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Ti eival ta TBBs;

« C++template library yia arrodotikd Kai eOKoAo mapdaAinAo
TTOOYPAUUATIOUO O€ TAATPOPUES Uo1palOUEVNC UVHUNG

= Avantuooetal ano tnv Intel anmé to 2004 (open-source amnod
T0 2007)

= Aegv gival kaivoupla YAWooa 1 EMEKTAON

= Metagépoiun otoug meploootepoug C++ compilers,
AEITOUPYIKA CUCTHUATA KAl APXITEKTOVIKEG



Baoika xapaktnplotika

1. O mpoypappatiotnc opiel tasks avti yia threads
— ETKEVTIPWVETAL OTNV EK@PACT TOU TTAPAAANAICHLOU OTNV EQAPUOYN
(o€ uPNAGTEPO N} XapNASGTEPO £TTiTTEDO)
— n B1BM0ONAKN gival uteLOuLVN yia TNV VvAomoinon Tou
» Sldomaon oUVOAIKNG OOUAEIAC O€ EMUEPOUC EQYAOIEG

SPOLOAOYNON EPYACIWV OTOUC EMECEPYAOTEC
* OUYXPOVIOUOC
* [OOKATOVOMN pOPTIiOU

Slaxeipion mMOPWV CUCTANATOC KAl EOWTEPIKWVY UNXAVIOUWV



Baolka xapaktnploTika

2. 2XXeOlAOUEVN VIO KAIUQKWOIUOTNTA

— N ouUVOAIKA OOUAELA oTTdEl € TTOAAG LIKPA KoupdTia (tasks), cuviBwg
TTOAU TTEPIOCOTEPA aTIO TOV APIOUO TwV eneepyaotwy («parallel
slack»)

— eCaoaliletal 0TI Ba untdpyel mavta dtaBotun SouAeild yia kAOe
EMITAEOV eTEEEPYAOTH TTOU TTPOOoTiOeTAl

— 0 unxaviouog yia load balancing e€ao@alilel TNV KAIMAKWOIUN
anodoon



Baolka xapaktnploTika

3. EkpetraAevetal tn Suvaun kat tnv eveAiia Tou
VEVIKEUUEVOU TTOOYPAUMATIOUOU (generic programming)
— TIAPEXEL Eva TAOUCIO CUVOAO amo TapaueTpomnoinoiua (templated),
«ready to use» mapAAnAa akyoplBuikd poTifa Kat OOEC
e avtiotowxa pe tnv C++ STL yia ta ogiplaka nmpoypdupata
— Oev anmautei 181k umooTAPIEN A HETAYAWTTIOTH
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Tasks

= Ek@pdalouv pia otoixeliwdn ave€aptntn Epyacia oto
TTPOYPAUMA TOU XPNOTN

— moAU mio lighweight ané ta native threads Tou Aeitoupyikou

parallel algorithms

= Auvatotnta Apeong xpriong Twv tasks amd tov
TTPOYPAUUATIOTH

— dnuioupyia auBaipeta MTOAUTTAOKWV YPAPWYV EPYACIWV




[TpOYPAUUATIOTIKO HOVTEANO

= Onwc¢ kat otn Cilk, 500 Baocikég Asrtoupyieg yia Tnv
neplypa@n evoc task graph
— spawn: dnuioupyia epyaciag
— wait: CUYXPOVIOUOG EpYACIWV



Mapdadetyua

long SerialFib(long n) {
if (n < 2)
return n;
else
return SerialFib(n-1)
+ SerialFib(n-2);

long n, sum;

FibTask& r = *new (
allocate_root())FibTask(n,&sum);

spawn_root_and_wait(r);

cout << sum;

class FibTask: public task {

};

const long n;

long *const sum;

FibTask(long n_,long* sum_ ) {
nN=n_; sum=sum_;

}

task* execute() {
if (n < cutOoff)
*sum = SerialFib(n);
else {
long x,y;
FibTask& a = *new (
allocate_child())FibTask(n-1,&x);
FibTask& b = *new (
allocate_child())FibTask(n-2,8&y);

set_ref_count(3);
spawn(b);
spawn(a);
wait_for_all();
*¥sum = Xx+y;

}

return NULL;




class FibTask: public task {
const long n;

Mapdadetyua

each user-defined task g n_,long* sum ) {
long SerialFib(long n) { | mustextend tbb:task N o nd implement execute()
if (n < 2)
return n;
else task* execute() {

return SerialFib(n-1) if in < cutoff)
+ SerialFib(n-2); sum = SerialFib(n);
} else {
long x,y;
FibTask& a = *new (
allocate_child())FibTask(n-1,&x);
FibTask& b = *new (

long n, sum; allocate_child())FibTask(n-2,8&y);
FibTask& r = *new ( set_ref_count(3);
allocate root())FibTask(n,&sum); spawn(b);
spawn(a);
spawn_root_and_wait(r); wait_for_all();

*¥sum = Xx+y;

cout << sum; }
return NULL;

};




Mapdadetyua

long SerialFib(long n) {
if (n < 2)
return n;
else
return SerialFib(n-1)
+ SerialFib(n-2);

allocate root task (has no
parent)
long n, sum;

FibTask& r = *new (
allocate_root())FibTask(n,&sum);

spawn_root_and_wait(r);

cout << sum;

spawn it, and wait here

class FibTask: public task {

}s

const long n;

long *const sum;

FibTask(long n_,long* sum_) {
nN=n_; sum=sum_;

}

task* execute() {
if (n < cutOoff)
*sum = SerialFib(n);
else {
long x,y;
FibTask& a = *new (
allocate_child())FibTask(n-1,&x);
FibTask& b = *new (
allocate_child())FibTask(n-2,8&y);

set_ref_count(3);
spawn(b);
spawn(a);
wait_for_all();
*¥sum = Xx+y;

}

return NULL;




Mapdadetyua

long SerialFib(long n) {
if (n < 2)
return n;
else
return Se if n small enough, execute

+ | task serially

otherwise create and run
two tasks

long n, sum;

FibTask& r = *new (
allocate_root())FibTask(n,&sum);

spawn_root_and_wait(r);

cout << sum;

class FibTask: public task {
const long n;
long *const sum;
FibTask(long n_,long* sum_ ) {
n=n_; sum=sum_;

}

task* execute() {
if (n < cutOoff)
*sum = SerialFib(n);
else {
long x,y;
FibTask& a = *new (
allocate_child())FibTask(n-1,&x);
FibTask& b = *new (
allocate_child())FibTask(n-2,8&y);

set_ref_count(3);
spawn(b);
spawn(a);
wait_for_all();
*¥sum = Xx+y;

}

return NULL;

};




Mapdadetyua

long SerialFib(long n) {
if (n < 2)
return n;
else
return SerialFib(n-1)
+ SerialFib(n-2);

allocate child tasks

long n, sum;

spawn tasks
(indicate them as
“ready to execute”)

FibTask& r = *new (
allocate_root())FibTa

spawn_root_and_wait(r);

cout << sum;

};

class FibTask: public task {

const long n;

long *const sum;

FibTask(long n_,long* sum_) {
nN=n_; sum=sum_;

}

task* execute() {
if (n < cutOoff)

*sum = SerialFib(n);
else {

long x,y;

FibTask& a = *new (

allocate_child())FibTask(n-1,&x);
FibTask& b = *new (
allocate_child())FibTask(n-2,8&y);

set_ref_count(3); how many children

spawn(b); should | wait for?
spawn(a); 2 (+1 implicit...)
wait_for_all();
*sum = Xx+y; .
} Y ok, now really wait
returr ULL; for children to
} complete

merge their results
and store into *sum
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[ evikevuevog [1poYPAMMUATIONOC

= «..deals with finding abstract representations of efficient
algorithms, data structures, and other software concepts, and

with their systematic organization» [Czarnecki, Eisenecker — Generative
Programming]

= «..d style of computer programming in which algorithms are
written in terms of to-be-specified-later types that are then
instantiated when needed for specific types provided as
parameters» [wikipedial

= Y KOTOC N avAamuén AoylopIKOU WOTE va €ival
ETTAVAXPNOLIUOTIOINCIUO HE ATAO Kal armodOTIKO TPOTIO



Templates

= EMITPEMOULV TNV TAPAUETPOITOINCN TUTIWV OE OUVAPTHOEIC KAl

KAQOEIC

= [lapaderypa templated cuvaptnong

template<typename T>
void swap(T & x, T & y) {

T tmp = Xx;
X =Y
y = tmp;

¥

float f1,f2;
String sl1,s2;

swap(f1,f2); //template

EAayiotec amaitjosi yia tov T
1. copy constructor T(const T&)
2. assignment operator

void T::operator=(const T&);

3. destructor ~T{()

instantiation: swap floats

swap(sl,s2); //template instantiation: swap strings



Templates

= [lapdaderypa templated kKAdong

template<typename T, typename U>
class pair {
public:

T first;

U second;

pair( const T & x, const U & y ) : first(x), second(y) {}
}s

//compiler instantiates pair with T=string and U=int
pair<string,int> x;

x.first = “abc”;

X.second = 42;



C++ Standard Template Library (STL)

= ‘Eva and ta mAéov enmtuxnuéva mapadEiyaTa YEVIKEUUEVOU
TTPOYPAUUATIOMOU

= [lapéxel éva ouvoho amod:

Aopéc dedopévwv

vector, list, deque,
set, map, stack, ...

A —

-

TOV TILO YEVIKO TPOTIO

LETAYAWTTION

<

Iterators

input, output,
random access,
bidirectional, ...

~

4

instantiation avdAoya pe TNV mepImTwon Katd tTn

AAyopiLOpot

for_each, sort,
binary_search,
find, count, ...

~

/

ol KaAUTepol duvatoi aAyoplOuol Kat OOUEC YPAMMUEVOL PE



Mapddetypa: TAROOC eppavioewv Lag TIUNG o€ Eva
vector

vector<int> v;
vector<int>::iterator b = v.begin(), e = v.end();
long ¢ = count(b, e, 4);

template<class Iter, class T>

long count(Iter first, Iter last, const T& value) {
long ret=0;
while ( first != last ) if (*first++ == value) ++ret;
return ret;

¥

= YEVIKEUMEVN UAOTTOINON XWPIC va uoTepEi o€ amddoon



Function objects (“Functors”)

= KAAOEIC OTIC Oomoieg Exel uTTEPPOPTWOEL 0 TEAEOTAC ()

= ‘Exouv TNV AEITOUPYIKOTNTA CUVAPTHOEWV
— oTnVv ouaia gival ocav S&iKTEC 0 CUVAPTACELC
— emmnAéov mAeovekTpata (m.x. amobrikevon state)

= Yeautd otnpiletal n Aettoupyia twv TBBs

— mapdA\nAa aAyoplOuikd potifa vAomoinuéva ocav template
functions

— KWwOIKaAC xpnotn vAomoinuévog oav function object
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TBB: Apxlkoroinon

= [0 TV xprjon onmotoudnmoTe mapAaAAnNAou aAyopiBuou tn¢
BiBAI0OAKNG, amatteital n dnuioupyia evOC QVTIKEILEVOU
task_scheduler_init

#include <tbb/task scheduler_init.h>
#define NPROCS 4

int main()

{
tbb: :task _scheduler _init init(NPROCS);



[MapaAinAomoinon for-loop

= Yn60eon: epappoyr ouvaptnong Foo() os kaBe otoixeio
EVOC TTivaKa

= JEIPIOKOC KWALIKAC

float a[100];
for ( int i=0; 1!=100; ++i )
Foo(a[i]);



[MapaAinAomoinon for-loop

= tbb:parallel_for

— Xwpilel Tov apxIkO XWPo emavaAfPewV 0€ MIKPOTEPA KOMUATIA Kal TA
eKTENEl MApPAANAQ

— template function

= 1°BApa: xpetaletal va SWOoOUPE Jia TIEPLYPa®r] yia To Tt O0UAELd Ba
yivetal o€ évav ommolovONTIoTE UTTOXWPEO EMavaAPewv Tou loop

— YpA@ouue To owua tou loop otov operator() evog function object
— 0 operator() sival TapaUETPOTIOINUEVOC PE BAon évav UTTOXWPEO

class ApplyFoo {

blocked_range<T>: kK\don
float *const my_a;

: mou ek@padet 1D ypauuiko
public: range mavw otov Tumo T

ApplyFoo( float *a ) : my a(a) {}
void operator()( const blocked range<int>& r ) const {
float *a = my_a;
for ( int i=r.begin(); il'=r.end(); ++i )
Foo(a[i]);



[MapaAinAomoinon for-loop

= 2°(Apa: kKAnon parallel_for

dnuioupyia (avwvupou)
QVTIKEIUEVOU YIA TNV
TIEPLYPAPH) TOU APXIKOU
XWpPOoU eMavaAfPewv

float a[1l00];
parallel for( blocked range<int>(0,100),
ApplyFoo(a)

)

dnuioupyia
function object
= n parallel_for avahaufaver:

— va laommdoel To apyxIKO range o€ TTOANA HIKPOTEPQ
— va epapuodoel mapdAAnAa to function object oe kaBéva amd autd



ANAwon parallel_for

template <typename Range, typename Body>
void parallel for(const Range& R,
const Body& B );

= Amaitiiosig yia 1o Body B

B::B( const F&) Copy constructor

B::~B() Destructor

void B::operator() (Range& subrange) const  Apply B to subrange

=  Anaitioelg yla to Range R

R(const R&) Copy a range n Bl?\'loeﬁm TTIOPEXEL
TIC KAAOEIC

blocked_range,
blocked_range2d,
blocked_range3d

R:~R() Destroy a range
bool R::empty() const Is range empty?

bool R:is_divisible() const Can range be split?

R:R (R&r, split) Split r into two subranges
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Aertoupyia parallel_for

top

(oldest task)
A

avadpopuikn dtdomaon
TOU range, JEXPL VA YiVEl ! P . b !
< GrainSize

bottom
(youngest task)

<> >

= 0¢€ K&Be ekTéNeON TNG avadpoprig éva PO P1 P2 P3
range Slaondrat o€ 2 subranges

= dnuloupyouvtal 2 véa tasks mou
tormoBetouvtal otn BAcn TNG oupdAg

= kKABOe worker maipvel 1o task and tn fdon
TNC TOTTIKAG TOU OUPAC KAl TO EKTEAET

= av Oev Bpel, TOTE KAEBEL KATTOL0 ATIO TNV
KOPU®N TNG oLPAC evoc Tuxaiou worker

worker threads pe
double-ended queues



Aertoupyia parallel_for

O
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Aertoupyia parallel_for




Aettoupyia parallel_for
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Baoikoi pnxaviouol

= Work stealing
— eCaogahilel lookaTavoun popTiou

= Recursive splitting

— emTpEnel TNV enmeepyaoia maAvw oe auBaipeTa HIKPA KOPUATIO KAl TN
BéATIOTN ekpeTAANEVON TNG cache («cache-oblivious algorithms»)



[MBaveg olpeg ekTEAEONC TWV tasks

Ve WeWe

Depth-first Breadth-first
- Amtautei Aiyo xwpo - Artatel TOAU Ywpo
- KaAr} TomKoTNTa ava@opwy - Kakn TomkétnTa avadopwv

- MnOevIKOC mapaAANAICUOG - Méyioto¢ mapaAANAIopOG



Work depth-first, steal breadth-first

= E&locopporei KAAUTEPA TIC TTPONYOUUEVEC ATTAITAOCEIG

/

To KAEYIpO amd TNV Kopuen e€acahilet:

- MEYAAO KOPUATI SOUAEIAC — KOAN
TIEPAITEPW KATAVOWN POPTioU

- LRU 6ebopéva tou Bupatog otov
«KAEQPTN», Ta MRU mmapapévouv oto «Buua»

AeUtepn KaAUTEPN
emioyn

victim thread



TEAOX



Extra slides



Lambda Expressions

“C++11 feels like a new language” . stroustrup]

= Avvatotnta“in-place” oplopol cuvapTHoEwWY OTO
ONMEIO TTOVU XpNOIUOoTToloLVTAl
— avti Twv function objects

— o compiler dnuiovpysei povadiko, avwvupo function object yia
KAOe lambda expression

char s[]="Hello World!";
int nup = @; //modified by the lambda
for_each( s, s+sizeof(s),
[&nup] (char c) {
if (isupper(c)) nup++;
}
)

cout << nup << " uppercase letters in: "<< s << endl;

= gcc4.5 or newer
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Lambda Syntax

= [capture_mode] (formal_parameters) -> return_type {body}

. J VAN J
Y Y Y
[&] = by-reference Can omit if there are no Can omit if return type is
[=] = by-value parameters and return type void or code is “return
[ = no capture is implicit. expr;”
Examples

[&](float x) {sum+=x;}

[&]{return *p++;}

[=](float x) {return a*x+b;}

[{return rand();}

[1(float x, float y)->float {
if(x<y) return x;
else returny;

}



Fibonacci, revisited

long ParallelFib(long n)
{
if (( n < 16 )
return SerialFib(n);
else {
int x, y;
tbb: :task _group g;
g.run( [&]{ x = ParallelFib(n-1);} );
g.run( [&]{ y = ParallelFib(n-2);} );
g.wait();
return x+y;



parallel_for, revisited

tbb: :parallel for(
tbb::blocked range<size t>(0,n),
[=](const tbb::blocked range<size t>& r) {
for ( size t i = r.begin(); i !'= r.end(); ++i )
Foo(a[i]);



Chunking kat loop partitioners

parallel for( blocked range<size t>(0,n,G),

ApplyFoo(a)
,some_partitioner())

= Chunking: To néyebo¢ Twv ranges o0To Oomoio oTauaTd n
avadpopikn otdomaon
— optional argument otov constructor Tou blocked_range

= Partitioners
— optional argument otnv parallel_for

1.

simple_partitioner

* recursive binary splitting, eyyvatat 61t [G/Z] < chunksize < G
affinity_partitioner

* avab&tel Ta ranges e TPOTO WOTE va peylotomoleital To cache locality
auto_partitioner (default)

* €MAEYEL AUTOMATA TO grainsize pe Baon svuploTikA uEbodo

» mpoomnaBei va ehaxiotomolioel 1o range splitting oe onueio mou va
e€ao@aliletal Kalo load balancing



Resources

= Home
 httoe/A inabuildinabloc! f

= Latest stable release (4.0):
) . . e . _—
— use sources

= Documentation:

| /1) linabuildinabloc! d : |
— Getting Started
— Tutorial

— Reference
= Intel Software Network blogs:

— http://software.intel. com/en-us/blogs/tag/tbb/
= Forum:

blocks/
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Mapdadetyua functor

Template function for

template<typename I, typename Functor> iteration

void ForEach( I lower, I upper, const Functor& f ) {
for ( I i=lower; i<upper; ++i )
f(1);

class Accumulate {
float& acc;
float* src;

public:
Accumulate(float& acc_, float* src_) : acc(acc_ ), src(src_ ) (0) {}
void operator()( int i ) { acc += src[i];}

Functor

¥
float a[4] = {1,3,9,27}; Pass functor to
float sum = 0.0; template function.

Accumulate A(sum,a);
ForEach( 0, 4, A );
cout << sum;



