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A b s t r a c t  
 

T h is  pape r  pr e s e n t s  a pr ob le m of  g e n e r at in g  an  e f f icie n t  par alle l cod e  f r om 
an  e x is t in g  s e q u e n t ial cod e  in  an  au t omat ic w ay .  T h e  main  par t  of  t h is  
pape r  is  d e d icat e d  t o t h e  d e s cr ipt ion  of  t h e  au t omat ic par alle l cod e  
g e n e r at ion  pr oce s s .  N ot  on ly  an  id e a of  b u ild in g  an  au t omat ic cod e  
g e n e r at ion  t ool is  pr ov id e d ,  b u t  als o a t h e or e t ical b as is  w h ich  allow s  u s  t o 
u n d e r s t an d  t h e  opt imiz at ion  pr ob le m of  par alle l cod e .  I n  t h e  t h e or e t ical 
par t  of  t h e  ar t icle  t h e  s olu t ion  h as  b e e n  pr opos e d  f or  me as u r in g  t h e  q u alit y  
of  cod e  e x e cu t e d  b y  d e t e r min in g  t h e  par ame t e r s  of  s pe e d u p an d  e f f icie n cy .  
Als o in f or mat ion  ab ou t  k n ow n  pr ob le ms  as s ociat e d  w it h  par alle l 
pr oce s s in g  an d  s pe e d  of  cod e  w e r e  pr ov id e d .  D is cu s s e s ,  in t e r  alia,  impact  
on  t h e  e f f e ct iv e n e s s  an d  pe r f or man ce  of  t h e  b ar r ie r  s y n ch r on iz at ion .  Als o 
a pr ob le m w it h  s ch e d u lin g  in  t h e  pe r f or man ce  of  t h e  C PU  load  of  par alle l 
t h r e ad s  is  pr e s e n t e d .  An  e x ample  of  cod e  g e n e r at e d  b y  a t ool u n d e r  
d e v e lopme n t  is  e x plain e d .  S ome  r e s u lt s  of  e x pe r ime n t s  ar e  pr ov id e d  t o 
pr e s e n t  cod e  q u alit y  me as u r e me n t s .  T h e  r e s u lt s  come  f r om t h e  f ir s t  
it e r at ion  of  t h e  pr og r am,  w h ich  d oe s  n ot  at t e mpt  t o opt imiz e  t h e  g e n e r at e d  
cod e  in  t e r ms  of  impr ov e d  localit y .  I t e r at ion  d oe s  n ot  in clu d e  t h e  at t e mpt  
t o g e n e r at e  cod e  t h at  w ou ld  con t ain  le s s  of  a b ar r ie r  s y n ch r on iz at ion .  
T h e s e  f e at u r e s  ar e  u n d e r  t h e  imple me n t at ion  ph as e .  
 
K e y w o r d s :  O pe n M P,  it e r at iv e  cod e  g e n e r at ion ,  s h ar e d  me mor y  
pr og r ammin g .  
 
Au t o m at y cz n a g e n e r acj a k o d u  r ó w n o l e g łe g o  
w  s t an d ar d z ie  Op e n MP  

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

 
W  ar t y k u le  pr z e d s t aw ion y  z os t ał  pr ob le m d ot y cz ą cy  s t w or z e n ia 
au t omat y cz n e g o n ar z ę d z ia g e n e r u j ą ce g o k od  w  s t an d ar d z ie  O pe n M P,  
k t ó r y  b y ł b y  e f e k t y w n ie  w y k on y w an y  pod  d an y m ś r od ow is k ie m 
u r u ch omie n iow y m.  Ar t y k u ł  pr z e d s t aw ia pod s t aw y  t e or e t y cz n e  z w ią z an e  
z e  s pos ob e m pomiar u  j ak oś ci w y g e n e r ow an e g o k od u ,  j ak  r ó w n ie ż 
pr z e d s t aw ia mod e l n ar z ę d z ia w y k on u j ą ce g o au t omat y cz n ą  g e n e r acj ę  
w y d aj n e g o k od u  w  s t an d ar d z ie  O pe n M P.  W  cz ę ś ci t e or e t y cz n e j  
z apr opon ow an e  z os t ał o r oz w ią z an ie  pr ob le mu  pomiar u  j ak oś ci 
w y k on y w an e g o k od u  z a pomocą  ok r e ś le n ia par ame t r ó w  pr z y s pie s z e n ia  
i e f e k t y w n oś ci.  O pis an y  z os t ał  s pos ó b ,  w  j ak i możn a u z y s k ać  d ok ł ad n e  
w ar t oś ci t y ch  par ame t r ó w  pod cz as  w y k on y w an ia aplik acj i r ó w n ole g ł y ch .  
Z aw ar t o r ó w n ie ż in f or macj e  n a t e mat  z n an y ch  pr ob le mó w  z w ią z an y ch   
z  pr z e t w ar z an ie m r ó w n ole g ł y m i s z y b k oś cią  d z iał an ia k od u .  O mó w ion o 
mię d z y  in n y mi w pł y w  s y n ch r on iz acj i b ar ie r ow e j  n a e f e k t y w n oś ć  
w y k on y w an y ch  pr og r amó w .  Pr z e d s t aw ion o t ak że  pr ob le m r ó w n omie r n e g o 
ob cią że n ia pr oce s or ó w  pod cz as  w y k on y w an ia w ą t k ó w  pr og r amu  
r ó w n ole g ł e g o.  O pr ó cz  ar ch it e k t u r y  n ar z ę d z ia,  z apr e z e n t ow an e  z os t ał y  
w y n ik i b ad ań  u z y s k an e  z  cz ę ś ciow o z aimple me n t ow an e j  j u ż aplik acj i.  
W y n ik i poch od z ą  z  pie r w s z e j  it e r acj i d z iał an ia pr og r amu ,  k t ó r a n ie  
pod e j mu j e  pr ó b y  opt y maliz acj i w y g e n e r ow an e g o k od u  pod  w z g lę d e m 
z w ię k s z e n ia lok aln oś ci.  I t e r acj a t a n ie  z aw ie r a r ó w n ie ż pr ó b y  
w y g e n e r ow an ia k od u ,  k t ó r y  z aw ie r ał  b y  mn ie j  s y n ch r on iz acj i 
b ar ie r ow y ch .  Pow y żs z e  f u n k cj on aln oś ci s ą  w  f az ie  imple me n t acj i.  
 
S ł o w a  k l u c z o w e :  O pe n M P,  pr og r amow an ie  r ó w n ole g ł e ,  au t omat y cz n a 
g e n e r acj a k od u .  
 
 

1 .  In t r o d u ct io n  
 
T h ro u g h  m any  y ears co m p u t er’ s arch it ect u re evo l ves.  F ast er 

p ro cesso rs p ro vid e abil it y  t o  ex ecu t e m o re inst ru ct io ns p er seco nd .  
T h e need  f o r f ast  C P U s w ere cau sed  by  g rap h ics p ro g ram s and  by  
so f t w are d ed icat ed  f o r scient if ic p u rp o ses.  U nf o rt u nat el y ,  f u rt h er 
evo l u t io n o f  o ne-co re p ro cesso rs is bo u nd ed  by  t ech nical  
p ro bl em s,  so  m u l t i-co re p ro cesso rs becam e p o p u l ar in l ast  y ears.  
T o  u se al l  abil it ies o f  new  m u l t i-co re p ro cesso rs,  new  t o o l s are 
need ed .  P ro g ram s w h ich  w ere w o rk ing  u nd er a o ne-co re p ro cesso r 
can no t  u se m o re co res t o  enh ance p erf o rm ance.  S u ch  p ro g ram s 
m u st  be rew rit t en.  I t  is no t  as sim p l e as m ig h t  be t h o u g h t ,  so  
au t o m at ic t o o l s are need ed  f o r g enerat ing  p aral l el  co d e f ro m  
seq u ent ial  o ne.  I t  w il l  t ak e t o o  m u ch  t im e t o  rew rit e al l  co d e 
l ibraries w h ich  w ere w rit t en in a seq u ent ial  w ay .   
N o w ad ay s al l  l arg e co m p anies d o ing  research es abo u t  p aral l el  

p ro cessing ,  bu t  no t  m any  au t o m at ic co d e g enerat o rs are p ro vid ed  
and  t h o se w h ich  ex ist  are u nd er a co nst ru ct io n p h ase.  T w o  o f  t h em  
are int erest ing  t o  be m ent io ned .  
 

Fujitsu Parallelnavi Workbench 
 
I t  is a w o rk bench  creat ed  f o r u sing  in W A N  net w o rk s w h ich  

al l o w s p ro g ram m ers t o  d evel o p  p ro j ect s in t h e O p enM P  st and ard  
in an easy  w ay .  T h e m o st  int erest ing  su bsy st em  in t h is w o rk bench  
is an au t o m at ic co d e g enerat o r m o d u l e.  I t  p ro vid es abil it y  t o  
g enerat e,  anal y z e,  and  co rrect  co d e in t h e O p enM P  st and ard .  
T u ning  t h e ex ecu t io n t im e f u nct io n bases o n p ro g ram  p ro f il ing .  
T h is m o d u l e is u nd er a d evel o p m ent  st ag e and  as in t h e V T u ne 
p erf o rm ance anal y z er,  t h e co d e g enerat o r is in t h e beg inning  p h ase 
o f  f u nct io nal it y .  M o re p iece o f  inf o rm at io n abo u t  t h is bench m ark  
is p ro vid ed  in p ap er [ 4 ] .  
 

iPat/ O M P 
 
I t  is al so  an au t o m at ic t o o l  d esig ned  f o r co d e g enerat io n in t h e 

C  l ang u ag e u nd er t h e O p enM P  3 . 0  st and ard .  T h e cap abil it ies o f  
t h is p ro g ram  are q u it e bro ad .  O ne o f  f o u r m o d u l es can anal y z e 
p aral l el ism  t o  p ro vid e inf o rm at io n f o r t h e co d e g enerat o r h o w  
p aral l el  d irect ives sh o u l d  be p l aced  insid e co d e.  H aving  su ch  t y p e 
o f  inf o rm at io n,  ano t h er m o d u l e g enerat es O p enM P  d irect ives 
w h ich  are p l aced  insid e a so u rce co d e.  T h e o t h er t w o  m o d u l es t ry  
t o  enh ance p erf o rm ance.  A  p ro g ram  rest ru ct u ring  m o d u l e w as 
d esig n t o  enh ance p aral l el ism  and  ex ecu t io n ef f ect iveness.  T o  
p ro vid e m easu rem ent s,  O p enM P  st and ard  f u nct io ns w ere u sed  and  
t h e ex ecu t io n t im e anal y sis m o d u l e is in ch arg e t o  p ro vid e 
inf o rm at io n abo u t  ch ang ing  co d e t o  be m o re ef f icient .  M o re p iece 
o f  inf o rm at io n abo u t  t h is t o o l  is p ro vid ed  in p u bl icat io n [ 1 0 ] .  
 
T h e abo ve so l u t io ns p ro vid e so m e t ech niq u es f o r o p t im iz ing  t h e 

t im e ex ecu t io n o f  g enerat ed  co d e.  I n t h e o t h er sect io ns o f  t h is 
p ap er it  is st at ed  t h at  an o p t im iz at io n p ro cess is m o re ef f icient  
w h en it  is d o ne u nd er a sp ecif ic ex ecu t io n enviro nm ent .  F o r t h at  
reaso n,  a p aral l el  co d e g enerat o r sh o u l d  o p t im iz e a g enerat ed  co d e 
u nd er a sp ecif ic m ach ine u nd er w h ich  co d e w il l  be ex ecu t ed .  T h e 
ex ecu t io n o f  su ch  a p ro g ram  o n o t h er m ach ine w il l  no t  be as 
o p t im al  as u nd er t h e m ach ine w h ere o p t im iz at io n p ro cess t o o k  
p l ace.  F o r t h at  reaso n ch ang ing  an ex ecu t io n enviro nm ent  w il l  
cau se ru nning  an o p t im iz at io n p ro cess o nce ag ain if  h ig h er 
ef f iciency  is need ed .  
 

2 .  P ar al l e l  co d e  g e n e r at o r  
 
T h e au t o m at io n o f  a p aral l el  co d e g enerat ing  p ro cess is no t  as 

sim p l e as m ig h t  be seen in t h e f irst  t im e.  T h e p ro bl em  is t o  
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generat e an ef f i ci ent  code w h i ch  w i l l  u se al l  of  av ai l ab l e mach i ne 
resou rces i n t h e b est  p ossi b l e w ay .  I t  req u i res t o generat e code 
w h i ch  w i l l  ex ecu t e as f ast  as p ossi b l e u nder a p rov i ded mach i ne.  
T h ere i s no easy  w ay  t o ach i ev e su ch  a resu l t  and i n some cases i t  
i s i mp ossi b l e.  I t  i s reasonab l y  ob v i ou s w h en w e u nderst and t h e 
f act  t h at  comp u t er’ s arch i t ect u re di f f er f rom each  ot h er.  D i f f erent  
p rocessors,  memori es and t ech nol ogy  sol u t i ons f or a comp u t i ng 
mach i nes ensu re v ari et y  w h i ch  p rov i de t o one u nsol v ed p rob l em - 
h ow  t o generat e a p aral l el  code w h i ch  w i l l  ex ecu t e f ast  i n al l  k i nds 
of  comp u t ers.  A s a resu l t ,  a descri b ed code generat or w i l l  generat e 
an ef f i ci ent  code dedi cat ed f or a sp eci f i c mach i ne.  I f  t h ere w i l l  b e 
a need f or generat i ng p aral l el  code u nder ot h er comp u t er 
arch i t ect u re mach i ne,  t h e code generat i on p rocess w i l l  b e done 
once agai n u nder t h at  sp eci f i c mach i ne.  S u ch  a met h od w i l l  
gu arant ee t h at  t h e code i s op t i mal  u nder one sp eci f i c mach i ne and 
p rob ab l y  w i l l  not  b e ef f i ci ent  on ot h er arch i t ect u re.   
T al k i ng ab ou t  t h e code ef f i ci ency  and t h e op t i mi z at i on of  code,  

w e need t o k eep  u nder ou r consi derat i on t h e f act  t h at  i t  sh ou l d 
ex i st  a met h odol ogy  w h i ch  can measu re t h e code ef f i ci ency .  I n t h e 
nex t  p art  of  t h i s p ap er,  more p i ece of  i nf ormat i on ab ou t  
measu rement s met h ods of  code q u al i t y  i s descri b ed.  
 
3. P a r a m e t e r s  a n d  c o d e  q u a l i t y  
 
T h ere are t w o mai n measu rement s i n a p aral l el  p rocessi ng 

p aradi gm w h i ch  can easi l y  su p p l y  i nf ormat i on ab ou t  t h e code 
q u al i t y .  T h ese p aramet ers are cru ci al  f or a p rogram w h i ch  w i l l  
al l ow  u s t o au t omat i cal l y  generat e code i n t h e O p enM P  st andard,  
b ecau se of  i nf ormat i on ab ou t  t h e code q u al i t y .  F or b et t er 
u nderst andi ng t h e p rob l em of  generat i ng ef f i ci ent  code i n 
O p enM P ,  i t  i s h i gh l y  recommended t o k now  h ow  t o measu re code 
q u al i t y .  T h at  i s w h y  t h i s p i ece of  i nf ormat i on i s h i gh l y  v al u ab l e 
du ri ng a p aral l el  code generat i on p rocess.  I n t h e rest  of  t h i s sect i on 
more p i ece of  i nf ormat i on ab ou t  sp eedu p  and ef f i ci ency  
p aramet ers i s p rov i ded.   
T h e sp eedu p  i s a measu re w h i ch  can t el l  h ow  f ast er t h e p aral l el  

code i s ex ecu t ed t h an t h e same code i s ex ecu t ed on a si ngl e 
p rocessor mach i ne.  T h e most  p reci se w ay  t o measu re sp eedu p  i s 
t o cou nt  p rocessor’ s t i ck s.  N ot  onl y  f or t h at  reason sp eedu p  i s not  
measu red i n seconds,  b u t  al so commu ni cat i on t i me i s a p rob l em.  I t  
i s i mp ossi b l e t o measu re ex ecu t i on t i me i n seconds b ecau se t h ese 
measu rement s w i l l  b e i nadeq u at e accordi ng t o a p rob l em w i t h  
commu ni cat i on t i me.  I t  i s more reasonab l e t o cou nt  t i me i n t i ck s 
w h i ch  are p rov i ded di rect l y  f rom a p rocessor and cou nt s onl y  t h e 
i nst ru ct i ons w h i ch  w ere ex ecu t ed b y  a p rogram.  A s a resu l t ,  no 
commu ni cat i on t i me i s i ncl u ded i nt o measu rement s,  so t h e resu l t  
i s more p reci se.  
T o cou nt  sp eedu p ,  t h e f ormu l a p rov i ded b el ow  i s commonl y  

u sed.   

),(
)1,(),( pnT

nTpnS =                              (1 ) 
 
I n t h e f ormu l a ab ov e,  T i s t h e t i me cou nt ed i n p rocessor’ s cl ock  

t i ck s,  n i s t h e p ort i on of  code,  and p i s t h e nu mb er of  p rocessors 
u sed f or comp u t at i on.  S i s commonl y  reserv ed as a v ari ab l e w h i ch  
descri b es sp eedu p .  T h e case w h en sp eedu p  i s eq u al  t o t h e nu mb er 
of  p rocessors u sed i n a p rogram ex ecu t i on i s commonl y  named 
f u l l  s pe e d u p.  W h en sp eedu p  i s h i gh er t h an t h e nu mb er of  
p rocessors u sed f or a p rogram ex ecu t i on,  t h e t erm h i ppe r  s pe e d u p 
i s u sed.  
S p eedu p  i s not  t h e onl y  p aramet er w h i ch  can p rov i de a p i ece of  

i nf ormat i on ab ou t  t h e q u al i t y  of  p aral l el  code.  T h e second one i s 
ef f i ci ency .  T h i s measu re i s st ri ct l y  connect ed w i t h  sp eedu p .  I n t h e 
mat t er of  f act ,  i t  i s sp eedu p  di v i ded b y  t h e nu mb er of  p rocessors 
u sed f or p rogram ex ecu t i on.  T h e ef f i ci ency  f ormu l a (2 ) i s 
p rov i ded:    

p
pnSpnA ),(),( =δ                                (2 ) 

 

w h ere δ A ( n,  p ) i s t h e code ef f i ci ency ,  w h ere t h e si z e i s n,  
ex ecu t ed on p p rocessors.  S ( n, p ) i s t h e sp eedu p  cou nt ed f rom 
ax i om (1 ).  A s w e can see t h i s p aramet er can p rov i de i nf ormat i on 
ab ou t  w h at  w as t h e q u al i t y  of  generat ed code accordi ng t o t h e 
t i me ex ecu t i on.  S u ch  i nf ormat i on i s cru ci al  w h en t h e code 
generat i on p rocess needs t o p rodu ce ef f i ci ent  code.  H av i ng 
i nf ormat i on ab ou t  code ef f i ci ency ,  t h e code generat or sh ou l d b e 
ab l e t o redu ce sy nch roni z at i on and commu ni cat i on cost s,  and 
b al ance l oad.  
 
4 . T h e  A m d a h l ’ s  l a w  
 
N ot  al l  of  t h e p art s of  a p rogram can b e ex ecu t ed i n p aral l el .  F or 

ex amp l e,  al l  i np u t  and ou t p u t  i nst ru ct i ons,  su ch  as p ri nt i ng 
somet h i ng on screen or p rov i di ng dat a f rom a k ey b oard,  cannot  b e 
ex ecu t ed i n p aral l el .  T h e p resence of  su ch  i nst ru ct i ons i s t h e 
reason w h y  i n some cases i t  i s i mp ossi b l e t o ach i ev e f u l l  sp eedu p .  
F or t h at  reason i t  i s essent i al  t o k now  i n w h at  w ay  su ch  
i nst ru ct i ons can af f ect  sp eedu p .  A ssu mi ng t h at  w e can di v i de 
code f or t w o p art s,  t h e p art  i n w h i ch  w e can ex ecu t e i nst ru ct i ons 
i n p aral l el  and t h e p art  w h ere i nst ru ct i ons h av e t o b e ex ecu t ed  
i n a seq u ence,  w e can p redi ct  t h at  t h e ex ecu t i on t i me w i l l  b e  
t h e su m of  t h ese t w o p art s.  T h e eq u at i on (3 ) descri b es t h i s 
si t u at i on:   
 

p
nTxnTxpnT )1,(*)1()1,(*),( −

+≈         (3 ) 
 
w h ere x· T ( n, 1 ) i s t h e ex ecu t i on t i me of  x i nst ru ct i ons w h i ch  can 
not  b e ex ecu t e i n p aral l el .  T h e x v ari ab l e i s normal i z ed t o < 0 ;  1  > .  
T h e [ ( 1  – x)  *  T(n,  1 )]  /  p i s t h e ex ecu t i on t i me needed t o ex ecu t e 
t h e p i nst ru ct i ons w h i ch  can b e ex ecu t ed i n p aral l el .   
H av i ng su ch  a f ormu l a i t  i s si mp l e t o dedu ce some ru l es 

accordi ng t o sp eedu p .  L et  u s di v i de b ot h  si des of  f ormu l a (3 ) b y  
T( n, 1 ).   
 

pnT
nTx

nT
nTx

nT
pnT

*)1,(
)1,(*)1(

)1,(
)1,(*

)1,(
),( −

+≈        (4 ) 
 

N ex t ,  af t er doi ng some redu ct i ons,  w e ach i ev e t h e eq u at i on (5 ):  
 

p
xxnT

pnT −
+≈

1
)1,(
),(

                         (5 ) 
 
U si ng ax i om (1 ),  w e st i p u l at e 
 

p
xx

pnS
−

+
≈ 1

1),(                         (6 ) 

 
T h i s f ormu l a i s k now n as A mdah l ’ s l aw .  T h i s l aw  i s i nt erest i ng 
b ecau se i t  i s si mp l e t o p redi ct  t h e sp eedu p  w h en t h e nu mb er of  
p rocessors u sed f or a p rogram ex ecu t i on grow s t o t h e i nf i ni t y .  
 

xpnSp
1),(lim ≈∞
                                 (7 ) 

 
I t  i s easy  t o mak e t h e dedu ct i on t h at  i f  t h e p rocessor nu mb er 
grow s t w i ce,  sp eedu p  w i l l  not  grow  t w i ce.  T h i s i s b ecau se of  
sy nch roni z at i on and commu ni cat i on cost s.  
I n a p aral l el  ex ecu t i on p rocess,  w h en more t h an one t h read 

ex ecu t es l oop ,  and l oop ’ s i t erat i ons are di v i ded among a t h read 
p ool ,  i t  i s cru ci al  f or t h e p rogram correct ness t o sy nch roni z e al l  
t h reads f rom t h e p ool .  W h en one of  t h reads ex ecu t es i nst ru ct i ons 
f ast er t h an t h e ot h er,  t h e f ast est  t h read mu st  w ai t  f or t h e ot h er 
t h reads t o cont i nu e anot h er p art  of  i nst ru ct i ons ex ecu t i on,  b ecau se 
t h e p rogram mu st  b e det ermi ni st i c.  S o w h en a t h read w ai t s,  i t  
l ooses p rocessor’ s t i me and does not  ex ecu t e any  code.  T h at  
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affects speedup. Moreov er during  a w ait period,  th e th read is in  
a sleep mode and needs to communicate w ith  oth er th reads to 
k now  if th ey  h av e finish ed th eir ex ecution. More th reads means 
more sy nch roniz ation and communication costs and l ow er 
efficiency . F or th at reason,  it is h ig h l y  recommended th at al l  
processors sh oul d h av e eq ual  l oad b al ance. I t means th at al l  
av ail ab l e processors sh oul d ex ecute approx imatel y  th e same 
amount of instructions to reduce th e sy nch roniz ation and 
communication time and to increase speedup and efficiency .  
 
5. P a r a l l e l  c o d e  g e n e r a t o r  a r c h i t e c t u r e  
 
A  paral l el  code g enerator w il l  b e a modul ar prog ram w h ich  w il l  

automatical l y  g enerate a source code in th e O penMP  3 .0  standard 
ready  to b e compil e v ia any  compil er w h ich  is dedicated to th e 
O penMP  3 .0  standard. A  modul ar arch itecture al l ow s us to 
connect th e code g enerator w e are w ork ing  on w ith  any  compil er 
suitab l e for compil ing  a source code in th e O penMP  3 .0  standard. 
Moreov er many  ex ternal  prog rams can b e pl ug g ed in. F or 
ex ampl e,  th ere is possib il e to use any  prog ram w h ich  can produce 
a pseudo code w ith  no data dependencies. N ev erth el ess,  any  
prog ram such  as th e I ntel  V T une T h read P rofil er can b e j oined to 
measure q ual ity  parameters of a g enerated paral l el  code. A  pl ug in 
arch itecture prov ides a fl ex ib l e mech anism for config uring  th e 
code g enerator prog ram for any  suitab l e mach ine under w h ich   
a g enerated prog ram w il l  b e ex ecuted. 
I ntentional l y ,  th e g enerator tool  w il l  g enerate code w h ich  w il l  

b e optimal  under a specific runtime env ironment on a specific 
mach ine. W h at is th e meaning  of an optimal  code or th e q ual ity  of 
code is ex pl ained in parag raph  3 .1  of th is paper. I n F ig ure 1 ,  th e 
structure of th e code g eneration prog ram is sh ow n . 
 
 

  
F i g .  1.   A  m o d u l a r  s t r u c t u r e  o f  a n  a u t o m a t i c  p a r a l l e l  c o d e  g e n e r a t i o n  p r o g r a m  
R y s .  1.   M o d u ł o w a  s t r u k t u r a  g e n e r a t o r a  k o d u  r ó w n o l e g ł e g o  
 
I n th e first stag e a l oop must b e prov ided in th e P etit format. 

More piece of information ab out P etit sy ntax  can b e found in th e 
P etit documentation w eb site mentioned in paper [ 3 ] ,  w h ere more 
information ab out th e P resb urg er’ s arith metic is al so incl uded. 
B roadl y  speak ing ,  P etit and th e O meg a cal cul ator uses th e 
P resb urg er’ s arith metic to carry  out dependence anal y z e. O nl y  
code w ith  none of th em can b e ex ecuted in paral l el .  
S econdl y ,  pseudo code in th e P etit format is tak en b y  th e E sy s 

prog ram w h ich  w as w ritten b y  Marek  P ał k ow sk i [ 8 ] . T h is 
prog ram prov ides a pseudo code w h ich  is g enerated from th e 
O meg a cal cul ator tool  and contains sy nch roniz ation-free code 
sl ices w h ich  can b e ex ecuted in paral l el . Moreov er,  an input fil e 
w ith  a l oop w ritten in th e P etit format is parsed using  an I nput 
P arser. T h e I nput P arser is a modul e w h ich  parses an input l oop to 
create a l ist w ith  l ines of code,  w h ich  are in th e l oop b ody . 

N ev erth el ess,  th e I nput P arser creates al l  decl ared v ariab l es 
ob j ects. E ach  decl ared v ariab l e is k eep as an ob j ect w ith  al l  pieces 
of information req uired to produce a sy ntax  correct code in th e C  
l ang uag e.  
W h en al l  v ariab l es ob j ects are created and th e input l oop is 

parsed correctl y ,  th e P seudo C ode P arser modul e starts parsing  th e 
pseudo code ob tained from th e E sy s prog ram. S y nch roniz ation-
free sl ices are parsed into code l ines of a specific b l ock s of code 
w h ich  are req uired to g enerate a correct piece of code in th e C  
l ang uag e. I n th is ph ase al l  l oops iterators are updated to g ain data 
from v ectors,  and a pseudo code b ecame th e code in th e C  
l ang uag e. T o parse a pseudo code,  reg ul ar ex pressions w ere used 
b ecause of a specific ch aracter of pseudo code g enerated b y  th e 
E sy s parser. T h e l ast step of th is ph ase is an error correction 
process. T h e E sy s prog ram uses th e O meg a cal cul ator’ s code 
g enerator,  w h ich  produces a pseudo code w ith  sev eral  errors,  such  
as w rong  v ector index ing ,  doub l ing  v ariab l es names and more,  
w h ich  are prov ided in th e P etit and O meg a documentation [ 2 ,  3 ] . 
Moreov er,  in th is ph ase a pseudo code is corrected to b e more user 
friendl y  and understandab l y  during  b eing  studied b y  a prog rammer.  
H av ing  al l  pieces of information from th e P seudo C ode P arser 

and th e I nput P arser,  th e C ode G enerator modul e can produce  
a piece of code w ritten in th e C  l ang uag e. A l l  v ariab l es ob j ects 
from th e I nput P arser are transl ated into th e v ariab l e decl aration 
section of C  code. N eeded l ib raries are al so incl uded into C  code 
using  th e h eader mech anism. T h e ob l ig atory  m a i n  function is 
created and fil l ed w ith  sy nch roniz ation-free code. T h e l ast step in 
th is modul e is th e creation of O penMP  3 .0  compatib l e paral l el  
source code. A fter th is step,  a prog ram is ready  for a compil ation 
process. F or th is moment onl y  simpl e paral l el  code is g enerated 
w ith  no optimiz ation al g orith m w h ich  is under construction. N one 
of th e optimiz ation al g orith m part is impl emented b ecause th e 
creation of th is al g orith m is in a construction ph ase.  
T h is al g orith m w il l  w ork  iterativ el y  to produce paral l el  code 

w h ich  is sub optimal  for a specific mach ine. T h e stop condition of 
th is al g orith m is one of th e fol l ow ing  
 

• P rov ided numb er of iterations ex ceeded,   
 
• T h e nex t iteration g enerates code w h ich  is not as optimal  as code 
g enerated in prev ious iteration,  according  to th e measurements 
describ ed in section 3  of th is paper,   

 
• P rov ided q ual ity  of source code is b eing  ach iev ed.  
 
F or th is moment,  th e paral l el  code g enerator can produce code as 
th e first step of th e al g orith m. T h at means no optimiz ation 
prov ided. A l so measurements are not tak en from th e code parser 
b ut from directiv es prov ided into th e O penMP  3 .0  standard. I n 
ch apter 4 ,  an ex ampl e is prov ided w h ich  ex pl ains th e process of 
automated code g eneration. 
 
6 . E x a m p l e  
 
I n th is ch apter,  an ex ampl e is prov ided to sh ow  h ow  th e code 

g enerator w ork s. T h e code prov ided b el ow  is th e input l oop for th e 
g enerator. T h is l oop prov ides cal cul ations al l ow ing  us to fil ter an 
imag e. A s a resul t,  th e imag e b ecame more fuz z y . O nl y  th e code 
of th e crucial  prog ram’ s l oop is prov ided b el ow . 
 
for (j = 0; j  <   i l e ; j = j +  1 ) 
{ 
  for (k  = 1 ; k   <   i l e ; k  = k  +  1 ) 
    m a c [ j] [ k ] =(m a c [ j] [ k -1 ] + m a c [ j] [ k ] )/ 2 ; 
} 
 
I t is ev ident th at al l  ty pes of dependencies occur in our ex ampl e. 
F ig ure 2  sh ow s th e dependencies in th e ab ov e code. 
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F i g . 2 .  T h e  i t e r a t i o n  a n a l y s i s  
R y s . 2 .  A n a l i z a  i t e r a c j i  
 
K eep ing  F ig u re 2  u nder c o ns iderat io n,  eac h  it erat io n it erat ed b y 

v ariab l e j  c an b e exec u t ed in p aral l el .  Th is  is  q u it e s imp l e 
examp l e b u t  g eneral l y w e c an no t  al w ays  s ee l o o p  dep endenc ies  
f ro m s u c h  a c h art  and no t  al w ays  it  is  s o  eas y t o  dedu c e a s o l u t io n 
h o w  c o de c an b e exec u t ed in p aral l el .  Th e E s ys  p ro g ram g enerat es  
p s eu do  c o de rep res ent ing  s ync h ro niz at io n-f ree s l ic es  o f  c o de 
w h ic h  c an b e exec u t ed in p aral l el .  S u c h  a c o de is  p res ent ed b el o w .  
 
The number of dependence relations: 1. 
1. { [ i, j , v ]  ->  [ i’ , j ’ , v ’ ]  i’  =  i & &  j ’  =  1+ j   
& &  v  =  5  & &  v ’  =  5  & &  1 < =  j  < =  9 9  
& &  1 < =  i < =  10 0  } 
----------------------------- 
S ources of S lices: 1 
{ [ i, j , v ]  j  =  1 & &  v  =  5  & &  1 < =  i < =  10 0  } 
R _ U C S  
{ [ i, j , v ]  ->  [ i’ , j ’ , v ’ ]  F A L S E  } 
O uter loops scanning  sources of sy nchroniz ation-
free slices: 
for( t1 =  1;  t1 < =  10 0 ;  t1+ + )  {  

s1( t1, 1, 5 ) ;  
} 
L oops scanning  elements of each slice in 
lex icog raphical order: 
for( t1 =  1;  t1 < =  10 0 ;  t1+ + )  {  

s1( t1, 1, 5 ) ;  
if ( t1 > =  1 & &  t1 < =  10 0 )  {  
for( t2  =  2 ;  t2  < =  10 0 ;  t2 + + )  {  
s1( t1, t2 , 5 ) ;  
} 
} 

} 
 
Th e p s eu do  c o de c o nt ains  inf o rmat io n ab o u t  dep endanc e 

anal ys is  res u l t s .  Th ey are del iv ered in t w o  w ays .  Th e f irs t  o f  t h em 
is  a P res b u rg er’ s  arit h met ic  rep res ent at io n w h ic h  is  rat h er no t  
u s ef u l  du ring  t h e c o de g enerat io n p ro c es s .  Th e mo s t  u s ef u l  
rep res ent at io n is  a s imp l e p s eu do  c o de.  A f t er t h e p ars ing  p ro c es s  
o f  t h is  p s eu do  c o de and af t er t h e c o de g enerat io n p h as e,  t h e 
g enerat o r p ro du c es  f u l l  c o de in t h e C  l ang u ag e,  w h ic h  is  
c o mp at ib l e w it h  t h e O p enM P  3 . 0  s t andard.  Th e mo s t  imp o rt ant  
p art  o f  t h e c o de is  t h e l o o p .  Th e g enerat ed l o o p  c o de is  p ro v ided 
b el o w .  
 
# prag ma omp parallel for priv ate( t1, t2 )  

for( t1 =  0 ;  t1 < =  10 0 ;  t1+ + )  {  
    mac[ t1] [ 1]  =  mac[ t1] [ 1-1] + mac[ t1] [ 1] ;  
    if ( t1 > =  1 & &  t1 < =  10 0 )  {  

for( t2  =  2 ;  t2  < =  10 0 ;  t2 + + )  {  
mac[ t1] [ t2 ]  =  mac[ t1] [ t2 -1]  
+  mac[ t1] [ t2 ] ;  

} 
} 

} 
 
B ec au s e t h e res t  mo du l es  o f  t h e g enerat o r are no t  yet  

imp l ement ed,  c o mp il at io n and a t es t ing  p ro c es s  w as  do ne 
manu al l y.  F o r t h at  reas o n t h e G C C  4 . 2 . 2  c o mp il er w as  u s ed.  A n 
inp u t  s q u are mat rix w h ic h  rep res ent s  an imag e w as  g enerat ed 
rando ml y.  W it h  ev ery s t ep  o f  t h e t es t ,  a dimens io n o f  t h e mat rix 
w as  enl arg ed.  O ne c o de exec u t io n w as  c o u nt ed as  o ne s t ep .  E ac h  
o f  al l  exp eriment s  w as  rep eat ed f iv e t imes  and t h e ap p ro ximat e 

t ime w as  t ak en as  t h e res u l t .  A s  it  w as  ment io ned b ef o re,  t h e t ime 
w as  rep res ent ed as  p ro c es s o r’ s  c l o c k  t ic k s .  E xp eriment s  w ere 
exec u t ed o n t h e I nt el  X eo n Q u ad C o re P ro c es s o r w it h  8  M B  L 2  
c ac h e and 1 0 6 6  M H z  F S B .  E ac h  c o re c l o c k  w as  1 , 6  G H z  and t h e 
I nt el  V irt u al iz at io n Tec h no l o g y w as  u s ed.  Th ere w ere exac t l y 
eig h t  p ro c es s o rs  w h ic h  exec u t ed t h e p aral l el  c o de.  F ig u re 3  s h o w s  
res u l t s  g at h ered f ro m exp eriment s .  
 

  
F i g . 3 .  S p e e d u p  o f  a n  i m a g e  f i l t e r i n g  
R y s . 3 .  P r z y s p i e s z e n i e  f i l t r o w a n i a  o b r a z u . 
 
Th e maximu m s p eedu p  du ring  exp eriment s  w as  2 , 6  f o r t h e 

imag e w it h  5 0 0 0 x5 0 0 0  p ixel s .  S p eedu p  is  def ined b y 
c o mmu nic at io n c o s t s  and addit io nal  c o s t  s p ent  o n t h e t h read 
c reat io n p ro c es s  and t h e t h read s c h edu l ing  p ro c es s .  A n 
o p t imiz at io n al g o rit h m,  w h ic h  w e are w o rk ing  o n,  mu s t  k eep  
u nder c o ns iderat io n t h e redu c t io n o f  t h es e c o s t s .  Th ere is  al s o  t h e 
need f o r t h e enh anc ement  in t h e l o ad b al anc ing  p ro c es s  t o  ac h iev e 
b et t er s p eedu p .  
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