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Blue Gene/L Development
Out lineOut line

ƒBackgr ound
ƒBlue Gene/ P sof t war e
ƒLoop Dat a par allelism
ƒPer f or mance impr ovement s
ƒGener al dat a par allelism
ƒFunct ional par allelism
ƒHybr id pr ogr amming
ƒSummar y
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OpenMPOpenMP Series of LecturesSeries of Lectures

ƒPar t  I :     I nt r oduct ion t o OpenMP
ƒPar t  I I :   Hybr id Par allel Pr ogr amming
ƒPar t  I I I : OpenMP Tut or ial
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Br ief  Hist or yBr ief  Hist or y

ƒ OpenMP is an Applicat ion pr ogr amming int er f ace (API ) f or  
par allel pr ogr amming SMPs

ƒ Developed in t he ear ly 90' s t o be used f or  mult i-t hr eaded, 
shar ed memor y pr ogr amming

ƒ The OpenMP st andar d specif icat ion st ar t ed in 1997

Oct ober  1997: For t r an ver sion 1.0 

Lat e 1998: C/ C++ ver sion 1.0 

J une 2000: For t r an ver sion 2.0 

Apr il 2002: C/ C++ ver sion 2.0 

J une 2005: Combined C/ C++ and For t r an ver sion 2.5 
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Why Why OpenMPOpenMP??

ƒ Bet t er  per f or mance on shar ed-memor y machines 

ƒ OpenMP is an Applicat ion pr ogr amming int er f ace 
(API ) f or  par allel pr ogr amming SMPs

ƒ OpenMP has emer ged as a shar ed-memor y 
st andar d

ƒ Consist s of  a set  of  compiler  dir ect ives, libr ar y 
of  suppor t  f unct ions and envir onment al var iables

For t r an

C

C++
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Blue Gene/ P Sof t war e at  a GlanceBlue Gene/ P Sof t war e at  a Glance

ƒ Blue Gene/ P sof t war e includes t he f ollowing key at t r ibut es 
among ot her s:

Full Linux ker nel r unning on I / O nodes

Pr opr iet ar y ker nel dedicat ed f or  t he comput e nodes

Message Passing I nt er f ace (MPI ) suppor t  bet ween nodes via 
MPI  libr ar y suppor t

Open Mult i-Pr ocessing (OpenMP) applicat ion pr ogr amming 
int er f ace (API )

Scalable cont r ol syst em based on an ext er nal ser vice node and 
f r ont  end node

St andar d I BM XL f amily of  compiler s suppor t  wit h XLC/ C++, 
XLF, and GNU Compiler  Collect ion

Sof t war e suppor t  t hat  includes LoadLeveler , GPFS, and 
Engineer ing and Scient if ic Subr out ine Libr ar y (ESSL)
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OpenMPOpenMP I mplement at ion f or  Blue Gene/ PI mplement at ion f or  Blue Gene/ P

ƒ The Blue Gene/ P syst em suppor t s shar ed-memor y par allelism on single nodes 
ƒ The XL compiler s suppor t  t he f ollowing const r uct s: 

Full suppor t  f or  OpenMP 2.5 st andar d  
Suppor t  f or  t he use of  t he same inf r ast r uct ur e as t he OpenMP on 
AI X® and Linux 
I nt er oper abilit y wit h MPI     

– MPI  at  out er  level, acr oss t he comput e nodes     
– OpenMP at  t he inner  level, wit hin a comput e node  

Aut opar allelizat ion based on t he same par allel execut ion f r amewor k
ƒ Enables aut opar allelizat ion as one of  t he loop opt imizat ions 
ƒ Thr ead-saf e ver sion f or  each compiler     

bgxlf _r
bgxlc_r
bgcc_r

ƒ Use of  t he t hr ead-saf e compiler  ver sion wit h any t hr eaded, OpenMP, or  SMP 
applicat ion    

-qsmp must  be used on OpenMP or  SMP applicat ions
-qsmp by it self  aut omat ically par allelizes loops
-qsmp=omp par allelizes based on OpenMP dir ect ives in t he code
Shar ed-memor y model is on t he Blue Gene/ P syst em
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Applicat ions View of  t he Node ModesApplicat ions View of  t he Node Modes

Dual Node Mode
ƒ Two cor es r un one MPI  t ask 
each
ƒ Each t ask may spawn one 
t hr ead on cor e not  used by 
ot her  t ask

ƒ Memor y /  MPI  pr ocess = ½
node memor y Hybr id 
MPI / OpenMP pr ogr amming 
model

SMP Node Mode
ƒ One cor e r uns one MPI  
pr ocess
ƒ Pr ocess may spawn t hr eads 
on each of  t he ot her  cor es
ƒ Memor y /  MPI  pr ocess = 
f ull node memor y
ƒ Hybr id MPI / OpenMP 
pr ogr amming model

Vir t ual Node Mode
ƒPr eviously called Vir t ual 
Node Mode

ƒAll f our  cor es r un one MPI  
t ask each

ƒNo t hr eading

ƒMemor y /  MPI  pr ocess = ¼
node memor y

ƒMPI  pr ogr amming model
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Can t he Compiler  Aut omat ically Par allelize?Can t he Compiler  Aut omat ically Par allelize?

ƒ Yes!  XL compiler s have a f lag f or  aut omat ic 
par allelizat ion

Compiler  analyzes t he code in sear ch of  
independent  set s of  inst r uct ions ( loops whose 
it er at ions do not  have dependencies )

Cat ch: t he compiler  may lack t he inf or mat ion 
t o pr oduce code t hat  is f ully opt imized

± I t  may need t o know t he values t hat  will be 
assumed by loop bounds

±The mor e complex t he code t he mor e 
dif f icult  f or  t he compiler  t o opt imize t he 
code
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OpenMPOpenMP Dir ect iveDir ect ive

ƒAn OpenMP dir ect ive is a specially 
f or mat t ed comment  ( in For t r an ) or  
pr agma ( in C/ C++ ) t hat  applies t o t he 
immediat ely f ollowing sect ion in t he 
pr ogr am
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OpenMPOpenMP Gener al Feat ur esGener al Feat ur es

ƒCr eat ion of  a collect ion of  t hr eads f or  
par allel execut ion of  sect ions of  t he code

ƒSpecif icat ion on how t o shar e or  dist r ibut e 
wor k among t he member s of  t he collect ion 
of  t hr eads

ƒDeclar at ion of  pr ivat e and shar ed var iables

ƒThr eads synchr onizat ion
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OpenMPOpenMP Popular it yPopular it y

ƒThe most  common sect ion of  a code t hat  is 
par allelized is:

DO loop in For t r an 

FOR loop in C/ C++
ƒScient if ic applicat ions spend lar ge por t ions 

of  CPU t ime comput ing mat r ices inside 
loops
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Too Good t o be Tr ue:  I s Ther e a Cat ch?Too Good t o be Tr ue:  I s Ther e a Cat ch?

ƒ Yes!!, t her e is cat ch.
ƒ Not  ever y loop can be par allelized
ƒ The number  of  it er at ions needs t o be known upon 

ent er ing t he loop

While loop do not  sat isf y t his condit ion
ƒ Loop it er at ions need t o be independent  f r om each 

ot her , or der  in which oper at ions ar e per f or med 
should NOT change t he r esult s



14

Blue Gene/L Development

Aut omat ic Par allelizat ionAut omat ic Par allelizat ion

ƒ The compiler  can aut omat ically locat e and wher e possible 
par allelize all count able loops in your  pr ogr am code

Ther e is no br anching int o or  out  of  t he loop. 

The incr ement  expr ession is not  wit hin a cr it ical sect ion.
ƒ I n gener al,  a count able loop is aut omat ically par allelized 

only if  all of  t he f ollowing condit ions ar e met :
The or der  in which loop it er at ions st ar t  or  end does not  af f ect  
t he r esult s of  t he pr ogr am. 

The loop does not  cont ain I / O oper at ions. 

Float ing point  r educt ions inside t he loop ar e not  af f ect ed by 
r ound-of f  er r or , unless t he -qnost r ict opt ion is in ef f ect . 

The -qnost r ict _induct ion compiler  opt ion is in ef f ect . 

The -qsmp=aut o compiler  opt ion is in ef f ect . 

The compiler  is invoked wit h a t hr ead-saf e compiler  mode.

AIX compiler
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Ker nel of  a Real Applicat ionKer nel of  a Real Applicat ion

do 10 j  = 1,  j max
i  = 1
vv( i , j )  = v( i , j , m)
do 60 i  = 2,  i max – 1

vv ( i , j )  = vv ( i - 1, j )  + b( i , j )
60    cont i nue

i  = i max
vv ( i , j )  = v( i - 1, j )
do 100 i  = i max – 1,  1,  - 1

vv ( i , j )  = vv ( i +1, j )  + a ( i , j )
100   cont i nue
10  cont i nue

! $OMP PARALLEL
! $OMP Do

! $OMP END DO
! $OMP END PARALLEL

Data 
dependency

Data 
dependency

Ref. 4
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OpenMPOpenMP Compiler  Dir ect ivesCompiler  Dir ect ives

ƒ par al l el : pr ecedes a block of  code t o be 
execut ed in par allel by mult iple t hr eads 

ƒ f or : pr ecedes a f or  loop wit h independent  
it er at ions t hat  may be divided among t hr eads 
execut ing in par allel

ƒ par al l el  f or : combinat ion of  t he par allel and 
f or  dir ect ives

ƒ sect i ons: pr ecedes a ser ies of  blocks t hat  may 
be execut ed in par allel

ƒ par al l el  sect i ons: a combinat ion of   par allel 
and sect ions dir ect ive

ƒ cr i t i cal : pr ecedes a cr it ical sect ion
ƒ si ngl e: pr ecedes a code block t o be execut ed by 

a single t hr ead
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OpenMPOpenMP Funct ionsFunct ions

ƒomp_get _num_pr ocs: r et ur ns t he number  
of  CPUs in t he mult ipr ocessor  on which t his 
t hr ead is execut ing 

ƒomp_get _num_t hr eads: r et ur ns t he 
number  of  t hr eads act ive in t he cur r ent  
par allel r egion

ƒomp_get _t hr ead_num: r et ur ns t he t hr ead 
ident if icat ion number

ƒomp_set _num_t hr eads: allows you t o f ix 
t he number  of  t hr eads execut ing t he par allel 
sect ions of  t he code
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Shar edShar ed-- Memor y ModelMemor y Model

ƒ Pr ocessor s synchr onize 
and communicat e wit h 
each ot her  t hr ough 
shar ed var iables

Processor 0

Processor 1

Processor 2

Processor 3 Memory
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Mast er  Thr eadMast er  Thr ead

J oin

J oin

For k

For k

Wor ker  t hr eads

Mast er  t hr ead

T
im

e

ƒ f or k/ j oi n par allelism
ƒ Par allelism comes and goes
ƒ At  t he beginning only t he 

mast er  t hr ead is act ive
ƒ Mast er  t hr eads  execut es 

ser ial par t s of  t he pr ogr am
ƒ Mast er  f or ks addit ional 

t hr eads t o help execut e 
par allel por t ions of  t he 
pr ogr am

ƒ Thr eads ar e deact ivat ed when 
ser ial por t ion r esumes

Ref. 3
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Shar edShar ed-- Memor y ver sus Dist r ibut edMemor y ver sus Dist r ibut ed-- Memor yMemor y

ƒ Message-passing model: all pr ocessor s t ypically 
r emain act ive t hr oughout  t he execut ion of  t he 
pr ogr am

ƒ Shar ed-memor y model: t he number  of  act ive 
t hr eads is one at  t he beginning and end but  
t hr eads may change t hr oughout  t he execut ion of  
t he pr ogr am

ƒ Shar ed-memor y model suppor t s incr ement al 
par allelizat ion

ƒ Tr ansf or ming sequent ial pr ogr ams t o par allel 
pr ogr ams can be car r ied out  one block of  code at  
a t ime

Lar ge advant age over  message-passing
Ref. 3
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MPI :  The Message Passing I nt er f aceMPI :  The Message Passing I nt er f ace

ƒ MPI  pr ogr amming can be dif f icult

The pr ogr ammer  has t o cr eat e a code t hat  
will be execut ed f or  each pr ocessor

±Repr ogr amming is r equir ed

Ther e is no incr ement al par allelizat ion

Dif f icult  t o cr eat e a pr ogr am t hat  will r un 
ef f icient ly on all ar chit ect ur es

Ref. 3
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Dot  Pr oduct :  A Simple Compar ison Dot  Pr oduct :  A Simple Compar ison 

[ ] [ ]nn bbbbandaaaa ,...,,,...,, 2121 ==

nn

n

i

babababa ++=× å
=

...22
1

11

baba T=×

Dot  pr oduct  of  t wo vect or s

I s def ined:

Using mat r ix mult iplicat ion and t r eat ing t he t he (column) 
vect or s as nx1 mat r ices, t he dot  pr oduct  can be wr it t en:
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Sequent ial Dot  Pr oductSequent ial Dot  Pr oduct

i nt mai n( ar gc,  ar gv)
i nt ar gc;
char  * ar gv[ ] ;
{

doubl e sum;
doubl e a[ 256] ,  b[ 256] ;
i nt n;
n = 256;
f or ( i =0;  i  < n;  i ++)  {

a[ i ]  = i  *  0. 5;
b[ i ]  = i  *  2. 0;

}
sum = 0;
f or ( i  = 1;  i  <= n;  i ++)  {

sum = sum + a[ i ] * b[ i ] ;
}
pr i nt f ( " sum = %f " ,  sum) ;

}

Ref. 4
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MPI  Dot  Pr oductMPI  Dot  Pr oduct

i nt mai n( ar gc,  ar gv)
i nt ar gc;
char  * ar gv[ ] ;
{

doubl e sum,  sum_l ocal ;
doubl e a[ 256] ,  b[ 256] ;
i nt n,  numpr ocs,  myi d,  my_f i r st ,  my_l ast ;
n = 256;

MPI _I ni t ( &ar gc, &ar gv) ;
MPI _Comm_si ze( MPI _COMM_WORLD,  &numpr ocs) ;
MPI _Comm_r ank( MPI _COMM_WORLD, &myi d) ;
my_f i r st = myi d *  n/ numpr ocs;
my_l ast = (  myi d + 1 )  *  n/ numpr ocs;

f or ( i =0;  i  < n;  i ++)  {
a[ i ]  = i  *  0. 5;
b[ i ]  = i  *  2. 0;

}
sum_l ocal = 0;
f or ( i  = my_f i r st ;  i  <= my_l ast ;  i ++)  {

sum_l ocal = sum_l ocal + a[ i ] * b[ i ] ;
}
MPI _Al l r educe( &sum_l ocal ,  &sum,  1,  MPI _DOUBLE,  MPI _SUM,

MPI _COMM_WOLD) ;

i f  ( myi d==0)  pr i nt f ( " sum = %f " ,  sum) ;
}

Ref. 4
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Sequent ial ver sus MPI  Dot  Pr oduct  CodesSequent ial ver sus MPI  Dot  Pr oduct  Codes

[ descar t es: ~/ OpenMP/ chap1]  di f f  SeqDot Pr od. c MPI Dot Pr od. c
5c5
<  doubl e sum;
- - -
>  doubl e sum,  sum_l ocal ;
7c7
<  i nt n;
- - -
>  i nt n,  numpr ocs,  myi d,  my_f i r st ,  my_l ast ;
8a9, 14
>
>  MPI _I ni t ( &ar gc, &ar gv) ;
>  MPI _Comm_si ze( MPI _COMM_WORLD,  &numpr ocs) ;
>  MPI _Comm_r ank( MPI _COMM_WORLD, &myi d) ;
>  my_f i r s t = myi d *  n/ numpr ocs;
>
13, 15c19, 21
<  sum = 0;
<  f or  ( i  = 1;  i  <= n;  i ++)  {
<     sum = sum + a[ i ] * b[ i ] ;
- - -
>  sum_l ocal = 0;
>  f or  ( i  = my_f i r s t ;  i  <= my_l ast ;  i ++)  {
>     sum_l ocal = sum_l ocal + a[ i ] * b[ i ] ;
17c23, 26
<  pr i nt f ( " sum = %f \ n" ,  sum) ;
- - -
>  MPI _Al l r educe( &sum_l ocal ,  &sum,  1,  MPI _DOUBLE,  MPI _SUM,
>                                      MPI _COMM_WOLD) ;
>
>  i f  ( myi d==0)  pr i nt f ( " sum = %f " ,  sum) ;
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OpenMPOpenMP Dot  Pr oductDot  Pr oduct

i nt mai n( ar gc,  ar gv)
i nt ar gc;
char  * ar gv[ ] ;
{

doubl e sum;
doubl e a[ 256] ,  b[ 256] ;
i nt n;
n = 256;
f or ( i =0;  i  < n;  i ++)  {

a[ i ]  = i  *  0. 5;
b[ i ]  = i  *  2. 0;

}
sum = 0;

#pr agma omp f or  r educt i on( +: sum)
f or ( i  = 1;  i  <= n;  i ++)  {

sum = sum + a[ i ] * b[ i ] ;
}
pr i nt f ( " sum = %f \ n" ,  sum) ;

}
Ref. 4



27

Blue Gene/L Development

Sequent ial ver sus Sequent ial ver sus OpenMPOpenMP Dot  Pr oduct  CodesDot  Pr oduct  Codes

di f f  SeqDot Pr od. c OpenMPDot Pr od. c
13a14
> #pr agma omp f or  r educt i on( +: sum)
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Key Point s and ChallengesKey Point s and Challenges

ƒ OpenMP r elies “ext ensively” on dist r ibut ing t he 
wor k in do-loops among mult iple t hr eads

ƒ Loop-level par allelism in r eal applicat ions might  be 
limit ed

ƒ Dat a r ace condit ion can be dif f icult  t o det ect  and 
it  manif est s it self  via dat a cor r upt ion
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Measur ing Per f or manceMeasur ing Per f or mance

T1 is t he execut ion t ime of  an applicat ion on 1 pr ocessor

PT
T

S 1=

Amdahl’s Law

))1(/(
1

parpar fPf
S

-+
=
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Do Loop Dat a Par allelismDo Loop Dat a Par allelism



31

Blue Gene/L Development
Par allel Par allel f orf or LoopsLoops

ƒ Par allel oper at ions ar e of t en expr essed in 
For t r an and C pr ogr ams as f or loops

f or  ( i  = i st ar t ;  i  < n_s;  i  += NN)  {
ar r ay[ i ]  = 1;

}

or

i nt eger  i ,  n,  sum 
sum = 0 
do 5 i  = 1,  n 
sum = sum + i  

5  cont i nue

C

Fortran
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par al l el  f orpar al l el  f or Pr agmaPr agma

ƒ The wor d pr agma is shor t  f or  “pr agmat ic inf or mat ion”
ƒ Pr agma is a way t o communicat e inf or mat ion t o t he 

compiler 3

Nonessent ial inf or mat ion
ƒ #pr agma omp <rest of pragma>

#pr agma omp par al l el  f or
f or  ( i  = i st ar t ;  i  < n_s;  i  += NN)  {

ar r ay[ i ]  = 1;
}

Immediately 
before the for 

loop 
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Tr ansf or ming Sequent ial t o Par allel loopsTr ansf or ming Sequent ial t o Par allel loops

ƒ Compiler  must  be able t o ver if y t he number  of  loop 
it er at ions when it  evaluat es t he loop

ƒ Loop must  have canonical shape3 ( See r ef . 5 as well)

f or  (   i  = f i r st ;      i  

<
<=
>=
> 

l ast ;  

i ndex++
++i ndex
i ndex—
- - i ndex
i ndex += i nc
i ndex - = i nc
i ndex = i ndex + i nc
i ndex = i nc + i ndex
i ndex = i ndex - i nc 

)  

Canonical 
shape
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Loop Requir ement sLoop Requir ement s

ƒ For  loop must  not  cont ain st at ement s t hat  inhibit  
par allelizat ion3

br eak

r et ur n

exi t

go t o l abel s out si de t he l oop
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f orf or loop Execut ionloop Execut ion

ƒ Mast er  t hr ead spawns mor e t hr eads

All t hr eads wor k t oget her  t o complet e t he 
it er at ions of  t he loop

Ever y t hr ead has it s own addr ess space 
cont aining all of  t he var iables t he t hr ead may 
access

• St at ic var iables

• Dynamically allocat ed dat a st r uct ur es in 
t he heap

• Var iables on t he r un-t ime st ack
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Types of  Var iablesTypes of  Var iables

ƒ Shar ed var iables

“St or ed on t he OpenMP mast er  t hr ead' s 
st ack ”

All t hr eads have access t o shar ed var iables
ƒ Pr ivat e var iable

“St or ed by t he compiler  like local var iables”

A t hr ead can access it s own pr ivat e var iables, 
but  CANNOT access t he pr ivat e var iable of  
anot her  t hr ead

ƒ I n t he case of  t he par allel f or  pr agma, var iables 
ar e by def ault  shar ed, wit h except ion of  t he 
loop index
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Number  of  Thr eadsNumber  of  Thr eads

ƒ OMP_NUM_THREADS

Pr ovides def ault  number  of  t hr eads f or  
par allel sect ion of  t he code

ƒ pr i nt env and set env in UNI X can be used t o 
check and set  envir onment al var iables
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ExampleExample

i nt mai n ( i nt ar gc,  
char *  ar gv[ ] )

{
i nt b[ 3] ;
char *  cpt r ;
i nt i ;

cpt r = mal l oc( 1) ;
#pr agma omp par al l el  f or

f or  ( i =0;  i <3;  i ++)
b[ i ]  = i ;

Heap

Stack

b cptr i

i=0 i=1

Master thread
(thread 0)

Thread 1

Ref. 3, 6
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Funct ionsFunct ions

ƒ omp_get _num_pr ocs
Ret ur ns t he number  of  physical pr ocessor s available f or  use by 
t he par allel pr ogr am

i nt omp_get _num_pr ocs ( voi d)

The int eger  r et ur ned by t his f unct ion may be less t han t he t ot al
number  of  physical pr ocessor s in t he mult ipr ocessor

ƒ omp_set _num_t hr eads
Uses t he par amet er s value t o set  t he number  of  t hr eads t o be 
act ive in par allel sect ions of  code

voi d omp_set _num_t hr eads ( i nt t )

i nt t ;

t  = omp_get _num_pr ocs( ) ;
omp_set _num_t hr eads( t ) ;
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Pr ivat e Var iablesPr ivat e Var iables

for (i = 0; i < BLOCK_SIZE(id,p,n); i++)
for (j=0; j < n; j++)

a[i][j] = MIN(a[i][j], a[i][k] + tmp[j]);

Eit her  loop can 
be par allelized

Dir ect ive Loop over head may 
be gr eat er  t han 

t he t ime saving by 
split t ing execut ion

Ref. 3
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Gr ain SizeGr ain Size

ƒ I t  is t he number  of  comput at ions per f or med 
bet ween communicat ion or  synchr onizat ion st eps

I ncr easing gr ain size impr oves t he 
per f or mance of  a par allel pr ogr am

I n t he pr evious example, par allelizing t he 
out er  look r esult s in gr eat er  gr ain size
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ClauseClause

ƒ I t  is an opt ional, addit ional component  t o a pr agma
ƒ The pr i vat e clause dir ect s t he compiler  t o make one or  mor e 

var iables pr ivat e3

pr i vat e (  <var i abl e l i s t > )

#pragma omp parallel for private(j)
for (i = 0; i < BLOCK_SIZE(id,p,n); i++)

for (j=0; j < n; j++)
a[i][j] = MIN(a[i][j], a[i][k] + tmp[j]);

By def ault  t he value 
of  a pr ivat e var iable is 

undef ined when t he 
par allel const r uct  is 

ent er ed, and t he value 
is also undef ined when 

t he const r uct  is 
exit ed
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Race Condit ionRace Condit ion

doubl e ar ea,  pi ,  x;
i nt i ,  n;

ar ea = 0. 0
#pr agma omp par al l el  f or  pr i vat e( x)

f or  ( i  = 0;  i  < n;  i ++)  {
x = ( i +0. 5) / n;
ar ea += 4. 0/ ( 1. 0 + x* x) ;

}
pi  = ar ea /  n;

Race 
condition

Ref. 3
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Example of  Race Condit ionExample of  Race Condit ion

11.667

11.667

15.432

15.230

Value of  ar ea Thr ead A Thr ead B

+3.765

+3.563
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Cr it ical Cr it ical Pr agmaPr agma

ƒ #pr agma omp cr i t i cal

Dir ect s t he compiler  t o enf or ce mut ual exclusion 
among t he t hr eads t r ying t o execut e t he block of  
code

doubl e ar ea,  pi ,  x;
i nt i ,  n;

ar ea = 0. 0
#pr agma omp par al l el  f or  pr i vat e( x)

f or  ( i  = 0;  i  < n;  i ++)  {
x = ( i +0. 5) / n;

#pr agma omp cr i t i cal
ar ea += 4. 0/ ( 1. 0 + x* x) ;

}
pi  = ar ea /  n;
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Reduct ion ClauseReduct ion Clause

ƒ Reduct i on ( <op>: <var i abl e>)
Wher e <op> is a r educt ion oper at ion and <var iable> is 
t he name of  t he shar ed var iable t hat  will end up wit h 
t he r esult  of  t he r educt ion3

doubl e ar ea,  pi ,  x;
i nt i ,  n;

ar ea = 0. 0
#pr agma omp par al l el  f or  pr i vat e( x)  r educt i on( +: ar ea)

f or  ( i  = 0;  i  < n;  i ++)  {
x = ( i +0. 5) / n;
ar ea += 4. 0/ ( 1. 0 + x* x) ;

}
pi  = ar ea /  n;
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Execut ion Times f or  Execut ion Times f or  SS pr ogr amspr ogr ams

1.28374.51POWER6 4.7 GHz

2.41324.71POWER6 4.7 GHz

4.78180.80POWER6 4.7 GHz

1.40428.42POWER5 1.9 GHz

2.70374.10POWER5 1.9 GHz

5.22145.03POWER5 1.9 GHz

3.24582.95BG/P

5.09552.54POWER4 1 GHz

6.42602.62BG/P

10.08458.84POWER4 1 GHz

12.80560.08BG/P

1

4

2

20.12586.37POWER4 1 GHz

Using reduction clauseUsing critical pragmaThreads

Execution time of program (sec)
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Per f or mance I mpr ovement sPer f or mance I mpr ovement s
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Condit ional LoopsCondit ional Loops

0.0085 (1.19)

0.0088 (1.15)

0.0101 (1.00)

N=10000

12.803 (1.00)0.0215 (1.00)1

3.217 (3.98)0.0129 (1.67)4

6.425 (1.99)0.0152 (1.41)2

N=1000000000N=1000000Threads

Execution time of program in Sec. (parallel speedup)

ar ea = 0. 0
#pr agma omp par al l el  f or  pr i vat e( x)  r educt i on( +: ar ea)  i f ( n>1000000)

f or  ( i  = 0;  i  < n;  i ++)  {
x = ( i +0. 5) / n;
ar ea += 4. 0/ ( 1. 0 + x* x) ;

}
pi  = ar ea /  n;

Parallel speedup

BG/P timings

i f  ( <scal ar  expr essi on>)
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Scheduling LoopsScheduling Loops

ƒ Schedul e clause3

I t  allows t o specif y how t he it er at ions of  a loop should be allocat ed t o 
t hr eads

ƒ St at ic schedule
All it er at ions ar e allocat ed t o t hr eads bef or e t hey execut e any loop 
it er at ions

Low over head; pot ent ial f or  load imbalance
ƒ Dynamic schedule

Some it er at ions ar e allocat ed t o t hr eads at  t he beginning of  t he loop’s 
execut ion

± Thr eads t hat  complet e t heir  it er at ions become available f or  
addit ional wor k

Higher  over head; pot ent ial f or  bet t er  load balance
ƒ Chunks

Range of  it er at ions assigned t o t hr eads

± I ncr easing chunk sizes may r educe over head and incr ease cache hit  
r at e

± Smaller  chunk size can allow f iner  balancing of  wor kloads
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ƒ schedul e ( <t ype> [ ,  <chunk>] ) 3

schedul e( st at i c): n/ t cont iguous it er at ions ar e allocat ed t o each 
t hr ead (def ault )

schedul e( st at i s, C) : an int er leaved allocat ion of  chunks t o t asks.  
Each chunk cont ains C cont iguous it er at ions

schedul e( dynami c) : it er at ions ar e dynamically allocat ed, one at  a 
t ime, t o t hr eads

schedul e( dynami c, C) : a dynamic allocat ion of  C it er at ions at  a t ime 
t o t he t asks

schedul e( gui ded) : a dynamic allocat ion of  it er at ions t o t asks by 
allocat ing a lar ge chunk size t o each t ask and r esponds t o f ur t her  
r equest s f or  chunks by allocat ing chunks of  decr easing size.  The size 
of  t he chunks decr eases exponent ially t o a minimum chunk size 1

schedul e( gui ded, C) : minimum chunk size of  C

schedul e( r unt i me) : t he schedule t ype is chosen at  r un-t ime based 
on t he value of  t he envir onment  var iable OMP_SCHEDULE



52

Blue Gene/L Development

Gener al Dat a Par allelismGener al Dat a Par allelism
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par al l elpar al l el Pr agmaPr agma

ƒ This pr agma pr ecedes a block of  code t hat  should be execut ed 
by all of  t he t hr eads

Syntax: #pr agma omp par al l el

± Cur ly br aces can be used t o cr eat e a par allel r egion if  t he 
code is NOT a simple st at ement

Execut ion of  t he code block af t er  t he par allel pr ogr am is 
r eplicat ed among t he t hr eads
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f orf or Pr agmaPr agma

ƒ This pr agma dir ect s t he compiler  t o divide t he 
it er at ions of  t he loop t he pr agma pr ecedes

Synt ax: #pr agma omp f or
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par al l elpar al l el Pr agmaPr agma ExampleExample

#i ncl ude <omp. h>
#i ncl ude <st di o. h>

i nt mai n ( i nt ar gc,  char  * ar gv[ ] )  {
i nt i d,  nt hr eads;

#pr agma omp par al l el  pr i vat e( i d)
{

i d = omp_get _t hr ead_num( ) ;
pr i nt f ( " Hel l o Wor l d,  I  am t hr ead %d\ n" ,  i d) ;

#pr agma omp bar r i er
i f  (  i d == 0 )  {

nt hr eads = omp_get _num_t hr eads( ) ;
pr i nt f ( " Ther e ar e %d t hr eads\ n" , nt hr eads) ;

}
}
r et ur n 0;

}
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s i ngl esi ngl e Pr agmaPr agma

ƒ This pr agma dir ect s t he compiler  t hat  only a single t hr ead 
should execut e t he block of  code t he pr agma pr ecedes

Synt ax: #pr agma omp si ngl e

#pr agma omp par al l el  pr i vat e( i , j )
f or  ( i  = 0;  i  < m;  i ++)  {

l ow = a[ i ] ;
hi gh = b[ i ] ;
i f  ( l ow > hi gh)   {

#pr agma omp si ngl e
pr i nt f ( “ Exi t i ng dur i ng i t er at i on %d\ n” ,  i ) ;
br eak;

}
#pr agma omp f or

f or  (  j  = l ow;  j  < hi gh;  j ++)
c[ j ]  = ( c[ j ]  ± a[ i ] ) / b[ i ] ;

}
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nowai tnowai t ClauseClause

ƒ Added t o a par al l el  f or pr agma, t ells t he compiler  t o omit  
t he bar r ier  synchr onizat ion at  t he end of  t he par allel f or  loop

Synt ax: #pr agma omp f or  nowai t

#pr agma omp par al l el  pr i vat e( i , j ,  l ow,  hi gh)
f or  ( i  = 0;  i  < m;  i ++)  {

l ow = a[ i ] ;
hi gh = b[ i ] ;
i f  ( l ow > hi gh)   {

#pr agma omp si ngl e
pr i nt f ( “ Exi t i ng dur i ng i t er at i on %d\ n” ,  i ) ;
br eak;

}
#pr agma omp f or  nowai t

f or  (  j  = l ow;  j  < hi gh;  j ++)
c[ j ]  = ( c[ j ]  ± a[ i ] ) / b[ i ] ;

}

nowai t
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Funct ional Par allelismFunct ional Par allelism
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Funct ional Par allelismFunct ional Par allelism

ƒ Funct ional par allelism

This t ype of  par allelism allows t he allocat ion 
of  dif f er ent  t hr eads t o dif f er ent  por t ions of  
t he code
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Funct ional Par allelism ExampleFunct ional Par allelism Example

s1 = sub_1( ) ;
s2 = sub_2( ) ;
s3 = sub_3( ) ;
s4 = sub_4( ) ;
.
.

sub_1 sub_2

sub_3 sub_4

D
at

a 
d

ep
en

d
en

cy
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par al l el  sect i onspar al l el  sect i ons Pr agmaPr agma

ƒ This pr agma pr ecedes a block of  n blocks of  code t hat  may be 
execut ed concur r ent ly by n t hr eads3

ƒ Synt ax: #pragma omp parallel sections
ƒ sect i on Pr agma

#pr agma omp par al l el  sect i ons
{

#pr agma omp sect i on
s1 = sub_1 ( ) ;

#pr agma omp sect i on
s2 = sub_2( ) ;

#pr agma omp sect i on
s4 = sub_4( ) ;

}
s3 = sub_3 ( ) ;
.
.



62

Blue Gene/L Development

Hybr id Pr ogr ammingHybr id Pr ogr amming



63

Blue Gene/L Development

Hybr id Pr ogr ammingHybr id Pr ogr amming

ƒI ndust r y is moving mor e and mor e t owar d 
mult i-cor e

BG/ P
ƒSingle node mult i-cor e of f er s shar ed-

memor y par allelism
ƒSomet imes hybr id pr ogr ams can be f ast er  

due t o lower  over head
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Par allel ModesPar allel Modes

Tp

Tp Tp

Tp OMPOMP

OMPOMP TOMP OMP

OMP OMP SS

SS

Tp = MPI  Task
OMP   = OpenMP
S         = Ser ial

Four  MPI  t asks Four  OpenMP
t hr eads

One MPI  t ask 
Thr ee t hr eads

Four  ser ial
t asks
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HTC ModeHTC Mode

HPC
1024 nodes

HTC VNM
512 nodes

HTCHTC HPCHPC

App1

App1

App1

App1

App1

App1

App1

App1

App1

App1

App1

App1

App1

App1

App1

App1

App6

App6

App6

App6App7

App7

App7

App8

App8

App8

App8 App8

App9

App9

App9

App9

HTC DM
256 nodes

HTC SMP
256 nodes

HighHigh--Throughput Computing (HTC) modes on Blue Gene/PThroughput Computing (HTC) modes on Blue Gene/P
9 BG/P with HTC looks like a cluster for serial and parallel apps
9 Hybrid environment … standard HPC (MPI) apps plus now HTC apps
9 Enables a new class of workloads that use many single-node jobs 
9 Easy administration using web-based Navigator
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Hybr id pr ogr amming Advant agesHybr id pr ogr amming Advant ages

N = number  of  nodes
n = 4 cor es

MPI  Code
Cr eat es:  Nxn t asks

Hybr id code
Cr eat es:  N t asks

Act ive Act ive

Lower  communicat ion over head

Blue Gene/ PBlue Gene/ P
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Theor et ical Example:  AmdahlTheor et ical Example:  Amdahl’’s Laws Law

80% par allel code

10% communicat ion over head

10% sequent ial code

16 MPI  t asks

4 MPI  t asks

16
80.020.0

1
+

16
80.0

4
10.010.0

1
++

4

6

Par allel speedup

Par allel speedup
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Summar ySummar y

ƒ OpenMP is an API  f or  single node on Blue Gene/ P

ƒ OpenMP pr ovides a collect ion of  ªdir ect ivesº t o 
par allelize applicat ions

ƒ OpenMP on Blue Gene f ollows t he OpenMP 2.5 
st andar d

ƒ MPI  and OpenMP can coexist  in t he same pr ogr am

ƒ Hybr id par adigm is t he most  ef f icient  way t o 
exploit  OpenMP on Blue Gene/ P

ƒ HTC allows f or  single node OpenMP lever age
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Appendix A:  BG/ P Appendix A:  BG/ P Makef ileMakef ile

BGP_FLOOR   = / bgsys/ dr i ver s/ ppcf l oor
BGP_I DI RS   = - I $( BGP_FLOOR) / ar ch/ i ncl ude - I $( BGP_FLOOR) / comm/ i ncl ude
BGP_LI BS    = - L$( BGP_FLOOR) / comm/ l i b - L$( BGP_FLOOR) / r unt i me/ SPI  - l mpi ch. cnk -
l dcmf col l . cnk - l dcmf . cnk - l r t - l SPI . cna - l pt hr ead

XL          = / opt / i bmcmp/ vac/ bg/ 9. 0/ bi n/ bgxl c_r

EXE         =  pi _cr i t i cal _bgp
OBJ         =  pi _cr i t i cal . o
SRC         =  pi _cr i t i cal . c
FLAGS       =  - O3 - qsmp=omp: noaut o - qt hr eaded - qar ch=450  - qt une=450 -
I $( BGP_FLOOR) / comm/ i ncl ude
FLD         =  - O3 - qar ch=450 - qt une=450

$( EXE) :  $( OBJ)
#       ${ XL}  $( FLAGS)  $( BGP_LDI RS)  - o $( EXE)  $( OBJ)  $( BGP_LI BS)

${ XL}  $( FLAGS)  - o $( EXE)  $( OBJ)  t i mebase. o $( BGP_LI BS)
$( OBJ) :  $( SRC)

${ XL}  $( FLAGS)  $( BGP_I DI RS)  - c $( SRC)

cl ean:
r m pi _cr i t i cal . o pi _cr i t i cal _bgp
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Appendix B:  BG/ P Run Scr iptAppendix B:  BG/ P Run Scr ipt

#! / bi n/ csh

set  MPI RUN=" mpi r un"
set  MPI OPT=" - np 1"
set  MODE=" - mode SMP"
set  PARTI TI ON=" - par t i t i on N06_32_1"
set  WDI R=" - cwd / bgusr / cpsosa/ r ed/ pi / c"
set  EXE=" - exe / bgusr / cpsosa/ r ed/ pi / c / pi _cr i t i cal _bgp"
#
$MPI RUN $PARTI TI ON $MPI OPT $MODE $WDI R $EXE - env " OMP_NUM_THREADS=1"
#
echo " That ' s  al l  f ol ks! ! "
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ApendixApendix C:  C:  OpenMPOpenMP Dir ect ivesDir ect ives

ƒ par al l el
end par al l el :  Def ines a par allel r egion

ƒ do
end do: I dent if ies an it er at ive wor kshar ing const r uct  in which t he 
it er at ions of  t he associat ed loop should be execut ed in par allel

ƒ sect i ons
end sect i ons: I dent if ies a non-it er at ive wor kshar ing const r uct  t hat  
specif ies a set  of  st r uct ur ed blocks t hat  ar e t o be divided among t hr eads in 
a t eam

ƒ Sect i on: I ndicat es t hat  t he associat ed st r uct ur ed block should be execut ed 
in par allel as par t  of  t he enclosing sect ions const r uct

ƒ si ngl e
end si ngl e: I dent if ies a const r uct  t hat  specif ies t hat  t he associat ed 
st r uct ur ed block is execut ed by only one t hr ead in t he t eam

ƒ par al l el  do 
end par al l el  do:  A shor t cut  f or  a par allel r egion t hat  cont ains a single 
do dir ect ive

ƒ par al l el  sect i ons
end par al l el  sect i ons: Pr ovides a shor t cut  f or m f or  specif ying a par allel 
r egion cont aining a single sect ions const r uct

ƒ mast er  
end mast er : I dent if ies a const r uct  t hat  specif ies a st r uct ur ed block t hat  is
execut ed by only t he mast er  t hr ead of  t he t eam

Source: http://nf.apac.edu.au/facilities/software/Compilers/Intel8/doc/f_ug2/par_dirs.htm
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ApendixApendix C:  C:  OpenMPOpenMP Dir ect ivesDir ect ives

ƒ cr i t i cal [ l ock]  
end cr i t i cal [ l ock] : I dent if ies a const r uct  t hat  r est r ict s 
execut ion of  t he associat ed st r uct ur ed block t o a single t hr ead at  a 
t ime. Each t hr ead wait s at  t he beginning of  t he cr it ical const r uct  
unt il no ot her  t hr ead is execut ing a cr it ical const r uct  wit h t he same 
lock ar gument

ƒ bar r i er : Synchr onizes all t he t hr eads in a t eam. Each t hr ead wait s 
unt il all of  t he ot her  t hr eads in t hat  t eam have r eached t his point

ƒ at omi c: Ensur es t hat  a specif ic memor y locat ion is updat ed 
at omically, r at her  t han exposing it  t o t he possibilit y of  mult iple, 
simult aneously wr it ing t hr eads

ƒ f l ush [ ( l i s t ) ] : Specif ies a "cr oss-t hr ead" sequence point  at  
which t he implement at ion is r equir ed t o ensur e t hat  all t he t hr eads in 
a t eam have a consist ent  view of  cer t ain obj ect s in memor y. The 
opt ional list ar gument  consist s of  a comma-separ at ed list  of  var iables 
t o be f lushed

ƒ or der ed 
end or der ed: The structured block following an ordered directive is 
executed in the order in which iterations would be executed in a
sequential loop.

ƒ t hr eadpr i vat e ( l i st ): Makes t he named common blocks or  
var iables pr ivat e t o a t hr ead. The list ar gument  consist s of  a comma-
separ at ed list  of  common blocks or  var iables

Source: http://nf.apac.edu.au/facilities/software/Compilers/Intel8/doc/f_ug2/par_dirs.htm
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ApendixApendix D:  D:  OpenMPOpenMP ClausesClauses

ƒ pr i vat e ( l i s t ) : Declar es var iables in list t o be pr ivat e t o 
each t hr ead in a t eam

ƒ f i r st pr i vat e ( l i s t ) : Same as pr ivat e, but  t he copy of  
each var iable in t he list is init ialized using t he value of  t he 
or iginal var iable exist ing bef or e t he const r uct

ƒ l ast pr i vat e ( l i s t ) : Same as pr ivat e, but  t he or iginal 
var iables in list ar e updat ed using t he values assigned t o t he 
cor r esponding pr ivat e var iables in t he last  it er at ion in t he do 
const r uct  loop or  t he last  sect ion const r uct

ƒ copypr i vat e ( l i s t ) : Uses pr ivat e var iables in list t o 
br oadcast  values, or  point er s t o shar ed obj ect s, f r om one 
member  of  a t eam t o t he ot her  member s at  t he end of  a single 
const r uct

ƒ Nowai t : Specifies that threads need not wait at the end of 
worksharing constructs until they have completed execution. The 
threads may proceed past the end of the worksharing constructs 
as soon as there is no more work available for them to execute

ƒ shar ed ( l i s t ) : Shar es var iables in list among all t he 
t hr eads in a t eam

ƒ def aul t  ( mode) : Det er mines t he def ault  dat a-scope 
at t r ibut es of  var iables not  explicit ly specif ied by anot her  
clause. Possible values f or  mode ar e pr ivat e, shar ed, or  none

Source: http://nf.apac.edu.au/facilities/software/Compilers/Intel8/doc/f_ug2/par_dirs.htm
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ƒ r educt i on ( { oper at or | i nt r i nsi c} : l i s t ) : Per f or ms a 
r educt ion on var iables t hat  appear  in list wit h t he oper at or  oper at or
or  t he int r insic pr ocedur e name int r insic; oper at or  is one of  t he 
f ollowing: +, * , .and., .or ., .eqv., .neqv.; int r insic r ef er s t o one of  t he 
f ollowing: max, min, iand, ior , or  ieor

ƒ or der ed 
end or der ed: Used in conj unct ion wit h a do or  sect ions const r uct  t o 
impose a ser ial or der  on t he execut ion of  a sect ion of  code. I f  
or der ed const r uct s ar e cont ained in t he dynamic ext ent  of  t he do
const r uct , t he or der ed clause must  be pr esent  on t he do dir ect ive

ƒ i f  ( scal ar _l ogi cal _expr essi on) : The enclosed par allel r egion 
is execut ed in par allel only if  t he scalar _logical_expr ession evaluat es 
t o .t r ue.; ot her wise t he par allel r egion is ser ialized

ƒ num_t hr eads( scal ar _i nt eger _expr essi on) : Request s t he 
number  of  t hr eads specif ied by scalar _int eger _expr ession f or  t he 
par allel r egion

ƒ schedul e ( t ype[ , chunk] ) : Specif ies how it er at ions of  t he do 
const r uct  ar e divided among t he t hr eads of  t he t eam. Possible values 
f or  t he t ype ar gument  ar e st at ic, dynamic, guided, and r unt ime. The 
opt ional chunk ar gument  must  be a posit ive scalar  int eger  expr ession

ƒ copyi n ( l i st ) : Specif ies t hat  t he mast er  t hr ead' s dat a values be 
copied t o t he t hr eadpr ivat e' s copies of  t he common blocks or  
var iables specif ied in list at  t he beginning of  t he par allel r egion

Source: http://nf.apac.edu.au/facilities/software/Compilers/Intel8/doc/f_ug2/par_dirs.htm
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t hat  Use t hemt hat  Use t hem

ƒ par al l el  
end par al l el : copyin, def ault , pr ivat e, f ir st pr ivat e, r educt ion, 
shar eddo
end do: pr ivat e, f ir st pr ivat e, last pr ivat e, r educt ion, schedule

ƒ sect i ons
end sect i ons: pr ivat e, f ir st pr ivat e, last pr ivat e, r educt ion

ƒ sect i on: pr ivat e, f ir st pr ivat e, last pr ivat e, r educt ion
ƒ si ngl e

end si ngl e: pr ivat e, f ir st pr ivat e
ƒ par al l el  do

end par al l el  do: copyin, def ault , pr ivat e, f ir st pr ivat e, last pr ivat e, 
r educt ion, shar ed, schedule

ƒ par al l el  sect i ons
end par al l el  sect i ons: copyin, def ault , pr ivat e, f ir st pr ivat e, 
last pr ivat e, r educt ion, shar ed

ƒ mast er
end mast er : None

ƒ cr i t i cal [ l ock]
end cr i t i cal [ l ock]: None

ƒ bar r i er : None
ƒ at omi c: None
ƒ f l ush [ ( l i s t ) ] : None
ƒ or der ed 

end or der ed: None
ƒ t hr eadpr i vat e ( l i st ) : None

Source: http://nf.apac.edu.au/facilities/software/Compilers/Intel8/doc/f_ug2/par_dirs.htm


