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A b s t r a c t  
 

T h e  e f f i c i e n c y  o f  l o o p s  p a r a l l e l i z e d  b y  t h e  h y p e r p l a n e  m e t h o d  i s   
c o n s i d e r e d  i n  t h e  p a p e r . T h e  i m p r o v e m e n t  o f  t h e  p a r a l l e l  l o o p  c o d e  
e f f i c i e n c y  w a s  e x p l o r e d  a c r o s s  i m p r o v e m e n t  t h e  l o c a l i t y  o f  c a l c u l a t i o n s . 
T h e  m a i n  g o a l  o f  p r e s e n t e d  r e s e a r c h  i s  d i s c l o s i n g  w h e t h e r  i s  i t  p o s s i b l y  
a n d  w h a t  i s  t h e  a r e a  o f  t h e  h y p e r p l a n e  m e t h o d  p a r a l l e l i z e  l o o p s ,  a n d  h o w  
t h e  i m p r o v e m e n t  o f  d a t a  l o c a l i t y  i n f l u e n c e s  t h e  i m p r o v e m e n t  o f  t h e  
p a r a l l e l  l o o p  c o d e  e f f i c i e n c y . 
 
K e y w o r d s :  l o o p  p a r a l l e l i z a t i o n ,  O p e n M P,  h y p e r p l a n e  m e t h o d . 
 
E f ek t y w n o ś ć  k o d u  p ę t l i au t o m at y cz n ie 
z r ó w n o l eg l o n eg o  m et o d ą  h ip er p ł as z cz y z n  

 
S t r e s z c z e n i e  

 
W  a r t y k u l e  p r z e d s t a w i o n o  w y n i k i  b a d a ń  e f e k t y w n o ś c i  k o d u  p ę t l i   
z r ó w n o l e g l o n e g o  m e t o d ą  h i p e r p ł a s z c z y z n  w  o d n i e s i e n i u  d o  k o d u  p ę t l i  
z r ó w n o l e g l o n e g o  i n n y m i  m e t o d a m i ,  z  u w z g l ę d n i e n i e m  e f e k t y w n o ś c i  
w y n i k a j ą c e j  z  u ż y c i a  r ó ż n y c h  k o m p i l a t o r ó w . D o d a t k o w o  p r z e p r o w a d z o n o  
b a d a n i a  p o p r a w y  e f e k t y w n o ś c i  z r ó w n o l e g l e n i a  p o p r z e z  z w i ę k s z e n i e  
l o k a l n o ś c i  o b l i c z e ń . C e l e m  p r z e p r o w a d z o n y c h  b a d a ń  b y ł o  o k r e ś l e n i e  c z y   
i  w  j a k i m  o b s z a r z e  k o d  z r ó w n o l e g l o n y  m e t o d ą  h i p e r p ł a s z c z y z n  m o ż e  b y ć  
e f e k t y w n y  i  w  j a k i m  s t o p n i u  z w i ę k s z e n i e  l o k a l n o ś c i  o b l i c z e ń  w p ł y w a  n a  
p o p r a w ę  e f e k t y w n o ś c i  k o d u . 
 
S ł o w a  k l u c z o w e :  z r ó w n o l e g l e n i e  p ę t l i ,  O p e n M P,  m e t o d a  h i p e r p ł a s z c z y z n . 
 
1 .  In t r o d u ct io n  
 
T he p r ocess of t he t r ansfor mat ion of seq u ent ial cod e t o p ar allel 

one is d ifficu lt  and  t ime-consu ming . T he aim of t he p ar alleliz at ion 
p r ocess is t o find  in seq u ent ial cod e p r og r am fr ag ment s, w hich  
can b e ex ecu t ed  b y ind ep end ent ly w or k ing  p r ocessor s of  
a mu lt ip r ocessor  syst em. T he main g oal of t he t r ansfor mat ion of 
seq u ent ial cod e t o p ar allel one is t he r ed u ct ion of t he ex ecu t ion 
t ime in a mu lt ip r ocessor  syst em. 
P ar alleliz ing  a lar g e p ar t  of p r og r am inst r u ct ions is t he 

cond it ion for  t he ob t aining  t he effect iv e p ar allel cod e. T his 
cond it ion can b e sat isfied  b y p ar alleliz ing  p r og r am loop  cod e, 
w hich ex ecu t es lar g e p ar t s of p r og r am inst r u ct ions. 
T he hyp er p lane met hod  for  loop s p ar alleliz at ion w as 

imp lement ed  as a r esu lt  of my p r ev iou s r esear ch. A n imp lement ed  
t ool ex t r act s d ep end encies b et w een loop  it er at ions and  g ener at es 
d iffer ent  v er sions of p ar allel loop  cod e. T he nex t  st ep  is t he 
find ing  su ch a v er sion of p ar alleliz ed  loop  cod e t hat  imp r ov es d at a 
localit y of calcu lat ions t o effect iv ely u se p r ocessor s of  
a mu lt ip r ocessor  syst em. 
T his p ap er  p r esent s t he efficiency of loop  cod e p ar alleliz ed  b y 

t he hyp er p lane met hod  and  ot her  w ell k now n met hod s, and  b eing  
comp iled  b y d iffer ent  comp iler s. T he ex p er iment s show  t he 
imp r ov ement  of t he p ar allel loop  cod e efficiency d u e t o t he 
imp r ov ement  of d at a localit y. 

2 .  Dep en d en cies  b et w een  l o o p  it er at io n s  
 
I n t his p ap er  t he loop  cod e p r esent ed  in F ig . 1 ex ecu t ing  mat r ix  

mu lt ip licat ion is consid er ed . T he fir st  st ep  in t he p ar alleliz at ion 
p r ocess is t o d escr ib e d ep end encies b et w een loop  it er at ions. T he 
d ep end encies d escr ip t ion allow s find ing  ind ep end ent  it er at ions, 
w hich can b e ex ecu t ed  b y t hr ead s. T he d ep end ency analysis 
met hod s ar e d escr ib ed  in [ 1, 3, 10 , 12 ] . 
T he d ep end ency v ect or  b et w een t he it er at ion d escr ib ed  b y 

v ect or  [ ]TniiI ,,1 K= , and  t he it er at ion d escr ib ed  b y 
[ ]TnjjJ ,,1 K= , w her e it er at ion J  is d ep end ed  on I , is d efined  

b y [ ]Tnn ijijIJK −−=−= ,,11 K . I f t he it er at ions I  and  J  
sat isfy t he lex icog r ap hical or d er  JI p , t he k ex ist s for  1≤k≤n, 
w her e 11 ji = ,

K
, 11 −−

= kk ji , and  kk ji < , t he d ep end ency v ect or  
is lex icog r ap hically g r eat er  t hen a z er o v ect or , t hen 0fK . 
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);3;0(

);2;0(
);1;0(

jkckibjia
kskkfor

jsjjfor
isiifor

=+

++<=

++<=

++<=

 

 
F i g .  1 .   L o o p  e x a m p l e   
R y s .  1 .   P r z y k ł a d o w a  p ę t l a  
 
T he it er at ion J  is d ep end ed  on I , w hen t he it er at ions J  and  I  

r efer  t he same memor y ar ea and  one of t his r efer ences is a w r it e 
op er at ion. 

 

i

j

k

  
F i g .  2.   L o o p  i t e r a t i o n  s p a c e  w i t h  d e p e n d e n c i e s  
R y s .  2.   P r z e s t r z e ń  i t e r a c j i  z  z a l e ż n o ś c i a m i  
 
I n F ig . 2  flow , ant i, and  ou t p u t  d ep end encies b et w een it er at ions 

in t he loop  of F ig . 1, ar e p r esent ed . T hey ar e d escr ib ed  b y t he 
d ep end ency v ect or  K = [ 0   0   1] T. 
 
3. T h e  h y p e r p l a n e  m e t h o d  
 
T he “ hyp er p lane met hod ”  called  as t he „ w av e-fr ont -met hod ”  or  

„ L amp or t  met hod ”  is d escr ib ed  in [ 6 , 7, 11] . T he r ow s of m×n 
mat r ix  C, w her e m≤n, d escr ib e hyp er p lane. T he r ow  v ect or  iC  for  
i = 1,2 ,…m d escr ib es a hyp er p lane on i-lev el. F or  all d ep end ency 
v ect or s in an m-d imensional loop  w her e 0fK , t he mat r ix  C mu st  
sat isfy t he cond it ion 0>KC  t o k eep  t he lex icog r ap hically or d er  
of d ep end ent  it er at ions. F or  mat r ix  C, w her e 0>KC , it er at ions I  
su ch t hat  tIC = , b elong  t o t he same hyp er p lane and  can b e 
ex ecu t ed  in p ar allel. F or  t he loop  of F ig . 1, t he mat r ix  C sat isfying  
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the c o n d i ti o n  0>KC , f o r d epen d en c y v ec to rs o n  F i g . 2 , i s a s 
f o llo w s: [ ]100=C  
 
F o r thi s m a tri x  d esc ri b i n g  hyperpla n e, there ex i st tw o  v ersi o n s 

o f  lo o p pa ra llel c o d e a f ter the seq u en ti a l lo o p tra n sf o rm a ti o n  [ 4 , 
1 0 , 1 1 ] , w here i n n er lo o ps c a n  b e ex ec u ted  i n  pa ra llel, w hi c h a re 
d esc ri b ed  i n  F i g . 3  a n d  F i g . 4 . 

 

i

j

k

 
 

 

}
}

}
}

][j];[i][k]*c[ka[i][j]+=b
+){;j<size;j+for(j=

+){;i<size;i+for(i=
me)dule(runtip for sche#pragma om

+){;k<size;k+for(k=
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(i,a,b,c),j) shared private(kp parallel#pragma om

0
0

0

 

  
F i g .  3.    P a r a l l el  c o d e c r ea t ed  w i t h  t h e h y p er p l a n e m et h o d  ( h p a r i )  
R y s .  3.   K o d  p ę t l i  zr ó w n o l eg l o n y  m et o d ą  h i p er p ł a s zc zy zn  ( h p a r i )  
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][j];[i][k]*c[ka[i][j]+=b
+){;j<size;j+for(j=

me)dule(runtip for sche#pragma om
+){;i<size;i+for(i=

+){;k<size;k+for(k=
{

(j,a,b,c),i) shared private(kp parallel#pragma om

0

0
0

  
F i g .  4.   P a r a l l el  c o d e c r ea t ed  w i t h  t h e h y p er p l a n e m et h o d  ( h p a r i )  
R y s .  4.   K o d  p ę t l i  zr ó w n o l eg l o n y  m et o d ą  h i p er p ł a s zc zy zn  ( h p a r j )  
 

 

4. A l t e r n a t i v e  m e t h o d s  
 
T he a ltern a ti v e pa ra llel c o d es f o r a  lo o p o f  F i g . 1  a re presen ted  

i n  F i g . 5 , w here the o u ter lo o p i s pa ra lleli z ed , F i g . 6 a , w here the 
i n n er lo o p w a s pa ra lleli z ed , a n d  F i g . 6 b , w here the m o st i n n er  
lo o p w a s pa ra lleli z ed  b y the red u c ti o n  m etho d . 
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um;a[i][j]+=s
}

;k]*c[k][j]sum+=b[i][
+){;k<size;k+for(k=

;sum = 
+){;j<size;j+for(j=

+){;i<size;i+for(i=
(runtime)) schedulete(j,k,sum for privap parallel#pragma om

0
0

0
0

  
F i g .  5.   Co d e w i t h  t h e p a r a l l el  o u t er  l o o p  ( p a r i )  
R y s .  5.   Z r ó w n o l eg l en i e i t er a c j i  p ę t l i  zew n ę t r zn ej  ( p a r i )  
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}

}
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;sum = 
+){;j<size;j+for(j=

)le(runtime(k) scheduit privatep for nowa#pragma om
+){;i<size;i+for(i=

{
,c)ed(j,k,a,b,sum) shar private(ip parallel#pragma om

0
0

0
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b )  

}
}

}
um;a[i][j]+=s

p critical#pragma om
}

;k]*c[k][j]sum+=b[i][
+){;k<size;k+for(k=

e(runtime)it schedulp for nowa#pragma om
;sum = 
+){;j<size;j+for(j=

+){;i<size;i+for(i=
{

)ared(a,b,c,j,sum) sh private(ip parallel#pragma om
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F i g .  6.    Co d e w i t h  t h e p a r a l l el  i n n er  l o o p s  a )  ( p a r j ) ,  b )  ( p a r k )  
R y s .  6.   Z r ó w n o l eg l en i e p ę t l i  w ew n ę t r zn y c h  a )  ( p a r j ) ,  b )  ( p a r k )  
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5. D a t a  l o c a l i t y  i m p r o v e m e n t  
 
T o  im pr o v e dat a l o c al it y  t h e bl o c king  m et h o d w as u sed. T h e 

it er at io n spac e w as div ided bet w een it er at io n bl o c ks su c h  t h at  
c al c u l at io ns in it er at io ns f r o m  o ne bl o c k w er e ex ec u t ed w it h  t h e 
u se o f  l o c al  m em o r y . T h e f u nc t io n assig ning  it er at io ns bet w een 
bl o c ks is desc r ibed in F ig . 7 . T h e dat a l o c al it y  f o r  m - dim ensio nal  
ar r ay s,  w h ic h  ar e r ef er enc ed by  t h e l inear  index  ex pr essio n,  is 
desc r ibed in [ 1 5 ] . T h e bl o c k siz e c al c u l at io ns [ 1 6 ]  dependent s o n  
a sy st em  ar c h it ec t u r e ar e pr esent ed in S ec t io n 7 . T h e l o o p c o de 
w it h  bl o c king  f o r  t h e par al l el iz ed o u t er  l o o p is pr esent ed in F ig . 8 ,  
and f o r  t h e l o o p par al l el iz ed w it h  h y per pl ane in F ig . 9 . 
 

}
*end,start*return 

,(loopEnd)) : (*end) ? (loopEnd))  (((*end)  *end
1, - blockSize start *  *end

,bloockSize*iterator loopInit  *start 
{blockSize)int  loopEnd,int  loopInit,int  end,*int  start,*int iterator,(int 

onBlockgetIteratiint 

<=

<=

+=

+=
 

 
F i g .  7.    F u n ct i on  f or  a s s i g n i n g  t h e loop  i t er a t i on  s p a ce 
Ry s .  7.   K od  f u n k cj i  d z i elą cej  p r z es t r z eń  i t er a cj i  p ę t li  

 

 }}}}}}}
c[k][j];*b[i][k]=a[i][j]+

+){+kke;<=kks;=for(k
+){+jje;<=jjs;=for(j

+){+iie;<=iis;=for(i
(runtime)schedulefor  omp pragma#

+){+kk;blockSize)1,-size,,&ks,&ke,0onBlock(kkgetIterati0;=for(kk
+){+jj;blockSize)1,-size,,&js,&je,0onBlock(jjgetIterati0;=for(jj

+){+ii;blockSize)1,-size,,&is,&ie,0onBlock(iigetIterati0;=for(ii
{

c)b,shared(a, ke)ks,kk,je,js,jj,ie,is,ii,i,j,private(k, parallel omp pragma#

 

 
F i g .  8.   O u t er  loop  p a r a lleli z ed  t og et h er  w i t h  b lock i n g  ( p a r i  w i t h  b lock i n g )  
Ry s .  8.   Z r ó w n oleg len i e p ę t li  z ew n ę t r z n ej  z  p od z i a ł em  p r z es t r z en i  i t er a cj i  

 

}}}}}}
c[k][j];*b[i][k]=a[i][j]+
+){+jje;<=jjs;=for(j

+){+iie;<=iis;=for(i
(runtime)schedulefor  omp pragma#
+){+ksize;<k0;=for(k

+){+jj;blockSize)1,-size,,&js,&je,0onBlock(jjgetIterati0;=for(jj
+){+ii;blockSize)1,-size,,&is,&ie,0onBlock(iigetIterati0;=for(ii

{
c)b,shared(a, je)js,jj,ie,is,ii,i,j,private(k, parallel omp pragma#

 

 
F i g .  9.   L oop  p a r a lleli z ed  b y  t h e h y p er p la n e t og et h er  w i t h  b lock i n g  ( h p a r i  w i t h  

b lock i n g )  
Ry s .  9.   Z r ó w n oleg len i e m et od ą  h i p er p ł a s z cz y z n  z  p od z i a ł em  p r z es t r z en i  i t er a cj i  
 
6 . E n v i r o n m e n t  
 
T o  est im at e t h e ef f ic ienc y  o f  par al l el iz ed l o o p c o de,  t h e 

speedu p ( ) ( )
( )PT

TPS 1
=  w er e c al c u l at ed f o r  par al l el  c o de pr esent ed 

in t h e pr ev io u s sec t io n. H er e T(1 ) - ex ec u t io n t im e o f  seq u ent ial  
l o o p,  T(P) - ex ec u t io n t im e o f  par al l el  l o o p o n P pr o c esso r s. T h e 
ex per im ent s w er e c o ndu c t ed o n t h e sy st em  w it h  t h e f o l l o w ing  
par am et er s: 
H ar dw ar e: 
 2  x  I nt el  Q u ad Co r e X eo n E 5 3 1 0  1 , 6 0  G H z  1 U  
 T h e I nt el  W o r kst at io n B o ar d S 5 0 0 0 X v n 1 .9 7  G B  R A M  

S o f t w ar e: 
Co nf ig u r at io n I  
 O per at ing   L inu x  U bu nt u  

 Co m pil er s [ 1 7 ,  1 8 ] : 
 O m ni O penM P  Co m pil er  (o m ni) 
 O M P i O penM P  C Co m pil er  (o m pi) 
Co nf ig u r at io n I I  
 W indo w s X P  P r o f essio nal  x 6 4  E dit io n V er .2 0 0 3  
 Co m pil er s [ 1 9 ,  2 0 ] : 
 I nt el  ®  C+ +  Co m pil er  f o r  W indo w s*  - E v al u at io n (ic c ) 
 M ic r o so f t  V isu al  S t u dio  2 0 0 5  (v s2 0 0 5 ) 

 
7 . E x p e r i m e n t  r e s u l t s  
 
T h e ex ec u t io n t im e o f  t h e l o o p o f  F ig . 1 ,  c o m pil ed w it h  t h e 

c o m pil er s [ 1 7 ,  1 8 ,  1 9 ,  2 0 ] ,  is pr esent ed o n F ig . 1 0 . T h e best  r esu l t s 
w er e o bt ained f o r  t h e l o o p c o m pil ed by  t h e c o m pil er s o m pi and 
v s2 0 0 5 . 

 

  
F i g .  1 0 .    Ex ecu t i on  t i m e of  s eq u en t i a l loop   
Ry s .  1 0 .   C z a s  s ek w en cy j n eg o w y k on a n i a  p ę t li  
 
F o r  t h e l o o ps o f  F ig . 3 ,  F ig . 4 ,  F ig . 5 ,  F ig . 6 ,  t h e speedu p is 

pr esent ed in F ig . 1 1  and F ig . 1 2 ,  f o r  t h e c o m pil er s v s2 0 0 5  and 
o m pi. T h e speedu ps r et r iev ed by  t h e o t h er  c o m pil er s h av e t h e 
sam e v al u es. 

 

  
F i g .  1 1 .    L oop  s p eed u p ,  t h e om p i  com p i ler   
Ry s .  1 1 .   P r z y s p i es z en i e p ę t li ,  k om p i la t or  om p i  

 
 

  
F i g .  1 2 .   L oop  s p eed u p ,  v s 2 0 0 5  com p i ler   
Ry s .  1 2 .   P r z y s p i es z en i e p ę t li ,  k om p i la t or  v s 2 0 0 5  
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The s p eed u p  t a k es  m a x i m a l  v a l u es  d u e t o  hi g h d a t a  l o ca l i t y,  fo r  
t he l o o p  o f F i g . 3  (hp a r i ),  w her e t he m a t r i x  s i z e i s  bet w een  40 0  
a n d  220 0 ,  a n d  t he l o o p s  o f F i g . 5  (p a r i ),  F i g . 6 a  (p a r j ),  w her e t he 
m a t r i x  s i z e i s  bet w een  20 0  a n d  40 0 .  
To  i m p r o v e d a t a  l o ca l i t y,  t he i t er a t i o n  s p a ce ca n  be d i v i d ed  

bet w een  i t er a t i o n  bl o ck s  l i k e i n  t he l o o p s  o f F i g . 8  a n d  F i g . 9 .The 
d ep en d en ce bet w een  t he p a r a l l el  ex ecu t i o n  t i m e fo r  t he l o o p s  o f 
F i g . 8  a n d  F i g . 9 ,  fo r  t he m a t r i x  s i z e N = 3 0 0 0 ,  a n d  t he s i z e o f t he 
i t er a t i o n  bl o ck  i s  p r es en t ed  i n  F i g . 1 3  a n d  F i g . 1 4,  r es p ect i v el y.  

 
 

  
F i g .  1 3 .   P a r a l l e l  e x e c u t i o n  l o o p  o f  F i g .  8  f o r  N = 3 0 0 0  
R y s .  1 3 .   W y k o n a n i e  r ó w n o l e g ł e  p ę t l i  z  r y s .  8  d l a  N = 3 0 0  

 
 
 

  
F i g .  1 4 .   P a r a l l e l  e x e c u t i o n  l o o p  o f  F i g .  9  f o r  N = 3 0 0 0  
R y s .  1 4 .   W y k o n a n i e  r ó w n o l e g ł e  p ę t l i  z  r y s .  9  d l a  N = 3 0 0  
 
F o r  t he l o o p  o f F i g . 8  t he bes t  i t er a t i o n  bl o ck  s i z e i s  B = 1 6 0 ,  a n d  

fo r  t he l o o p  o f F i g . 9  t he bes t  i t er a t i o n  bl o ck  s i z e i s  B = 8 0 0 . The 
i t er a t i o n  bl o ck s  s i z es  fo r  t he l o o p  o f F i g . 8  a n d  F i g . 9  w er e u s ed  t o  
o t her  m a t r i x  s i z e,  F i g . 1 5  a n d  F i g . 1 6 . 

 
 

  
F i g .  1 5 .   S p e e d u p  f o r  t h e  l o o p s  o f  F i g .  5  a n d  F i g .  8  
R y s .  1 5 .   P r z y s p i e s z e n i e  d l a  p ę t l i  z  r y s .  5  i  r y s .  8  

 
 

  
F i g .  1 6 .   S p e e d u p  f o r  t h e  l o o p s  o f  F i g .  3  a n d  F i g .  9   
R y s .  1 6 .   P r z y s p i e s z e n i e  d l a  p ę t l i  z  r y s .  3  i  r y s .  9  
 
8. C o n c l u s i o n  
 
The effi ci en cy o f l o o p s  p a r a l l el i z ed  by t he hyp er p l a n e m et ho d  

i s  w o r s e t ha n  t ha t  o f t he l o o p s  w i t h a  p a r a l l el  o u t er  l o o p ,  bu t  w e 
ca n n o t  p a r a l l el i z e a l l  o u t er  l o o p s  beca u s e o f d ep en d en ci es  bet w een  
i t er a t i o n s . 
The bl o ck i n g  m et ho d  i m p r o v es  d a t a  l o ca l i t y a n d  s p eed u p  fo r  

l o o p s  w i t h a  p a r a l l el  o u t er  l o o p  a n d  l o o p s  p a r a l l el i z ed  w i t h t he 
hyp er p l a n e m et ho d . 
The m a i n  g o a l  o f fu t u r e r es ea r ch i s  cr ea t i n g  a n  a l g o r i t hm  fo r  t he 

ca l cu l a t i o n  o f t he i t er a t i o n  bl o ck  s i z e fo r  d i ffer en t  s ys t em  
a r chi t ect u r es ,  d a t a  r efer en ces  a n d  l o o p  p a r a l l el i z a t i o n  m et ho d s . 
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