Unlocking the GPU’s Full Potential:
Asynchrony and CUDA Streams
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Learn the notion of 2.2 Asynchrony as Learn the notion of 2.3 CUDA Streams as we overlap Learn the notion of 2.4 Pinned Memory as we
we overlap computation and IO to computation with memory transfers make memory transfers asynchronous

achieve 2x speedup
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Recap of Current State

* Copy previous data to CPU * |nvoke thrust::tabulate that reads previous
and write it to disk state and writes next one
r S Ry 2

thrust:tabulate

------------ {copy to host l{ write to disk }---[launck}[CPU waits doing notl«dng!}-
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*  Writing efficient heterogeneous program means utilizing all recourses, including CPU

ldle Resources

Under the hood, Thrust launches work on GPU and waits for it to finish (synchronous)

Can we find anything useful for CPU to do while GPU is busy?

------------ {copy to host l( write to disk }

f

tlarust::tabula‘te

GED GE) GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GEP GED GED GE GED GEP GEP GEP GEP GEP GEP GEP GEP GEP GEP GEP GE GEP GEP GEP GEP GEP GEP GED GED GED GED GED GED GED GED GED GED GED GED e e eane e WV A

| launch || CPU waits doing nothing! |-}-------
launch J{ g ! |
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Data Dependency

*  Write step reads host copy of previous state
* Compute step reads device copy of previous state

* So, there’s no dependency between the two

j * Meaning that CPU can spend time writing results on disk

* But that’d require splitting

= Thrust call into launch and
time
walit
compute J--- ________________
NN
Y
[ dnext ]
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Sorting

* cub::DevicelTransform
* cub::DeviceRadixSort

Types

e cub::FutureValue
* cub::DoubleBuffer

CUB

lterators

» cub::CacheModifiedInputlterator

» cub::CacheModifiedOutputlterator

( A(aphca\t?on

» fjj”

lbcu++

e —

rg CUDA Runtime

https://nvidia.github.io/cccl/cub
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Synchronous vs Asynchronous

* Thrust calls into another layer of CUDA Core Libraries called CUB
* Unlike Thrust, CUB is asynchronous (control flow doesn’t wait for algorithm to finish)

» To synchronize with all asynchronous work on GPU, Thrust uses cudaDeviceSynchronize

thrust:tabulate

l cub::Device Transform I l cudabevtceSyncL\ron?ze() l

launch woail

tTime

---------- computa T T T T T T T
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CUB is Asynchronous

Thrust

. . . B Thrust m CUB
auto begin = std::chrono::high_resolution clock::now();

thrust::tabulate(thrust::device, out.begin(), out.end(), compute);

auto end = std::chrono::high_resolution_clock::now();

m
CUB §
(D
auto begin = std::chrono::high_resolution clock::now(); §
auto cell_ids = thrust::make_counting_iterator(0); -
cub::DeviceTransform::Transform(cell _ids, out.begin(), num_cells, compute); §
)
Q.

auto end = std::.chrono::high resolution clock::now();

* CPU doesn’t wait for the transformation to finish before executingthe B8 _ o o
16777216 67108864 263435456

next instruction (recording end time)

elements

* That’s why CUB elapsed time doesn’t scale with problem size
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Explicit Device Synchronization

Thrust

. . . M Thrust m CUB
auto begin = std::chrono::high_resolution_clock::now();

thrust::tabulate(thrust::device, out.begin(), out.end(), compute);

auto end = std::.chrono::high_resolution clock::now();

CUB

auto begin = std::chrono::high_resolution_clock::now();
auto cell_ids = thrust::make_counting_iterator(0);

cub::DeviceTransform:: Transform(cell ids, out.begin(), num_cells, compute);

[Spuodas] awiy pasde|]

cudaDeviceSynchronize();

auto end = std::chrono::high resolution clock::now(): I I
cudaDeviceSynchronize B
* is part of CUDA Runtime 16777216 67108864 268435456

*  Dblocks until all work on GPU finishes slements
* Makes CUB version synchronous as well
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Synchronous vs Asynchronous

; thrust:tabulate -
------------ {copy}-( write to disk }---ﬁ[ CUB J[ wait
CPU
GPU * By using asynchronous CUB API along
------------------------------------------------ comput
i e with CUDA Runtime directly, we can
keep CPU busy with writing results on
-~ SPQQOQMP >
disk
............ (copy }(CUB | [ write to disk ) fwait)
CPU
S This should result in speedup
tTime
GPU

-------------------------- [ compute ]
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Exercise: Compute-10 Overlap

10 minutes
1. Replace thrust::tabulate

thrust::tabulate(

thrust::itabulate

____________ {copy}-( write to disk }--"[ CUB

], [ woit j %

thrust::device, out.begin(), out.end(),

CPU
compute); N
tTime =
GPU
with cub::Device Transform:: Transform
------------------------------------------------ compute e
\ A
auto cell 1ds =
thrust::make_counting_iterator(0); P sPeedup >
cub::DeviceTransform:: Transform |
. (copy)(CUB ) [ wribe o diak ) fwaitl
cell ids, out.begin(), num_cells,
| CPU
compute);
tTime >
GPU

2. Add cudaDeviceSynchronize after storing results on disk

to match scheme on theright ( compute

02.02-Asynchrony/02.02.02-Exercise-Compute-10-Overlap.ipynb
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Exercise: Compute-10 Overlap

Solution

* CUB returns control immediately without waiting for transformation to finish

thrust::copy(dprev.begin(), dprev.end(), hprev.begin());

for (int step = 0; step < steps; step++)

{
simulate(height, width, dprev, dnext); - = P void simulate(int width,
dprev.swap(dnext); Int height,
const thrust::device vector<float> &in,
j thrust::device vector<float> &out)
{
store(write, height, width, hprev): Il ...

auto cell ids = thrust::make counting_iterator(0);
cub::DeviceTransform:: Transform(

cell ids, out.begin(),

width * height,

compute);

J

cudaDeviceSynchronize();
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Exercise: Compute-10 Overlap

Solution

* CUB returns control immediately without waiting for transformation to finish

So, we must add cudaDeviceSynchronize explicitly

thrust::copy(dprev.begin(), dprev.end(), hprev.begin());

for (int step = 0; step < steps; step++)

{
simulate(height, width, dprev, dnext); - = P void simulate(int width,
dprev.swap(dnext); Int height,
const thrust::device vector<float> &in,
j thrust::device vector<float> &out)
{
store(write, height, width, hprev): Il ...

auto cell _ids = thrust::make_ counting iterator(0);
cub::Device Transform::Transform(

cell_ids, out.begin(),

width * height,

compute);

J

cudaDeviceSynchronize();
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Nsight Systems

= Timeline View
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Non-Local Residem Memaory

Processes 116)

Expert System View ~
) Settings

CUDA Async Memcpy mith Pageabie Memery

T Slomng APy use PAGE AR I memory which cavses ssynchronous CUDA memcpy cperations 1o Block ang be sescuing synchronoushy This acs %0 low GPU utizston
' SKPRED: (UsershnarfDownioad s VukanTrace sgl ke could not be
pravIed becase £ coes rol contan $he recureg COUDA cvia. Does the

Suggestion: If soplcable, use PINNED memory ratesd
apiicaton use CUDA runtirme APK?

* Nsight Systems provides system-wide view of GPU and CPU activities
* |t visually represents asynchronous compute and memory transfers

* |t allows us to visually identify optimization opportunities
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o

File Edit View Run

. -

BB / 02.02-Asynchrony |/

Name B
B8 Solutions

B Sources
W 02.02.01-Asynchro...

W 02.02.02-Exercise...
e [W] 02.02.03-Nsight.ip...

Kernel

Exercise: Profile Your Code with Nsight Systems

Tabs NVIDIA Nsight Settings Help

Modified

5 seconds ago
5 seconds ago
5 seconds ago

5 seconds ago

10 minutes

(7} Launcher 2

B + X OO » m C

Invcc --extended-lambda -o /tmp/a.out Solutions/compute-io-overlap.cu # build executable
. . /nsight-reports/compute-io-overlap /tmp/a.out # run and profile executable

[1]:
Insys profile -o

Collecting data...

compute + write
write
compute + write
write
compute + write
write

Generating '/tmp/nsys-

Generated:

/dli/task/02.02-Asynchrony/../nsight-reports/compute-io-overlap.nsys—-rep

02.02-Asynchrony/02.02.03-Exercise-Nsight.ipynb

02.02.03-Nsight.ipynb X

>

in
in
in
in
in
in

S

Code v

. 144594 s

.0377519 s

. 144425 s

.0368032 s

. 144422 s

.0371233 s
report-1fa3.qdstrm’

+

100%] compute-io-overlap.nsys-rep

# Python 3 (ipykernel) O =
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Exercise: Profile Your Code with Nsight Systems

: File Edit View Run Kernel Tabs NVIDIA Nsight Settings Help

7 + C Y ) Launcher

BB / 02.02-Asynchrony |/ B + X

o Name - Modified I 1] :
B8 Solutions 5 seconds ago
— @B Sources 5 seconds ago
W 02.02.01-Asynchro... 5 seconds ago
* W 02.02.02-Exercise... 5 seconds ago

e [W] 02.02.03-Nsight.ip...

Profile your app with nsys profile and store the report file

10 minutes

X

D 80 » = C

Invcc —-extended-lambda -o /tmp/a.out Solutions/compute-io-overlap.cu # build executable [F
. . /nsight-reports/compute-io-overlap /tmp/a.out # run and profile executable

Insys profile -o

Collecting data...

compute + write
write
compute + write
write
compute + write
write

Generating '/tmp/nsys-

Generated:

/dli/task/02.02-Asynchrony/../nsight-reports/compute-io-overlap.nsys—-rep

02.02.03-Nsight.ipynb X

>

in
in
in
in
in
in

S

Code v

. 144594 s
.0377519 s
. 144425 s
.0368032 s
. 144422 s
0371233 S
report-1fa3.qdstrm’

+

100%] compute-io-overlap.nsys-rep

# Python 3 (ipykernel) O =
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=

File

Edit View Run

= BENN - :

BB / 02.02-Asynchron

o Name -

BB Solutions

»

B8 Sources

e W] 02.02.0=-Nsight.ip...

02.02.01+-Asynchro...

02.02.0Z-Exercise...

Kernel

C

b ¢

Exercise: Profile Your Code with Nsight Systems

Tabs

\

5 secor
5 secor
5 secor

5 secor

Click “Connect to Nsight Tool Ul” in

NVIDIA Nsight

Settings Help
Profiling with Nsight Systems... | 02.02.03-Nsight.ipynb X | +
Profiling with Nsight Compute...
9 9 2 »» Code v # Python 3 (ipykernel) () =
Connect to Nsight Tool Ul
Run and proﬁ[e selected cells... ambda -o /tmp/a-OUt SOIUtionS/ComPUte-io-overlap- cu # build executable \l/ é ? i

./nsight-reports/compute-io-overlap /tmp/a.out # run and profile executable

Settings...
Go to NVIDIA Nsight Systems page %n 0.144594 s
in 0.0377519
Go to NVIDIA Nsight Compute page in 0.144425 s
NOW write 1 in 0.0368032
compute + write 2 in 0.144422 s
write 2 in 0.0371233

Generating '/tmp/nsys-report-1fa3.qdstrm’

Generated:

S

S

S

100%] compute-io-overlap.nsys-rep

/dli/task/02.02-Asynchrony/../nsight-reports/compute-io-overlap.nsys-rep

You you can’t get pass the “connecting to the
server”, consider refreshing the page

the “NVIDIA Nsight” tab
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Exercise: Profile Your Code with Nsight Systems

: File Edit View Run Kernel Tabs NVIDIA Nsight Settings Help

P + C Y [/} Launcher X | [W 02.02.03-Nsight.ipynb X <4 http://cuda-a10-64gb-535. X | + %
= NVIDIA Nsight Systems 2024.7.1 T
BB / 02.02-Asynchrony / View Tools Help
Q| name N Modified New Project Ctr+N B Project 1~ O
B8 Solutions 5 seconds ago multn-report e s Select target for profilin - 2
— B Sources 5 seconds ago port e You have the ip-10-0-1-37 (localhost) target available. Select
3 Select a target to see available options.
W 02.02.01-Asynchrg... 5 seconds ago Export... Ctri+E
9§ [% 02.02.02-Exercise|. 5 seconds ago Close Project 1 Ctri+w
: . ® Exit Ctrl+
e [ 02.02.03-Nsight.ip... now B HQ
(]
.'.) ! a i @ ifj @ a 9:13/2/55M o

Open Nsight Systems: File — Open...
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Exercise: Profile Your Code with Nsight Systems

File Edit View Run Kernel Tabs NVIDIA Nsight Settings Help

P % c Y (1 Launcher X % 02.02.03-Nsight.ipynb X <A http://cuda-a10-64gb-535. X  + o¢
= NVIDIA Nsight Systems 2024.7.1 v O X

BB / 02.02-Asynchrony |/ File View Tools Help

o Name - Modified Project Explorer “ Project 1 » ﬁ
; = Project 1 :

B8 Solutions 5 seconds ago Select target for profiling- (2

— B Sources 5 seconds ago You have the ip-10-0-1-37 (localhost) target available. Select
Select a target to see available options.

M 02.02.01-Asynchro... 5 seconds ago ) T T

% = 02.02.02-Exercise... 5 seconds ago Look in: #/home/ubuntu/Desktop/nsight-reports -l o 0 @ @ |E

e [ 02.02.03-Nsight.ip... @ Computer Name - Size Type Date Modified
LTIV B compute-io-overlap.nsys-rep 192.... KiB unknown 1/5/25 9:25 PM

File name: compute-io-overlap.nsys-rep «QOpen
Files of type: NVIDIA Nsight Systems reports, views and projects (*.nsys-rep *.qdrep *. - X Cancel

CcEeE e B © - BN O

Navigate to the report you just saved
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Exercise: Profile Your Code with Nsight Systems

File Edit View Run Kernel Tabs NVIDIA Nsight Settings Help

"

P 2 C Y (/1 Launcher X |[W 02.02.03-Nsight.ipynb X = compute-io-overlap.cu X <A http://cuda-a10-64gb-535. X + oa
= NVIDIA Nsight Systems 2024.7.1 AR AR
BB / 02.02-Asynchrony / Solutions / File View Tools Help
o Name i Modified Project Explorer * | Project 1 x <
= Project 1 = Timeline View - ®Qptions... ®a = 2x  ~1warning, 19 messages

[B async-copy.cu 10 minutes ago

o [ compute-io-overlap.cu now - Os O0.1s 02s 03s 04s 05s 0.6s ([wriE.8s 0.9s 1s 1.8 )28 0l 380148
< ; 100% Duration. 234.074 ms

. CPU (16)

3 copy-overlap.cu 10 minutes ago 0
i i Kernel
N Dadin TOmMiRGLE g0  CUDA HW (0000:00:1€. pemory ; I' ;
- Threads (9)
"/[1902]aout' .] | bS] e Bl Bl 1 ..1.llln_l
. . gEReaadianeedit,, sosoncs v R s e DIIII|THILILLOONIIIN o
OS runtime libraries .| fclose fclose - fclose

! !
| 1 |

|. n -] ]

| |CUDA profi...

5 .t 1 /o -
. & 4 b b s - . . . . - . .
= SRR R S L o0 = v - oo RIS . = o e - e
NN AN AR AL SRR AN AL A SR A AALS A e A AASL S RN AN BAAS i FAE SRS BAS SRR

Profiler overhead

-v[1921] cuda-EvtHar -

OS runtime libraries poll poll | poll poll } poll ( poll } poll 1 poll ‘ poll

Profiler overhead

(.
9:48PM

°? - & i % O ~ Tss

Click and drag to select a time region
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Exercise: Profile Your Code with Nsight Systems

File Edit View Run Kernel Tabs NVIDIA Nsight Settings Help

P 2 C Y (/1 Launcher X % 02.02.03-Nsight.ipynb X = compute-io-overlap.cu X <A http://cuda-a10-64gb-535. X  + oa
= NVIDIA Nsight Systems 2024.7.1 AR AR
BB / 02.02-Asynchrony / Solutions / File View Tools Help
o Name i Modified Project Explorer * | Project 1 x <
= Project 1 = Timeline View - ®Qptions... ®a = 2x  ~1warning, 19 messages

[B async-copy.cu 10 minutes ago

- [ compute-io-overlap.cu now - Os 01s 02s 03s 04s 05s 06s 0./7s 08s 0.9s 1s 1.1s 128 1.3s 1.4s
J— ; 1000/0 Duration. 234.074 ms

3 copy-overlap.cu 10 minutes ago * CPU (16) 0
: i Kernel
N Ddih TOTERINENES S90  CUDA HW (0000:00:1€. pemory .' l’ '
- Threads (9)
OS runtime libraries .| fclose fclose .| fclose
| ¥ |
H
|
Filter and Reorder Shift+F

Profiler overhead UICUDA proﬁ...] Filter and Zoom in

.10 100% . il - | | Zoom into Selection Shift+Z

-v[1921] cuda-EvtHar -

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
R R R N R NSNS N R

OS runtime libraries poll poll | poll | |poll | pe '

Profiler overhead

(-

CEH B E @ e

Click “Filter and Zoom in”
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Exercise: Profile Your Code with Nsight Systems

: File Edit View Run Kernel Tabs NVIDIA Nsight Settings Help

P r C v (7} Launcher X W 02.02.03-Nsight.ipynb X = compute-io-overlap.cu X | <4 http://cuda-a10-64gb-535. X | + o

=3 NVIDIA Nsight Systems 2024.7.1 ST i

BB / 02.02-Asynchrony / Solutions / File View Tools Help

o Name - Modified Project Explorer Sl I EE MRl compute-io-overlap.nsys-rep -

= Project 1

ST : . N : e = :
compute-io-overlap.n.. Timeline View @ Options... 2X 1 warning, 19 message?
Os - s +500ms +520ms +540ms +560ms +580ms +600ms +620ms +640ms +660ms +680ms +/00ms +720ms

100%
[ copy-overlap.cu 10 minutes ago » CPU (16) A

* (Y dli.h 10 minutes ago

[ async-copy.cu 10 minutes ago

e [ compute-io-overlap.cu now

HW name: NVIDIA A10G
» @Bus location: 0000:00:1e.0

» 6.0% Memory
NVTX (CCCL)

- Threads (9)

OS runtime libraries ] writev | fclose
CCCL

» CUDA API

Profiler overhead

(-

.'.) . n i ‘ e 9:1‘}2/55M [

Unfold “CUDA HW” to see more details on what GPU is doing
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Exercise: Profile Your Code with Nsight Systems

10 minutes

Look around the timeline of Desktop/nsight-reports/compute-io-overlap.nsys-rep to identify:

* when GPU compute is launched .
* when CPU writes data on disk .
: File Edit View Run Kernel Tabs NVIDIA Nsight Settings Help
P + C Y 7} Launcher X | [W 02.02.03-Nsight.ipynb

BB / 02.02-Asynchrony / Solutions /

o Name -

File View Tools Help

Project Explorer
= Project 1
‘compute-io-overlap.n...

Modified

10 minutes ago

Sl 25 M Bl compute-io-overlap.nsys-rep

= Timeline View

[y async-copy.cu

- = 0Options...

—8 [ compute-io-overlap.cu now - — Os  0.1s

[ copy-overlap.cu » CPU (16)

* (D dli.h

10 minutes ago 0

: Kernel
10 minutes ago * CUDA HW (0000:00:1€. pemory

- Threads (9)

-v[1902] a.out -

OS runtime libraries
CCCL

» CUDA API

when CPU waits for GPU

when data is transferred

= compute-io-overlap.cu X <A http://cuda-a10-64gb-535. X + o¢
NVIDIA Nsight Systems 2024.7.1 LT o "
=

| |CUDA profi...

@ Q 2X 1 warning, 19 messaqges

0.2s 0.3s 0.4s 0.5s 0.6s 0.7s 0.8s 0.9s 18 1.1s Rt 1.3s 148 T

e —

fclose .. fclose fclose

| i
cudaMal... :

Filter and Reorder Shift+F

Profiler overhead

Filter and Zoom in

02.02-Asynchrony/02.02.03-Exercise-Nsight.ipynb
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Exercise: Profile code with Nsight

Solution

compute

FOJalllS eme 1tO60Ms  +565ms  +5/0ms  4+5/5ms | +580ms  +58ms  +590ms | +59ms =~ +600ms =~ +605ms =~ +610ms = +46l5ms = +620ms = = +625ms = +630ms == +635ms

GPU

CPU

fopen64 ' writev fclose

.
l
e cudaDeviceSynchronize
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Exercise: Profile code with Nsight

Solution

compute

£330MS ... +560ms +565ms +570ms +575mMs..... +580ms +385MS 0 £590MS o EDODMS 0 A000mS o H605MS . +61.0MmS o A6 1DMS 0 A620mS 0 =620 MS 0 +630mS o E630mS

A XL XXX XXX XXXXXXXXXXIIXIIIXILLL

-_____________________________.n

CPU — _L }fopen64 writev fclose _L R ———

Iaunch wait

* Algorithms are now asynchronous

* Synchronization with GPU is now explicit
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Exercise: Profile code with Nsight

+555ms  +560ms  +565ms  +570ms  +575ms  +580ms  +585ms = +590ms +595ms +600ms +605ms +610ms  +615ms  +620ms = +625ms = +630ms = +635ms

GPU

CPU [ fopen64 ' writev fclose | '

o o e e e e e e e e e e e e e, e, e, e, e, e e e e e -
T . cudaDeviceSynchronize
write

* Algorithms are now asynchronous
* Synchronization with GPU is now explicit

* Compute on GPU now overlaps writing on CPU 2% SAnvIDIA I



Synchronous vs Asynchronous

Synchronous

ms . +64pms . +669ms . +689ms . +709ms . +729ms . +749ms . +76pms . +789ms . +809ms . +829

GPU 1 |

[fope...I writev I fclose

CPU |

Asynchronous
)ms | +580ms | +600ms | +620ms | +640ms | +660ms | *  Qur simulation has enOugh
e
GPU compute to fully overlap IO
*  This makes version with compute
[fopen641 writev I fclose .
/ 10 overlap almost twice as fast

CPU (i
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NVIDIA Tools Extension (NVTX)
https://github.com/NVIDIA/NVTX

* |nspecting Nsight report for a complex application can be intimidating

* NVTX allows you to create custom ranges in Nsight Systems from code

int main()

{

for (int write_step = 0; write_step < write_steps; write_step++)

{

nvtx3::scoped range r{std::string("write step ") + std::to_string(write step)}:

fopen64 | writev ” fclose
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Exercise: Use NVTX

8 minutes

* Use nvix3::scoped range to annotate copy, compute, write, and wait steps

* Profile your application with Nsight Systems and locate specified ranges

int main()

{

for (int write_step = 0; write_step < write_steps; write_step++)

{

nvtx3::scoped range r{std::string("write step ") + std::to_string(write step)}:

fopen64 | writev fclose

02.02-Asynchrony/02.02.04-Exercise-NV T X.ipynb 9 SINVIDIA I



Exercise: Use NVTX

Solution

Os - 3  +690ms +695ms +700ms +705ms +710ms +715ms +720ms +725ms +730ms +735ms +740ms +745ms  +750ms +755ms  +760ms

Kernel
~ CUDA HW (0000:51:00. Memory

» 95.3% Kernels

» 4.7% Memory -
GPU  wvx

CCCL

~ Threads (8)

- [3541197)aout OO

OS runtime libraries | fopen64 | writev l —— |

CPU

CCCL

- cupa P -

* Now all the steps are much easier to locate
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CUDA Streams

* Observe how compute unnecessarily waits for copy to finish

* Fortunately, there’s cudalMemcpyAsync, that can make copy

asynchronous as well
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CUDA Streams

» cudaMemcpyAsync is the magic behind thrust::copy
* Warning:
* Not type-save

cudaError_t cudaMemcpyAsync(
*  QOperates in bytes not elements

void* dst, —— Destination memory address
*  Explicitly specified copy direction
const void*  src, —» Source memory address
* Asynchronous errors are easy to miss
size t count, —P  Sjze in bytes to copy
CudaMemcpyKind kind CudaMemcpyHostToHost

) cudaMemcpyHostToDevice

cudaMemcpyDevice ToHost

cudaMemcpyDevice ToDevice
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CUDA Errors

*  What kind of error does cudalMemcpyAsync return?

* The error can be caused any prior asynchronous operation

___________ [ Nauneh ]_ _l launeh ) _gasync copy J_____ cudaError_t cudaMemcpyAsync(

void*® dst,

!
'
§
§
\
'
!

const void*  src,

\ ' size t count,

3 ¢ e cudaMemcpyKind kind
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CUDA Streams

* In this setup, cudaMemcpyAsync wouldn’t give us any speedup

* All the submitted work is ordered on GPU

— - . J

/

-
------------ £ [asyv\c_copy} 7H
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CUDA Streams

* This ordering of operations on GPU is called cudaStream

* When you don’t specify a stream, default one is used

GED GE) GED GED GED GED GED GED GED GED IR e oS GAY GED GED GEP GEP GEP GEP GEP GEP G GEP TGP T 2o

GPU

cudaStreom
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CUDA Streams

* We can have more than one stream

* QOperations on different streams can be l L\Prev |
A -

executed concurrently

\
\

\

/, — 'l' T A N\
------------------------------ - {QSVV\C COPV]"‘{ % lau V\Cl’\ I [Wa;t | Wr;te
/ \_
" Y

y
.///'/"!."15’ -~ -ili, \ ‘
»
.1

GPU

compute <stream ---_1..

COPV <stream ---_. %/
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Operations on Streams

cudaStream t copy_stream, compute stream;

I Construction I Destruction
cudaStreamCreate(&compute stream); cudaStreamDestroy(compute stream);
cudaStreamCreate(&copy_stream); cudaStreamDestroy(copy_stream);

I Synchronization

cudaStreamSynchronize(compute stream); * Waits until all preceding commands in the stream have completed

cudaStreamSynchronize(copy_stream); * More lightweight compared to synchronizing the entire GPU
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Usage of CUDA Streams

CUDA Runtime CUB CuBLAS
cudaError t cudaError t cublasStatus t
cudaMemcpyAsync( cub::Device Transform:: Transform( cublasLtMatmul(
void® dst, Iteratorin input, cublasLtHandle t lightHandle,
const void®  src, IteratorOut output, cublasLtMatmulDesc t computeDesc,
size t count, int num items, const void *alpha,
cudaMemcpyKind kind, TransformOp op, const void *A,
cudaStream t stream =0 cudaStream t stream =0
); ); cudaStream t stream

*  Majority of asynchronous CUDA libraries accept cudaStream t
* The idea is that you’ll likely want to overlap their APl with:

* memory transfers,

*  host-side compute or |10,

* or even another device-side compute!
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CUDA Streams

cudaStream t copy stream, compute_ stream,;

cudaStreamCreate(&compute_stream); Create copy and compute streams
cudaStreamCreate(&copy stream);

/...

cudaMemcpyAsync(hprev_ptr,
dprev_ptr,
num_cells * sizeof(float),
cudaMemcpyDevice ToHost,
copy_stream);

for (int step = 0; step < steps; step++)

{

simulate(width, height, dprev, dnext, compute_stream);
dprev.swap(dnext);

J

cudaStreamSynchronize(copy_stream);

store(write_step, height, width, hprev);
cudaStreamSynchronize(compute_stream);
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CUDA Streams

cudaStream t copy stream, compute_ stream,;
cudaStreamCreate(&compute stream);
cudaStreamCreate(&copy stream);

/...

cudaMemcpyAsync(hprev_ptr,
dprev_ptr,
num_cells * sizeof(float),
cudaMemcpyDevice ToHost,
copy_stream);

Copy device vector to host using asynchronous
cudaMemcpyAsync on copy stream

for (int step = 0; step < steps; step++)

{

simulate(width, height, dprev, dnext, compute stream);
dprev.swap(dnext);

J

cudaStreamSynchronize(copy_stream);

store(write_step, height, width, hprev);
cudaStreamSynchronize(compute_stream);
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CUDA Streams

cudaStream t copy stream, compute_ stream,;
cudaStreamCreate(&compute stream);
cudaStreamCreate(&copy stream);

/...

cudaMemcpyAsync(hprev_ptr,
dprev_ptr,
num_cells * sizeof(float),
cudaMemcpyDevice ToHost,
copy_stream);

for (int step = 0; step < steps; step++)

{

simulate(width, height, dprev, dnext, compute_stream); Launch CUB transform on compute stream
dprev.swap(dnext);

J

cudaStreamSynchronize(copy_stream);

store(write_step, height, width, hprev);
cudaStreamSynchronize(compute_stream);
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cudaStream t copy stream, compute_ stream,;
cudaStreamCreate(&compute stream);
cudaStreamCreate(&copy stream);

/...

cudaMemcpyAsync(hprev_ptr,
dprev_ptr,
num_cells * sizeof(float),
cudaMemcpyDevice ToHost,
copy_stream);

for (int step = 0; step < steps; step++)

{

CUDA Streams

[

L\zv

A

\
N\
\
\

'
!

GPU

compute stream

copy stream

simulate(width, height, dprev, dnext, compute stream);

dprev.swap(dnext);

J

cudaStreamSynchronize(copy_stream);

store(write_step, height, width, hprev);
cudaStreamSynchronize(compute_stream);

%async copy]: ,/:if[ lau nck} -{wait ](X write

s

Synchronize copy stream before reading host vector
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CUDA Streams

cudaStream t copy stream, compute_ stream,; [ horev ]
cudaStreamCreate(&compute_stream); K A

cudaStreamCreate(&copy_stream); ({ y
““““““““““““““““ 1 async COP(/]:/’" ~[|aunc|f\}-»[wait ](l write

/] ... CPU /

s

cudaMemcpyAsync(hprev_ptr, GPU
dprev_ptr, compute stream
num_cells * sizeof(float),
cudaMemcpyDevice ToHost,
Copy_Stream); copy stream

for (int step = 0O; step < steps; step++) { " buffer )

{

simulate(width, height, dprev, dnext, compute_stream);
dprev.swap(dnext);

J

cudaStreamSynchronize(copy_stream);

store(write step, height, width, hprev);
cudaStreamSynchronize(compute_stream); Synchronize compute stream before starting the next step
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CUDA Streams

cudaStream t copy_stream, compute stream;
cudaStreamCreate(&compute stream);
cudaStreamCreate(&copy_stream);

/...
copy stream .. { ________
cudaMemcpyAsync(hprev ptr, y
dprev_ptr, ’
num_cells * sizeof(float), e e N
cudaMemcpyDevice ToHost, [ olprev j< ---------
copy_stream); Next call to compute will
a | write into dprev which
for (|nt Step — O, Step < Steps; Step++) copy could be still rea\o(mg
{
simulate(width, height, dprev, dnext, compute stream);
dprev.swap(dnext); '
] ®
cudaStreamSynchronize(copy_stream); * This code has a data race!

store(write_step, height, width, hprev): Different streams execute their operations out of order

cudaStreamSynchronize(compute_stream);
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CUDA Streams

thrust::copy(d_prev.begin(), d_prev.end(), d_buffer.begin());
cudaMemcpyAsync(htemp_ptr, dbuffer_ptr, num_bytes, cudaMemcpyDevice ToHost, );

for (int step = 0; step < steps; step++)

{

simulate(width, height, dprev, dnext, compute_stream),
dprev.swap(dnext);

J

* Most problems can be solved with another level of indirection
e Let’s:

* Allocate a device buffer

e Copy dprev into it in compute stream

e Start asynchronous copy from this buffer to hprev
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Evaluating D2D Copy Overhead

GPU

PCI-e

o
32%
GB/s
: 100%* é ; 1000%* ;
= GB/s < GB/s
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Exercise: Overlap Compute and Copy

15 minutes

» Use cudaMemcpyAsync instead of thrust::copy

* Put compute and async copy on different streams

* Profile resulting code with Nsight Systems [ hprev ]\

.............................. (asgne <opy) /| (lounch) (wait) ([ write ) fwa)} -

/
!

GPU

cow\pute <streoam 1.\ ..t ... ]

[ buffer ]

02.03-Streams/02.03.02-Exercise-Async-Copy.ipynb
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Exercise: Overlap Compute and Copy

Solution

cudaStream t copy stream, compute stream;

cudaStreamCreate(&compute_stream); Create compute and copy streams
cudaStreamCreate(&copy stream);

thrust::host_vector<float> hprev(height * width);

thrust::.copy(d_prev.begin(), d prev.end(), d buffer.begin());
cudaMemcpyAsync(thrust::raw_pointer cast(htemp.data()),
thrust:.:raw_pointer cast(dbuffer.data()),
num_cells * sizeof(float), cudaMemcpyDevice ToHost,
copy_stream);

for (int compute_step = 0; compute_step < compute_steps; compute step++)

!

simulate(width, height, dprev, dnext, compute_stream),
dprev.swap(dnext);

J

cudaStreamSynchronize(copy_stream);
store(write step, height, width, hprev);

cudaStreamSynchronize(compute_stream);
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Exercise: Overlap Compute and Copy

Solution

cudaStream t copy_stream, compute_ stream;
cudaStreamCreate(&compute stream);
cudaStreamCreate(&copy_stream);

thrust::host vector<float> hprev(height * width);

Synchronously copy into the

thrust::copy(d_prev.begin(), d_prev.end(), d_buffer.begin()); staging buffer

cudaMemcpyAsync(thrust::raw_pointer cast(htemp.data()),
thrust::raw pointer cast(dbuffer.data()),
num_cells * sizeof(float), cudaMemcpyDevice ToHost,
copy_stream);

for (int compute step = 0; compute_step < compute_steps; compute_ step++)

f

simulate(width, height, dprev, dnext, compute_stream);
dprev.swap(dnext);

J

cudaStreamSynchronize(copy_stream);
store(write_step, height, width, hprev);

cudaStreamSynchronize(compute_ stream);
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Exercise: Overlap Compute and Copy

Solution

cudaStream t copy_stream, compute_ stream;
cudaStreamCreate(&compute stream);
cudaStreamCreate(&copy_stream);

thrust::host vector<float> hprev(height * width);

thrust::copy(d_prev.begin(), d_prev.end(), d_buffer.begin());
cudaMemcpyAsync(thrust::raw_pointer cast(htemp.data()), Asynchronously copy from
thrust::raw_pointer cast(dbuffer.data()),
num_cells * sizeof(float), cudaMemcpyDevice ToHost,
copy_stream);

staging buffer into host vector in
the copy stream

for (int compute step = 0; compute_step < compute_steps; compute_ step++)

f

simulate(width, height, dprev, dnext, compute_stream);
dprev.swap(dnext);

J

cudaStreamSynchronize(copy_stream);
store(write_step, height, width, hprev);

cudaStreamSynchronize(compute_ stream);
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Exercise: Overlap Compute and Copy

Solution

cudaStream t copy_stream, compute_ stream;
cudaStreamCreate(&compute stream);
cudaStreamCreate(&copy_stream);

thrust::host vector<float> hprev(height * width);

thrust::copy(d_prev.begin(), d_prev.end(), d_buffer.begin());
cudaMemcpyAsync(thrust::raw_pointer cast(htemp.data()),
thrust::raw_pointer cast(dbuffer.data()),
num_cells * sizeof(float), cudaMemcpyDevice ToHost,
copy_stream);

for (int compute_step = 0; compute_step < compute steps; compute_ step++)

{
simulate(width, height, dprev, dnext, compute stream); Launch compute on compute stream
dprev.swap(dnext);

J

cudaStreamSynchronize(copy_stream);
store(write_step, height, width, hprev);

cudaStreamSynchronize(compute_ stream);
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Exercise: Overlap Compute and Copy

Solution

cudaStream t copy_stream, compute_ stream;
cudaStreamCreate(&compute stream);
cudaStreamCreate(&copy_stream);

thrust::host vector<float> hprev(height * width);

thrust::copy(d_prev.begin(), d _prev.end(), d_buffer.begin());
cudaMemcpyAsync(thrust::raw_pointer cast(htemp.data()),
thrust::raw_pointer cast(dbuffer.data()),
num_cells * sizeof(float), cudaMemcpyDevice ToHost,
copy_stream);

for (int compute step = 0; compute_step < compute_steps; compute_ step++)

f

simulate(width, height, dprev, dnext, compute_stream);
dprev.swap(dnext);

J
cudaStreamSynchronize(copy_stream); Wait for copy on the copy stream to finish
store(write_step, height, width, hprev); before reading the data

cudaStreamSynchronize(compute_ stream);
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CUDA Streams

|-567l.2msl : l+567l.6msl . : +5618ms l+568l.2msl : l+5681.6msl . . +5619ms l+569.2msl . l+56q.6msl : . +5710ms .+57Q-2m5. . _+57Q.6msl . . +5711ms .+571.-2m5. . _+571.6msl . l +57l2ms .+572.-2m51

* D2D copy is close to no overhead compared to D2H

* Regardless, there’s something wrong with the profile

* Transformation doesn’t start before copy finishes
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Virtual Memory at a Glance

Disk

* Virtual memory consists of pages

* Any page can end up on disk, unless it

was locked or pinned
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Virtual Memory at a Glance

* GPU can only read from pinned memory!

*  But then, how does cudalMemcpyAsync work?
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Virtual Memory at a Glance

* Transfers from pageable memory work through a

staging buffer in pinned memory

* Hence, transfers from pageable memory take longer

and hinders asynchrony

* Fortunately, we can use pinned memory with

thrust::universal host pinned vector
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Exercise: Use Pinned Memory

5 minutes

v » Use thrust::universal host pinned vector to allocate

host vector in pinned memory

* Profile your application after the change

* Locate device-to-host copy and identify if it is being

overlapped with compute

02.04-Pinned-Memory/02.04.02-Exercise-Copy-Overlap.ipynb
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Exercise: Use Pinned Memory

Solution

cudaStream _t copy stream, compute stream;
cudaStreamCreate(&compute stream);
cudaStreamCreate(&copy_stream);

thrust::universal _host pinned_vector<float> hprev(height * width);
cudaMemcpy(thrust::raw_pointer_cast(dbuffer.data()),

thrust::raw_pointer cast(dprev.data()),
num_cells * sizeof(float), cudaMemcpyDevice ToDevice);

Os-ns +766.5ms +766.7ms +766.9ms +767.0ms +767.3ms +767.5ms +767.7ms +767.9ms +768.1ms +768.3ms +768.5ms +768.7ms _  +768.9ms  +769.1ms _  +769.3ms

- CUDA HW (0000:51

» [All Streams]

» 50.9% Stream 13

» 49.1% Stream 14

» 0.0% Default strec

~ Threads (7)

~ [43598] playgrour

OS runtime librar
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Takeaways

Prefer asynchronous programming model: thrust:tobulote R
* to overlap memory transfers
------------ {copy}-{ write to disk }-—m[ CUB ][ wait
* to overlap CPU and GPU computation
CPU
» or even different GPU computations
GPU
------------------------------------------------ compute
N\
-~ Speeo(up >
------------ {copy}[ CUB }--[ write to disk }-[waitw---------------------------------------
CPU
time >
GPU

-------------------------- ( compute ]"""--""""-"""""""""""""
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Takeaways

Prefer asynchronous programming model: B Thrust m CUB
e to overlap memory transfers
e to overlap CPU and GPU computation

e or even different GPU computations

m

S
i

Use CUB for —
3

* asynchronous general-purpose parallel algorithms o
S
O
o

CUB B

auto begin = std::chrono::high_resolution clock::now();

auto cell _ids = thrust::make_counting_iterator(0); -

cub::DeviceTransform::Transform( - - o

16777216 67108864 268435456

cell_ids, out.begin(), num_cells, compute);

elements

auto end = std::chrono::high_resolution_clock::now();
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Takeaways

Prefer asynchronous programming model:
e to overlap memory transfers
e to overlap CPU and GPU computation

e or even different GPU computations

Use CUB for

e asynchronous general-purpose parallel algorithms

Use NVIDIA Nsight Systems:
* to profile your code

* identify opportunities for optimization

* visualize asynchronous execution

* use NVTX to simplify profiling

61 <ANVIDIA I



Takeaways

Prefer asynchronous programming model: Use cudaStream t:
e to overlap memory transfers * to enable asynchronous execution with CPU and other
streams

e to overlap CPU and GPU computation

e or even different GPU computations

l herev l

A

4
Y \

Use CUB for 7 I ‘

7 3
------------------------------ -{async copyj-/n "[lGMV\CL\}“[WQ;t ]{ write
e asynchronous general-purpose parallel algorithms 2 A
CPU l‘
R |8 E ~.
time -~
Use NVIDIA Nsight Systems: GPU
e {tO peri|e your code cow\pu‘te stream | compute --------------
e identify opportunities for optimization /
e visualize asynchronous execution copy stream copy D2H y 7

e use NVTX to simplify profiling
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Takeaways

Prefer asynchronous programming model: Use cudaStream t:
e to overlap memory transfers e to enable asynchronous execution with CPU and other
streams

e to overlap CPU and GPU computation

e or even different GPU computations Use cudaMemcpyAsync:

* to make memory copies asynchronous with respect to CPU
Use CUB for

e asynchronous general-purpose parallel algorithms

cudaError_t cudaMemcpyAsync(

Use NVIDIA Nsight Systems: void* dst, — Destination memory address
e to profile your code |
const void*  src, —» Source memory address
e identify opportunities for optimization
e visualize asynchronous execution size_t count, — % Sizein bytes to copy
e use NVTX to simplify profiling cudaMemcpyKind kind _E: cudaMemcpyHostToHost

);
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Takeaways

Prefer asynchronous programming model: Use cudaStream t:
e to overlap memory transfers e to enable asynchronous execution with CPU and other
streams

e to overlap CPU and GPU computation

e or even different GPU computations Use cudaMemcpyAsync:

e to make memory copies asynchronous with respect to CPU
Use CUB for

e asynchronous general-purpose parallel algorithms Use pinned memory to:

* to make copy from and to device asynchronous

Use NVIDIA Nsight Systems: » make copy from and to device faster

e to profile your code

e identify opportunities for optimization

e visualize asynchronous execution

e use NVTX to simplify profiling
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Break

10 minutes
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