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Overview of oneAPI for Heterogenous Computing

(HPCE
\ 20218

Application Workloads Need Diverse Hardware

Middleware & Frameworks

Best HPC Programming
Tool or Technology

I TensorFlow PyTOI’Ch @xnet @ (... ©OpenVIN® o

oneAPl

Open, Standards-Based oneApI Product

Unified Software Stack Compatibility Lafalia L Analysis &
Tool guages loraiis Debug Tools

Freedom from proprietary programming models Low-Level Hardware Interface

Full performance from the hardware XPUs

Piece of mind for developers GPU

= Support diverse accelerator devices (XPU) such as CPU, GPU and FPGA
= Continuously evolving specifications for high performance computing and machine learning
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Comparison of Heterogenous Programming Models

CUDA HIP OpenACC OpenMP SYCL/DPC++
Languages C/C++/Fortran C/C++/Fortran C/C++/Fortran C/C++/Fortran C++
Abstraction Low Low High High Medium
Coding - - Directive-based Directive-based C++ lambda
Parallelism SIMT SIMT Fosrli/ljg'” FOST(M’g'” OpenCL
Offload GPU GPU GPU CPU/GPU CPU/GPU/FPGA
(NVIDIA) (NVIDIA/AMD) (NVIDIA) (NVIDIA/AMD/Intel) (NVIDIA/AMD/Intel)
Compiler Proprietary LLVM PGI/CCE/GCC PGI/CCE/GCC/LLVM/XL/Intel LLVM
License Proprietary Open-source Open-source Open-source Open-source

= Write once, run everywhere with SYCL/DPC++
= |SO C++17 and SYCL standards and extensions
= Single-source style framework
= Asynchronous execution model
= Open, cross-architecture and cross-vendor
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Top500: June 2022

SYCL, OpenCL and SPIR.-V, as open i'ndustry @CL SYCL enables Khronos to influence
Rmax Rpeak Power standards, enable flexible integration and ) 1SO C++ to (eventually) support @
Rank System Cores (PFlop/s) (PFlop/s) (kW) deployment of multiple acceleration technologies Source Code heterogeneous compute
1 Frontier - HPE Cray EX235a, AMD Optimized 3rd 8,730,112 1,102.00 1,685.65 21,100
AMD Generation EPYC 64C 2GHz, AMD Instinct MI250X,
GPU Slingshot-11, HPE 5 ( codeplay” C ComputeCpp (ipsSYeL HeibELaEne
DOE/SC/0ak Ridge National Laboratory i DPC++
United States oneAPT Uses LLVM/Clang ple hipSYCL
Part of oneAPI Multiple Backends
2 Supercomputer Fugaku - Supercomputer Fugaku, 7,630,848 442.01 537.21 29,899 \”‘:"’
ARM A64FX48C 2.2GHz, Tofu interconnect D, Fujitsu = : < \
RIKEN Center for Computational Science OpenCL nvioia OpenMIP \ >
Japan NVIDIA GPUs 13 nvioia
/7" H
OpenCL Any CPU 13
GPR. 18
3 LUMI - HPE Cray EX235a, AMD Optimized 3rd 1,110,144 151.90 21435 2,942 AMD GPUS i CPlls \
AMD Generation EPYC 64C 2GHz, AMD Instinct MI250X, OpentL Intel GPUs
GPU  Slingshot-11, HPE < — e '
EuroHPC/CSC Intel CPUs o b RO Level Zero
Finland Inte! ot s < Intel GPUs
Intel FPGAs IMG PowerVR
Renesas R-Car AMD:GRUS
https://www.top500.org/lists/top500/2022/06/ https://www.khronos.org/sycl/

= |ntel DPC++ Compiler: oneAPI Base Toolkit
= OpenCL backend: optimized for Intel CPUs, GPUs (Gen9, 11, Xe) and FPGA (Stratix, Aria)
= Level Zero backend: low-level offloading APl currently supporting only Intel GPUs
= Intel LLVM Compiler: open source project
= CUDA backend: experimental support for NVIDIA GPUs
= HIP backend: experimental support for AMD GPUs via ROCm 4.x
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SYCL 2020: Basic Concepts

#include <iostream> = SYCIIIQUEUEZ
#include <vector> _ ) ]
#include <sycl/sycl.hpp> = Offload code submitted to device via queue
#define N 1000 = One queue maps to exactly one device to avoid runtime ambiguity
using namespace sycl; = Multiple queues can use same device
int main() { = sycl::buffer:
std::vector<int> v(N) = |nitialized from already allocated memory
queue q{default_selector()}; = SYCL 1.2.1: buffer<int,1> buf{v.data(),range<1>{N}};
{ // scope opens = SYCL 2020: simplified, and less verbose thanks to CTAD (C++17)
SET BT = Buffer destruction via scope closing is a blocking call
q.submit([&](handler& h) { = sycl::accessor:

accessor av{buf, h, read_write}; . . .
= How memory is accessed: read _only, write_only, read _write
PePECElLEl Rl |SIREED S = Where memory is accessed: global_memory, local_memory

av[i] = i;

s = SYCL 1.2.1 style: buf.get_access<access::mode: :read_write>(h)

1)

} // scope Cl_oses - sycl::handler:
. , , = Constructed at runtime, as argument to lambda function of submit

for (int 1 = @; i < N; i++)

std::cout << v[i] << std::endl; = How code is submitted to queue: single task (serial), paralle for (SIMT)
return 0; = Kernel code as callable lambda functions

} = No dynamic memory allocation
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SYCL 2020: Unified Shared Memory (USM)

ooy 6PU CPU 6Py
a |- H malloc_device No Yes Device

HOST MEMORY UNIFIED SHARED MEMORY
A malloc_shared Yes Yes UVA

malloc_host Yes Yes Host

A pointer-based approach to memory allocation

= Simplify porting to accelerators with minimal changes

sycl::malloc::host:

= Return a pointer to memory physically located on the host

= Device can access host allocated memory via hardware interface, e.g. PCle buses

sycl::malloc::device:

= Return a pointer to memory physically located on the device

sycl::malloc::shared:

= Return a pointer to the unified virtual address (UVA) space

= SYCL runtimes automatically handle data movements between host/device, but incurring additional latency
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USM: API

C allocation

C++ allocation

void* malloc_device(size_t numBytes,
const queue& syclQueue,
const property list& prop_list

1)

void* malloc_host(size_t numBytes,
const queue& syclQueue,
const property list& prop_list = {});

void* malloc_shared(size_t numBytes,
const queue& syclQueue,
const property list& prop_list = {});

template <typename T>
T* malloc_device(size_t count,
const queue& syclQueue,
const property list& prop_list = {});

template <typename T>
T* malloc_host(size_t count,
const queue& syclQueue,
const property list& prop list = {});

template <typename T>
T* malloc_shared(size t count,
const queue& syclQueue,
const property list& prop_list = {});
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USM: Explicit Data Movement

Initialization on host

Default queue creation
USM allocation on device via malloc::device()

Memory copy from host to device via memcpy()

Data modification on device

Memory copy from device back to host via memcpy()

Free memory with sycl::free() to avoid memory leak

#include <iostream>
#include <sycl/sycl.hpp>
#include <vector>
#define N 1000

using namespace sycl;

int main() {

int v[N];
for (int i = 0; i < N; i++) v[i] = i;

queue myQueue;

auto *v_device = malloc_device<int>(N, q)
g.memcpy(v_device, v, sizeof(int)*N).wait()
g.parallel for(N, [=](auto i) {

v_device[i] = i;

})s
g.memcpy(v, v_device, sizeof(int)*N).wait()

for (int i = @; i < N; i++)
std::cout << v[i] << std::endl;

free(v_device, q)

return 0;
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USM: Implicit Data Movement

#include <iostream>
#tinclude <sycl/sycl.hpp>
#include <vector>
#tdefine N 1000

using namespace sycl;

int main() {
Default queue creation —> queue q;

USM memory allocation via malloc_shared() —> auto *v_shared = malloc_shared<int>(N, q);

for (int 1 = @; i < N; i++)
v_shared[i] = ©;

Data modification on device —> q.parallel_for(N, [=](auto i) {
v_shared[i] = i;

});

for (int 1 = @; i < N; i++)
std::cout << v[i] << std::endl;

Free memory with sycl::free() to avoid memory leak —> free(v_shared, q)

return 0;

}

= Shared allocation is convenient but not intended for providing peak performance out of the box.
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SYCL Task Graph: Buffer

int main() {
queue q;

bA std::vector<int> A(N), B(N);
bB buffer buf A{A}, buf B{B};

g.submit([&] (handler& h) {
accessor out{buf_A, h, write_only};
h.parallel_for(N, [=](auto i) { out[i] = i; });
1

g.submit([&](handler& h) {
accessor out{buf_A, h, write_only};
h.parallel_for(N, [=](auto i) { out[i]
1

g.submit([&](handler& h) {
accessor out{buf_B, h, write_only};
h.parallel_for(N, [=](auto i) { out[i]
1

g.submit([&](handler& h) {
accessor out{buf_A, h, read_only};
. accessor inout{buf_B, h, read_write};
Node: actions to be performed h.parallel_for(N, [=](auto i) { inout[i] *= in[i]; });

});

2*i; });

Edge: data dependency

i; 1)

return 0;
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SYCL Task Graph: USM with depend_on()

int main() {
queue q;

std::vector<int> A(N), B(N);
int *usm_a = malloc_shared<int>(N, q)
int *usm_b = malloc_shared<int>(N, q)

auto el = q.submit([&](handler& h) {

h.parallel for(N, [=](auto i) { usm_a[i] = i; });
})s
auto e2 = q.submit([&](handler& h) {
h.depends_on(el);
h.parallel_for(N, [=](auto i) { usm_a[i] = 2*i; });
})s
Edge: data dependency auto e3 = q.submit([&](handler& h) {
h.parallel for(N, [=](auto i) { usm_b[i] = i; });
})s

auto e4 = q.submit([&](handler& h) {

h.depends_on(e2, e3);

h.parallel_for(N, [=](auto i) { usm_b[i] *= usm_a[i]; });
1

Node: actions to be performed e G

= depends_on() allows some computation tasks to overlap when there is no dependency
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SYCL Task Graph: USM with wait()

int main() {
queue q;

std::vector<int> A(N), B(N);
int *usm_a = malloc_shared<int>(N, q)

int *usm_b = malloc_shared<int>(N, q)
el

auto el = q.submit([&](handler& h) {
e2

h.parallel for(N, [=](auto i) { usm_a[i] = i; });
1
auto e2 = q.submit([&](handler& h) {

h.parallel_for(N, [=](auto i) { usm_a[i] = 2*i; });
}).wait();
auto e3 = q.submit([&](handler& h) {

h.parallel_for(N, [=](auto i) { usm_b[i] = i; });

}).wait();
auto e4 = q.submit([&](handler& h) {

h.parallel_for(N, [=](auto i) { usm_b[i] *= usm_a[i]; });
1

return 0;

= wait() also block execution on host, making it less ideal for large-scale application
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SYCL Task Graph: USM with In-order Queue

int main() {
queue g{properties::queue::in_order()};

std::vector<int> A(N), B(N);
int *usm_a = malloc_shared<int>(N, q)
int *usm_b = malloc_shared<int>(N, q)

auto el = q.submit([&](handler& h) {

h.parallel for(N, [=](auto i) { usm_a[i] = i; });
1
auto e2 = q.submit([&](handler& h) {

h.parallel_for(N, [=](auto i) { usm_a[i] = 2*i; });
1
auto e3 = q.submit([&](handler& h) {

h.parallel for(N, [=](auto i) { usm_b[i] = i; });

});

auto e4 = q.submit([&](handler& h) {
h.parallel_for(N, [=](auto i) { usm_b[i] *= usm_a[i]; });
1

return 0;

= SYCL/DPC++ offers two kinds of queue:
= |n-order queue: kernels are executed in the order they were submitted to the queue
= Qut-of-order queue: kernels can be executed in an arbitrary order determined by SYCL runtime (default)
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SYCL Hierarchical Parallelism

sub-group of work-group of
4 work-items (4/4,4) work-items .
b 7 "
' dimension 1
<«—»  ofwork-group dimension 1
dimension 0 / of ND-range
of sub-group dimension 0
dimension2 ©f work-group
of work-group v dimension 0
< - of ND-range
dimension 2
of ND-range
Work-item Sub-group Work-group ND-Range

= Sub-group:

= A subset of work-items within a work-group that executed simultaneously
= Often mapped to SIMD lane/channel

= Direct communication between work-item without access to local and global memories
= Access to sub-group collectives providing faster implementation of common parallel patterns
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Mapping of Sub Group to Hardware on Intel Gen 11

EU: Execution Unit

1 x slice
8 x subslices

| SubSlice |

1% & thread dispatch 1% & thread dispatch

8 x EUs per subslice
7 x threads per EU
128 x SIMDS lanes per thread

Tex$

Media  Dorapor ® Work-item |—  S|MDS8 lane
Sampler
SubSlice SubSlice SubsSiice

1% & thread dispatch 1% & thread dispatch 1% & thread dispatch

K ~ Sub-group » EU’s thread
0%00
0“

EU EU Work-group. —>  Executing Unit (EU)

Sampler SLM Sampler SLM

Texd Texd

Dataport Dataport

Media Media
Sampler LD/ST] Sampler [LOVST]
E | Raster |
E | HiZ/Depth |
o Pixel Dispatch | dimension 1 ND-Range ' —> Syb Slice
u
] | Pixel Backend |

L3S
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Sub-group Shuffle: Swap Adjacent Items

#include <iostream> range(1]
#include <CL/sycl.hpp>
using namespace sycl; s ] il
Truth table static const size t N = 256; : /

x o x{ XOR static const size_t B = 64; / “\\\&\1;\

0 0 0 int main() { ﬁﬂwﬂj“ﬁh )

0 1 1 queue q; id{4, 2}

1 g é int *data = malloc_shared<int>(N, q);

(4) 100 (5) 101 for (int i = @; i < N; i++) data[i] = i;

(1) 001 (1) 001

(5) 101 (4) 100 g.parallel for(nd range<1>{N, B}, [=](nd_item<1> item) {

sub_group sg = item.get_sub_group();

455 554 auto i = item.get global id(9);
y a : B . : B 5 g . o d?ta[%] = sg.shuffle_xor(data[i], 1);
}).wait();
[ 1
mask : 1 1 1 1 4 1 11 1 for (int 1 = @; i < N; i++) std::cout << data[i] << " ";

1 1
1 : free(data, q);
1
1 1

y Y Y y Iy y Ly Y return 0;

shuffle_xor (x, mask) : 1 0 3 2 | 5 4 : 7 6 }

[T —

= Sub group handler can be obtained with get_sub_group()
intel software 18 moosxs




Sub-group Shuffle: Reverse Order of Items

mask:

shuffle_xor (x, mask):

Truth table
X1 X2 X1 XOR X2
0 0 0
0 1 1
1 0 1
1 1 0
(4) 100 (5) 101
(7) 111 (7) 111
(3) 011 (2) 010
453 5->2
0 1 3 | 4 5 6 7
1
7 7 7 1 7 7 7 7
1 1
1 1
H 1
0 1
Y i v T * \i Y
7 6 4 1 3 1 0

#include <iostream> range(1]

#include <CL/sycl.hpp>

using namespace sycl;

range[0]

/l
/ ‘\’\ "\ '
(e
i o -
int main() { item<2> with
queue q; id{4, 2}

static const size t N
static const size t B

256;
64;

int *data = malloc_shared<int>(N, q);
for (int i = @; i < N; i++) data[i] = i;
g.parallel for(nd range<1>{N, B}, [=](nd_item<1> item) {

sub_group sg = item.get_sub_group();
auto i = item.get global id(9);

— data[i] = sg.shuffle_xor(data[i], sg.get_max_local_range()-1);
}).wait();
for (int 1 = @; i < N; i++) std::cout << data[i] << " ";

free(data, q);

return 0;

}
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Sub Group Collectives: Broadcast

Default queue creation

USM allocation via malloc::shared

Data initialization on host

Sub-group handle obtained from get_sub_group()

local_id : 3 3 3 3 3 3 gl 3
[ 1 | | | | | 1
Y
X 2 9 7 10 4 8 5 3
v ] ] L] L] L
broadcast(group, x, local_id): [ 10 10 10 10 10 10 10 10

#include <iostream> range(1]
#include <CL/sycl.hpp>
//7
using namespace sycl; = ]
2
static const size t N = 256; : /
static const size t B = 64; / A
\/ \“n\‘\n'c‘ -

int main ( ) { item<2> with

queue q; id{4, 2}

}

int *data = malloc_shared<int>(N, q);
for (int i = @; i < N; i++) data[i] = i;
g.parallel for(nd range<1>{N, B}, [=](nd_item<1> item) {
sub_group sg = item.get_sub_group();
auto i = item.get global id(9);

data[i] = group_broadcast(sg, data[i], 3);
}).wait();

for (int i = @; i < N; i++) std::cout << data[i] << " ";
free(data, q);

return 0;

= broadcast() takes a value from one work item and communicate it to others in same work group
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Sub Group Reduction

. . -
#include <iostream> range(1]

#include <CL/sycl.hpp>

using namespace sycl;

range[0]

256; /
64_; / r\'\\‘
v
int main() { item<2> with
Default queue creation — queue g; id{4, 2}

static const size t N
static const size t B

USM allocation via malloc::shared —> int *data = malloc_shared<int>(N, q);
Data initialization on host —> for (int i = @; i < N; i++) data[i] = i;
g.parallel for(nd_range<1>{N, B}, [=](nd_item<1> item) {

Sub-group handle obtained from get_sub_group() — S ety 5 = Sl EE Sl FIELR0);
- - auto i = item.get global_id(@);

Adds all elements in using sub_group collectives — int sum = reduce(sg, data[i], plus<>());
Write sum to first location for each sub_group —* if (sg.get_local_id()[@] == @) data[i] = sum;
}).wait();
for (int i = @; i < N; i++) std::cout << data[i] << " ";

free(data, q);

return 0;
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Specifying Sub Group Size

Default queue creation

USM allocation via malloc::shared

Data initialization on host

Sub group size configuration

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

using namespace sycl;

static const size t N = 256;
static const size t B = 64;
static const sizt_t S = 16;

int main() {
queue q;

int *data = malloc_shared<int>(N, q);

for (int 1 = @; i < N; i++) data[i] = i;

g.parallel for(nd_range<1>{N, B}, [=](nd_item<1> item)[[intel
sub_group sg = item.get_sub_group();
auto i = item.get global id(9);

data[i] = broadcast(sg, data[i], 3);
}).wait();

for (int 1 = @; i < N; i++) std::cout << data[i] << " ";
free(data, q);

return 0;

::reqd_sub_group_size(S)]] {

intel software
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Sub Group Size of Intel Gen 9 (DevCloud)

Platform Name

Number of devices

Device Name

Device Vendor

Device Vendor ID

Device Version

Driver Version

Device OpenCL C Version

Device Type

Device Profile

Device Available

Compiler Available

Linker Available

Max compute units

Max clock frequency

Device Partition
Max number of sub-devices
Supported partition types
Supported affinity domains

Max work item dimensions

Max work item sizes

Max work group size

Preferred work group size multiple

Max sub-groups per work group

Sub-group sizes (Intel)

Intel(R) OpenCL HD Graphics
1
Intel(R) UHD Graphics [0x9a60]
Intel(R) Corporation
0x8086
OpenCL 3.0 NEO
22.23.23405
OpenCL C 1.2
GPU
FULL_PROFILE
Yes
Yes
Yes
32
1450MHz
(core)
(%]
None
(n/a)
3
512x512x512
512
64
64
8, 16, 32

= The set of available sub group size is hardware dependency
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SYCL 2020 Reduction: Summation of All Work Items

Default queue creation

USM allocation via malloc::shared

Calculate sum of all items for each work group

Loop over work group items using global index

Final reduction of workgroup sums

B=4 a + +

#include <iostream> range[1]

#include <CL/sycl.hpp>
using namespace sycl; -
static const size t N = 1024; = -]
static const size t B = 64; %
5 /
int main() { / A
queue g; ¢/ ot

. . item<2> with
int *data = malloc_shared<int>(N, q); id{4, 2}

for (int i = @; i < N; i++) data[i] = i;

g.parallel_for(nd_range<1>(N, B), [=](nd_item<1> item){
auto index = item.get global id(9);
if(item.get_local_id(©) == 0 ){
int sum_wg = 0;
for(int i=index; i<index+B; i++) sum wg += data[i];
data[index] = sum_wg;
}
1) .wait();

g.single_task([=](){
int sum = 0;
for (int i=@; i<N; i+=B) sum += data[i];
data[@] = sum;

Sum over J) et );
workgroup I free(data, q);
Final return 0;
Summation ¥
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SYCL 2020 Reduction: Using Work Group Reduction

USM allocation via malloc::shared

Calculate sum of items in work groups

Write work group sum to first location

Final reduction of work group sums

Use work group reduce()

Default queue creation

#include <iostream> range[1]

#include <CL/sycl.hpp>
using namespace sycl; -
static const size t N = 1024; = -]
static const size t B = 64; %
5 /
int main() { / A
queue g; ¢/ ot

. . item<2> with
int *data = malloc_shared<int>(N, q); id{4, 2}

for (int i = @; i < N; i++) data[i] = i;

g.parallel_for(nd_range<1>(N, B), [=](nd_item<1> item){
auto wg = item.get group();
auto index = item.get global id(@);

int sum_wg = reduce(wg, data[i], plus<>());
if (item.get_local_id()[9] == @) data[index] = sum_wg;
g.single_task([=](){

int sum = 0;
for (int i=@; i<N; i+=B) sum += data[i];

B=4 + + + data[@] = sum;
}).wait();
Sum over
workgroup free(data, q);
I return 0;
Final }
Summation
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SYCL 2020 Reduction: Using Sub Group Reduction

#include <iostream> range(1]
#include <CL/sycl.hpp>
using namespace sycl; -
static const size t N = 1024; = -]
static const size t B = 64; %
static const size t S = 16; - /
int main() { / A
Default queue creation —* queue q; ] o
item<2> with
USM allocation via malloc::shared —* int *data = malloc_shared<int>(N, q); id{4,2)
for (int i = @; i < N; i++) data[i] = i;
Calculate sum of/'tems insub groups —— g.parallel_for(nd range<1>(N, B), [=](nd_item<1> item)[[intel::reqd_sub_group_size(S)]]1{

auto sg = item.get sub group();
auto index = item.get global id(@);

Use sub group reduce() — int sum_sg = reduce(sg, data[i], plus<>());
Write sub group sum to first location —— if (sg.get_local_id()[@] == ©) data[index] = sum_sg;
Final reduction of subgroup sums — q.single_task([=](){

int sum = 0;
for (int i=@; i<N; i+=S) sum += data[i];
data[@] = sum;

}).wait();

free(data, q);

return 0;
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SYCL 2020 Reduction: Simplified Reduction

#include <iostream>
#include <CL/sycl.hpp>
using namespace sycl;

static const size_t N = 1024;
static const size_t B = 64;
int main() {
Defau/t queue creation —> queue q;
USM allocation via malloc::shared —> int *data = malloc_shared<int>(N, q);

for (int i = @; i < N; i++) data[i] = i;

USM allocation of sum variable — int *usum = malloc_shared<int>(1, q);
*usum = 0;

reduct[on() returns a reducer object e q.parallel_for(nd_range<1>{N, B}, reduction{usum, plus<>()},

[=](nd_item<1> item, auto& sum){
Pass reference of reducer as parameter of the lambda Ut Sndes o tEEee Eleel ),

+= corresponds to plus<> —* sum += data[index];
}).wait();

free(data, q);
free(usum, q);

return 0;

= Reduction object within parallel for contruct simplifies reduction semantics within SYCL kerne
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SYCL 2020 Reduction: Multiple Reduction

#include <iostream>

#include <CL/sycl.hpp>

using namespace sycl;

static const size t N = 1024;
static const size t B = 64;

int main() {

Default queue creation — queue q;
USM allocation via malloc::shared —> int *data = malloc_shared<int>(N, q);
for (int i = @; i < N; i++) data[i] = i;
USM allocation of sum variable — int *usum = malloc_shared<int>(1, q);
*usum = 9;
USM allocation of max variable — int *umax = malloc_shared<int>(1, q);
*umax = 0;

g.parallel_for(nd_range<1>{N, B},
reduction{usum, plus<>()}, reduction{umax, max<>()},
[=](nd_item<1> item, auto& sum, auto& max){
auto index = item.get global id(@);

sum += data[index];
max<> has no shorthand notation — max.combine(data[index]);

Updated via combine() 1) wadt();

free(data, q);
free(usum, q);
free(umax, q);
return 0;
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Conclusion

Unified Shared Memory (USM):

= Pointer-based approach to data management

= |mplicit vs. explicit data movement

= Handling data dependencies with event wait(), depend_on() and in-order queue

Sub group:
= Direct communication between work-items to avoid repeated access to global and local memories
= Fast implementation of common parallel pattern by using sub group collectives

Reduction:
= Reduction object to simplify parallel reduction

Contact: sales@moasys.com
= GPU and FPGA migration
= Code optimization and parallelization consultant

= Specialized HPC education
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Hand on: Matrix Multiplication on DevCloud

= Basic usage of Intel DevCloud

= Device discovery and query

= |mplementation of matrix multiplication using ND-range kernel: buffer, USM

Work-item

Work-group

X

C A B

= Optimization #1: Usage of work group local memory

= Optimization #2: Usage of sub group BCAST
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https://devcloud.intel.com/oneapi

Sign out (U66264)
PRODUCTS SUPPORT SOLUTIONS DEVELOPERS PARTNERS Expiration Date : 03/02/2025
Request Extension

Software Tools DevCloud +~ oneAPIl

Intel® DevCloud for oneAPI

Overview GetStarted Early Access Resources Documentation  Forum =

Announcements VIEW ALL ANNOUNCEMENTS >

> Jun 28, 2022 *New* Retirement of the Intel® Iris® Max Graphics from the Intel® DevCloud — We have decided to retire the Intel® Iris® Xe Max Graphics from the Intel® DevCloud for oneAP| effective Friday 07/29/2022 EOD. This affects compute nodes s011-n[001->008] and s01...
| Jun1o0, 2021 S5H Configuration Change is Required — A recent DNS change now requires users to update their SSH configuration. Please search and replace devcloud.intel.com with ssh.devcloud.intel.com in your SSH config file to avoid any connection issues.
| Mar 16, 2021 DevCloud Maintenance on March 25, 2021 — Intel DevCloud may be unavailable from 7:00 am to 1:00 pm UTC (4:00 PM midnight to 10:00 PM Korean Standard Time) on March 25, 2021 due to network service maintenance.

Welcome, Early Access Users! Thank you for your continued partnership in Intel’s GPU journey. We've made available several resources to help you evaluate the latest GPU hardware on the Intel® DevCloud

Explore Resources

Test Performance on CPU, GPU, What You Get Why oneAPI?
and FPGA Architectures

Free access to Intel® oneAPI toolkits and components Freedom of choice for accelerated computing across
and the latest Intel® hardware multiple architectures: CPU, GPU, and FPGA

220 GB of file storage

CPU: An open alternative to proprietary lock-in

192 GB RAM

Data Parallel C++ (DPC++)—an open, standards-based
evolution of ISO C++ and Khronos SYCL*

« |ntel® Xeon® Scalable 6128 processors

s Intel® Xeon® Scalable 8256 processors 120 days of access (extensions available)

Optimized libraries for API-based programming

« Intel® Xeon® E-2176 P630 processors (with Intel® Terminal Interface (Linux*)

Graphics Technology)

Advanced analysis and debug tools

Microsoft Visual Studio* Code integration

CUDA* source code migration

Remote Desktop for Intel® oneAPI Rendering Toolkit

Additional support for OpenCL and RTL development
on FPGA nodes

GPU:

« |ntel® Xeon® E-2176 P630 processors (with Intel®
Graphics Technology)

» Intel® Iris® Xe MAX
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Connection Methods

Linux* {(Terminal)
macOS* (Terminal)
Windows (PUTTY)

WinSCP, FileZilla

Choose your /J’/ SSH = | Login
Connection Node
Method

[ ) E

\ IDE Access = Job Compute
— - Queue Nodes

()] (@]
- o)

Remote
Desktop FPGA
ey
Jupyter
o~
Notebooks
Storage Server Access oneAPI Get Trained Q . Forum Access to Latest
(Up to 200GB) ® Toolkits on DPC++ Support Intel Hardware
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https://devcloud.intel.com/oneapi/get_started/

sl | OpenCL for FPGA development

FPGAS

i R Intel® FPGA SDK for OpenCL™ software technology is a development environment that enables software developers to accelerate their applications by targeting heterogeneous platforms with Intel CPUs and FPGAs.
or Open

Get Started with your first Sample

« Microsoft* Visual Studio or Eclipse*-based Intel® Code Builder for + Create OpenCL™ project jump-start wizard * FPGA resource and performance analysis
OpenCL™ API now with FPGA support + Development Environment for both host (CPU) and accelerator (FPGA) + Fast and incremental FPGA compile
* Fast FPGA emulation based on Intel's compiler technology + Syntax highlighting and code auto-completion features

RTL Acceleration Functional Unit

QUARTES.

The revolutionary Intel® Quartus® Prime Design Software includes everything you need to design for Intel® FPGAs, SoCs, and complex programmable logic device (CPLD) from design entry and synthesis to optimization, verification, and

PRI ME simulation. Dramatically increased capabilities on devices with multi-million logic elements are providing designers with the ideal platform to meet next-generation design opportunities.
DESIGN SOFTWARE Build and design using standard logic gates. Great for visualization and education.
Get Started with your first Sample
Connect with JupyterLab* Training Resources
Connect with JupyterLab* DevCloud Commands

Use JupyterLab* to learn about how oneAPI can solve the challenges of programming in a heterogeneous world  Learn about the features of the compute nodes, data management, and how to submit, query, and delete your jobs.

++ ++ i
and understand the Data Parallel C++ (DPC++) language and programming model. Introduction 1o oneAPI and Essentials of Data Parallel C++

Launch JupyterLab* Use JupyterLab* to learn about how oneAP| can solve the challenges of programming in a heterogeneous world and

understand the Data Parallel C++ (DPC++) language and programming model.
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Jupyter Hub Interface

File Edit Run Kernel Tabs Settings Help Log Out

T+ = Al welcome.ipynb o

e
a B+ X0oQO » Markdown o] ()

Welcome to Jupyter Notebooks on the Intel DevCloud for oneAPI Projects!

Last Modified
ayearago This document covers the basics of the JupyterLab access to the Intel DevCloud for oneAP| Projects. It is not a tutorial on the JupyterLab itself. Rather, we will run through a few examples of how to use the computational resources

benchmark DT EE available on the DevCloud beyond the notebook.

Z':ma ::_::: :jz The diagram below illustrates the high-level organization of the DevCloud. This tutorial explains how to navigate this organization.
handon 2 days ago
intel 3 months ago
matmul 5 days ago

MLoneAP| 2 months ago 1

parace e 200 B —

a year ago .l .
ntenet -

2 days ago .
= o 6 months ago ==
I webinar 5 days ago ] P

Storage Servers:

O backupar.... a year ago /home. /glob

M Untitled.ipy... 2 months ago Auailsble for Jobs

untitled.py 2 months ago

Al Untitled1.ip... 2 months ago SeWiCE Terms
Al Welcome.ip... 3 days ago

By using the Intel DevCloud for oneAP| Projects, you are agreeing to the terms linked in the footer of the Intel DevCloud website:

https://devcloud.intel.com/oneapi/

Table of Contents

1. Notebook Basics

2. Compute Power and Limits
3. Job Queue

4. Final Words

1. Notebook Basics

You can find detailed documentation on using the JupyterLab software at jupyter.org. For our tutorial, you just need to know that

= New Launcher -> Terminal
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Device and Platform Discovery

File Edit WView Run Kernel Tabs Settings Help

Al Welcome.ipynb * | B uee264@s001-n004: ~/hand X

1 Binclude <CL/sycl.hpp>
2 #include <iostream>

using namespace sycl;

int main() {
// Loop through platforms
for (auto const& this_platform : platform::get_platforms() ) {
std::cout << "Found platform: "
<< this_platform.get info<info::platform::name>() << "\n";

// Loop through device
for (auto const& this_device : this_platform.get_devices() ) {
std::cout << " Device: "
<< this device.get_info<info::device::name>() << "\n";
}

std: :cout << "\n";




Device and Platform Discovery

. File Edit view Run Kernel Tabs Settings Help

A Welcome.ipynb * | M u66264@s001-n004: ~/hand X

u66264(@s001-nee4:~/handon$ dpcpp -02 device.cpp -o info.x

u66264@s001-nee4:~/handon$ ./info.x

Found platform: Intel(R) FPGA Emulation Platform for OpenCL(TM)
Device: Intel(R) FPGA Emulation Device

Found platform: Intel(R) OpenCL
Device: Intel(R) Xeon(R) Gold 6128 CPU @ 3.46GHz

Found platform: SYCL host platform
Device: SYCL host device

u66264@s001-nee4:~/handon$ |

intel 36 MOAsys



Device and Platform Discovery (GPU queue)

.=.: File Edit Wiew Run Kernel Tabs Settings Help

A Welcome.ipynb X | M u66264@s019-n008: ~

u66264@se01-nee4:~/handon$ !qsub

qsub -I -1 nodes=1:gpu:ppn=2

gsub: waiting for job 1988575.v-qgsvr-1l.aidevcloud to start
gsub: job 1988575.v-qsvr-1.aidevcloud ready

Date: Sun 18 Sep 2022 1©:30:44 PM PDT
Job ID: 1988575.v-qsvr-1.aidevcloud
User: ub6264
Resources: neednodes=1:gpu:ppn=2,nodes=1:gpu:ppn=2,walltime=06:00:00

U66264@s819-nee8:~$ |]
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Device and Platform Discovery (GPU queue)

File Edit WView Run Kernel Tabs Settings Help

A Welcome.ipynb #* | M us6264@s019-n008: ~/hand X

u66264@s019-n0O8:~/handon$ cd ..

u66264@s019-n0B8:~% cd handon/

U66264@s019-n0B8:~/handon$ dpcpp -02 device.cpp -o info.x

u66264@s019-nBe8:~/handon$ ./info.x

Found platform: Intel(R) FPGA Emulation Platform for OpenCL(TM)
Device: Intel(R) FPGA Emulation Device

Found platform: Intel(R) OpenCL
Device: 11th Gen Intel(R) Core(TM) 19-11900KB @ 3.30GHz

Found platform: Intel(R) OpenCL HD Graphics
Device: Intel(R) UHD Graphics [@x9a6@]

Found platform: Intel(R) Level-Zero
Device: Intel(R) UHD Graphics [@x9a6@]

Found platform: SYCL host platform
Device: SYCL host device

u66264@s819-n0B8: ~/handon$ |
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Matrix Multiplication: CPU version

File Edit Wiew Run Kernel Tabs Settings Help
Al Welcome.ipynb »® | B ueB264@s019-n008: ~/hand X
1 flinclude <algorithm>

#include <iostream>
#include <random>

#define N 256
#idefine SEED 1234

void print_matrix(float*, int);

int main() {
// rng
std: :mt19937 mt(SEED);
std: :uniform_real distribution<float> dist(©.e, 1.8);

// initialization
std: :vector<float> A(N * N), B(N * N), C(N * N);

// fill A, B with random numbers
std: :generate(A.begin(), A.end(), [&dist, &mt](){ return dist(mt); });
std: :generate(B.begin(), B.end(), [&dist, &mt](){ return dist(mt); });

// fill C with ©
std::fill(C.begin(), C.end(), ©.9);
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Matrix Multiplication: CPU version (matmul.cpp)

25 // naive matmul

26 for (int 1 = 9; 1 < N; i++)

27 . for (int j = 8; j < N; j++)

28 : . for (int k = 8; k < N; k++)

29 : : i C[i*N+j] += A[i*N+k] * B[k*N+j];
30

31 // print top left 4x4 block of C

32 print_matrix(C.data(), N);

33

34 return ©;

35 }

36

37 void print_matrix(float *matrix, int n) {

38 for (int 1 = 9; 1 < fmin(N,4); i++) {

39 for (int j = ©; j < fmin(N,4); j++) {
40 . printf ("%12.5fF", matrix[i*n+j]);
al |}

42 printf ("\n");

43 }
44 }
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Matrix Multiplication on GPUs:

Work-item

Work-group

|
X
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Matrix Multiplication: Buffer Version (matmul_buf.cpp)

File Edit View Run Kernel Tabs Settings Help

A Welcome.ipynb X | M u66264@5013-n008: ~/hand X

1 [include <algorithm>
#include <iostream>
#include <random>

SYCL header : #include <CL/sycl.hpp>

#tdefine N 256
#define SEED 1234

SYCL namespace

using namespace sycl;

void print_matrix(float*, int);

int main() {
// default queue

Default queue queue q{gpu_selector()};

// rng
std: :mt19937 mt(SEED);
std: :uniform_real distribution<float> dist(©.8, 1.9);

// initialization
std: :vector<float> A(N * N), B(N * N), C(N * N);

// fill A, B with random numbers

std: :generate(A.begin(), A.end(), [&dist, &mt](){ return dist(mt); });
std: :generate(B.begin(), B.end(), [&dist, &mt](){ return dist(mt); });

// fill C with @
std::fill(C.begin(), C.end(), ©.8);
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Matrix Multiplication: Buffer Version (matmul_buf.cpp)

Buffer creation

Accessor creation

ND-range

Parallel for

Data written to host

File

A Welcome.ipynb

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

54
55
56
57
58
59
60

Edit

View Run Kernel Tabs Settings Help

// buffer scope

{

buffer<float, 1> buf_A{A.data(), range{N*N}};

buffer buf_B{B};
buffer buf_C{C};

q.submit([&] (handler& h){
auto acc_A = buf_A.get_access<access::mode::read>(h);
accessor acc_B{buf_B, h, read_only};
accessor acc_C{buf_C, h, read_write};

// ND-range

B u66264@s019-n008: ~/hand X

range global {N, N};

range local {16, 16};

h.parallel_for(nd_range{global, local}, [=](nd_item<2> id){
auto i = id.get_global_id(e);
auto j = id.get_global_id(1);

for (int k = 8; k < N; k++)
acc_C[i*N+j] += acc_A[i*N+k] * acc_B[k*N+j];

s
1)

// buffer destruction is blocking call, data written to host

}

// print top left 4x4 block of C
print_matrix(C.data(), N);

return 8;

intel
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Matrix Multiplication: Buffer Version (matmul_usm.cpp)

USM pointer allocation

File Edit View Run Kernel Tabs Settings Help

Al Welcome.ipynb * | M u66264@5019-n008: ~/hand X

1 Binclude <algorithm>
#include <iostream>
#include <random>
#include <CL/sycl.hpp>

#define N 256
#define SEED 1234

using namespace sycl;
void print_matrix(float*, int);

int main() {
// default queue
queue q;

// rng
std::mt19937 mt(SEED);
std: :uniform_real_distribution<float> dist(e.e, 1.9);

// initialization

auto A = malloc_host<float>(N*N, q);
auto B = malloc_host<float>(N*N, q);
auto C = malloc_shared<float>(N*N, q);

// fill A, B with random numbers
for (int i = @; 1 < N*N; i++) A[i] = dist(mt);
for (int i = @; 1 < N*N; i++) B[i] = dist(mt);

// fill C with @ using fill()
q.fill<float>(C, ©.ef, N*N).wait();
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Matrix Multiplication: Buffer Version (matmul_usm.cpp)

// ND-range
range global {N, N};
range local {16, 16};

// queue shortcut

g.parallel for(nd_range{global, local}, [=](nd_item<2> id){
auto i = id.get_global_id(®);
auto j = id.get_global_id(1);

for (int k = 8; k < N; k++)
C[i*N+3j] += A[i*N+k] * B[k*N+j];
}) .wait();

// print top left 4x4 block of C
print_matrix(C, N);

return ©;

= Advantages of USM:
= Convenience for migration from C++ to SYCL with minimal changes
= |ess verbosity than buffer
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Results

File Edit WView Run Kernel Tabs Settings

Al Welcome.ipynb X M uss264@s019-n008: ~/hand X

u66264@s019-nB8:~/handon$ icpx -02 matmul.cpp -0 mm.X
u66264@s019-neB8:~/handon$ dpcpp -02 matmul buf.cpp -o mm_buf.x
u66264@s019-neB8:~/handon$ dpcpp -02 matmul _usm.cpp -o mm_usm.X

u66264@s019-nB8:~/handon$ .
65.11278 62.92186
62.18514 65.24181
63.24223 63.61086
£3.82029 63.46116

u66264@s019-neL8:~/handon$ ./mm_buf.x

65.11277 62.92186
62.18515 65.24181
63.24223 63.61086
63.02029 63.46117

u66264@s019-neO8:~/handon$ ./mm_usm.Xx

65.11277  62.92186
62.18515  65.24181
63.24223  63.61086
63.82029  63.46117

U66264@s819-nBO8:~/handon$ |

Help

/mm.x

63.92130
63.04198
62.088985
65.088219

63.92129
63.04197
62.08986
65.08218

63.92129
63.04197
62.08986
65.08218

68.
66.
67.
68.

68.
66.
67.
68.

68.
66.
67.
68.

84708
81384
76698
28723

84708
81383
76698
28724

84708
81383
76698
28724
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SYCL Debug with SYCL_PI_TRACE

-

[
o

File Edit View Run Kernel Tabs Settings Help

A Welcome.ipynb * | M u66264@s013-n008: ~/hand X

u66264(@s019-n0e8:~/handon$ SYCL_PI_TRACE=1 ./mm_usm.X

SYCL_PI_TRACE[basic]: Plugin found and successfully loaded: libpi_opencl.so
SYCL_PI_TRACE[basic]: Plugin found and successfully loaded: libpi_level zero.so
SYCL_PI_TRACE[all]: Selected device ->

SYCL_PI_TRACE[all]: platform: Intel(R) Level-Zero

SYCL_PI_TRACE[all]: <device: Intel(R) UHD Graphics [@x9a6@]

65.11277  62.92186  63.92129
62.18515  65.24181  63.04197
63.24223  63.61686  62.08986
63.02029  63.46117  65.08218
u66264@s819-n0O8 : ~/handon$ |

68.84768
66.81383
67.76698
68.28724
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Device Selection with SYCL DEVICE SELECTOR

File Edit WView Run Kernel Tabs Settings Help

A Welcome.ipynb * M u66264@s019-n008: ~/hand X

uU66264@s019-neB8:~/handon$ SYCL _PI_TRACE=1 SYCL_DEVICE_FILTER=opencl:cpu ./mm_usm.X
SYCL_PI_TRACE[basic]: Plugin found and successfully loaded: libpi_opencl.so
SYCL_PI_TRACE[all]: Selected device ->
SYCL_PI_TRACE[all]: platform: Intel(R) OpenCL
SYCL_PI_TRACE[all]: device: 11th Gen Intel(R) Core(TM) i9-11900KB @ 3.30GHz
65.11277 62.92186 63.92129 68.84708
62.18515 65.24181 63.84197 66.81383
63.24223 63.61086 62.08986 67.76698
63.82029 63.46117 65.08218 68.28724
uU66264@s019-neB8:~/handon$ SYCL _PI_TRACE=1 SYCL_DEVICE_FILTER=opencl:gpu ./mm_usm.X
SYCL_PI_TRACE[basic]: Plugin found and successfully loaded: libpi_opencl.so
SYCL_PI_TRACE[all]: Selected device ->
SYCL_PI_TRACE[all]: platform: Intel(R) OpenCL HD Graphics
SYCL_PI_TRACE[all]: <device: Intel(R) UHD Graphics [@x9a6@]
65.11277 62.92186 63.92129 68.84708
62.18515 65.24181 63.84197 66.81383
63.24223 63.61086 62.08986 67.76698
63.82029 63.46117 65.08218 68.28724
U66264@s819-n808:~/handon$ |




Optimization 1: Workgroup Local Memory

work-item  work-group

1|
<

= |n C++, matrix is stored in row order
= A[i*N+k] is repeatedly accessed by member of workgroup

= |Local memory optimization:
= 2D {B, B} workgroup -> pseudo-1D {1, B} workgroup (B is tiling parameter)
= Load each tile into memory and synchronize with barrier()
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Optimization 1: Local Accessor

-~ File Edit View Run Kernel Tabs Settings Help

A Welcome.ipynb * @ ues264@s019-n008: ~webil X

29 {

30 buffer A_buf{A}, B_buf{B}, C_buf{C};
31

32 q.submit([&](handler& h){

33 accessor aA{A_buf, h, read_only};
34 accessor aB{B_buf, h, read_only};
35 accessor aC{C_buf, h, read write};
36

37 constexpr size t block = 8;

38

39 range global {N, N};

40 range local {1, block};

41

42 accessor<float, 1, access::mode::read write, access::target::local> local A{block, h};

= Create local accessor per work group with access::target::local parameter
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Optimization 1: Synchronization

: File Edit View Run Kernel Tabs Settings Help

Al Welcome.ipynb % @ u66264@s019-n008: ~/webil X
44 auto sum = @6.ef;
45
46 h.parallel for(nd_range{global, local}, [=](nd_item<2> id){
47 auto i = id.get_global_id(®@);
48 auto j = id.get _global id(1);
Local workgroup id 49 auto k = id.get_local id(1);
5@
51 auto sum = 8.6f;
52
Step through each tile 53 for iintlii[:]es ii[f*N3}ikJ]r= block) {
54 ocal A = aA[1*N+11+k];
Each k-thread load data —- id.barrier():
Synchronize 1=
. 57 for (int kk = ©; kk < block; kk++)
Tiling matmul 58 sum += local A[kk] * aB[(kk+ii)*N+j];
59
60 iff]. barrier();
61 }
Final accumulation 62 aC[i*N+j] = sum;

63
64
65
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Optimization 1: Synchronization

wg, WE>
v v v
Local ID 0 1 2 3 0 1 2 3
load =
VLA B,
Ao A, ¥ B,
. As B,
barrier ============== ==
B3
A0 A1 AZ A3 A0 Al AZ A3 X
B4
Local A from workgroup memory B
5
BG
B7

B from global memory

= Workitem Cy=A,*By+ A, *B; + A,*B, + A;*B; + Ay*B, + A *B. + A, *B, + A;*B,
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Optimization 2: Sub Group Broadcast

File Edit WView Run Kernel Tabs Settings Help

A Welcome.ipynb * | B uss264@s019-n008: ~/webil X

42 float sum = 6.ef;
43
44 h.parallel for(nd_range{global, local}, [=](nd_item<2> idx){
Sub group hander | 45 auto sg = idx.get_sub_group();
46 auto 1 = idx.get_global id(®);
47 auto j = idx.get_global id(1);
48 auto k = idx.get_local id(1);
49
50 auto sum = ©.06f;
51
Each thread |Oad 52 for (in‘t i1 = E'_; 11 < N_; 11 += blﬂl:k} {
53 float local A = aA[i*N+ii+k];
54
Each thread 55 for (int kk = ©; kk < block; kk++)
Proadcastollopalba :g ; sum += group broadcast(sg, local A, kk) * aB[(kk+ii)*N+j];
58 aC[i*N+j] = sum;
59
60
61

scalar local_A




Optimization 2: Broadcast

S8, S8
v v
Local ID 0 1 2 3
load =
A1
A, A,

local A in work-item’s private memory

o

8

B
B

[y

9

N

10

w

1

[

S

1

B
B
B
B,
B
B

N

(6]
w

(<)}

1

=3

W W W @ (WO 0|

~N

15

B from global memory

Work item C, = A;*B, + A;*B; + A,*B, + A;*B; + Ay*B, + A;*B. + A, *B, + A;*B,

Work item C; = Aj*Bg + A;*Bg + A,*B,o + A,*By; + Ag*B, + A*B 5 + A By, + A By

Each work item C, uses exactly same (A;,A,,A,,A;) broadcasted from corresponding i-thread in sub group
Access to local work group memory and explicit barrier is no longer required
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Results

u66264(@s019-nee8:~/webinar/advanced_concepts/matmul$ icpx -02 matmul.cpp -o mm.Xx
u66264@s019-nee8:~/webinar/advanced_concepts/matmul$ dpcpp -02 matmul_local.cpp -o mm_local.x
u66264@s019-neB8:~/webinar/advanced_concepts/matmul$ dpcpp -02 matmul_sg.cpp -o mm_sg.x
u66264@s019-neB8:~/webinar/advanced_concepts/matmul$ ./mm.x

65.11278 62.92186 63.92130 68.84708

62.18514 65.24181 63.84198 66.81384

63.24223 63.61086 62.08985 67.76698

63.082029 63.46116 65.88219 68.28723
u66264@s019-neB8:~/webinar/advanced_concepts/matmul$ ./mm_local.x

65.11277 62.92186 63.92129 68.84708

62.18515 65.24181 63.84197 66.81383

63.24223 63.61086 62.08986 67.76698

63.082029 63.46117 65.08218 68.28724
u66264@s019-neB8:~/webinar/advanced _concepts/matmul$

65.11277 62.92186 63.92129 68.84708

62.18515 65.24181 63.84197 66.81383

63.24223 63.61086 62.08986 67.76698

63.082029 63.46117 65.08218 68.28724
u66264(@s019-neB8:~/webinar/advanced_concepts/matmul$ I

intel 55 MOAsys



