraries
v NVTX
[Default]
Charm++

CUDA API
v ¥ [1342] namd2 =

OS runtime libraries
¥ NVTX
[Default]
Charm++
CUDA API

Profiler overhead

CUDA (Tesla V100-SXM3-32GB, 00

CUDA (Tesla V100-SXM3-32GB, 00

-~ 1x & 1 warning, 18 messages

2s| +450ms +460ms +470ms +480ms +490ms +500ms +510ms +520ms =

ﬁ
|

| ... @ 1 b T L

dle [56...  idle [6.124 ms] | 00 ([ idle722ms] | [idle [5587 .| (lidle [5.451 ... (idle [5.957 ms])

. e, @ ML ! IR | T .
dle [5.5... 0 (idle 7.451 ms] | (i..] [idle [3..) (lidle [5.269 ... idl..) [idle [3...]

v‘
4

31 < NVIDIA.



NAMD PERFORMANCE

V2.12 V2.13

Nanoseconds/Day | Nanoseconds/Day
(% Gain vs 2.12)

1 5.34619 5.4454 (1.2%)
2 5.45701 5.97838 (9.5%)
4 5.35999 7.49265 (39.8%)
8 5.31339 7.55954 (42.3%)

32 <ANVIDIA.



NEXT TIMESTEP COMPUTATIONAL FLOP COST

90% — short-range non-bonded forces

5% — long-range PME electrostatics

force
calculation 2% — bonded forces
2% — corrections for excluded interactions
update

o C .
coordinates_( 1% — numerical integration GPU

CPU



Symbol Name

NAMD NEXT

Bonded Kernel Optimization

Self, % - Module Name

Sequencer::submitReductions_SOA()
Sequencer::submitHalfstep_SOA()

CmiWallTimer
HomePatch::doMarginCheck_SOA()

»
»
» Sequencer::addForceToMomentum_SOA(double, double, double, double, int)
»
»
»

Ox7ffe51ffee2f

ComputeBondedCUDA::finishPatchesOnPe()

19.01 /Projects/dhardy/namd/Linux-x86_64-icc-smp-CUDA_devel/namd2
16.59 /Projects/dhardy/namd/Linux-x86_64-icc-smp-CUDA_devel/namd2
6.40 /Projects/dhardy/namd/Linux-x86_64-icc-smp-CUDA_devel/namd2
5.55 /Projects/dhardy/namd/Linux-x86_64-icc-smp-CUDA_devel/namd2
4.18 /[Projects/dhardy/namd/Linux-x86_64-icc-smp-CUDA_devel/namd2

3.86 [vdso]

» CmiGetNonLocal
» ComputePmeCUDA::sendAtoms()
» CcdCallBacks

Host-side post-
processing of
bonded forces
still a significant
bottleneck

JProjects/dhardy/namd/Linux-x86 64-icc-smp-CUDA devel/namd2
3.52 /Projects/dhardy/namd/Linux-x86_64-icc-smp-CUDA_devel/namd2,
2.93 /Projects/dhardy/namd/Linux-x86_64-icc-smp-CUDA_devel/namd2
2.42 /Projects/dhardy/namd/Linux-x86_64-icc-smp-CUDA_devel/namd2

+484ms +485ms +486ms +487ms
fl i 1 f

Charm++

[2240] namd2 ~

0S runtime libraries
NVTX
[Default]
Charm++
CUDA API

[2236] namd2 ~

0S runtime libraries
NVTX
[Default]
Charm++
CUDA API

[2243] namd2 ~

0S runtime libraries
NVTX
[Default]
Charm++

CUDA (Tesla V100-5XM3
CUDA (Tesla V100-SXM3 s gmmr o=

Cache locality
optimized - type
conversion on GPU,
loop rearranged

ns/day gain 0%
Not on critical path.
Will be future benefit
in multi-GPU
environment.
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= Timeline View

v W [56171] namd2_nc¢~

OS runtime libraries
v NVTX
[Default]
Charm++
CUDA API

v W [56177] namd2_nc¢ ~

OS runtime libraries
v NVTX

[Default]

Charm++
CUDA API

Os

NAMD NEXT

CPU integrator causing bottleneck

Pix [ A\ 1 warning,

+210ms +220ms +230ms +240ms

S D | (O e (D (| (Dee| (D ) (3

1 o MM -
|

b S compute. 1 NN O m 1T 1% of Computation 1S oW
e 5] ~50% of timestep work.

o Amdahl’s Law strikes again.

CUDA (TITAN V, 0000:04
Stream 22

Kernels

Stream 23

Kernels

Kernels

Stream 21

%4 % 0 0 %

_- S o R— Data parallel calculation for GPU!
N
@ o
‘- ) . — 35 <A NVIDIA.



CPU
vectorization
improvements

NAMD NEXT

Integrator Development Phases

Manageable Changes

l Validate Each Step
CUDA
integrator }
per patch CUDA
integrator '
per CPU core CUDA integrator
per system

(upcoming)

IIIIIII



NAMD NEXT

Integrator - Phase 1

CPU vectorization - arrange data into SOA (structure of arrays) form

E Timeline View v 2~ 1x Ax 1 warning, 18 messages

1s
CUDA API

.
W)
oo
w
7]
"
w
o
@
.
W)
O
w
7
i
7
i
S
7
n
=
@
»

[9140] namd2_de\ ~

wixo b W B . S

- [9127] namd2_de\ ~

__{ computeBon... il NN MM

wix o emowe L LS A i G

[9130] namd2_de\ ~

. computeBonded_Fin... NN WM

OS runtime libraries

NVTX G L AT 0 0 M 0000 0 NN 000000 20 2 SR L. vvoviuun.. .. fcomputeBonded Fin...\YIRNRINN A

CUDA API
CUDA (TITAN V, 0000:04 s gur

Speedup calculated via custom SQL-based script, NVTX ranges
Speedups: 26.5% for integrate SOA 2, 52% for integrate SOA 3
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NAMD NEXT

Integrator - Phase 2

Per Patch Integrator Offload - Zoom In

| £ Timeline View > | & Ix ; ; Ai warning, 18 messages
25s +30ms +35ms +40ms +45ms +50ms +55ms +60ms +65ms +70ms &
{1 R i Fi Py RPN S W dhir . P T : rS S i s gz HK rc ey PN
OS runtime libraries pthread_mutex... | pthrea... |pthre...|| pthread_mutex_lock | |pthr...|/pthre...| |pthread_mutex_lock || pthread_mutex_lock | pthread_mutex_lock | | pthread_mutex_lock
NVTX

CUDA API

Profiler overhead

Memory TranSfer Hell ~ V| [14613] namd2_devel ~ ! é ! ! i i ! 1' ! H J | i H ! H H g H H 3 g

1
( i P U l I n d e ru t.i l.ized OS runtime libraries ... ||pthre...| | pthre... | pthread_mutex_lock || pthr... | |pthre...| pthread_m... |  pthread_mutex_lock | pthread_mutex_lock | | pthread_mutex_lock | |pthre...| pthread_mutex_lock | |pthread_mut..
_1:2130[1 375 [11.769 ms]

NVTX

Each Kernel Handles

Profiler overhead

~ 500 atoms 23 threads hidden...

- —
1

. ~ CUDA (TITAN V, 0000:04:00.0; - E— S——————— e e et n e e e e B e

STMV includes 1M atoms - oeurswema f et et bl e R Rl T S it B
>  Kernels

~ Memory o R O S e o A e e R T T R R N D ot e R 2 e e B U o e O 5 (i
Memset

DtoH memcpy
DtoD memcpy

2200 more streams P 50 e
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NAMD NEXT

Integrator - Phase 3

Per CPU Core Integrator Offload - Zoom In

Improved GPU Utilization
Each Kernel Handles
~33K atoms
STMV includes 1M atoms

GPU timeline

filling with integrator work

» CPU (96)
~ Threads (44)

v V [1455]namd2 ~

0S runtime libraries
¥ NVTX
[Default]
Charm++
CUDA API
Profiler overhead

v [1448] namd2 ~

0S runtime libraries
»  NVTX

CUDA API

Profiler overhead

+805ms +810ms +815ms +820ms +825ms +830ms +835ms +840ms +845ms =

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

— L

||||||||||||||||||||||||||||

o M Cpuy Utilization
E— Drops Dramatically

||||||||||||||||||||||||||||||||||||||||||

L ORRRRERRRD RED [ ]
\ (et [ [I I b [I Jp-p... \ [pthread_m.. \ [pt...[p..

NN TITTIRET
[TTHN] 11 1 ‘ ; 1 L 1 Iilllllllllllllllllllll [T 1 (TN TN 1 1 1 1
.
CUDA (Tesla V100-SXM3 — - I .. .A_._E,{_i; e lad B il Ll 1 1
Stream 130 P g . 4, _J:
Stream 131 * — —
Stream 52 R —
—_PPEETS hidden. * EN— TR ORI Y B RPT POT N I TP IS
e i ssimlecs o o - 4l L_J 5 1. M| . .
CUDA (Tesla V100-5XM3 T ————py T T datedde g olste s statltas; 45k . e i
Stream 129 ’f -:_!
Stream 132 * — ——
41 streams hidden. = T T—————— T T el atoabie o alead b o oAbl olas 5 452 i
4 »
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NAMD NEXT

Integrator - Phase 3

Small Memory Copy Penalties

S ll £ Timeline View | & e 4\ 1 warning, 15 1
I I Ia I I Iel I Iory 25s +988.48ms +988.5ms +988.52ms +988.54ms +988.56ms +988.58ms PLCREEANE g +988.62ms +988.64ms
T TUr T
L_________________________________________________________________________________________LLL et LR
L]
copy operations =~ oo e

> NVTX

should be avoided =«
by grouping data - wiewewx ==

¥ Stream 26

together e

»  Memory
» Stream 25

v Stream 23 - o ——

Improve memory - ... _-W
access

HtoD memcpy

DtoH memcpy O
performance by @ s s 5
> Stream 19 Ends: 25.9886s (+1.184 us)
. : . DtoH memcpy Memcpy 8 b;
u S] n P j_ n n e d S e Source memory kind: Degfice
» Stream 17 = Destination memory kinfll: Pageable
» Stream 21 == Throughput: 6.75676 Mi

m e m O ry 4 Correlation ID: 237265
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NAMD PERFORMANCE

A/ NEXT
Nanoseconds/Day | Nanoseconds/Day | Nanoseconds/Day

(% Gain vs 2.12) | SOA +
Integrator Phase 3
(% Gain vs 2.12)

1 5.34619 5.4454 (1.2%) 4.1451 (-22.5%)
2 5.45701 5.97838 (9.5%) 5.76149 (5.6%)
4 5.35999 7.49265 (39.8%) 7.11889 (32.8%)
8 5.31339 7.55954 (42.3%) 8.10406 (52.5%)

Integrator Phase 3 Optimization

Development In Progress
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NAMD NEXT

What? Charm++ Runtime
using 21.3% on
gettimeofday ()!

Replace with x86_64
RDTSC instruction, avoid

unnecessary calculations.

» CPU(96)
¥ Threads (50)

» V| [2585] namd2 -

» V| [2582] namd2 -~

» ¥ [2566lnamd?2 -
CUDA (Tesla V100-SX

CUDA (Tesla V100-SX
CUDA (Tesla V100-SX
CUDA (Tesla V100-SX
CUDA (Tesla V100-SX
CUDA (Tesla V100-SX
CUDA (Tesla V100-SX
CUDA (Tesla V100-SX

L T Y

0.2s 0.3s 0.A4s 0.5s

L b B PR BN P o AN R SO A At B o Pt o IS S BE U O R R
L bt B 0K 0 B A el Dl il ) o il N oM B LR SRR R ol 2D B
¥ Iy A -y Ty ¥ e gl o B B\ BELoW BN D AN iy BN s B0 RS )
Py CryEFEr re-X L TP " YT 7Y rerer YTy
¥ F¥ YR TT TR X T CEN Y - N Y -Ee X
' By yry.ry Br I i YR %2 ey TN YR ¥R
PP -FEN-TT N-F.-F = TR N _Yop epe-yg ¢y .7
n . e, L ] P I PO R | plcalin S5 O 06 I OS] o b A GRS e iR, Cad S

Bottom-Up View -~ | Process [2557] namd?2 (48 of 50 threads)

1 Filter.. = 99.06% (144,828 samples) of data is shown due to applied filters.

Symbol Name
» CmiWallTimer
v Ox7ffd93f24979
v Ox7ffd93f24e41
» CmiWallTimer
[Max depth]

Self, % ¥ Module Name
11.43 /usr/local/namd/bin/namd? G——————
10.66 [vdso]
9.88 [vdso]
9.87 /usr/local/namd/bin/namd? C—
0.74 [Max depth]
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NAMD NEXT

Charm++ Runtime Lock Optimization

0 NVIDIA Nsight Systems 2019.1.0

File View Help

Project 1 @l 1GPU-cno-100us.qdrep X test-cno-100us-121.qdrep X

£ Timeline View -

» CPU (96)
¥ Threads (43)

> [1639] namd2 -~

OS runtime libraries
¥ NVIX
[Default]
Charm++
CUDA API

v [1627] namd2 ~

OS runtime libraries
¥ NVTX
[Default]
Charm++
CUDA API

.4 [1629] namd2 -~

OS runtime libraries
v NVTX
[Default]

Charm++

0s +405ms

~1Ix ft

+410ms +415ms +420ms +425ms

M Os 429.41ms

+435ms

& 1 error, 1 warning, 17 messages
+440ms +445ms =

Replace pthread_mutex_lock with
pth read_spi n_lock.

pthread mutex_lock
\ comput... Begins: 0.428938s .u
=3k Ends: 0.430372s (+1.434 ms)

oo

R

il 11100 i

OOEOCL

CUDA (Tesla V100-SXM3-32GB,

43
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NAMD PERFORMANCE

V2.12
Nanoseconds/Day

5.34619
5.45701
5.35999
5.31339

V2.13
Nanoseconds/Day
(% Gain vs 2.12)

5.4454 (1.2%)
5.97838 (9.5%)
7.49265 (39.8%)
7.55954 (42.3%)

NEXT
Nanoseconds/Day
SOA+Runtime
(% Gain vs 2.12)

6.7032 (25.4%)
7.24473 (32.8%)
8.95371 (67.0%)
9.26881 (74.4%)

Integrator Phase 3 Optimization
Development In Progress

44
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NAMD SUMMARY

Nsight Systems guides development process
Estimated best case performance: 10 to 12 nanoseconds/day (single GPU)

Data transfer activity constraining performance

CUDA integrator
CPU minimizing data
vectorization ! transfer with
Improvements CUDA overlapped
integrator ! computation

per patch CUDA I
integrator

per CPU core

nnnnnnn



COMMON OPTIMIZATION OPPORTUNITIES

CPU Single GPU

Thread Synchronization Memory operations - blocking,

. serial, unnecessary
Algorithm bottlenecks starve

the GPU(s) Too much synchronization -

. device, context, stream,
Multi GPU default stream, implicit

Communication between GPUs CPU GPU Overlap - avoid

. excessive communication
Lack of Stream QOverlap in

memory management, kernel
execution

nnnnnnn



NSIGHT PRODUCT FAMILY

Nsight Systems - Analyze application

algorithm system-wide Workflow
Nsight Compute - Debug/optimize CUDA ' Start Here
kernel
Systems

Nsight Graphics - Debug/optimize
graphics workloads

Compute Graphics

nnnnnnn
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THANK YOU!

Visit us at the NVIDIA booth for a live demo!

Download latest public version
https://developer.nvidia.com/nsight-systems

Also available in CUDA Toolkit (v10.1 and later)

Forums: https://devtalk.nvidia.com

Email: nsight-systems@nvidia.com




DEVELOPER TOOLS AT GTC19

Talks
S9345: CUDA Kernel Profiling using NVIDIA Nsight Compute
S9661: Nsight Graphics - DXR/Vulkan Profiling/Vulkan Raytracing

S9751: Accelerate Your CUDA Development with Latest Debugging and Code Analysis
Developer Tools

S9866: Optimizing Facebook Al Workloads for NVIDIA GPUs
S9339: Profiling Deep Learning Networks

Demos of DevTools products on Linux, DRIVE AGX, & Jetson AGX at the showfloor
Wednesday @12-7

Thursday @11-1

50 NVIDIA.
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DEMO BACKUP
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CORRELATE ACTIVITY

£ Timeline View . Pix U - A 1 warning, 18 message
18s 8 185 525.860ms SrAduS +526.2ms +526.4ms +526.6ms +526.8ms +52.7ms +527.2ms +527.4ms +527.6ms +527 8ms 2
CUDAAPI : ' ' ' Wi : : LA

Profiler overhead

v |V [22276] namd2 ~

0S runtime libraries

omputePMECud

NVTX
oeas) g
CUDA API < Selectlng one

Profiler overhead Call to spread_charge_kernel h ig h I ig hts

B Kernel launcher

Begins: 18.5259s both cause

Ends: 18.5259s (+19.762 ps)

ORMmE bes Kernel name: spread_charge_kernel an d effe ct : i .e.

v V| [22262] NAMD masterPe -

NVTX Return value: 0
GPU: TITAN V, 0000:01:000 dependency
CUDA API Stream: 14

Profiler overhead dtency 120 s anaIYSIS

Correlation ID: 867

V| [22266] [NS] ~

» V| [22267] CUPTI worker thread ~

CUDA (TITAN V, 0000:01:00.0) ) g

Stream 14 ) 4 '

Kernels b d | spread_charge_kernel
spread_charge_kernel b d spread_charge_kernel
e 3 computePMECuda [2.886 ms]
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FINDING A CORRELATION

£ Timeline View - 2 1x
18s &2 18, 52&86(‘ P 526ms +526.2ms +526.4ms +526.6ms +526.8ms +527ms +527.2ms +527.4m +527.6ms +527 8ms

CUDA API W) - B W

Profiler overhead
v V| [22276] namd2 -

OS runtime libraries

NVTX omputePMECuda [14.0...

CUDA API €

Profiler overhead Call to spread_charge_kernel

M Kernel launcher
v v [22262] NAMD masterPe ~ Begms: 18.5259s
) I Ends: 18.5259s (+19.762 ps)
OS runtime libraries Kernel name: spread_charge_kernel
NVTX Return value: 0
GPU: TITAN V, 0000:01:00.0
CUDA API Stream: 14
SEI SIEa Latency: 1.626 ms—
e Correlation ID: 867
V| 12226 = G

» V| [22267] CUPTI worker thread ~

CUDA (TITAN V, 0000:01:00.0)
Stream 14

Kernels [ spread_charge_kernel

| spread_charge_kernel

spread_charge_kernel

computePMECuda [2.886 ms]

NVTX

4 b
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