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> Intel oneAP | /DPC++
oneAPI AR — A RALLEAH), I HFZ R FH

Application Workloads

P, @aESALT R AR
. oneAPI RBEFF . h—0 %4215 5 DPCH+ %afk

oneAPI Industry Specification

% API é/J ]_g'jJ I.i 26 13 ’ ﬁ% /ﬁ’_ %77 ﬁ cl’j‘l‘*lj 'T— é\ J_: Bitsci Prograrnbic API-Based Programming

Low-Level Hardware Interface

XPUs

ASIC GPU IPU Other accel.

Reference: DPC++ Part 1: An Introduction to the New Programming Model
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Heterogeneous Computing
> DPC++ (Data Parallel C++)
DPC++72 Intel & 7 J%SYCL 3] NoneAP| B FF & 457 R B ,
o SYCLAZ —#rZ B AICHRBAZREAR R —FB-FEWMEE, AP IRNE XK EN MR
REKZM A, BBARER T %—09 KA T AERZA-F 4 LT,
o B3 T FMTE ARG I AS M e AR E

« Data Parallel C++
= C++ SYCL* standard extensions
« Based on modern C++ ety i

Clang/LLVM

OneAPI DPC++ Compiler and Runtime

C++ productivity benefits and familiar constructs
» Standards-based, cross-architecture

Incorporates the SYCL standard for data
parallelism and heterogeneous programming

DPC++ Runtime

CPU GPU FPBA  Alcicwators

Reference: DPC++ Part 1: An Introduction to the New Programming Model



Heterogeneous Computing

© o DPC + +: TRREIA) 6

Single source #include <CL/sycl.hpp> Y
#include <iost
« Host code and heterogeneous accelerator O I D
kernels can be mixed in same source files using namespace cl::sycl;
~| int main() {
auto R = range<1>{ num };
buffer<int> A{ R };
Fami“ar C++ Host code < queue{}.submit([&] (handler& h) {
 Library constructs add functionality, such as auto out - e ,
¢ .get_access<access::mode: :write>(h);
h.parallel for(R, [=](id<1> idx) {
Construct Purpose out[idx] = idx[@]; }); });
4 auto result =
A.get _access<access::mode::read>();
for (int i=0; i<num; ++i)
Host code < std::cout << result[i] << "\n";
return 0;
|t

Reference: DPC++ Part 1: An Introduction to the New Programming Model
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Heterogeneous Computing
Kernel
* Code that executes on an accelerator,

typically many times/instances per kernel
Invocation (across an ND-range)

« Kernels can be specified using C++ Lambdas AR & = PRIpEsion [ e

Kernels clearly identifiable in code

* Small number of classes can define a kernel A.get access<afless: :mode: :write>(h):

(e.g. parallel_for)

Developer specifies where kernels will run
« Varying levels of control

DPC++: BT POtHIHEEY 7

#include <CL/sycl.hpp>
#include <iostream>

constexpr int num=16; Defines
using namespace cl::sycl; kernel

int main() {
buffer<int> A{ R };

queueq{}.submit([&] (hangfer& h) {
auto out =

h.parallel for(R, [=](id<1> idx) {
out[idx] = idx[@]; }); 1});

auto result =

A.get _access<access::mode::read>();
for (int i=0; i<num; ++i)

std::cout << result[i] << "\n";

return 9;

}

Reference: DPC++ Part 1: An Introduction to the New Programming Model
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Heterogeneous Computing

DPC++: NI THREEY

Data Parallelism is expressed using ND-Ranges
« Total Work = # Work-groups X # Work-items per Work-group

» Bottom-up, hierarchical single program multiple data (SPMD) model

Reference: DPC++ Part 1: An Introduction to the New Programming

work-group of
(4,4,4) work-items

dimension 1
of ND-range

dimension 2
of ND-range

dimension O
of ND-range

ND-Range

Write code from perspective
of a single work-item

sub-group of
4 work-items /

11 1
dimension O
of sub-group

o ) Collective functions allow
cross-work-item operations

to be expressed (e.g. barrier)

dimension 1
of work-group
dimension 0

of work-grou
dimension 2 g P

of work-group

Work-group Sub-group Work-item
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Heterogeneous Computing

Work is submitted to queues
« Each queue is associated with exactly one device (e.g. a specific GPU or FPGA)
* You can:
» Decide which device a queue is associated with (if you want)
» Have as many queues as desired for dispatching work in heterogeneous systems

Create queue targeting any device: | queue();

gueue(cpu_selector{});

)
—
)
—

Create queue targeting a pre- e .
configured classes of devices: grevEinElins sleEierll Always
gueue(accelerator_selector{}); available
queue(host_selector{}); Queue B
class custom_selector : public device selector { —
Create queue targeting specific int operator()(...... // Any logic you want! FPGA

device (custom criteria): Queue C
queue(custom_selector{}); —

Reference: DPC++ Part 1: An Introduction to the New Programming Model
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int main() {
auto R = range<1>{ num };
buffer<int> A{ R }, B{ R };
queue Q;

Qfsubmitf[&](handler& h) {

auto out = A.get access<access::mode: :write>(h);
h.parallel for(R, [=](id<1> idx) {
out[idx] = idx[@]; }); });

q[submit} [&](handlerg& h) {

auto out = A.get access<access::mode::write>(h);
h.parallel for(R, [=](id<1> idx) {
out[idx] = idx[e]; }); }); F Kernel 2

Q[submit] [&](handler& h) {

auto out = B.get_access<access::mode::write>(h);
h.parallel for(R, [=](id<1> idx) {

out[idx] - idx[0]; 1); }); T Kernet 3
o[submit} [&](handler& h) {

auto in = A.get access<access::mode::read>(h);
auto inout =
B.get access<access::mode::read_write>(h);

h.parallel for(R, [=](id<1> idx) {
} Kernel 4

Kernel 1

inout[idx] *= in[idx]; }); });

<

DPC+ +:RZHITE

10

Automatic data and control dependence resolution!

Program
completion

data
dependence
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Application of heterogeneous computing in track reconstruction
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Application of heterogeneous computing in track reconstruction

ACTS (A Common Tracking Software project)
B CERN £ F a9 FF R B, A A KRAGIRN 51414918 B K A& -F 3@ puihid & 2 544,

TRACCCAHACTS Y E AT A &-FME, BARALARTHEAEFHFE LziTad iz E

L
}é # ﬁ; ° { Data ] Category Algorithms CPU CUDA SYCL Futhark
Q Clusterization = CCL
|& Hit clusterization } ) Measurement creation
% . .
- @ O&C% Spacepoint formation
| Seeding W %o %,
L ‘ S0y G . .
@ g > o %y, Track finding Spacepoint binning
a ™ - .
‘ (Combinatorial) Seed finding
Kalman filtering J Track param estimation
@ Combinatorial KF
[ Ambiguity resolution }
@ Track fitting KF
L Physics analysis J 4 : exists, = :work started, | : work not started yet
N2 S N >
SR - i 458 #T Eq
S-S I ERE A TRACCC#Y B AT T & it B

Figue from Acts Parallelization R&D https://github.com/acts-project/traccc
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1 energy below threshold

Application of heterogeneous computing in track reconstruction

| __—» track

/1 track
/ //
e o =
7 —
—— -
z y

L

Figures from ACTS readthedocs

L

— MM EERBEREERETFE, AMATFHFHEA
Mﬁiﬁm%o

AR AR AR Tl A
%wAim%&ﬁ% b2 = T FMAE, LL%%%

E&Jiﬁ, ﬁ] )’L'f_]_'fa QON ff?#ﬁéﬁ il ]Eﬂ ‘:P é}:’,—

o 13
R
REK BN B0 RIEMAN, K5

WA AIET R RFALR

Space Points,.

. B 7 FLAMAS ) 35

% 0 A9 RAE AN

2\ K F %38 5% 412 (Connected-
component Iabeling, CCL) &9 7 ik,
¥cel IsE XA %

3. F R JUATAZ &% 4% 4% 7 space

points
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Application of heterogeneous computing in track reconstruction

Details::get queue

Vg
o3y ¥ e . details::get_queue(m_queue
g 1 B - _
Zj‘\ﬂ F}\§]ﬂ—%ﬂlﬁ‘?{i}ﬂ /JdeVI(:e .submit([&](::sycl::handler& h) {
. :8ycC | e | oca | _ccessor Host code t:sycl::local_accessor< > shared_uint(3, h);
+ N AR & ::sycl::local_accessor<index_t> shared_idx(
Vad EI)E] é/‘lj 'ﬂ__”le"— EF ‘%‘éﬁ ’X =2 < 2 * max_cells per_partition, h);
h.parallel_for<kernels::ccl_kernel>(
\. cclKernelRange, [=](::sycl::nd_item<1> item

‘!{ = 4 d d index t* f = &shared_idx[©];

ﬂ—‘ 3\4 ev I ceé coae index_t* f_next = &shared_idx[max_cells per_partition];

& partition_start = shared_uint[@];
& partition_end = shared_uint[1];

}% T /‘IJ 7€ [E %p*l[i & outi = sh;red_uint[z];

traccc::sycl::barrier barry_r(item);

’J’j]’/zﬁ"] | ambda%ki\ﬂlﬁ f] Xj' ﬁ/&:‘)\il devi Ce_J_‘_“ \}: device::ccl_kernel(

item.get_local_linear_id(), item.get_local_range(©),

3\/?’]_ ‘+ 7‘{’4}%3’}15‘] %, & T 1//(’%%3’}1 "_:‘5 F]' IK >L/m :'L'tem.get:gr‘oupZIinear‘:ide‘i ), cells, m;dules,
/ =L A/ max_cells_per_partition, target_cells_per_partition,
}EF] iék(‘ J}:J él] 1 z élj/té‘o partition_start, partition_end, outi, f, f_next,
7\%{{5 };i;l] % ° barry_r, measurements_view,

*aux_num_measurements_device, cell links_view);

)s

HOSt COde { 1fwai‘t and throw
TRACCCEL 4K 1% B 49 COLH i% HFastSVH ik*, T

¥ - by 5 )
ﬂ—ﬂ‘%;:.}i/? 8 cells / thread, *Reference:https://www.sciencedirect.com/science/article/abs/pii/S0743731520302689

2
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Application of heterogeneous computing in track reconstruction

i

. @ Seeding

'.' Track finding

Track fitting

Figures from ACTS readthedocs

seeding

1. Space Point#a 44 mxDoublet

2. Doubletd B Triplet
3. X133 #seedi#Confirmation

15
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AIO|O|I;Ztgio-lr:-lc:c heteriiis{j;mputifn tracEk,rJec\:\antruction S pa Ce PO I ntgﬂ = DO u b | et
Doublet

2 - ~ 5 S -
« JHAT 38 5 A —/ Space point r

“ 5 s - device::device_doublet_collection_types::view mb_view = doublet_buffer_mb;
* J@Iﬁ 1zspace pOIntﬁ)T/éE éﬁ ’ /&(Pi‘b device::device doublet_collection_types::view mt_view = doublet_buffer_mt;

i 5] J:_ \ngd F = J:_l"“ ‘ﬁ’ f]\ ;EIL_ {IL find_doublets_kernel =
ﬁh Z{‘ Zi&]ﬁh ]tﬂk /J '\4 Host COde< details::get_queue(m_queue).submit([&](::sycl::handler& h) {
Space pOIntS h.parallel for<kernels::find_doublets>(
< B ok g B —2 P _ doubletFindRange,
* l:b ]-j—ﬂa\j%;( o A /ﬂﬁ&‘ /ﬂmlddle config = m_seedfinder_config, g2_view, doublet_counter_view,

top\j&‘%‘mlddle_botéﬁ dOUbIetS mb_view, mt_view](::sycl::nd_item<1> item

device::find doublets(item.get global linear id(), config,
'y g2_view, doublet_counter_view,
mb_view, mt_view);

" Helix radius

Detector radius

Helix center

Figures from ACTS readthedocs

-/~ Particle path within detector
Particle measurement on detector surface
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Application of heterogeneous computing in track reconstruction

Trlplet count_triplets_kernel =
. _)‘:]4_/?_]_4){'3‘]\1%'}7] 1/5.‘"/l\mldd|e-b0t doublet details::get_queue(m_queue).submit([&](::sycl::handler& h) {

h.parallel_for<kernels::count_triplets>(

« w5 R E—/"middle Space Host code tripletCountRange,

- - config = m_seedfinder_config, g2_view, doublet_counter_view,
pOInté{J ﬁ}:r;ﬁ—mlddle'top dOUbIet mb_view, mt_view, triplet_counter_spM view,
. a " . . . . . - L. . .
° 3&1&7{ 7‘5 F]E éﬂﬁk"éﬂ-trlplet triplet_counter_midBot_view]|(::sycl::nd_item<1> item

device::count_triplets(
item.get_global_linear_id(), config, g2_view,

details::get_queue(m_queue
.submit([&](::sycl::handler

doublet_counter_view, mb_view, mt_view,
triplet_counter_spM view, triplet_counter_midBot_view);

h);

h.parallel_for<kernels::select_seeds>
seedSelectingRange,

filter_config = m_seedfilter_config, spacepoints_view, g2_view, Seed Select

triplet_counter_spM_view, triplet_counter_midBot_view,

triplet_view, local_mem, seed_view](::sycl::nd_item<1> item ° ﬂ’— /f—j‘ i{}_y‘j\%’}j’] g — /]\midd Ie Space poi nt
trip;iz;jiiz:?jt;m.get_local_id X s ]\L%—}-ﬁ ﬁ}j’ﬁ j/%. }ﬂ i’z-m idd Ie Space pOi ntéﬁ
filter_config.max_triplets_per_spM]; +— ﬁ)j’ ij—tri plet
evice::select_seeds(item.get_global_linear_id(), S by N — N N
filterg*icoﬁfig, spacepoints_view, [ ] *&%& fﬁ %ﬁp%ﬁ%gﬁ%{(ﬁf Ji‘/()g

g2_view, triplet_counter_spM view,

triplet_counter_midBot_view, ° \=4 E =4 ilj d
triplet_view, dataPos, seed_view); ﬂi /fﬂ— See

}

.wait_and_throw();
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Application of heterogeneous computing in track reconstruction

Track params estimation

F 4T H 3 B — Soseed 3E 4T

O &

EEPHINA

details::get_queue(m_queue
.submit([&](::sycl::handler& h) {
Host CO(je h.parallel for<kernels::estimate track params>(
trackParamsNdRange, [spacepoints_view, seeds view,
params_view](::sycl::nd_item<1> item

device::estimate_track_params(item.get_global linear_id(),
spacepoints_view, seeds_view,
params_view);

Y.
/>

}
Host code { .wait_and_throw();
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Application of heterogeneous computing in track reconstruction

1¢ JAITRACCCAYexamp | ef% /715 1710/ event
(252007 4~cel ls)

Bl — 4 XA £ “CPU+GPU” &9 F-#ik & iz
41, b T 4R 459 5 £ CPUA=GPU L 4% i& 47 B
8]

1iZ47GPU: NVIDIA Quadro RTX 8000
= YAA 2|GPU/EseedingtE 4 6915 T8 i
= T CPU,

TRACCC> E ik -
https://github. com/acts—project/traccc

s 19

==>>> Event 9§ <<=
Number of spacepoints: 38670 (host), 38670 (device)
Matching rate(s):
t 0.01% uncertainty
ncertainty
¢ ncertainty
- 99.7414% at ncertainty
Number of seeds: 7183 (host), 7183 (device)
Matching rate(s):
2 t 0.01% uncertawnty
ncertainty
ncertainty
ncertainty
Number of track parameters: 7183 (host), 7183 (device)
Matching rate(s):
0.01% uncertainty
- 99.819 : certainty
- 99.819% - certainty
- 99.8 ncertainty
— Statis s
- read 380554 spacepoints from 38784 modules
- created p. 344 cells
- created 380554 measurements
created 380554 spacepoints
380554 spacepoints
created (cpu)
created (sycl) 6
—FElapsed times ...
File reading
Clusterization
Clusterization (cpu)
Spacepoint formation (cpu)
Seeding (sycl)
Seeding (cpu)
Track params (sycl)
Track params (cpu)
wWall tume

[zhangyz@localhost tracccl$ i


https://github.com/acts-project/traccc
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FTERNAEFELL

Memory for heterogeneous computing

N A4 N A A T FP RS | 3 e — KR AR

BlX, BaadEdZRXXE LML HITEirKE
4t %, EGPULEfTEIET % = o

2%, BFE2FTHHEEIET K, mES548
sHExh R ey, “HFHREFENREIHFE” X—F
B & RAET % g at i,

st F—Avevent (29207 A~cell) iE 47741
Copy host->device 90ms

Clusterization 11ms

Seeding 30ms

Track params 1ms

Mhost#% N £device & T EiE 4T E] 4970% !

21

AFEN

=>>> Event 9 <<=
Number of spacepoints: 38670 (host), 38670 (device)
Matching rate(s):

s: 7183 (host), 7183 (device)
e(s):
t 0.01% uncertainty
t o. uncertainty
ncertainty
¢ t 5% uncertainty
Number of track parameters: 7183 (host), 7183 (device)
Matching rate(s):
t 0.01% uncertainty
99.819% at 0.1% uncertainty
99.819% at 1% uncertainty
t 5% uncertainty
= Statistu
- read :80554 qpacepolnta from 38784 modules
- created 2041344 cells
- created 380554 measurements
- created 380554 spacepoints
- created (sycl) 380554 spacepoints
- created (cpu) 6 seeds
- created (sycl) 69313 seeds
—Elapsed tumes...
File reading (cpu) 5342 ms
COPY H—D TIME 90 ms
Clusterization (sycl) 11 ms
Clusterization (cpu) 110 ms
Spacepoint formation (cpu) 6 ms
Seeding (sycl) 30 ms
Seeding (cpu) 2950 ms
Track params (sycl) 1 ms
Track params (cpu) 19 ms
Wall tume 8576 ms
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Memory for heterogeneous computing

22

Using CUDA device: NVIDIA GeForce RTX 2866 [id: @, bus: 1, device: 8]

Reconstructed track parameters:
Time totals:
File reading

Warm-up processing

Copy data
Execute e

Warm-up processing

Event processing

Event processing

F @R AE NI

15976769

1868 ms
753 ms
6392 ms

7.53544 ms/event, 132.706 events/s
6.39269 ms/event, 156.429 events/s

[bash][atspot@l]:build-x86_64 ubuntu28B4_gccd >

Using SYCL device: NVIDIA GeForce RTX 2268

Reconstructed track parameters:

Time totals:
Copy data s mem wem e e e =e =e = Fils T
Execute B N N N B B B B Warm-up processing

Event processing
Throughput:
Warm-up processing

Event processing

1659433

821 ms
29 ms
1493 ms

2.95161 ms/event, 338.798 events/s
1.4933 ms/event, 669.659 events/s

WX FFHEN, F/ 0 event (441000 cel |) EABRXE FiaiTik B35 T K@i

https://github. com/acts—project/traccc/pul 1 /302
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AFEN

=>>> Event 9 <<=
Number of spacepoints: 38670 (host), 38670 (device)
Matching rate(s):
- 99.3147% at 0.01% uncertainty
- 99.7414% at 0.1% uncertainty
- 99.7414% at 1% uncertawnty
- 99.7414% at uncertainty
Number of seeds: 7183 (host), 7183 (device)
Matching

% uncertainty
1% uncertainty
uncertainty
¢ : % uncertainty
Number of track parameters: 7183 (host), 7183 (device)
Matching rate(s):

% uncertainty
uncertainty
uncertainty
% uncertainty
- 9tat1§t1C§
read 380554 spacepolnts from 38784 modules
created 2041344 cells
created 380554 measurements
created 1
created (sycl) 3 0554 qpacepolntq
created (cpu) 69313
- created (sycl) 69313 seeds
—Elapsed tumes...
File reading (cpu) 5342 ms
COPY H—D TIME 90 ms
Clusterization (sycl) 11 ms
Clusterization (cpu) 110 ms
Spacepoint formation (cpu) 6 ms
Seeding (sycl) 30 ms
Seeding (cpu) 2950 ms
Track params (sycl) 1 ms
Track params (cpu) 19 ms
Wall tume 8576 ms
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Memory for heterogeneous computing

VecMem-ZACTS B 49 —3f 49~

Vecmem#BZE T I H A 2O HBEEA YA ETEZER,
Vecmem{& Al std::pmr# 4k a9 1) B E £, T AfEhostss B & XL N GF 5B 7 £
25NN EEIL, TOAKH IS S L& XAE R,

$
&=

traccc::cell _collection_types::buffer cells_ buffer(
cells_per_event.size(), mr.main);

copyv(vecmem: :get data(cells per event), cells buffer); — /fi}ﬂvecmem,]%_ceusgﬁi%}%j%]\i@

traccc::cell module_collection_types: :buffer modules_buffer(
modules_per_event.size(), mr.main);
copy(vecmem: :get data(modules per event), modules buffer);




e AT BRI std:zpmr 7
%5 N B 7R (PMR)
VecmemBT{E Fl agstdpmriz it 7 — A S A HE R T AR I HFR L LG4 F <
UG A B9 BL T Ko

std::pmr::monotonic_buffer resource pool{buf.data(), buf.size()};

std::pmr::vector<std::string> coll{&pool};

I~ B T std::vector, std:pmrivector LiFEANA Z XL A HF TR, X—4FHAEFCRS
AE e B2 AN WAL B T4 TR o

KA E A Z X5 PODIO ¥ *Collectiondata®y £i% 4 7 K., # % 78 A Astd::vectori:
& Fstd::pmriivector. 1 E At A A FHIZEPET, AL EHIEERITLP
B e K= 23EH N,

Work in progress: https://github.com/AIDASoft/podio/pull/424



https://github.com/AIDASoft/podio/pull/424
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> FRAIBRMTHARASGHRARKBELEZRSG—ANZEZNTLTH
« oneAP| ®REF. £—8%R42i5F DPC++

AACTS 89 TRACCCR B A #1, AN T it 228 & 32 7 69 KA 5 )
#—F ey T4E:
# TACTSH X CEPCE 1 09Pixe | KM & Seeding H ik, L&A Z2EE#HITH
erTER

> BRWEERRBER, BYRFRLMEEN, RIFAMT IO ERETRE

TRACCC:L HAGI TAE: A AT H N FZ X, RA TEARZZTTEZHRKE
std: :pmr242 T X FAEZXFF P 2 XA G5BT X
WIP: 2iX45%&PODIOF*Col lectiondatatyft 47 X, EHLAIEAFHIZEP

1B 47
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S =
Automation system for JUNO data processing

> DPC++ (Data Parallel C++)

o DPC++& Intel & 7 HSYCL3| NoneAP | BT FF & 897 &7 B .

o SYCLAZ—#F C++ AR, A TREGEMIRILE LORIAZXE M RG—F A A
AR Al, AERLCA—MIB-FEHMEE, AP RNEZXSRENMRR LR
T4, HBATERE R —GRAGH T ALEEMN-FE& Lizfr, SYOLK KR &S T %5 w4+
HRA G T A A mAL R E, CERA T FMIT LT AR,

OneAPI DPC++ Compiler and Runtime

DPC++ Source Code

Clang/LLVM

DPC++ Runtime

CPU GPU FPGA Specialized

Accelerators
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Application of heterogeneous computing in track reconstruction

Taishi doe: = Trans: Ty
gkl Joo e e details::get_queue(m_queue

.submit([&](::sycl::handler& h) {

::sycl::local_accessor< > shared_uint(3, h);
y ::sycl::local_accessor<index_t> shared_idx(
y [/ ; 2 max_cells_per_partition, h);

h.parallel for<kernels::ccl_kernel>(
cclKernelRange, [=](::sycl::nd_item<1> item
X index_t* f = &shared_idx[0];
index_t* f_next = &shared_idx[max_cells_per_partition];
& partition_start = shared_uint[@];
& partition_end = shared_uint[1];
& outi = shared_uint[2];

traccc::sycl::barrier barry_r(item);

device::ccl_kernel(
item.get_local_linear_id(), item.get_local_range(0),
item.get_group_linear_id(), cells, modules,
max_cells per_partition, target_cells per_ partition,
partition_start, partition_end, outi, f, f_next,
barry_r, measurements_view,
*aux_num_measurements_device, cell links_view);
);
¥

.wait_and_throw();



