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A3biK nporpammuposanHua Cilk

=  Cilk — pacwupenmne a3bika ANSI C ans co3paHus p»eapg»o\»t!
J )

MHOTOMOTOYHbIX MPOrpPamm q’fgm

= The Cilk Project: pa3paboTtka HauaTa B 1994 .
B JTabopaTopum KoMnbloTePHbIX HayK MaccadvyceTckoro
NHCTUTYTa TexHonormnm (MIT, USA)

= OAWH U3 pa3paboTYMKOB N PYKOBOAUTENEN NPOEKTA —
Charles E. Leiserson

= B 2006rT. C.E. Leiserson ocHoBan komnaHuto Cilk Arts onsa npoasuKeHus
Ha pbIHOK f3blKa Cilk

= Cilk-5.4.6 is the latest official MIT Cilk release (GPL)

= B 2007 r. BbixoauT Cilk++ (Cilk c noganepxkon C++)

http://supertech.csail.mit.edu/cilk/ 2



http://supertech.csail.mit.edu/cilk/

A3bIK nporpammuposaHua Intel Cilk Plus

= B 2009 r. komnanua Intel npnobpena Cilk Arts
n sBbinyctuna Intel Cilk Plus (/
= |ntel Cilk Plus — pacwmnpeHue asbikos C n C++

= [la pannennim 3agad

" I'IapannenM3N\ Nno AdHHbIM

= Intel nogaeprxkmsaet Cilk Plus B Development-seTtsu

GCC4.8unGCC4.9
https://www.cilkplus.org/build-gcc-cilkplus

= [loppep»Ka B Development-setsu LLVM/clang
http://cilkplus.github.io/

https://www.cilkplus.org



https://www.cilkplus.org/build-gcc-cilkplus
http://cilkplus.github.io/
https://www.cilkplus.org/

Intel Cilk Plus

» Komnunartopsbl ¢ nogaepKkon Cilk Plus

O Intel C++ Compiler (Intel Composer XE 2010)

d GCC 5.0 (full support), 4.8 & 4.9 branches:
http://gcc.gnu.org/svn/gcc/branches/cilkplus-4 8-branch

O Clang Cilk Plus: http://cilkplus.github.io

= |ntel Cilk Plus Runtime Library is Open Source (BSD-3)

https://www.cilkplus.org/download

= QOpen Specification

= |Language Specvl.2
= ABIv1.1


http://gcc.gnu.org/svn/gcc/branches/cilkplus-4_8-branch
http://cilkplus.github.io/
https://www.cilkplus.org/download

Llenesblie apxurekrypbol — SMP & NUMA

= Konunuectso Agep U 4/IHbI BEKTOPOB YBE/IMUYMBAIOTCA
(SSE4, AVX2, AVX-512)

= Intel Xeon Phi (Intel MIC):
> 50 agep x86, BEKTOPHbIe pernuctpbl 512 6umt
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Intel Cilk Plus

INTEL" CILK™ PLUS

C/C++ compiler extension for simplified parallelism

/ Try these first 1 Reducers Array Notation

Array sections
Array section operations
Section reductions

add

mul

max

Lists

Cilk Keywords list_append
list_prepend

Min/Max max
max_index

cilk_spawn

cilk_sync

cilk_for min min_index :
- max_index
Math operators e
min
. Ele /o] .,
Vectorization | min_index

all_zero
all_nonzero
any_zero
any_nonzero
mutating
user-defined

Bitwise operators

__declspec(vector)
__attribute__ ((vector))
uniform

linear mask

and
or
xor

String concatenation
string
wstring

Files Tools
ostream

#pragma simd
reduction(op:var)
vectorlength

Intel® Cilk™ Screen
Intel® Cilk™ View

-

Simplifies harnessing the power of
threading and vector processing on
Windows*, Linux* and OS X*

(inteD)
inside
XEON

https://software.intel.com/en-us/intel-cilk-plus



https://software.intel.com/en-us/intel-cilk-plus

Intel Cilk Plus

= Data parallelism
J Pacnapannennsanue umknos: _Cilk_for

[ KoHcTpyKumm ana peanusaumm peaykummn: Reducers

(] BekTtopHasa obpaboTka maccusos (Array notation)
#pragma simd, elemental functions

= Task parallelism
J MNMopoxaeHue 3aaay (tasks): _Cilk_spawn
J CunxpoHusauua 3agau: _Cilk_sync

Cpeactsamu Cilk Plus apdpekTnBHO pacnapannenmsarorca:

anroputmbl Tna “pasnensamn n snacteyn” (divide & conquer):
COPTUPOBKA CAUAHMEM, DbICTPas COPTUPOBKA U T.A.

onepaunmn Hag PEKYPCUBHBIMU CTPYKTYPaMM AaHHbIX
(nepesbsa, cnUCKK)



A3biK Intel Cilk Plus

Keywords

_Cilk_spawn

Coobulaet KOMNUAATOPY, YTO GYHKLUA MOXKET ObiTb
BbIMOJIHEHA NApa/saeNbHO C Bbi3biBatoWwen GyHKLUMEN

_Cilk_sync

Tekywaa GyHKUNA HE MOXKET NPOAO0NKaTb BbIMOJHEHME
AaNblue TEKYLLEN TOYKN NAPANNENbHO C ee AOYEPHUMU
3a4a4amu (peannsyeTt CUHXPOHM3ALUMIO, OXKNAAHUE
3aBeplIeHna ao4YepHUxX 3aaad)

_Cilk_for

CoobuiaeT KOMNUAATOPY, YTO UTEPALMN LLUKNA MOXKHO
BbIMO/IHATb NAapannenbHo (KaxKaoh 3aaaye AoCTaHeTCA
610K UTEepaumin pasmepa grainsize)

Pragmas

#pragma cilk
grainsize = <expr>

3aJaeT MakCMMaibHOE KO/IMYEeCcTBO UTepauuin umkna for
ANA OAHOW 3a4a4u

#pragma simd

BeKkTopu3yeT UMKA cpeacTBaMm BEKTOPHbIX MHCTPYKL MM
npoueccopa




A3biK Intel Cilk Plus

Predefined Macro

cilk CoaepXnT HOMep NoaaepKMBaemon
— komnunatopom sepcun Intel Cilk Plus

Environment Variable

3a/laeT KONMYECTBO Paboymx NOTOKOB

CILK_NWORKERS (worker threads), koTopble 6yay
BbIMO/IHATb NAapanAeNbHble 334a4K

Elemental Function

declspec(vector) KoHCTpyKUMA ANAa onpefeneHns
P elemental functions

Compiler Options

/Qcilk-serialize, Komnunaumna nporpammol
-cilk-serialize B Noc/seAoBaTe/iIbHOM BUae
/Qintel-extensions[-], BKkAtoYaeT/BbIKAOYaET paclUMpPeHUS

-[no]intel-extensions ans Cilk Plus




Al'leepHaTMBHble KAn4yesblie CN10Ba

//
// file: <cilk/cilk.h>

//

#define cilk_spawn Cilk spawn
#define cilk_sync Cilk sync
#define cilk_for Cilk for

10



Intel Cilk Plus: Hello World!

#include <iostream>
#include <cilk/cilk.h>

void handler(int id, char *name)

{

std::cout << "Hello World form " << id << ":
<< name << std::endl;

}

int main()

{
cilk_spawn handler(100, "Task X");
cilk_spawn handler(120, "Task Y");
cilk_spawn handler(130, "Task Z");
cilk sync;
return 0;

}

11



Intel Cilk Plus: Hello World!

#include <iostream>
#include <cilk/cilk.h>

void handler(int id, char *name)

{

std::cout << "Hello World form " << id << ":
<< name << std::endl;

}

int main()

{
cilk_spawn handler(100, "Task X");
cilk_spawn handler(120, "Task Y");
cilk_spawn handler(130, "Task Z");
cilk sync;
return 0;

}

Main

spawn
spawn
spawn

sync

12



Intel Cilk Plus: Hello World!

$ icc -o prog ./prog.cpp
$ ./prog

Hello World form 100: Task X
Hello World form 120: Task Y
Hello World form 130: Task Z

13



OcHoBHble TepmuHbl Intel Cilk Plus

= Strand (HUTb) — nocnegoBaTE/IbHbIN
y4acCToK Koga (4actb pyHKLUMM),
6€e3 KaKux NMBO KOHCTPYKLUUM

Strands:
1
ynpaBaeHUA napanneinamom ‘
A

1,2,3,4

(spawn, sync)

" Ha pucyHKe npuseaeHo 4 strand / N\
2 3
= Strands 2 n 3 moryT BbINONHATbLCA \ 1

napannesnbHo — He 0b6sa3aTeNbHO byayT
BbIMONHATL NapannenbHo!

I
v

14



lNpeacrtasneHue nporpammobl B suge DAG

= CTpyKTypa nporpamma npeacrasnaercs I

HanpPaBAEHHbIM aUMKANYECKMM Fpadom 1 ;t?nd& ]
1’ V4 4 4l 5’

DAG — Directed Acyclic Graph

= DAG He 3aBUCUT OT KOZIMYECTBa
AOCTYNHbIX NpOoLEeccopos
(paboumx notokos, worker threads)

=  Strands AgMHamMmuMyecKkmn
pacnpenenaoTca NAaHUPOBLLMKOM
no nyny pabouymx noTokos
(worker threads)

= Ha pucyHke A, B — 310 onepauunun spawn,
C —23TO sync

= Strands 2 n 3 moryT BbINONHATbLCA
napannenbHo




MaaHnposwuk Intel Cilk Plus

{
funl(); // strand 1
_Cilk_spawn fun3(); // strand 3
fun2(); // strand 2
_Cilk_sync;
fun4(); // strand 4
}

fun2 1 fun3 moryT BbINOAHATLCA Pa3HbIMMU NOTOKAMMU

[Ana obecneyeHna NnocneaoBaTeIbHOM CEMaHTUKN
(serial semantics), nopoxaeHHas ¢pyHKUMsa fun3
BCEraa BbINOMHAETCA TEM e MOTOKOM, KOTOPbIH
BbINONHAET strand, BbI3BaBLLNI spawn

B Hawem cayyae funl n fun3 6yayT BbINONHATHLCS
OA4HWUM NMNOTOKOM

Ecnn ectb cBo60AHbBIE NOTOKM, TO strand2 (fun2)
MOXKeT bbITb BbINONHEH UM (3axBayeH, steal)

- &

16



Intel Cilk Plus Execution Model

" [Mnanmnposuwwmk Cilk Plus amHammnuyeckn pacnpepensert strands
no notokam (workers)

= QyHKUMA, KOTOPAA NOPOXKAEHA HUTLIO A,
byaeT BbINONHATLCA NOTOKOM (worker), KOTOpbI BbINOAHAET
HUTb A

= Ko/1M4yecTBO NOTOKOB B nyne MmOXxXHO HaCTpanBaTb:

U export CILK_NWORKERS=4

O  cilkrts_set param(), _ cilkrts_get nworkers(),
__cilkrts get worker_number()

if (0 != _ cilkrts_set param("nworkers", "4")) {
printf("Failed to set worker count\n");
return 1;



MnanuposwuK Intel Cilk Plus

= KaxKabl MOTOK MMeeT AeK 3aaad
(deque, ouepeab c AByMS KOHUAMM)

" [1py NOPOXKAEHNMN HOBOM HUTU TEKYLLAA MOMELLLAETCS

B oyepenb
Task

Task Task
Task Task Task
Task Task Task Task
Task Task Task Task

export CILK _NWORKERS=4



MaaHnposwuk Intel Cilk Plus

[MnaHnpoBWMK ncnonblyet mexaHnsm “work stealing”
AN AMHaMMYECKoro pacnpeaenenusa strands no
notokam (workers)

CBoboaHbIn noTok (worker) moxkeT “3axBatntb” (steal)
y APYroro noTokKa ero strand
(BbIBMpPAA c NPOTUBOMNOJIOKHOIO KOHLUA AeKa)

19



cilk_spawn

= cilk_spawn fun() — coobwaet kKomnunaTopy, 4To GyHKUMA fun moxeT
6bITb BbINO/HEHA NapPanNenbHo C Bbi3biBatowen GyHKLUEN

" B KauectBe PpyHKumMmM fun moryT 6bITb YKa3aHbl:
d O6bluHasa C-pyHKLUUA
d MeTop,
O ambpa-dyHkuma C++11

O dyHkTOp (function object) — 06beKT ¢ neperpy*keHHbIM METOA0M
Bbl30Ba PyHKLMM operator()

* [lapameTpbl, NnepeaaBaembie B NOPOXKAAEMYIO 33434y BbIYMCAAOTCA
10 BbI30Ba spawn

20



cilk_sync

= cilk_sync — npunoctaHaBanBaeT BbINOJIHEHME TEKYLLEN
HUTK (strand), NOKa Bce eé AoYEepPHUNE HUTH
He byayT 3aBepLUeHbI

funA
void funA()
{ spawn
cilk _spawn funB(); spawn
cilk_spawn funC(); funB
cilk_sync; func

sync

21



Yucna ®nboHauum (Fibonacci)

int fib(int n) fib(4)
{
int x, y;
i (< 2) fib(3) fib(2)
return n; /\
x = fib(n - 1);
y = fib(n - 2); fib(1)  fib(0)
return x + y; |
) fib(2)  fib(1)

Fp=Fpu_1+Fp,_, /\

0,1,1,2,35,8, .. fib(1) fib(0)
22



Yucna ®nboHauum (Fibonacci)

int fib(int n)

{

int x, y;
if (n < 2)
return n;
X = cilk spawn fib(n - 1);
y = fib(n - 2);
cilk sync;
return x + vy;

23



cilk_spawn

Bepcusa 1

cilk _spawn b(); fun()
cilk _spawn c();

fun() ()
cilk sync; b()

Echn Bpemsa pabotbl fun() HeBenuko,
apdekTnBHee 06BEANHUTL BbiNnoaHeHUe c() n fun()
B ogHom strand

cilk spawn b(); c() — fun()
c(); 1 ;
fun()
cilk sync; b()
24

Bepcua 2



MergeSort

// Merge sequences [xs, xe) and [ys, ye)
// to output [zs, (xe - xs) + (ye - ys)
void parallel merge(T* xs, T* xe, T* ys, T* ye, T* zs) {
const size t MERGE_CUT_OFF = 2000;
if (xe-xs + ye-ys <= MERGE_CUT _OFF ) {
serial merge(xs,xe,ys,ye,zs);
} else {
T *xm, *ym;
if ( xe-xs < ye-ys ) {
ym = ys + (ye - ys) / 2;

xm = std::upper_bound(xs, xe, *ym);
} else {
Xm = Xs + (xe - xs) / 2;
ym = std::lower bound(ys, ye, *xm);
}
T* zm = zs + (xm-xs) + (ym-ys);
cilk_spawn parallel merge(xs, xm, ys, ym, zS);

/* no spawn */ parallel merge(xm, xe, ym, ye, zm );
// implicit cilk sync

25



cilk_for

= cilk_for coobuwaetr kKomnnMnATOPY, YTO UTEPALUM LKA MOXKHO

BbIMO/IHATb NMNapaaneabHoO

= B YCN10BUU 3aBepuleHNA ULMKIO MOXKHO NUCMOJ/1Ib30BaTb TOJ/IbKO

onepaummn <, <=, >, >=, I=

= B 6/10Ke MHKpeMeHTauun ynpasaatoLen nepemeHHON UnKa

AONYCTUMbI Onepauun: +=, -=, ++, --

cilk_for(int i = begin; i < end; 1 += 2) {
f(1);

cilk_for(T::iterator i(vec.begin()); i != vec.end(); ++i) {
g(1);
}
26



cilk_for

=  KomnunsaTtop Intel npeobpasyeT UMK B peKYPCUBHYIO GYHKLMIO
c BbI3oBamu cilk_spawn (divide-and-conquer)

» cilk for(i = 0; i < 8; ++1)
* grainsize =1 // max konn4yecTBO uUTepauua gna strand

27



cilk_for grainsize

grainsize — makKcMmanbHOE KOIMYECTBO UTepaLUn

BbIMOJIHAEMbIX HUTbIO (Sstrand)

[lapameTp grainsize NO3BONAET peryanmpoBaTtb
3arpy3Ky HUTeM

#pragma cilk grainsize = 4
cilk_for(i = @; i < N; i++) {
/* Code */

28



Intel Compiler: cilk_for

void run loop(first, last)

{
if (last - first) < grainsize) {
for (int i = first; i < last; ++1)
LOOP_BODY;
} else {
int mid = (last + first) / 2;
cilk_spawn run_loop(first, mid);
run_loop(mid, last);
}
}

29



NMpumep SAXPY

void saxpy(float a, float *x, float *y, int n)
{

for (int 1 = 0; 1 < n; i++) {
y[i] += a * x[1i];

30



NMpumep SAXPY

void saxpy(float a, float *x, float *y, int n)
{

cilk for (int 1 = 0; i < n; i++) {
y[i] += a * x[i];

31



Reducers

= Reducer — 310 notokobe3onacHble rnobanbHble
nepemeHHble (peann3oBaHbl Ha 6base wabnoHoB C++)

" K Takou nepemeHHOMN MOXKeT bbITb MPUMEHEHA
rpynnosan onepauus, GopmupytoLLLaad UTOFOBOE
3HaYeHMe No 3HaYeHMNAM U3 Bcex HUTen (strands)

= [logaepXnBaemble onepaumu:
max, min, +, -, XOR, OR, AND, add, ...

" JIMmeeTcAa BO3MOXKHOCTb Peasin30BbIBaTb N0/1b30BaTE/IbCKME
onepauuu

32



Mpumep ucnonbsosaHna Reducers

unsigned int compute(unsigned int 1)

{

return 1i;

}

int main(int argc, char* argv[])

{
unsigned long long int n = 1000000;
unsigned long long int total = ©;
for (unsigned int i = 1; i <= n; ++i) {

total += compute(i);

}
return 0;

}

33



Mpumep ncnonobszosaHna Reducers: parallel

#include <cilk/cilk.h>
#include <cilk/reducer_opadd.h>

unsigned int compute(unsigned int i)

{
return i;
}
int main(int argc, char* argv([])
{
unsigned long long int n = 1000000;
// reducer c onepauuen +
cilk: :reducer_opadd<unsigned long long int> total(9);
cilk_for (unsigned int i = 1; i <= n; ++i) {
*total += compute(i);
}
std::cout << "Total " << total.get value() << std::endl;
return 0;
}

34



Reducers: lists

#include <cilk/reducer_list.h>
TreeNode *tree;
cilk: :reducer_list_append<int> values;

void inorder _walk(TreeNode *node)
{
if (node == NULL)
return;
cilk _spawn inorder walk(node->left);
values.push_back(node->value);
inorder_walk(node->right);

35



Array Section Notation

" Array Notation — 510 a3bikoBble KOHCTPYKUumM Intel Cilk Plus
MHPOPMUPYIOLME KOMIMUIATOP O BO3MOMKHOCTHU
MCNON1b30BaTb BEKTOPHbIE NHCTPYKLUUKU ANA 06paboTKu
maccusoB (SIMD processing)

= (ObpaweHune K yactm maccusa: base[first:length:stride]

O

O
O
O

A

A
B
C

:] — BECb MaccuB
3:99] — anemeHTbI € 3 NO 99
:][5] — ctonbeu, 5 matpuupl

0:3][0:4] — noamaTpmLa

" Bua BEeKTOPHbIX onepauuim

ArraySection2 OP ArraySection2 36



Array Section Notation

s[@:n] = sin(y[0@:n])

if (a[@:n] < b[O:n])
c[@:n] += 1;
else
d[@:n] -= 1;

/* Reductions */
sum = _ sec_reduce_add(a[@:n] * b[O:n]);

37



#pragma simd

void saxpy(float a, float *x, float *y, int n)
{
#pragma simd
for (int 1 = 0; 1 < n; i++) {
y[i] += a * x[1i];

¥

38



#pragma simd

float sum(float *x, int n)

{
float sum = 0;
#pragma simd reduction(+:sum)
for (int 1 = 0; i < n; i++) {
sum += *X++;
}
return sum;
}

39



Elemental functions

= Elemental function — 3to nonb3oBatenbckue C/C++-
GYHKUUN ANA peanmlaLnm BEKTOPHbIX onepauuni
(data parallelism)

// Elemental function
__attribute__ ((vector)) double ef add(double x, double y)

{
}

return x + y;

// Bbl30B PYHKUMM C uCnNonb3oBaHMeM array notations
al[:] = ef_add(b[:], c[:]);
a[@:n:s] = ef_add(b[@:n:s], c[0:n:s]);

// BbizoB n3 cilk for
_Cilk _for (j = 0; j < n; ++j)
{
a[j] = ef_add(b[j],c[]])
} 40



3aaaHue

= [MpountaTb Npo Holders (hyperobjects) B Intel Cilk Plus

= |ntel Cilk Plus // Intel® C++ Compiler XE 13.1 User and

Reference Guides,
http://software.intel.com/sites/products/documentation/doclib/stdxe/2013/com
poserxe/compiler/cpp-win/index.htm

" |ntel® Cilk™ Plus Language Extension Specification

Version 1.2 (2013-09-06)

http://www.cilkplus.org/sites/default/files/open specifications/Intel Cilk plus la
ng spec 1.2.htm

= Cilk lectures by Charles Leiserson and Bradley Kuszmaul
(http://supertech.csail.mit.edu/cilk/)

41
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