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CPU ATOMIC RMWS

thread O

atomic_fetch _add(a, ...)

N\

Thread 0 attempts atomic
operation on a and locks cache line

d

(locked)
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CPU ATOMIC RMWS

thread O thread 1
atomic_fetch add(a, ) atomic_fetch _add(a,
Thread 1 attempts atomic
operation on a and has to w ait
a
(locked)
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CPU ATOMIC RMWS

thread O thread 1

atomic_fetch _add(a, ...) atomic_fetch _add(a,

N

Thread 0 finishes atomic
operation and releases lock
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CPU ATOMIC RMWS

thread O thread 1

atomic_fetch _add(a, ...) atomic_fetch _add(a,

/

Thread 1 performs atomic
operation on location a
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CPU ATOMIC RMWS

« CPU atomic read-modity-
write instructions (RMW5s)
have a well-defined
performance profile
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CPU ATOMIC RMWS

« CPU atomic read-modity-
write instructions (RMWs)

Each thread accessing one atomic location,_no padding:

have a well-defined
performance profile
Threads needing access

73.14 atomic ops/microsecond

orefer to lock cache lines

Threads

Array of atomic ints
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CPU ATOMIC RMWS

« CPU atomic read-modity-
write instructions (RMWs)
ha\/e d Wel | _deﬂ ned Every 4 threads accessing each location, no padding:
performa Nce prOﬂ |e 40.89 atomic ops/microsecond
 Threads needing access
orefer to lock cache lines -
* RMW throughput is hurt by N 7Z———
threads contending for same "2 ——
location
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CPU ATOMIC RMWS

CPU atomic read-modity-
write instructions (RMW5s)
have a well-defined

387.74 atomic ops/microsecond

Each thread accessing one atomic location, padded to cache line size:

performance profile
Threads needing access
prefer to lock cache lines —_—
RMW throughput is hurt by
threads contending for same
ocation

RMW throughput is helped
py locations padded out to
cache line size

AR

Array of atomic ints |
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2024

CPU ATOMIC RMWS

CPU atomic read-modity- | - |
) ] _ Each thread accessing one atomic location,_no padding:
write instructions (RMWs) 73.14 atomic ops/microsecond
have a well-defined
performa nce pro'me Every 4 threads accessing Eac: location,_no padding:
. 40.89 atomic ops/microseconc
Threads needing access
prefer tO |OC|< CaChe ||neS Each thread accessing one atomic location, padded to cache line size:

RMW throughput is hurt by 387.74 atomic ops/microsecond
threads contending for same

ocation
RMW throughput is helped Live demo of CPU atomics:
)Y locations padded out to devon.engineering/epiphron-web

cache line size
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https://devon.engineering/epiphron-web

Padding

2024

187.68

108.45

4

Contention

CPU ATOMIC RMWS

350

200

250

200

150

Atomic Operations per Microsecond

100

s Live demo of CPU atomics:
devon.engineering/epiphron-wep
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https://devon.engineering/epiphron-web

CPU ATOMIC RMWS

108.45

350

200

Threads
250

200

Contention: 1
Padding: 1

Array of atomic ints

150

Atomic Operations per Microsecond

100

T > : 8 16 Live demo of CPU atomics:
Contention devon.engineering/epiphron-web
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Padding

2024

187.68

108.45

Contention

CPU ATOMIC RMWS

350

300
Threads

250

Array of atomic ints

200

150

Atomic Operations per Microsecond

100

Live demo of CPU atomics:
devon.engineering/epiphron-wep
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https://devon.engineering/epiphron-web

Padding

2024

108.45

4

Contention

CPU ATOMIC RMWS

350

200

Threads
250

200 Array of atomic ints

150

Atomic Operations per Microsecond

100

s Live demo of CPU atomics:
devon.engineering/epiphron-wep
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» GPU compute becoming increasingly
critical
« GPUs provide a high degree of
concurrency
GPU SYNCHRONIZATION ° Heavily concurrent algorithms require
synchronization
* GPU synchronization comes in the
form of two major primitives:
* Atomic Instructions
* Barriers
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GPU ATOMIC PERFORMANCE CHARACTERISTICS

« GPU atomic performance

varies greatly across L] ]| ] Sopenten:s
devices Arayof tomic s
 GPU atomics sensitive to veats

several performance T e

. . Array of atomic ints [T 1T 1T 1
characteristics
e Contention Threacs

° Paddmg ‘ \\\\\\\ ngéedr:g;nz

» Thread access patterns ™
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VULKAN MICROBENCHMARKING SUITE

Contiguous access Cross-warp

Warpr ) ( Warpr ) (( warpr ) [ wapr ) * Contiguous access:
EnmE EmE - chunking threads within
[T 1] [T
\. J J N\ /X / V\/arpS
[ I I I I ) RURT
P — FR— Cross-warp: striding
R andom access threads across warps
(Contetion = e ) (warer . Random aCCess:
T - distributing threads to
*Warp, wav efront, . | J - I_; atOm|C |OCaJ[IOﬂS
SIMD group, etc. %
— N - — randomly

Array of atomic ints
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VULKAN MICROBENCHMARKING SUITE

L]
// Atomic Fetch Add Relaxed .
ernel wvoild rmw_test( __global atomic_uint* res, global uint® iters, | ( rO ‘ | I‘ | I Ia r S < l I rr‘ | I y

global uint* indexes) {

S e S targeting atomic read-modify-
for (uint 1 = 8; 1 <« *iters; i++) { y

atomic_fetch_add_explicit({&res[index], 1, memory_order_relaxed);

| write (RMW) instructions
e WWritten in Vulkan for cross-

kernel woid rmw_test( _ global atomic_uint* res, global uint* iters,
global uint* indexes) {

platform testing

indexes[get_global_id(@)]; // s
for (uint 1 = 8; 1 « *iters; i++) {

} atomic_fetch_add_explicit(&res[index], 1, memory_order_relaxed); ° C + + a p p | |Catlo n/ Cu rre I’_]_t|>/
N — | being rewritten for Android
e s testing

index = ((prev * 1664525) + 1813904223) % (*buf_size);
atomic_fetch_add_sxplicit(&res[index], 1, memery_crder_relaxed);

* Uses OpenCL kernels,

transpiled to SPIR-V using clspv
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VULKAN MICROBENCHMARKING SUITE

* Benchmarks sweep .
values for contention and
padding

 Separate benchmarks for
each access pattern

* Heatmaps are produced

to show trends in

throughput

350

200

250

Padding
I

200

150

fsd
Atomic Operations per Microsecond

100

S0

Contention
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Padding

2024

VULKAN MICROBENCHMARKING SUITE

187.68 108.45

Contention

350

= [N ra W
L =] 1% =]
(=1 (=] (=1 (=]

Atomic Operations per Microsecond

ury
=]
(=]

50

contiguous_access: atomic_fa_relaxed

Padaing

Contention

cross_warp: atomic_fa_relaxed

Fadding

Contention
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contiguous_access: atomic_fa_relaxed

31140
=z =
26988
P E
22806 1 L

18684

Padding

14532

DU J30 SUOREIAO JUOTY

= xm @ mm

10380 N -
. s
6228
s
s
1 : =
Contention
17438
15113
H
7
12788 €
g
W3 o
0138 £
|
2
sa13
488

5 B “
Cantention

2769

2400

2031

1662

1292

PUBIRSELN 194 SUBIEINID HMIOTY

923

554

41439

35914

30389

24864

19338

13813

8288

PSSO Jd SUONEIFIQ HIOTY

20



MICROBENCHMARK RESULTS

Intel(R) Arc(tm) A770 Graphics (DG2)

| nte| d |SC rete Ca rd re S U |tS ::::::: o contiguous_access: atomic_fa_relaxed -

(contiguous access):
* Peak throughput at

contention =1,
padding =1 ‘
* Throughput degrades m
down to less than 5% 3
of peak throughput in 4
some scenarios

9745

32

Padding

7580

5414

3248

1 2 4 8 16 32 64 128 256 512 1024
Contention
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MICROBENCHMARK RESULTS

AMD Radeon RX 7900 XT

k ize: 1024 = .
rorkgroup.size contiguous_access: atomic_fa_relaxed

.o AMD discrete card results

L (CONtIgUOUS access):

* Peak throughput at
contention = 4,
padding =1

» Throughput degrades
away all the way down
to ~1% of peak

workgroups: 168

256

128 22836

64

18684

32

Padding

14532
16

puodasoudip Jad suonesadQ dwoly

10380

6228

1 2 4 8 16 32 64 128 256 512 1024
Contention
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MICROBENCHMARK RESULTS

NVIDIA discrete card
results (contiguous
access):

» Peak throughput past

contention = 32
» Slower region

throughput is ~4% of 8

peak region

2024

NVIDIA GeForce RTX 4070

waorkgroup_size: 1024

workgroups: 46
1024

512

256

128

64

32

Padding

16
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MICROBENCHMARK RESULTS

Cross-warp

AMD Radeon RX 7900 XT

ki ize: 1024 .
orkgraup_siee cross_warp: atomic_fa_relaxed

workgroups: 168
1024

512

-

Warp*®

N ( Warp*

128

64

32

AN

Padding

2024

Array of atomic ints

1 363170 40006} 3202] 133062] (43250} 139126}

T T T
1 2 4 8 16 32 64 128

Contention

T T
256 512 1024
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MICROBENCHMARK RESULTS

Random access
microbenchmark:

Random access

¢ DiStribUteS GPU 4 Warp* N ( Warp*
threads randomly |
across array of atomic |

Integers \. J
 Varies size of array to —

distribute threads more Array of afomic ints
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20000

17500 -

15000 -

Throughput

7500 A
5000 -

2500 -

MICROBENCHMARK RESULTS

workgroup_size: 1024

e AMD discrete card results

fetch_add

12500 -

10000 -

—8— AMD Radeon RX 7900 XT

(random access):

* Throughput reaches local
peak at 16 atomics, increases
past 64 atomics

« With lower number of
atomics needed, bit packing
until 16 atomics used greatly

T T L B R T T T LN LA LA
1 2 q 8 16 32 64 128 256 512 1024

# of Atomics

improves throughput
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MICROBENCHMARK RESULTS

workgroup_size: 1024

NVIDIA discrete card results fetch_add
(random access): Bt Bl b i
« Throughput falls
immediately upon number =]
of atomics increasing
|t application can reduce
number of atomic locations
used to 1, throughput is

greaﬂy impro\/ed 1 2 4 8 16 32 64 128 256 512 1024

# of Atomics

Throughput
7]
(o]
(]

500 A
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ATOMIC PERFORMANCE MODEL

NVIDIA GeForce RTX 4070

workgroup_size: 1024

workgroups: 46
1024

contiguous_access: atomic_fa_relaxed ) |_| OW d O We
112 112 112

F2769

- . characterize these

2400

= = Im results?
e (Can atomic

o= B performance profiles
el B be reduced to

923

- conditions to give

20 557}
2306 Ro23l
128 T 2503}
64 263 2897}
[=)}
£
T :» 2553}
o
&
200
R583)
4 2068
2 273 77}
Re56)
T T
1 2 4 8 16 32 64
Contention

2024

. greater throughput?
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ATOMIC PERFORMANCE MODEL

« Working on creating

Informed by Parameters of atomic

performance model to application access pattem

describe atomic behavior
e Basic model involves some

aCcess atterﬂ 3 ﬂd milcnr?g;necdh%yark Conditions for atomic
p results coalescing/speedup

conditions for coalescing

« Complexities of some results
make it hard to identity
conditions

MICROBENCHMARKS

!

—

Atomics are executed
at below peak
throughput

Atomics are executed
at near peak throughput
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ATOMIC PERFORMANCE MODEL

Contiguous distribution
of threads with chunks

of 64 threads accessing
same atomic location

v

At least 32 threads
contending on the
same location

#"
-
-
-
-
-
.
-
-
-~

Atomics are executed
at below peak
throughput

2024

Atomics are executed
at near peak throughput

NVIDIA GeForce RTX 4070

workgroup_size: 1024

workgroups: 46

1024

512

256

128

64

32

Padding

16
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ATOMIC PERFORMANCE MODEL

AMD Radeon RX 7900 XT

Warp strided |

distribution of threads o
across a number of
atomic locations

256

128

64

Conditions for atomic i
coalescing/speedup 3 >
Some function of peak ’
throughput ) S— sexos
1 2 4 8 16 Contzzntion 64 128 256 512 1024
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* Study of relative atomic
performance across GPUs

* Microbenchmark suite to be
SUMMARY OF executed on any device

CONTRIBUTIONS supporting Vulkan
« General performance model to
capture complexities of GPU
atomic performance
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CONCLUSION

GPU

« How do these results help
developers optimize applications?
-« Performance model allows

developers to structure atomic
RMWs as a device-specific
optimization

« Looking for opportunities to

include these results as device-
specific information in Vulkan
specification
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FUTURE DIRECTIONS

AMD Y
<3

applications -
 Expanded testing on new devices, Intel NVIDIA.

* Modification of atomic
implementation in GPGPU
simulator to examine effect on

including mobile platforms and
Apple devices (through MoltenVK)

 Application of methodology to arm q:l P,
other synchronization primitives Imagination
(namely, barriers)

Qualcomm

5024 GPU ATOMIC PERFORMANCE MODELING WITH 34
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dimckee@ucsc.edu
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Sean Siddens, Project Collaborator
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