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#include <vector>
using namespace std;

const int N = 1000000;
vector<MyData> data = /* NEXR +/;

for (inti=0; i< N; ++i){
process(datalil);
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for)b—DIBEMNE()

for (inti=0; i <N; ++i) {
process(datalil);
}
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Pthreads, WInAPI, etc.
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C+4+11 std::thread

or Boost.Thread



Wi 5l{t powered by C++11

int m = max(thread::hardware_concurrency(), 1u);
vector<thread> worker;
for (inti=0;i<m; ++i) {
worker.emplace_back([&](int id) {
int rO = N/m * id + min(N%m, id);
int r1 = N/m * (id+1) + min(N%m, id+1);
for (int j=r0; j<r1; ++4)) {
process(dataljl);

hoi);
}
for (auto& t : worker) t.join();



Wi 5l{t powered by C++11

int m = max(thread::hardware_concurrency(), ’Iu);)
vector<thread> worker; ) Ot w OHES
for (inti=0;i<m; ++i) {
worker.emplace_back([&](int id) {
int rO = N/m* id + min(N%m, id); J
int r1 = N/m * (id+1) + min(N%m, id+1);
for (int j=r0; j<r1; ++j){ X EIE 7 &l
process(dataljl);

LW RaER

+oi); forJL—LER

}
Cfor (auto& t : worker) t.join(); j AL w R T

10



I?Uﬂﬁ powered by C++11

:’It?llﬂsmi' M(DZI I~‘C“7‘ot <
OwHEduk(C;FILTIZON

int r1 = N/m * (id+1) + min(N%m, id+1);

for (int j=r0; j<r1; ++j) {
process(datalj]);

for (auto& t : worker) t.join();

11
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Wi 5l{t powered by OpenMP

/] ZRANIE

for (inti =0; 1 <N; ++1) {
process(datali]);

}

// OpenMP 54k

#pragma omp parallel for

for (int i =0; i <N; ++i) {
process(datali]);

}

14



Wi 5l{t powered by OpenMP

// C++11EEES 1 TS (K DFIME

int m = max(thread::hardware_concurrency(), 1u); // Open M P\ /§|J’“3
vector<thread> worker;
for (int i = 0 i < m; ++i) { #pragma omp parallel for
worker.emplace_back([&](int id) { . . . .
int r0 = N/m * id + min(N%m, id); for (Iﬂt | = 0; 1 <N; ++I) {
int r1 = N/m * (id+1) + min(N%m, id+1); .
For (IntJ = 10 ) < r1; 1)) { process(datalil);
process(datalj]);
}

30);
}
for (auto& t : worker) t.join();

EDKSICUFNNIET SH 7
> IKlcEWLAHNIET SHH 7
FHEBI(HOW)7LEC ik
-> S ER(WHAT)/ELEE
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1fi{T(Concurrent)

BEDOIXDONEFEL., ENEFNRETINDS,
"ARYICARBAICMIBEINDIHNE SHV(ERIC UL,

[A’IIB’I){AZIB2]—>

i5l(Parallel)
ER{bEBNE LT, EHH/WEROIZEREEET D,
"R "L ST EME,

s o e




2EBFEDAFIE
I Z DA (Task Parallelism)

\ TaskC )—}

7 —5 Uil (Data Parallelism)

—

)

WHIL—T
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Fully automatic parallelization is still a

“pipe dream”™

[AIR 355 )
[(PAVIRSIENR S & 5L
S8, {1

Parallel and Concurrent Programming in Haskell,
OREILLY, 2015



Real World Parallel Programming...

S5V /SBIERZFMAELE

BB TO5 S =T HInE

V2 LRIV (53 ELE)
OIS

R L ALl
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AL v F LA E 32 % B Bl

-

for (inti =0:i<N; ++i) {
process(datali]);
}

S15Y
TBB, PPL, libstdc++ ParallelMode

= FAIL AR
CilkPlus, OpenMP

27



OpenMP

#pragma omp parallel for

for (inti=0; i <N; ++i) {
process(datalil); // C++f5lH%Zthrow...

}

X312/ =: GCC, Clang, MSVC, ICC...

28



OpenMP

try {
#pragma omp parallel for
for (inti=0; i< N; ++i) {
process(datalil); // C++f5lH%Zthrow...
} // parallel regionC C & T
} catch (..) { VAN
// BlMcatch 77 OpenMPX L v RZ&EZE
1 C++BIHEH (ENG

X 1>/ =: GCC, Clang, MSVC, ICC...

29



OpenMP & C++fI%

bool failed = false;

C++BFINDITNRDAE S

#pragma omp parallel for

for (inti=0; i< N; ++i) { (C++ TSI LY)
try {
process(datalil); // C++|5 % throw
} catch (...) {
// E—X L w KA Tcatch
} failed = true; {§U%thl’OWé—7h,t +
} // parallel regionC C&E T V=TT CEEL0)
if (failed) {
/] ...

}




OpenMP & C++fI%

bool failed = false; F—HEES
#pragma omp parallel for reduction(]|:failed)
for (inti=0;i<N; ++i) { =2 IE
try {
process(datalil); // C++{5lM%& throw
} catch (...) {
// A—Z L w RRTeatch O— REM1LIC cJ: =
failed = true; JE ML /INT DR
}
} // parallel regionC C&E T
if (failed) {
/] ..
}

31



libstdc++ Parallel ModeliiE

// g++ soruce.cpp -D_GLIBCXX_PARALLEL -fopenmp
#include <algorithm>

std::for_each(begin(data), end(data),
[](Data& item) { A

process(item); JAw D IV R(E0penMP
CH++BIMNEH ENG

/] BINE (S ERLE |
1,

1>V /15: GCC

50S: GCC+OpenMPHVEN< BRIE
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libstdc++ Parallel ModeliiE

// g++ soruce.cpp -fopenmp
#include <parallel/algorithm>

__gnu_parallel::for_each(begin(data), end(data),
[1(Data& item) { A

process(item); JN\w T R(E0penMP
C++HIANEH(EING

// BINE (S ERLE |
1,

1>V /15: GCC

50S: GCC+OpenMPHVEN< BRIE
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Threading Building Blocks

Intel TBB

#include <tbb.h>

try {

tbb::parallel_for_each(begin(data), end(data),
[ |(Data& item) {

13k

process{item) Bl (C@n 3 |

} catch (...) {

/] 3

iAllthrow NIZHEIND DB w:FINDT1 D

¥

v 1>//3-1S: GCC, Clang, MSVC, ICC...
WIGOS: Linux, Windows, MacQOS, (Andorid), (i0OS)
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Concurrency Runtime / Parallel Pattern Library

Microsoft ConcRT/PPL

#include <ppl.h>

try {
concurrency::parallel_for_each(begin(data), end(data),
[ I(Data& item) {

process(item);

Ik
} catch (...) {

// WFthrowE NIzHIND S BEE&FIND1D

}
| o msvcrtiCEJIL T
Win /1> MSVC

YIHOS: Windows




Intel CilkPlus

#include <cilk.h>

try {
cilk_for (inti=0; i <N; ++i) {
process(datali]);

} SCIME(CEBND I
} catch (...) {

// WFthrow S NIZHIND S ERFIDT1 D

¥

XJhin 3>/ >: ICC, (GCC), (Clang)
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(SIMD, GPGPU, etc.)
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RO RILL RIS E 32 % D Bl

-

for (inti=0; i <N; ++i) {
Ali] +=B[i] * C[i];

}

S J35Y (+av/irSHR—R)
SIMD intrinsic, Boost.SIMD, Thrust, Bolt

BRSNS
CilkPlus, C++AMP, OpenMP 4.0, OpenACC

38



SIMD intrinsic (¥H3A &-E9%0)

B 7Y IS
(EASmTRHS ?)

#include <xmmintrin.h> // x86/SSE
vector<float> A, B, C;
inti,n=N & ~3;

for (i=0;i<n;i+=4){ / 4EZRE TUIE
__m128 a4 = _mm_loadu_ps(&A[i]);
__m128 b4 = _mm_loadu_ps(&B[i]);
__m128 c4 = _mm_loadu_ps(&C[i]);
a4 = _mm_add_ps(a4, _mm_mul_ps(b4, c4));

_mm_storeu_ps(&Al[i], a4);

}

for (; i < A.size(); ++i) // TREALIE
Ali] +=B[i] * C[i];

A ety ~E(C
HILD1— R HnE

(SSE2, AVX, NEON...)

Xt 1>//8-1S: GCC, Clang, MSVC, ICC...
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Boost.SIMD (NT?)

#include <boost/simd/***.hpp>

vector<float, boost::simd::allocator<float>> A, B,

typedef boost::simd::pack<float> FVec;
Int step = FVec::static_size;
int i, n = (N / step) * step;

C,

for i=0;i<n;i+=step){ / WEEN(TMTTY ~HMZF

FVec a = boost::simd::aligned_load<FVec>(&A
FVec b = boost::simd::aligned_load<FVec>(&B
FVec c = boost::simd::aligned_load<FVec>(&C

[i]);

I}
[i]);

a+=b*c;
boost::simd::aligned_store(a, &Al[i]); SIM

DAL 7 —fiqb

} (x86/SSEXRSI,AVXE
for (; i < Assize(); ++i) // imZ0LIE PPC/AltiVeclCH™IG)

Ali] += B[i] * C[il;
X 1>/31>: GCC, Clang, MSVC, ICC

ARM/NEONZR T,
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Intel CilkPlus / Array Notation

vector<float> A, B, C;

float* a = &A[O];
float* b = &B[0]; BEENELI—FT1 VT
float* c = &C[0]; (RO MIVBREDTEVYYT 1D R)

a[:N] = a[:N] + b[:N] * c[:N];

o>/ = ICC, (GCQ), &lanegy
Array NotationZRXI G
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Thrust (GPGPU; CUDA)

#include <thrust/***.h> CPUH(T(TBB OpenMP)
thrust::device vector<float> A, B, C; NV IO TR 'D:E1

struct fma_functor {
template <typename Tuple>
__device__ void operator()(Tuple t) {
thrust::get<0>(t) += thrust::get<1>(t) * thrust::get<2>(t);
} // Tuple = [A, B, C]

};

thrust::transform(
thrust::make_zip_iterator(thrust::make_tuple(begin(A), begin(B), begin(C))),
thrust::make_zip_iterator(thrust::make_tuple(end(A), end(B), end(C))),

fma_functor() );

XJIin 3>/ =: CUDA Compiler, GCC, Clang, MSVC
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Accelerated Massive Parallelism

Microsoft C++ AMP (GPGPU; DirectX)

#include <amp.h>
vector<float> A, B, C;
concurrency::array_view<float, 1> a(N, &A[0]);
concurrency::array_view<float, 1> b(N, &B[0]);
concurrency::array_view<float, 1> c(N, &C[0O]);
concurrency::parallel_for_each(

a.extent,

[=1(concurrency::index<1> idx) restrict(amp) {

alidx] += b[idx] * c[idx];
} CPU/GPULIE%
) fF—BI(C 5o

a.synchronize(); // GPU-CPUF—7~[AlHER

Xin 1> /3-1=: MSVC, (Clang)

43



ALY /RO IV WHHEB Al
SIS SEILR
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ALwR a4 P

LAJLAEE | L PPL 1l OpenMP

libstdc++ ParaIIeIMode]

' Boost.SIMD | | [ C++AMP

ND =Ib
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ZSIMD intrinsicj
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C++1y ParallelTS



C++i LR

N3850 “Working Draft, Technical Specification for
C++ Extensions for Parallelism”

C++98 C++03 C++11 C++14 C++17
(major) (TC, bug fixes only) (major) (minor) (major)

98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 ‘17 18
ﬂ“‘“‘l 31
“ File System TS _i.-':.'.
. Lib Fundamentals TS
Lib TR (aka TS
lorary TR (aka T5) Networking TS= WS sl )

Performance TR
Concepts Ts= | (= Parallelism 75 )

Array Exts. TS=="*=Concurrency TS

http://isocpp.org/blog/2013/10/trip-report-fall-iso-c-meeting
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C++i LR

N3850 “Working Draft, Technical Specification for
C++ Extensions for Parallelism”

WS IWTIY LDV —T I —R&HE

C++E£77 )L T X L &ENEFETAIEE (CHEHR
(<algorithm>, <numeric>, <memory>/~\w 5')
APIEZETIE Thrust ZRX—X & T3
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C++i LR

N3850 “Working Draft, Technical Specification for
C++ Extensions for Parallelism”

C++WiF S+ TS DILEHEEEZEBRENBEHN
FRETFSEE | https://github.com/n3554/n3554/

S std:iexperimental::parallel &B1ZER
- std REIZHE NDFEBEBEIET

49



C++1y ParallelTS (n3850)

#include <algorithm>

using namespace std;

------------------------------------------------

' for_each(

begin(data), end(data), [ J(Data& item) {
process(item);

------------------------------------------------

} catch (...) {
/...

}

50



C++1y ParallelTS (n3850)

#include <experimental/algorithm>

#include <experimental/execution_policy>
using namespace std::experimental::parallel;
try 1
for_each(
par, // WHIETR 2 —
begin(data), end(data), [ J(Data& item) {

process(item);
1),
} catch (exception_list& exlist) {
for (exception_ptr ex : exlist) {

// WiFlthrowE NIcETOHEINNEIEINDS

51



C++1y ParallelTS (n3850)

/] C++1E#£77 )L T X L
template <class In, class F>
In for_each( In first, In last, F f);

ETRYI—ZEEIT B
Z—N\—0O—F3E

~v"

template <class ExecPolicy, class In, class F>

// C++1y Parallel TS

In for_each( ExecPolicy&& exec, |In first, In last, F ),

52



C++1y ParallelTS (n3850)

<algorithm>
all_of
none_of
for_each

for each _n
find

find_if
find_if_not
find_end
find_first_of
adjacent_find
count
count_if
mismatch
equal

search
search_n

copy
copy_n
move
Swap_range

transform
replace
replace_if
replace_copy
replace_copy_if
fill

fill_n
generate
generate_n
remove
remove_if
remove_copy
remove_copy_if
unique
unique_copy
reverse
reverse_copy
rotate
rotate_copy
is_partitioned
partition

stable_partition
partition_copy
partition_point
sort

stable sort
partial_sort
partial_sort_copy
Is_sorted
is_sorted_until
nth_element
merge
inplace_merge
includes
set_union
set_intersection
set_difference
set_symmetric_difference
min_element
max_element
minmax_element
lexicographical_compare

<numeric>

reduce
inner_product
exclusive _scan
inclusive_scan
adjacent_difference

<memory>
uninitialized_copy
uninitialized_copy_n
uninitialized_fill
uninitialized_fill_n

—EB(EBARHIICBRAT
<algorithm> shuffle
<numeric> accumulate

etc.
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ETRY D —

seq ZEREST -
OHUXL Y R ETET ]

par A FISETT ; ;:

B L v R ETIERTENEOET(unordered) £ LU < (&

vec NJ RILET
BE L v R ETIER TS NEOVET(unordered) £ U < (&
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EITRY D —
seq ZEREST

DVTIAL Y RET (JERC+H+EE7ILTY XL ER—)

par A FISETT
VYILFRAL Y RICKBDUAFIZETT
2 DVTIWRAL Y KRET (ETIEFREREARIE)

vec NI ~JLEST
12w R ETRY RILAEFIET
FX12E YILFRL Y KRICKDAFHETT
IxrEFE VTR LY RET (ETIEREEARIE)
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EITRY I —EETERE
OAVRASPS1 IS RRITREE RS

vec R RILEFT RO RIVER
(VT LW R)

par WFIELT YILF L v RilisIR1T

seq FBREFT > YVHNRL Y RET
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E{TRY > — / static
VIS IVBSICRITRY ¥ — & 8E

vector<float> data = ...;

/] IR — I~

sort( seq, begin(data), end(data) );

// sort( begin(data), end(data) ); & Sl

[/ ¥IVFRXL WY EICKBIFHY — ~
sort( par, begin(data), end(data) );
[/ RO SIVEERICLDY —
sort( vec, begin(data), end(data) );

57



EiTRYI—/

dynamic

SV A LICERTRY Y —&FEiR

vector<float> data = ...;

[/ T # ) EEERY —

execution_policy exec = seq;

If ( data.size() > thresho

d){

/T =S EMRZTNEN

5N — ~CEE

exec = par;

¥

sort( exec, begin(data), end(data) );
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C++1y ParallelTS (n3850)

#include <experimental/algorithm>
#include <experimental/execution_policy>
using namespace std::experimental::parallel;
try {
for_each(
par, // WHETR 2/ —

begin(data), end(data), [ J(Data& item) {
process(item);
1),
} catch (exception_list& exlist) {
for (exception_ptr ex : exlist) {

// MiBlthrowd iz THOHEIF N

59



exception_list

W57 )ILTY) X LS throwd NS S HIAEY
WA Cthrow@NIEETOHINA T I 1D &R

class exception_list : public exception
{
public:
size_t size() const;
Iterator begin() const;
iterator end() const;
private:
list<exception_ptr> exceptions_; // exposition only

};
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EITRY I —EC++HIN
seq XREIT & par AiFIETT

A TIN5 DFAIMNE. exception_listBY [CHIR I N
CIEUH LitAthrowdnd,

vec NI ~ILETT
BE¥A T3 0 LHSHINthrowdNIcIZEE. std::terminate

RFECHSINTTOTSLETI B,
(1N
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ETRY I —E&C++HI5

seq XREIT & par AiFIETT
EEDIALYRETCEITINODdLEVYT1IX
BHI LY REHhSthrowdNIzHINE = THE

vec NJ MIVET

RO RIVAEFIYE(SIMD, GPGPUIL E)RIGEF VY T 1 DO X
AV SICRKBIRD RINMEZEBRE LISV K DHIFMERZRLE
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ETRY D —EHIHIRIR

WA D IE | HIH AT 1D~
YO | JIBFE | throw calp N EAIE]
vec N~ IVEE
RO ISIE TS Z I8 L T X | HEFHEFETNG
DS FE)
par ZILFZLw R _ B Z I (ENG
WHIRAT vonmgs |EFR| O | (ex praosmmE
= CDeadlockF4E)
Seq IVTIALYR | =P AN
B RELT FopmE | A O g7 LT X LERL
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C++1y ParallelTS

TS(Technical Specification)[IC++EZEETEHD T EFA

L M\EParallelTS(Z & /ZWorking DraftE¢fEC

> SEBEVSVASMAHREEINTT

=2ZFX Tl :

g

C++ Transactional Memoryi#hik (@Boost.#iE=#10)

http://www.slideshare.net/yohhoy/boostjp10-

BITHER(012/7)ERATRELEREDD LUE

»E$j/ﬂ7h@%ﬂa§ VYT D XEIE.

tm-20120728
l./ 7:_—_|—\ VIC

F—O—F - BEOEEER. etc.
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Need More Speed?

REMREIIVIRASPS1 TS ES

ERU. e LT
CPU bound (1/0 bound(Z i {T40LIEHE (F)

\

AEEIgEE T IV Y A LADESE

S XD EOMREFYER (FH

E(CIKELTE T

B - 87 —5DHIR)

T—OXEVEE (B, BRE. 751XV E)

Locality False sharing

sty 51! ETA |

Alignment



FEH

SN —RERICKBDAMINIL—TEX
A2 v R L AR)VAiS o Bz
TBB, PPL, CilkPlus, OpenMP, etc.
ND IV AXILESI O Bzl
Boost.SIMD, Thrust, CilkPlus, C++AMP,
OpenMP 4.0, OpenACC, Bolt, etc.
ParalleITSTIZ XL v R /RO RILASIRE =

S JS)EREE V)1 SRl
SEODRE(CCHFELSIZTL)

B9

.



2ZURL(1)

n3850 “Working Draft, Technical Specification for C++ Extensions for

Parallelism” (ThrustRX—X W57 LT X LIRER)
http://www.open-std.org/jtc1/sc22/wg21/docs/papers/2014/n3850.pdf
https://github.com/n3554/n3554/

n3571 “A Proposal to add Single Instruction Multiple Data Computation to the
Standard Library” (Boost.SIMDR—X F—/5 #Y +I2{ERARIER)
http://www.open-std.org/jtc1/sc22/wg21/docs/papers/2013/n3571.pdf

n3831 “Language Extensions for Vector level parallelism”
(CilkPlusRN—X N5 LIS )L — THEESIRER)
http://www.open-std.org/jtc1/sc22/wqg21/docs/papers/2014/n3831.pdf

n3851 “Multidimensional bounds, index and array_view"”
(C++AMPR—X F—ASRIER)
http://www.open-std.org/jtc1/sc22/wg21/docs/papers/2014/n3851.pdf
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2#ZURL(2)

OpenMP  http://openmp.org/

Thrust http://thrust.github.io/

Intel TBB(Threading Building Blocks)
https://www.threadingbuildingblocks.org/

Microsoft ConcRT(Concurrency Runtime) / PPL(Parallel Pattern Library)
http://msdn.microsoft.com/ja-jp/library/dd492418.aspx

libstdc++ Parallel Mode
http://gcc.gnu.org/onlinedocs/libstdc++/manual/parallel_mode.html

Intel CilkPlus https://www.cilkplus.org/
GCCZEE  https://www.cilkplus.org/build-gcc-cilkplus
Clang=3#% http://cilkplus.github.io/

Microsoft C++ AMP(Accelerated Massive Parallelism)
http://msdn.microsoft.com/ja-jp/library/hh265137.aspx
Clang http://isocpp.org/blog/2012/12/shevlin-park

Boost.SIMD https://github.com/MetaScale/nt2/

SIMD intrinsic function
x86 http://software.intel.com/sites/landingpage/IntrinsicsGuide/
ARM http://infocenter.arm.com/help/topic/com.arm.doc.duiO491¢c/CIHJBEFE.html g



[ P& ] OpenMP CC++FINTIE

#include <omp.h>
try {
std::exception_ptr ep;
omp_lock_t ep_guard;
omp_init_lock(&ep_guard);
#pragma omp parallel for
for (inti=0;i<N; ++i) {
try {
process(datalil); // C++HIM%Z throw
} catch (...) {
omp_set_lock(&ep_guard);
if (lep) ep = std::current_exception(); // TmHIDBEINDHMRE
omp_unset_lock(&ep_guard);

}

omp_destroy_lock(&ep_guard);

if (ep) std::rethrow_exception(ep); // A7tz parallel region CHEthrow
} catch (...) {

/] BIANIE
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[ Ffi] OpenMP vs. CilkPlus/TBB/PPL

CilkPlus, TBB, PPL

2L w R ZTF—)L+Work Stealing

ETRICRIEBI XD ->YIBILY RADYVE D

BEVWXT—3EY T &/ I0)

OpenMP

paralle 38R THTRIC X LW =5

=

o WEF=1:0)

ALwvwRT—IbIcKDE

=

TFE (A

BXROmE)

OpenMP 3.0C"task"8 A (%MSVC(33

EXT )
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[FfiE] OpenMP 4.0, n3831

/] ZRIRAIE
for (int1=0;i<N; ++i) {
Ali] +=B[i] * C[i];

} // OpenMP 4.0 / SIMD construct
#pragma omp simd aligned(A,B,C:16)
for (inti=0; i< N; ++i){

Ali] += B[i] * C[i];
}
// n3831 Language Extensions

//  for Vector level parallelism
for simd (int i =0; i < N; ++1i) {
ALi] += BLi] * C[i];
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