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I N T R O DU C T I O N  

M u l ti m e d i a  c o m p u ti n g  h a s  b e e n  o n e  o f th e  g r e a te s t c h a l l e n g e s  i n  c o m p u te r  e n g i n e e r i n g  fo r  th e  
l a s t d e c a d e .  G r e a t e ffo r ts  h a ve  b e e n  p u t i n to  d e ve l o p i n g  a p p l i c a ti o n s  th a t p r o c e s s  a u d i o ,  vi d e o  
a n d  g r a p h i c s  i n fo r m a ti o n .  A t th e  s a m e  ti m e ,  c o m p u te r  d e s i g n e r s  h a ve  b e e n  c h a l l e n g e d  to  
c o m e  u p  w i th  s o l u ti o n s  c a p a b l e  o f p r o c e s s i n g  th e  e n o r m o u s  a m o u n ts  o f d a ta  r e q u i r e d  b y  
m u l ti m e d i a  a p p l i c a ti o n s .  T h e  s o l u ti o n s  c a m e  i n  th e  fo r m  o f m u l ti m e d i a  p r o c e s s o r s ,  a n d  
m u l ti m e d i a  e x te n s i o n s  to  g e n e r a l -p u r p o s e  p r o c e s s o r s . 

N o w a d a y s ,  m o s t c o m m e r c i a l  g e n e r a l -p u r p o s e  p r o c e s s o r s  s u p p o r t s o m e  fo r m  o f m u l ti m e d i a  
e x te n s i o n .  S o m e  w e l l -k n o w n  e x a m p l e s  a r e  M M X  e x te n s i o n s  to  P e n ti u m  p r o c e s s o r s ,  a n d  
A l ti V e c  e x te n s i o n s  to  P o w e r P C .   A l l  m u l ti m e d i a  a r c h i te c tu r e s  fo l l o w  th e  s a m e  b a s i c  a p p r o a c h :   
th e y  p a r ti ti o n  th e  r e g i s te r s  i n to  s e c ti o n s  th a t r e p r e s e n t m u l ti p l e  d a ta  e l e m e n ts ,  a n d  o p e r a te  o n  
a l l  th e  s e c ti o n s  i n  p a r a l l e l .   I n  a d d i ti o n ,  th e y  a d d e d  c o m p l e x  i n s tr u c ti o n s  to  s p e e d -u p  s p e c i fi c  
ta s k s  fo u n d  i n  m u l ti m e d i a  a p p l i c a ti o n s .  F o r  e x a m p l e ,  s o m e  a r c h i te c tu r e s  i n c l u d e  a n  
i n s tr u c ti o n  to  c o m p u te  th e  s u m  o f a b s o l u te  d i ffe r e n c e s  o f tw o  ve c to r s ,  w h i c h  i s  u s e fu l  i n  vi d e o  
c o m p r e s s i o n .  
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1.1 Optimization vs. Portabil ty  

M y  e x p e r i m e n ts  a n d  o th e r  p u b l i s h e d  r e s u l ts  s h o w  th a t m u l ti m e d i a  a r c h i te c tu r e s  c a n  s p e e d -u p  
a p p l i c a ti o n s  b y  fa c to r s  o f u p  to  15,  b u t m a n u a l  o p ti m i z a ti o n  i s  r e q u i r e d  i n  o r d e r  to  ta k e  fu l l  
a d va n ta g e  o f th e  c o m p l e x  i n s tr u c ti o n s  a va i l a b l e .  M a n u a l  o p ti m i z a ti o n  i s  ve r y  ti m e  c o n s u m i n g ,  
a n d  u p  to  n o w  h a s  r e s u l te d  i n  n o n -p o r ta b l e  p r o g r a m s .  T h i s  i s  i n  p a r t b e c a u s e  d i ffe r e n t 
m u l ti m e d i a  a r c h i te c tu r e s  h a ve  d i ffe r e n t r e g i s te r  l e n g th s ,  d i ffe r e n t p r o g r a m m i n g  s ty l e s ,  d i ffe r e n t 
a l i g n m e n t r e q u i r e m e n ts ,  a n d  th e y  s u p p o r t d i ffe r e n t p a r ti ti o n e d  i n s tr u c ti o n s . 

1.2 M M M  

I  s o l ve d  th e  p r o b l e m  b y  c r e a ti n g  M M M :  a  l i b r a r y  o f ta r g e t-i n d e p e n d e n t C  p r e -p r o c e s s o r  
m a c r o s  th a t i m p l e m e n ts  a  c o m m o n  s e t o f p a r a l l e l  o p e r a ti o n s  a va i l a b l e  o r  e ffi c i e n tl y  e m u l a te d  
o n  a  g i ve n  s e t o f ta r g e t a r c h i te c tu r e s .  T h e  c o n te n ts  o f th e  l i b r a r y  d e p e n d  o n  th e  s e t o f ta r g e t 
a r c h i te c tu r e s  u s e d ,  b u t th e  m e th o d  c a n  b e  a p p l i e d  to  a n y  g r o u p  o f ta r g e t p r o c e s s o r s . 

M M M  p r o vi d e s  a  u n i q u e  i n te r fa c e  to  a r c h i te c tu r e s  w i th  d i ffe r e n t r e g i s te r  l e n g th s  a n d  
i n s tr u c ti o n  s e ts .  L o n g  d a ta  ve c to r s  a r e  s i m u l a te d  b y  s e ve r a l  s m a l l  ve c to r s ,  a n d  o p e r a ti o n s  o f 
l o n g  ve c to r s  a r e  e m u l a te d  a s  a  s e q u e n c e  o f o p e r a ti o n s  o n  s h o r t ve c to r s .   S i m i l a r l y ,  ve c to r  
o p e r a ti o n s  th a t a r e  m i s s i n g  o n  a  g i ve n  ta r g e t a r e  e m u l a te d  u s i n g  a  s e q u e n c e  o f s i m p l e  ve c to r  
o p e r a ti o n s ,  w h e n  i t i s  e ffi c i e n t to  d o  s o .  T h e  s a m e  c o n c e p t i s  u s e d  to  r e s o l ve  d i ffe r e n t 
a l i g n m e n t r e q u i r e m e n ts .  S o m e  a r c h i te c tu r e s  r e q u i r e  th a t ve c to r  l o a d s  a n d  s to r e s  a r e  d o n e  a t 
a l i g n e d  a d d r e s s e s .  I f a n  u n a l i g n e d  l o a d  i s  r e q u i r e d ,  o n e  m u s t l o a d  tw o  a l i g n e d  ve c to r s ,  a n d  
c o m p o s e  th e  d e s i r e d  r e s u l t fr o m  th e m .  A l l  th i s  c a n  b e  e n c a p s u l a te d  i n s i d e  a n  M M M  l o a d  
m a c r o ,  a n d  th u s  p r o vi d e  w i th  a  g e n e r a l  u n a l i g n e d  l o a d  vi r tu a l  i n s tr u c ti o n . 
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T h r o u g h  e m u l a ti o n ,  M M M  i m p l e m e n ts  a  l a r g e  c o m m o n  vi r tu a l  i n s tr u c ti o n  s e t fo r  s e ve r a l  
ta r g e t a r c h i te c tu r e s .  B y  u s i n g  M M M ,  i t i s  p o s s i b l e  to  w r i te  m u l ti m e d i a  a p p l i c a ti o n s  th a t a r e  
p o r ta b l e  a m o n g  d i ffe r e n t m u l ti m e d i a  p r o c e s s o r s ,  a n d  ta k e  a d va n ta g e  o f th e  c o m p l e x  
p a r ti ti o n e d  o p e r a ti o n s  a va i l a b l e  o n  th e m .  I  u s e d  i t to  w r i te  o p ti m i z e d  ve r s i o n s  o f I n ve r s e  
Di s c r e te  C o s i n e  T r a n s fo r m  o f 8x 8 b l o c k s ,  a n d  s e ve r a l  va r i a n ts  o f L � -Di s ta n c e  o f 16x 16 b l o c k s .  

M M M  p r o g r a m s  a r e  p o r ta b l e  a m o n g  d i ve r s e  m u l ti m e d i a  a r c h i te c tu r e s .  U s i n g  M M M ,  I  w a s  
a b l e  to  g e n e r a te  o p ti m i z e d  c o d e  fo r  P e n ti u m  I I I  w i th  M M X  a n d  S S E  e x te n s i o n s ,  P e n ti u m  4 
w i th  S S E 2 e x te n s i o n s ,  P o w e r P C  G 4 w i th  A l ti V e c  e x te n s i o n s ,  a n d  P h i l i p s  T r i M e d i a  m u l ti m e d i a  
p r o c e s s o r s ,  a l l  fr o m  th e  s a m e  s o u r c e  p r o g r a m .  T h e  p e r fo r m a n c e  o f m y  e x a m p l e  p r o g r a m s  i s  
c o m p a r a b l e ,  a n d  i n  s e ve r a l  c a s e s  e x c e e d s  th a t o f h a n d -o p ti m i z e d  ve r s i o n s  o f th e  s a m e  
p r o g r a m s  p r o vi d e d  b y  th e  p r o c e s s o r  ve n d o r s . 

1.3  Oth e r A pproac h e s 

P a r a l l e l i z i n g  c o m p i l e r s  c a n  g e n e r a te  s o m e  m u l ti m e d i a  i n s tr u c ti o n s  fr o m  s c a l a r  c o d e ,  b u t n o t 
th e  m o s t c o m p l e x  o n e s .  T h e  p r o b l e m  i s  th a t s o m e  th e s e  c o m p l e x  p a r a l l e l  i n s tr u c ti o n s  c a n n o t 
b e  e x p r e s s e d  c o m p a c tl y  i n  C ,  o n l y  th r o u g h  a  s e q u e n c e  o f o p e r a ti o n s  th a t i s  ve r y  h a r d  fo r  a  
c o m p i l e r  to  r e c o g n i z e .  O n e  c a n  a l s o  w r i te  p a r a l l e l  p r o g r a m s  e x p l i c i tl y  u s i n g  a  d a ta -p a r a l l e l  
l a n g u a g e .  B u t th i s  s ti l l  d o e s  n o t s o l ve  th e  p r o b l e m  o f e x p r e s s i n g  c o m p l e x  p a r a l l e l  i n s tr u c ti o n s .  
T h e  o th e r  a l te r n a ti ve s  a r e  to  w r i te  a p p l i c a ti o n s  b a s e d  o n  o p ti m i z e d  k e r n e l  l i b r a r i e s ,  o r  u s e  
a u to m a ti c  c o d e  g e n e r a to r s  fr o m  a b s tr a c t d e s c r i p ti o n s .  T h e s e  a r e  g o o d  s o l u ti o n s  fo r  c e r ta i n  
k i n d s  o f a p p l i c a ti o n s ,  b u t n o t a  g e n e r a l  s o l u ti o n .  M M M  i s  a  m o r e  fl e x i b l e  a p p r o a c h . 



4 

1.4  C ontribu tions 

T h i s  r e s e a r c h  i s  th e  fi r s t to  p r o vi d e  a  g e n e r a l  s o l u ti o n  to  th e  p o r ta b i l i ty  o f o p ti m i z e d  
m u l ti m e d i a  c o d e .  N o  o th e r  m e th o d  to  d a te  a l l o w s  a n  a r b i tr a r y  p r o g r a m  to  ta k e  a d va n ta g e  o f 
th e  c o m p l e x  p a r ti ti o n e d  o p e r a ti o n s  a va i l a b l e  i n  m u l ti m e d i a  i n s tr u c ti o n  s e ts ,  w h i l e  r e m a i n i n g  
p o r ta b l e .  M M M  c a n  b e  u s e d  to  w r i te  c o m p l e x  p r o g r a m s  th a t a r e  p o r ta b l e ,  y e t p e r fo r m  
c o m p a r a b l y  to  h a n d -o p ti m i z e d  ve r s i o n s  fo r  a  s i n g l e  ta r g e t.  P a r a l l e l i z i n g  c o m p i l e r s  o n l y  o b ta i n  
c o m p a r a b l e  p e r fo r m a n c e  o n  s i m p l e  p r o g r a m s .  M M M  i s  a  fl e x i b l e ,  g e n e r a l  fr a m e w o r k  fo r  
w r i ti n g  m u l ti m e d i a  p r o g r a m s ;  o th e r  o p ti m i z e d  l i b r a r i e s  a r e  m a d e  u p  o f k e r n e l s  w i th  l i m i te d  
a p p l i c a b i l i ty . 

M o s t r e s e a r c h  o n  c o d e  g e n e r a ti o n  fo r  m u l ti m e d i a  a r c h i te c tu r e s  u s e s  s i m p l e ,  i n h e r e n tl y  p a r a l l e l  
p r o g r a m s  a s  e x a m p l e s .  I  u s e d  c o m p l e x  e x a m p l e s  ta k e n  fr o m  r e a l  m u l ti m e d i a  a p p l i c a ti o n s ,  a n d  
d e m o n s tr a te d  th a t th e y  c a n  b e  w r i tte n  e ffi c i e n tl y  u s i n g  M M M . 

T h i s  r e s e a r c h  c a n  g e n e r a te  o p ti m i z e d  c o d e  fo r  d i ffe r e n t fa m i l i e s  o f m u l ti m e d i a  a r c h i te c tu r e s .  
O th e r s  h a ve  fo c u s e d  o n  a  s i n g l e  k i n d  o f a r c h i te c tu r e :  s o m e  fo r  M M X -l i k e  a r c h i te c tu r e s  (S S E ,  
S S E 2,  3DN o w ! ) ,  s o m e  o th e r s  fo r  A l ti V e c ,  a n d  s o m e  o th e r s  fo r  T r i M e d i a .  I  w a s  a b l e  to  
g e n e r a te  o p ti m i z e d  c o d e  fo r  ve r y  d i ffe r e n t k i n d s  o f m u l ti m e d i a  a r c h i te c tu r e s :  M M X ,  S S E ,  
S S E 2,  A l ti V e c  a n d  T r i M e d i a . 
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1.5  Org anization of  th is D isse rtation 

T h i s  d i s s e r ta ti o n  i s  o r g a n i z e d  i n to  s i x  c h a p te r s  b e s i d e s  th i s  i n tr o d u c ti o n .  C h a p te r  2 d e s c r i b e s  
i n  m o r e  d e ta i l  th e  p r o b l e m  a d d r e s s e d  b y  th i s  r e s e a r c h ,  p r e s e n ts  th e  s o l u ti o n  i n  d e p th ,  a n d  
r e l a te s  i t to  o th e r  r e s e a r c h  a p p r o a c h e s .  C h a p te r  3 c o ve r s  th e  m e th o d o l o g y :  d e fi n e s  th e  
r e s e a r c h  o b j e c ti ve s ,  a n d  e x p l a i n s  th e  s te p s  fo l l o w e d  to  va l i d a te  th a t th e y  h a ve  b e e n  m e t.  T h e n  
C h a p te r  4 d i s c u s s e s  th e  d e s i g n  o f a  vi r tu a l  i n s tr u c ti o n  s e t.  T h e  e x a m p l e  p r o g r a m s  a r e  c o ve r e d  
i n  C h a p te r  5,  a n d  C h a p te r  6 p r e s e n ts  th e  p e r fo r m a n c e  m e a s u r e m e n t r e s u l ts .  C h a p te r  7 h a s  
c o n c l u s i o n s ,  a n d  a d va n c e s  o n  fu tu r e  r e s e a r c h  w o r k . 

I n  a d d i ti o n ,  th e r e  a r e  th r e e  a p p e n d i c e s .  A p p e n d i x  A  s h o w s  th e  c o m p l e te  d e fi n i ti o n  o f th e  
vi r tu a l  i n s tr u c ti o n  s e t.  A p p e n d i x  B  h a s  th e  a c tu a l  i m p l e m e n ta ti o n  o f th e  M M M  l i b r a r y  fo r  th e  
d i ffe r e n t ta r g e ts ,  a n d  A p p e n d i x  C  i s  th e  s o u r c e  c o d e  o f th e  p o r ta b l e  e x a m p l e s  w r i tte n  i n  
M M M . 
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P R O B L E M  DE S C R I P T I O N  

T h i s  c h a p te r  d i s c u s s e s  i n  d e p th  th e  p r o b l e m  a d d r e s s e d  b y  th i s  d i s s e r ta ti o n ,  th e  s o l u ti o n  
p r e s e n te d ,  a n d  r e l a te d  r e s e a r c h .  T h e  fi r s t s e c ti o n  i n tr o d u c e s  c h a r a c te r i s ti c s  o f m u l ti m e d i a  
a r c h i te c tu r e s  a n d  h o w  th e y  a r e  p r o g r a m m e d .  S e c ti o n  2.2 d e s c r i b e s  th e  fa c to r s  th a t m a k e  th e  
p o r ta b i l i ty  o f o p ti m i z e d  p r o g r a m s  a  p r o b l e m .  N e x t,  S e c ti o n  2.3 e x p l a i n s  h o w  M M M  c a n  s o l ve  
a l l  th e s e  p o r ta b i l i ty  p r o b l e m s .  S e c ti o n  2.5 c o m p a r e s  M M M  to  o th e r  a p p r o a c h e s  to  th e  s a m e  
p r o b l e m .  

2.1 B ac k g rou nd  

M u l ti m e d i a  a p p l i c a ti o n s  a r e  c o m p u ta ti o n a l l y  ve r y  i n te n s i ve  fo r  g e n e r a l -p u r p o s e  p r o c e s s o r s ,  a s  
th e y  h a ve  to  p r o c e s s  e n o r m o u s  a m o u n ts  o f d a ta .  P r o c e s s o r  d e s i g n e r s  h a ve  r e s p o n d e d  b y  
a d d i n g  m u l ti m e d i a  i n s tr u c ti o n  s e ts  w i th  p a r ti ti o n e d  r e g i s te r s  a n d  p a r a l l e l  S I M D i n s tr u c ti o n s ,  
i n c l u d i n g  s o m e  c o m p l e x  i n s tr u c ti o n s  s p e c i fi c a l l y  ta i l o r e d  fo r  m u l ti m e d i a  a p p l i c a ti o n s .  T a b l e  
2.1 s h o w s  a  l i s t o f p o p u l a r  a r c h i te c tu r e s  th a t h a ve  m u l ti m e d i a  i n s tr u c ti o n  s e ts .  T h e y  c o m e  i n  
th e  fo r m  o f m u l ti m e d i a  e x te n s i o n s  to  g e n e r a l -p u r p o s e  p r o c e s s o r s ,  o r  a s  s p e c i a l -p u r p o s e  
m u l ti m e d i a  p r o c e s s o r s .  T h e r e  i s  a  l a r g e  va r i a ti o n  i n  th e  l e n g th  o f th e  m u l ti m e d i a  r e g i s te r s  i n  
th e s e  p r o c e s s o r s ,  fr o m  32 b i ts  to  128 b i ts .   
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T a b l e  2.1 
P o p u l a r  p r o c e s s o r s  th a t h a ve  m u l ti m e d i a  i n s tr u c ti o n  s e ts  
I n s tr u c ti o n  S e t A r c h i te c tu r e  T y p e  R e g i s te r  L e n g th  R e fe r e n c e  
S S E 2 M u l ti m e d i a  e x te n s i o n s  to  I n te l  

P e n ti u m  4 p r o c e s s o r s  
128 b i ts  [ 37]  

M M X  +  S S E  M u l ti m e d i a  e x te n s i o n s  to  I n te l  
P e n ti u m  I I I  a n d  l a te r  p r o c e s s o r s  

64 b i ts  fo r  i n te g e r  
128 b i ts  fo r  
fl o a ti n g  p o i n t 

[ 37]  

A l ti V e c   M u l ti m e d i a  e x te n s i o n s  to  M o to r o l a  
P o w e r P C  G 4 p r o c e s s o r s  

128 b i ts  [ 36]  

E n h a n c e d  3DN o w !   M u l ti m e d i a  e x te n s i o n s  to  A M D 
A th l o n  p r o c e s s o r s  

64 b i ts  [ 38]  

V I S  M u l ti m e d i a  e x te n s i o n s  to  S U N  
U l tr a S p a r c  p r o c e s s o r s  

64 b i ts  [ 39]  

P h i l l i p s  T r i M e d i a  
T M 130 0  

M u l ti m e d i a  p r o c e s s o r  32 b i ts  [ 35]  

E q u a to r  M A P -C A  M u l ti m e d i a  p r o c e s s o r  64 a n d  128 b i ts  [ 40 ]  
 

M u l ti m e d i a  d a ta  e l e m e n ts  c a n  o fte n  b e  r e p r e s e n te d  b y  8-b i t o r  16-b i t i n te g e r s .  F o r  e x a m p l e ,  
i m a g e  p i x e l s  a r e  r e p r e s e n te d  b y  8 b i ts  fo r  e a c h  c o l o r  c o m p o n e n t.   I t i s  p o s s i b l e  to  h o l d  16 
p i x e l s  i n  a  s i n g l e  128-b i t r e g i s te r ,  a n d  o p e r a te  o n  a l l  o f th e m  i n  p a r a l l e l .  M u l ti m e d i a  
a r c h i te c tu r e s  h a ve  b e e n  d e s i g n e d  s p e c i fi c a l l y  to  ta k e  a d va n ta g e  o f th i s  p a r a l l e l i s m ,  b y  u s i n g  
l o n g  r e g i s te r s  a n d  p a r ti ti o n e d  i n s tr u c ti o n s .  W h i l e  l o n g e r  r e g i s te r s  h a ve  a  g r e a te r  p o te n ti a l  fo r  
s p e e d u p ,  i t i s  n o t a l w a y s  p o s s i b l e  to  ta k e  fu l l  a d va n ta g e  o f th e m ;  i t d e p e n d s  o n  th e  a m o u n t o f 
p a r a l l e l i s m  a va i l a b l e  i n  th e  a l g o r i th m . 
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M u l ti m e d i a  p r o c e s s o r s  va r y  i n  th e  i n s tr u c ti o n s  th e y  i m p l e m e n t.  A l l  o f th e  p r o c e s s o r s  i n  T a b l e  
2.1 s u p p o r t b a s i c  i n te g e r  a r i th m e ti c  a n d  l o g i c a l  i n s tr u c ti o n s  o n  r e g i s te r s  p a r ti ti o n e d  i n to  8,  16 
a n d  32-b i t s e c ti o n s .  M a n y  s u p p o r t c o m p l e x  i n s tr u c ti o n s  l i k e  sad (s u m  o f a b s o l u te  
d i ffe r e n c e s ) ,  a n d  mul t i pl y- add- pai r s (p a r a l l e l  m u l ti p l y  a n d  a d d  a d j a c e n t p a i r s  o f p r o d u c ts ) .   
S o m e  s u p p o r t p a r a l l e l  fl o a ti n g -p o i n t o p e r a ti o n s  to o .  T a b l e  2.2 s h o w s  s o m e  o f th e  c o m p l e x  
p a r a l l e l  o p e r a ti o n s  p r e s e n t i n  m u l ti m e d i a  i n s tr u c ti o n  s e ts .  

T a b l e  2.2 
S o m e  c o m p l e x  p a r a l l e l  i n s tr u c ti o n s  s u p p o r te d  b y  m u l ti m e d i a  a r c h i te c tu r e s  
I n s tr u c ti o n  ������� �����	 �
���

�
� ��� ����� ��� ��� � �������� �"!�#�$
�&% � ' �)( ��*
* � �
+-,/.-�

sad  
(s u m  o f a b s o l u te  d i ffe r e n c e s )   
o f 8-b i t i n te g e r s  

√ √  √ √ √ √ 

mul t i pl y- add- pai r s  
o f 16-b i t i n te g e r s  √ √ √ √  √  

mul t i pl y- hi gh  
o f 16-b i t i n te g e r s  √ √ √ √   √ 

Aver age o f 8-b i t i n te g e r s  √ √ √ √  √ √ 
maxi mum a n d  mi ni mum  
o f 8-b i t i n te g e r s  

√ √ √ √  √ √ 

O p ti m i z e d  m u l ti m e d i a  p r o g r a m s  ta k e  a d va n ta g e  o f th e  c o m p l e x  p a r ti ti o n e d  o p e r a ti o n s  
a va i l a b l e  o n  th e  ta r g e t a r c h i te c tu r e ,  to  o b ta i n  s i g n i fi c a n t s p e e d u p s  w i th  r e s p e c t to  s c a l a r  
i m p l e m e n ta ti o n s .  T h e  s p e e d u p  th a t c a n  b e  o b ta i n e d  b y  u s i n g  m u l ti m e d i a  i n s tr u c ti o n  s e ts  
va r i e s ,  d e p e n d i n g  o n  th e  a r c h i te c tu r e  a n d  th e  a p p l i c a ti o n .  P u b l i s h e d  r e s u l ts  r a n g e  fr o m  n o  
s p e e d u p ,  u p  to  fa c to r s  o f 12 fo r  m a n u a l l y  o p ti m i z e d  m u l ti m e d i a  a n d  s i g n a l  p r o c e s s i n g  k e r n e l s .  
S e l e c te d  p u b l i s h e d  r e s u l ts  a r e  l i s te d  i n  T a b l e  2.3.  R e fe r  to  th e  G l o s s a r y  a t th e  e n d  o f th i s  
d i s s e r ta ti o n  fo r  d e fi n i ti o n s  o f th e  a c r o n y m s  i n  th i s  ta b l e . 
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T a b l e  2.3 
P u b l i s h e d  r e s u l ts  fo r  s p e e d u p  o b ta i n e d  b y  h a n d -o p ti m i z a ti o n  u s i n g  m u l ti m e d i a  i n s tr u c ti o n  s e ts  
B e n c h m a r k  T a r g e t S p e e d u p  R e fe r e n c e  
F I R  V I S  3.43 [ 1]  
M P E G  e n c o d e r  V I S  3.1 [ 2]  
M P E G 2 d e c o d e r  M M X  1.4 – 1.5 [ 3]  
I DC T  M M X  3.25 – 4.37 [ 3]  
H .263 e n c o d e r  M M X  1.67 [ 4]  
F F T  M M X  1.98 [ 5]  
M o ti o n  E s ti m a ti o n  w i th  
I n te r p o l a ti o n  

M M X  3.1 [ 6]  

I DC T  A l ti V e c  11.7 [ 7]  
F I R  A l ti V e c  3.1 [ 8]  
 
M y  o w n  r e s e a r c h  s h o w s  th a t s p e e d u p s  o f u p  to  a  fa c to r  o f 15 c a n  b e  o b ta i n e d  th r o u g h  m a n u a l  
o p ti m i z a ti o n  o n  d i ffe r e n t m u l ti m e d i a  a r c h i te c tu r e s . F i g u r e  2.1 c o m p a r e s  th e  s p e e d u p  o b ta i n e d  
b y  u s i n g  c o m p l e x  p a r ti ti o n e d  i n s tr u c ti o n s  fo r  s e ve r a l  m u l ti m e d i a  k e r n e l s  o n  d i ffe r e n t 
a r c h i te c tu r e s .  M o r e  d e ta i l s  a b o u t th e s e  m e a s u r e m e n ts  a r e  a va i l a b l e  i n  C h a p te r  6. 
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F i g u r e  2.1 
S p e e d u p  o f h a n d -o p ti m i z e d  m u l ti m e d i a  k e r n e l s  o ve r  s c a l a r  ve r s i o n s . 
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O p ti m i z e d  m u l ti m e d i a  p r o g r a m s  a r e  u s u a l l y  w r i tte n  i n  e x te n d e d  ve r s i o n s  o f C .  P a r ti ti o n e d  
i n s tr u c ti o n s  a r e  e x p r e s s e d  b y  m a c r o s  o r  fu n c ti o n s  c a l l e d  i n tr i n s i c s .   T h e  a l te r n a ti ve s  to  w r i ti n g  
o p ti m i z e d  p r o g r a m s  i n  C  w i th  i n tr i n s i c s  a r e  to  w r i te  th e m  i n  a s s e m b l y ,  o r  to  u s e  l i b r a r i e s ,  a  
ve c to r i z i n g  c o m p i l e r ,  o r  a n  a u to m a ti c  c o d e  g e n e r a to r .  T h e s e  a p p r o a c h e s  a r e  d i s c u s s e d  i n  
S e c ti o n  2.4.  

De ve l o p m e n t e n vi r o n m e n ts  fo r  d i ffe r e n t m u l ti m e d i a  a r c h i te c tu r e s  h a ve  d i ffe r e n t s ty l e s  to  
d e fi n e  p a r a l l e l  d a ta  a n d  o p e r a ti o n s .  T a b l e  2.3 s h o w s  s e ve r a l  s ty l e s  fo r  a  s i m p l e  ve c to r  
d e c l a r a ti o n  a n d  p a r a l l e l  a d d i ti o n .  A l ti V e c  u s e s  th e  vect or  ty p e  q u a l i fi e r  to  d e fi n e  ve c to r s  o f 
b a s i c  ty p e s ;  o p e r a ti o n s  i n fe r  th e  p a r ti ti o n  s i z e  fr o m  th e  ty p e .  T r i M e d i a  u s e s  i n te g e r s  to  
r e p r e s e n t ve c to r s ,  a n d  th e  p a r ti ti o n  s i z e s  a r e  s p e c i fi e d  b y  th e  o p e r a ti o n s .  I n te l  s u p p o r ts  b o th  
m o d e l s :  i t h a s  a  s e t o f C  i n tr i n s i c s  th a t s p e c i fy  p a r ti ti o n  s i z e s ,  a n d  a l s o  o ve r l o a d e d  C + +  
o p e r a to r s  fo r  ve c to r  c l a s s e s  th a t i n fe r  th e  p a r ti ti o n  s i z e  fr o m  th e  a r g u m e n t ty p e . 
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T a b l e  2.3 
Di ffe r e n t s ty l e s  fo r  d e c l a r a ti o n  a n d  o p e r a ti o n s  o n  p a r ti ti o n e d  d a ta  
A r c h i te c tu r e  E x a m p l e  
T r i M e d i a  i nt  A,  B,  C;             / * Each var i abl e r epr esent s a 

                          vect or  of  2 16- bi t  val ues* /  

A = DSPI DUALADD( B,  C) ;   / * Par al l el  add* /  

 

A l ti V e c  vect or  shor t  A,  B,  C;    / * Each var i abl e r epr esent s a 
                          vect or  of  8 16- bi t  val ues* /  

A = vec_add( B,  C) ;       / * Par al l el  add* /  

 

I n te l  C  
i n tr i n s i c s  

__m64 A,  B,  C;           / * Each var i abl e r epr esent s a 
                          vect or  of  4 16- bi t  val ues* /  

A = _mm_add_pi 16( B,  C) ;  / * Par al l el  add * /  

 

I n te l  C + +  
ve c to r  c l a s s e s  

I 16vec8 A,  B,  C;         / * Each var i abl e r epr esent s a 
                          vect or  of  8 16- bi t  val ues* /  

A = B + C;               / * Par al l el  add * /  

 

 
2.2 Probl e m 

M u l ti m e d i a  p r o g r a m s  w r i tte n  i n  C  c a n  b e  o p ti m i z e d  to  ta k e  a d va n ta g e  o f th e  c o m p l e x  
p a r ti ti o n e d  o p e r a ti o n s  a va i l a b l e  i n  m u l ti m e d i a  i n s tr u c ti o n  s e ts  b y  u s i n g  i n tr i n s i c s .  T h e s e  
o p ti m i z e d  p r o g r a m s  a r e  n o t p o r ta b l e  to  o th e r  a r c h i te c tu r e s ,  e ve n  i f th e  i n s tr u c ti o n  s e ts  a r e  
s i m i l a r .  Di ffe r e n c e s  i n  r e g i s te r  l e n g th s ,  i n s tr u c ti o n s  s u p p o r te d ,  d a ta  a l i g n m e n t r e q u i r e m e n ts  
a n d  p r o g r a m m i n g  s ty l e s  a r e  o b s ta c l e s  to  p o r ta b i l i ty .  P o r ta b l e  p r o g r a m s  a r e  d e s i r a b l e ,  b u t u p  to  
n o w  th e r e  h a s  b e e n  n o  w a y  to  m a k e  c o m p l e x  p o r ta b l e  p r o g r a m s  r u n  a s  fa s t a s  h a n d -o p ti m i z e d  
o n e s . 
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T h e  l e n g th  o f th e  r e g i s te r s  o n  c u r r e n t m u l ti m e d i a  a r c h i te c tu r e s  c a n  va r y  fr o m  32 to  128 b i ts ,  a s  
s h o w n  i n  T a b l e  2.1.  F o r  h i g h l y  p a r a l l e l  a l g o r i th m s  a n d  l a r g e  i n p u t b l o c k s ,  o p ti m i z e d  p r o g r a m s  
i te r a te  o ve r  th e  i n p u t d a ta  i n  s e c ti o n s  th e  s i z e  o f th e  r e g i s te r s .  T h e  n u m b e r  o f i te r a ti o n s  i s  
i n ve r s e l y  p r o p o r ti o n a l  to  th e  r e g i s te r  l e n g th .   

T h e  a va i l a b l e  p a r ti ti o n e d  i n s tr u c ti o n s  va r y  fr o m  a r c h i te c tu r e  to  a r c h i te c tu r e .  F o r  e x a m p l e ,  th e  
sad i n s tr u c ti o n  fo r  8-b i t p a r ti ti o n s  i s  a va i l a b l e  o n  m a n y  p r o c e s s o r s ,  b u t n o t o n  A l ti V e c .  T h e  
mul t i pl y- hi gh i n s tr u c ti o n  i s  a va i l a b l e  o n  T r i M e d i a  fo r  8-b i t p a r ti ti o n s ,  b u t n o t fo r  16-b i t 
p a r ti ti o n s .  S S E  a n d  S S E 2 s u p p o r t mul t i pl y- hi gh o n  16 a n d  32-b i t p a r ti ti o n s ,  a n d  o n e  
o p e r a n d  c a n  b e  a  m e m o r y  a d d r e s s .  A l ti V e c  h a s  a  va r i a n t o f th i s  i n s tr u c ti o n  fo r  16-b i t 
p a r ti ti o n s  o n l y ,  w h e r e  i t a d d s  th e  17 m o s t s i g n i fi c a n t b i ts  o f th e  p r o d u c t,  a d d s  i t to  th e  
c o r r e s p o n d i n g  p a r ti ti o n  o f a  th i r d  i n p u t ve c to r ,  a n d  r e tu r n s  th e  s a tu r a te d  16-b i t r e s u l t. 

S o m e  p r o c e s s o r s  r e q u i r e  a l i g n e d  ve c to r  l o a d s  a n d  s to r e s .  F o r  e x a m p l e ,  T r i M e d i a  c a n  o n l y  r e a d  
32-b i t w o r d s  fr o m  a d d r e s s e s  th a t a r e  i n  a  32-b i t b o u n d a r y  (th e  l a s t 5 b i ts  o f th e  a d d r e s s  a r e  
z e r o ) .  S i m i l a r l y ,  A l ti V e c  c a n  o n l y  r e a d  a n d  w r i te  ve c to r s  o n  a d d r e s s e s  th a t a r e  128-b i t a l i g n e d .  
I f o n e  n e e d s  to  l o a d  a  ve c to r  fr o m  a n  u n a l i g n e d  a d d r e s s ,  o n e  n e e d s  to  l o a d  tw o  ve c to r s  a n d  
e x tr a c t th e  d e s i r e d  d a ta  fr o m  th e m .  I n te l  S S E  c a n  r e a d  fr o m  u n a l i g n e d  a d d r e s s e s  w i th o u t a n y  
r e s tr i c ti o n .  S S E 2 h a s ,  i n  a d d i ti o n ,  fa s t l o a d / s to r e  i n s tr u c ti o n s  fo r  128-b i t a l i g n e d  a d d r e s s e s . 

T h e r e  a r e  o b vi o u s  a d va n ta g e s  fr o m  o p ti m i z e d  p r o g r a m s .   T h e y  c a n  b o o s t th e  p e r fo r m a n c e  o f 
h i g h -e n d  p r o c e s s o r s ,  o r  p e r fo r m  e q u i va l e n t ta s k s  o n  l o w e r -c o s t p r o c e s s o r s .  B u t th e r e  a r e  a l s o  
b e n e fi ts  to  p o r ta b i l i ty .  O p ti m i z i n g  p r o g r a m s  i s  a n  e x p e n s i ve ,  ti m e -c o n s u m i n g  j o b ,  w h i c h  h a s  
to  b e  r e p e a te d  fo r  e ve r y  ta r g e t a r c h i te c tu r e .   H a vi n g  m u l ti p l e  ve r s i o n s  o f a  p r o g r a m  i s  h a r d  to  
m a i n ta i n  a n d  i s  p r o n e  to  e r r o r s .   
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S c a l a r  C  p r o g r a m s  a r e  p o r ta b l e ,  b u t n o t o p ti m i z e d .  E ve n  p a r a l l e l i z i n g  c o m p i l e r s  c a n n o t fu l l y  
ta k e  a d va n ta g e  o f th e  c o m p l e x  p a r ti ti o n e d  o p e r a ti o n s  a va i l a b l e  i n  m u l ti m e d i a  i n s tr u c ti o n  s e ts .  
C o m p i l e r s  c a n  g e n e r a te  b a s i c  p a r a l l e l  o p e r a ti o n s ,  l i k e  a d d i ti o n s  o f fl o a ti n g -p o i n t m u l ti p l i c a ti o n s  
o n  p a r ti ti o n e d  r e g i s te r s ,  b u t n o t c o m p l e x  o n e s .  T h e  p r o b l e m  i s  th a t C  l a c k s  s y n ta x  to  e x p l i c i tl y  
e x p r e s s  m a n y  c o m p l e x  o p e r a ti o n s  a va i l a b l e  i n  DS P  a n d  m u l ti m e d i a  i n s tr u c ti o n  s e ts ,  l i k e  
mul t i pl y- hi gh ,  sad ,  o r  s a tu r a ti n g  a r i th m e ti c  o p e r a ti o n s .  S u c h  i n s tr u c ti o n s  c a n  o n l y  b e  
e x p r e s s e d  th r o u g h  a  c o m p l e x  s e q u e n c e  o f o p e r a ti o n s  th a t i s  ve r y  h a r d  fo r  a  c o m p i l e r  to  
r e c o g n i z e .  C o n s i d e r  th e  c a s e  o f th e  s u m  o f a b s o l u te  d i ffe r e n c e s  (sad )  o f tw o  ve c to r s  o f 16 8-
b i t i n te g e r s .  T o  e x p r e s s  th i s  o p e r a ti o n  i n  C  w o u l d  r e q u i r e  a  l o o p ,  i n  w h i c h  th e  a b s o l u te  va l u e  
o f th e  d i ffe r e n c e  o f th e  e l e m e n ts  i s  s u m m e d :  

sad = 0;  
f or  ( i =0;  i <16;  i ++)  
{  
    di f f  = a[ i ]  – b[ i ] ;  
    sad += di f f  > 0 ? di f f  :  - di f f ;  
}  

S e ve r a l  o th e r  r e p r e s e n ta ti o n s  a r e  a l s o  p o s s i b l e  fo r  th i s  o p e r a ti o n .  C o m p l e x  o p e r a ti o n s  l i k e  sad 
a r e  a w k w a r d  to  w r i te  i n  C ,  a n d  h a r d  fo r  c o m p i l e r s  to  r e c o g n i z e .   

T h e  o n l y  w a y  to  e x p l o i t th e  fu l l  p o te n ti a l  o f m u l ti m e d i a  p r o c e s s o r s  i s  to  p r o g r a m  i n  C  w i th  
i n tr i n s i c s  o r  i n  a s s e m b l y .   P r o c e s s o r  ve n d o r s  p r o vi d e  c o m p i l e r s  th a t s u p p o r t i n tr i n s i c s  fo r  
th e i r  o w n  p r o c e s s o r s .  E a c h  a r c h i te c tu r e  fo l l o w s  i ts  o w n  s ty l e ,  a s  w a s  s e e n  i n  th e  e x a m p l e s  i n  
T a b l e  2.3.   
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2.3  S ol u tion 

M u l ti m e d i a  a r c h i te c tu r e s  d i ffe r  i n  c e r ta i n  a s p e c ts ,  b u t a r e  a l s o  s i m i l a r  i n  m a n y  w a y s .  T h e y  a r e  
a l l  p r o g r a m m a b l e  i n  C  w i th  i n tr i n s i c s ,  th e  r e g i s te r  l e n g th s  a r e  a l l  m u l ti p l e s  o f b a s i c  ty p e s ,  a n d  
s i m i l a r  p a r ti ti o n e d  i n s tr u c ti o n s  e x i s t o n  th e m .  E ve n  i f th e  i n s tr u c ti o n  s e ts  a r e  n o t i d e n ti c a l ,  i t i s  
o fte n  p o s s i b l e  to  e m u l a te  th e  m i s s i n g  i n s tr u c ti o n s  e ffi c i e n tl y  w i th  a  s e q u e n c e  o f th e  a va i l a b l e  
i n s tr u c ti o n s .   S i m i l a r l y ,  p a r a l l e l  o p e r a ti o n s  o n  l o n g  r e g i s te r s  c a n  b e  e m u l a te d  w i th  a  s e q u e n c e  
o f o p e r a ti o n s  o n  s h o r t r e g i s te r s .   

M y  s o l u ti o n  i s  to  c r e a te  a  l i b r a r y  o f ta r g e t-i n d e p e n d e n t C  p r e -p r o c e s s o r  m a c r o s  c a l l e d  M M M  – 
fo r  M u l ti m e d i a  M a c r o s  – th a t i m p l e m e n ts  a  c o m m o n  s e t o f p a r a l l e l  o p e r a ti o n s  a va i l a b l e  o r  
e ffi c i e n tl y  e m u l a te d  o n  a  g i ve n  s e t o f ta r g e t a r c h i te c tu r e s .  T h e  p r o g r a m s  u s e  M M M  m a c r o s  a s  
vi r tu a l  i n s tr u c ti o n s ,  w h i c h  g e t tr a n s l a te d  b y  th e  l i b r a r i e s  to  C  c o d e  w i th  i n tr i n s i c s  fo r  e a c h  
ta r g e t a r c h i te c tu r e .  T h e  C  o u tp u t i s  c o m p i l e d  to  a  p r o g r a m  e x e c u ta b l e  b y  th e  r e g u l a r  C  
c o m p i l e r  p r o vi d e d  b y  e a c h  p r o c e s s o r  ve n d o r . B y  u s i n g  M M M ,  i t i s  p o s s i b l e  to  w r i te  
m u l ti m e d i a  a p p l i c a ti o n s  th a t a r e  p o r ta b l e  a m o n g  d i ffe r e n t m u l ti m e d i a  p r o c e s s o r s ,  a n d  ta k e  
a d va n ta g e  o f th e  c o m p l e x  p a r ti ti o n e d  o p e r a ti o n s  a va i l a b l e  o n  th e m . 

M M M  m a k e s  i t p o s s i b l e  to  c r e a te  p o r ta b l e  p r o g r a m s  fo r  ta r g e t a r c h i te c tu r e s  th a t h a ve  d i ffe r e n t 
r e g i s te r  l e n g th s .  A  l o n g  ve c to r  c a n  b e  r e p r e s e n te d  b y  s e ve r a l  s h o r t ve c to r s ,  a n d  o p e r a ti o n s  o n  
l o n g  ve c to r s  c a n  b e  e m u l a te d  b y  r e p e a te d  o p e r a ti o n s  o n  s h o r t ve c to r s .  F o r  e x a m p l e ,  i f y o u  
w a n te d  to  l o a d  a n d  a d d  tw o  a r r a y s  o f 8 16-b y te  i n te g e r s ,  y o u  w o u l d  w r i te  i t i n  M M M  a s :  

DECLARE_I 16x8( A) ;  
DECLARE_I 16x8( B) ;  
DECLARE_I 16x8( C) ;  



15 

LOAD_A_I 16x8( A,  pSr cA) ;  
LOAD_A_I 16x8( B,  pSr cB) ;  

ADD_I 16x8( C,  A,  B) ;  

I n  th i s  e x a m p l e ,  A, B a n d  C r e p r e s e n t 128-b i t ve c to r s ,  a n d  th e  l o a d s  a r e  fr o m  a l i g n e d  a d d r e s e s .  
T h e  m a p p i n g  o f th e s e  m a c r o s  to  a n  a r c h i te c tu r e  w i th  128-b i t r e g i s te r s  i s  s tr a i g h tfo r w a r d .  F o r  
e x a m p l e ,  th e  i m p l e m e n ta ti o n  o f th e s e  m a c r o s  fo r  S S E 2 i s :  

#def i ne DECLARE_I 16x8( var )  \  
    __m128i  var ;  

#def i ne LOAD_A_I 16x8( var ,  pt r )  \  
    var  = _mm_l oad_si 128( ( __m128i  * )  ( pt r ) ) ;  

#def i ne ADD_I 16x8( dst ,  sr c1,  sr c2)  \  
    dst  = _mm_add_epi 16( sr c1,  sr c2) ;  

O n  a r c h i te c tu r e s  w i th  r e g i s te r s  s m a l l e r  th a n  128 b i ts ,  th e s e  ve c to r s  a r e  r e p r e s e n te d  b y  s e ve r a l  
va r i a b l e s .  T r i M e d i a  h a s  32-b i t r e g i s te r s ,  s o  i t n e e d s  to  u s e  fo u r  va r i a b l e s  to  r e p r e s e n t e a c h  
ve c to r ,  a n d  r e p l i c a te  th e  o p e r a ti o n s  fo u r  ti m e s :  

#def i ne DECLARE_I 16x8( var )  \  
    unsi gned i nt  var ##_0;  \  
    unsi gned i nt  var ##_1;  \  
    unsi gned i nt  var ##_2;  \  
    unsi gned i nt  var ##_3;  

#def i ne LOAD_A_I 16x8( var ,  pt r )  \  
    var ##_0 = * ( ( i nt  * )  ( pt r ) ) ;  \  
    var ##_1 = * ( ( ( i nt  * )  ( pt r ) ) +1) ;  \  
    var ##_2 = * ( ( ( i nt  * )  ( pt r ) ) +2) ;  \  
    var ##_3 = * ( ( ( i nt  * )  ( pt r ) ) +3) ;  

#def i ne ADD_I 16x8( dst ,  sr c1,  sr c2)  \  
    dst ##_0 = DSPI DUALADD( sr c1##_0,  sr c2##_0) ;  \  
    dst ##_1 = DSPI DUALADD( sr c1##_1,  sr c2##_1) ;  \  
    dst ##_2 = DSPI DUALADD( sr c1##_2,  sr c2##_2) ;  \  
    dst ##_3 = DSPI DUALADD( sr c1##_3,  sr c2##_3) ;  

T h e  p r e -p r o c e s s o r  c o n s tr u c t # #  r e p r e s e n ts  c o n c a te n a ti o n ,  s o  fo u r  d i ffe r e n t va r i a b l e  n a m e s  a r e  
g e n e r a te d  fr o m  th e  m a c r o s .  F o r  e x a m p l e ,  DECLARE_I 16x8( A)  g e ts  r e s o l ve d  a s :  

unsi gned i nt  A_0;  
unsi gned i nt  A_1;  
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unsi gned i nt  A_2;  
unsi gned i nt  A_3;  

T h i s  te c h n i q u e  u s e s  s e ve r a l  l o c a l  va r i a b l e s  to  r e p r e s e n t ve c to r s .  T h i s  i s  n o t a  p r o b l e m  fo r  
r e g i s te r  s c h e d u l i n g ,  b e c a u s e  th e  va r i a b l e s  a r e  i n d e p e n d e n t o f e a c h  o th e r  a n d  th e  c o m p i l e r  c a n  
s c h e d u l e  s e ve r a l  o f th e m  i n to  th e  s a m e  r e g i s te r s .  T h e  r e p l i c a ti o n  o f th e  o p e r a ti o n s  i s  
e q u i va l e n t to  l o o p  u n r o l l i n g ,  a  te c h n i q u e  th a t m a n y  h a n d -o p ti m i z e d  p r o g r a m s  u s e  a n y w a y .  

S o m e  p r o c e s s o r s  d o n ’ t s u p p o r t c e r ta i n  i n s tr u c ti o n s  a va i l a b l e  i n  o th e r  o n e s .  H o w e ve r ,  i t i s  
o fte n  p o s s i b l e  to  e m u l a te  th e s e  i n s tr u c ti o n s  e ffi c i e n tl y  w i th  a  s e q u e n c e  o f o p e r a ti o n s .  T h e  i d e a  
i s  to  u s e  e m u l a ti o n  o n l y  to  s i m u l a te  a n  i n s tr u c ti o n  a va i l a b l e  i n  o n e  o f th e  ta r g e t p r o c e s s o r s ,  i n  
o r d e r  to  m a i n ta i n  th e  l i b r a r i e s  a t th e  i n s tr u c ti o n  l e ve l  a n d  m a x i m i z e  r e u s a b i l i ty .  F o r  e x a m p l e ,  a  
sad i n s tr u c ti o n  i s  n o t a va i l a b l e  i n  A l ti V e c ,  b u t c a n  b e  e m u l a te d  b y  u s i n g  p a r a l l e l  maxi mum,  
mi ni mum a n d  subt r act ,  fo l l o w e d  b y  a  s u m  o f ve c to r  e l e m e n ts .  B e l o w  i s  a  s i m p l i fi e d  
i m p l e m e n ta ti o n  o f sad o n  A l ti V e c .  T w o  o p e r a ti o n s  a r e  r e q u i r e d  to  s u m  a l l  16 e l e m e n ts  o f th e  
ve c to r :  

#def i ne SAD_U8x16( dst ,  sr c1,  sr c2)  \  
    dst  = vec_sums(  vec_sum4s(  vec_sub(  \  
          vec_max( sr c1,  sr c2) ,  vec_mi n( sr c1,  sr c2) ) ) ) ;  

Di ffe r e n c e s  i n  a l i g n m e n t r e q u i r e m e n ts  c a n  a l s o  b e  o ve r c o m e  b y  u s i n g  M M M .  S e p a r a te  
m a c r o s  fo r  a l i g n e d  a n d  u n a l i g n e d  l o a d s  a n d  s to r e s  a l l o w  th e  p r o g r a m m e r  to  a vo i d  r e -a l i g n m e n t 
o ve r h e a d  w h e n  i t i s  n o t r e q u i r e d .  U n a l i g n e d  l o a d s  c a n  b e  i m p l e m e n te d  w i th  a  s e q u e n c e  o f 
o p e r a ti o n s  th a t e x tr a c t th e  u n a l i g n e d  d a ta  fr o m  tw o  a l i g n e d  ve c to r s .  F o r  e x a m p l e ,  T r i M e d i a  
r e q u i r e s  w o r d  l o a d s  to  b e  fr o m  32-b i t a l i g n e d  a d d r e s s e s .  I f a n  a d d r e s s  i s  u n a l i g n e d ,  th e  l o a d  
b e h a ve s  a s  i f th e  l o w e s t 5 b i ts  o f th e  a d d r e s s  w e r e  z e r o .  U n a l i g n e d  l o a d s  c a n  b e  i m p l e m e n te d  
b y  l o a d i n g  tw o  w o r d s  b e g i n n i n g  a t th e  p r e vi o u s  32-b i t b o u n d a r y ,  a n d  e x tr a c ti n g  th e  d e s i r e d  
w o r d  w i th  shi f t s  a n d  or s :   
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#def i ne LOAD_U_U8x4( var ,  pt r )                              \  
{                                                          \  
    i nt  shi f t _r i ght  = ( ( ( i nt )  ( pt r ) )  & 0x3) <<3;            \  
    var  = ( ( * (  ( ( i nt  * )  pt r ) +1) )  << ( 32 – shi f t _r i ght )  |   \  
           ( * (  ( ( i nt  * )  pt r )    )  >> shi f t _r i ght ) ;          \  
}  

M M M  c a n  o ve r c o m e  th e  d i ffe r e n c e s  i n  p r o g r a m m i n g  s ty l e s  fo r  d i ffe r e n t a r c h i te c tu r e s  b y  
p r o vi d i n g  a  c o m m o n  s e t o f m a c r o s  to  d e fi n e  a n d  m a n i p u l a te  p a r ti ti o n e d  d a ta .  T h e  e x a m p l e s  
a b o ve  s h o w  h o w  ve c to r s  c a n  b e  d e c l a r e d  a n d  l o a d e d  i n  a  m a c h i n e -i n d e p e n d e n t fa s h i o n .  O th e r  
s ty l e -d e p e n d e n t m a n i p u l a ti o n s ,  l i k e  s e tti n g  ve c to r s  c o n s ta n ts ,  o r  a l l o c a ti n g  a l i g n e d  m e m o r y ,  
c a n  a l s o  b e  h a n d l e d  th i s  w a y . 

T h i s  r e s e a r c h  i s  fo c u s e d  o n  th e  p r o b l e m  o f ta k i n g  a d va n ta g e  o f th e  c o m p l e x  p a r a l l e l  
o p e r a ti o n s  i n  m u l ti m e d i a  i n s tr u c ti o n  s e ts .  T h e r e  a r e  o th e r  fa c to r s  th a t a ffe c t th e  p e r fo r m a n c e  
o f a  p r o g r a m ,  l i k e  th e  s i z e  o f th e  c a c h e s ,  s p e e d  o f th e  m e m o r y  r e l a ti ve  th e  C P U ,  i n s tr u c ti o n  
p i p e l i n e  s tr u c tu r e ,  o p e r a ti n g  s y s te m  o ve r h e a d ,  a n d  c o m p i l e r  q u a l i ty .  T h i s  r e s e a r c h  d o e s  n o t 
a tte m p t to  a d d r e s s  th e m .  S u b -s e c ti o n  2.4.4 d i s c u s s e s  c o m p l e m e n ta r y  a p p r o a c h e s  th a t c a n  d e a l  
w i th  th e s e  i s s u e s . 

2.4  R e l ate d  W ork  

R e s e a r c h e r s  h a ve  a p p r o a c h e d  th e  p r o b l e m  o f p o r ta b i l i ty  o f o p ti m i z e d  c o d e  fr o m  fo u r  d i ffe r e n t 
a n g l e s :  p a r a l l e l i z i n g  c o m p i l e r s ,  d a ta -p a r a l l e l  l a n g u a g e s ,  o p ti m i z e d  l i b r a r i e s ,  a n d  a u to m a ti c  
g e n e r a ti o n  o f o p ti m i z e d  c o d e  fr o m  a b s tr a c t d e s c r i p ti o n s .  T h e  n e x t s u b -s e c ti o n s  a n a l y z e  e a c h  
o f th e s e  a p p r o a c h e s  a n d  d e s c r i b e  th e  s ta te  o f c u r r e n t r e s e a r c h  i n  th e s e  fi e l d s . 

2.4 .1 Paral l e l izing  C ompil e rs 
A  l o t o f r e s e a r c h  h a s  b e e n  fo c u s e d  o n  g e n e r a ti n g  p a r ti ti o n e d  i n s tr u c ti o n s  fr o m  s c a l a r  l o o p s .   
T h e r e  a r e  s e ve r a l  c o m m e r c i a l  a n d  e x p e r i m e n ta l  c o m p i l e r s  th a t c a n  p a r a l l e l i z e  c o d e  to  s o m e  
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d e g r e e . H i g h l y -p a r a l l e l  p r o g r a m s ,  l i k e  ve c to r  a n d  m a tr i x  m u l ti p l i c a ti o n s ,  d o t p r o d u c ts  a n d  
l i n e a r  e q u a ti o n  s o l ve r s ,  c a n  b e  e ffi c i e n tl y  p a r a l l e l i z e d  b y  c o m p i l e r s .  M o r e  c o m p l e x  a p p l i c a ti o n s  
l i k e  I DC T  o r  L � -Di s ta n c e  o f b l o c k s  c a n n o t.  C o m p i l e r s  a c h i e ve  o n l y  m o d e s t s p e e d u p s  o n  
th e s e  ty p e s  o f k e r n e l s ,  i f a n y . 

A  ve c to r i z i n g  c o m p i l e r  fo r  M M X  b y  S r e r a m a n  a n d  G o vi n d a r a j a n  [ 9]  r e p o r ts  to  h a ve  
ve c to r i z e d  a n  L � -Di s ta n c e  l o o p ,  b u t a s  a  s e q u e n c e  o f s i m p l e  p a r a l l e l  o p e r a ti o n s ,  a n d  n o t u s i n g  
th e  sad i n s tr u c ti o n  a va i l a b l e  i n  M M X + S S E .   

L o r e n z ,  W e h m e y e r  a n d  Dr ä g e r  [ 10 ]  r e p o r t s u c c e s s  i n  ve c to r i z i n g  d o t-p r o d u c t l o o p s ,  b u t n o t 
c o n vo l u ti o n  o r  F I R  k e r n e l s  o n  th e i r  c o m p i l e r  ta r g e te d  a t th e  M 3 DS P  p r o c e s s o r .  L a r s e n  a n d  
A m a r a s i n g h e  d e ve l o p e d  a  ve c to r i z i n g  c o m p i l e r  fo r  A l ti V e c  [ 11] .  T h e i r  s p e e d u p  r e s u l ts  a r e  
g o o d  fo r  i n h e r e n tl y -p a r a l l e l  p r o g r a m s  l i k e  c o l o r  c o n ve r s i o n ,  b u t a  m o d e s t 1.24 to  1.57 o n  F I R ,  
I I R ,  a n d  S P E C fp  k e r n e l s . 

L e u p e r s  [ 12]  d e ve l o p e d  a  p a r a l l e l i z i n g  c o m p i l e r  fo r  T r i M e d i a  a n d  T I  C 62x x  p r o c e s s o r s .  T h i s  
c o m p i l e r  i s  a b l e  to  r e c o g n i z e  s u m  o f p r o d u c ts  p a tte r n s ,  a n d  th u s  i s  a b l e  to  p a r a l l e l i z e  F I R  
fi l te r s  fo r  T r i M e d i a .  I t c a n  g e t 1.2 to  1.3 s p e e d u p s  o n  I I R  a n d  c o n vo l u ti o n  fo r  C 62x x ,  b u t n o  
s p e e d u p  o n  th e s e  k e r n e l s  fo r  T r i M e d i a . 

T h e  c o m m e r c i a l l y  a va i l a b l e  I n te l  C / C + +  c o m p i l e r  r e p o r ts  g o o d  s p e e d u p  r e s u l ts  fo r  d o t 
p r o d u c ts ,  ve c to r -m a tr i x  a n d  s c a l a r -m a tr i x  p r o d u c ts ,  L U  fa c to r i z a ti o n ,  a n d  l i n e a r  e q u a ti o n  
s o l vi n g  fo r  S S E  a n d  S S E 2 [ 13] [ 14] .  T h e  s p e e d u p s  fo r  S p e c C P U  b e n c h m a r k s  r a n g e s  fr o m  1.0 3 
to  1.23.  M y  o w n  e x p e r i m e n ts  w i th  ve r s i o n  7.0  o f th i s  c o m p i l e r  s h o w  th a t i t c a n n o t p a r a l l e l i z e  
I DC T  o r  L � -Di s ta n c e  k e r n e l s . 
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V e c to r C  b y  C o d e p l a y  [ 15]  i s  a  ve c to r i z i n g  c o m p i l e r  a i m e d  a t g a m e s  p r o g r a m m i n g  fo r  M M X ,  
S S E ,  S S E 2 a n d  3DN o w !  I t r e p o r ts  s p e e d u p s  fr o m  1.5 to  2.9 o n  ve c to r  r o ta ti o n s ,  
n o r m a l i z a ti o n s  a n d  p r o j e c ti o n s .  N o  r e s u l ts  a r e  r e p o r te d  fo r  m o r e  c o m p l e x  e x a m p l e s . 

O th e r  e x p e r i m e n ta l  ve c to r i z i n g  c o m p i l e r s  fo r  V I S  [ 16] [ 17]  o n l y  r e p o r t s u c c e s s fu l  ve c to r i z a ti o n  
o f s i m p l e ,  s i n g l e  a s s i g n m e n t l o o p s .  T h e r e  a r e  o th e r  c o m m e r c i a l  ve c to r i z i n g  c o m p i l e r s  fo r  
A l ti V e c ,  b y  G r e e n  H i l l s  S o ftw a r e  a n d  b y  V e r i d i a n  S y s te m s ,  a n d  b y  T h e  P o r tl a n d  G r o u p  fo r  
M M X ,  S S E ,  S S E 2 a n d  3DN o w ! ,  b u t n o  s p e e d u p  r e s u l ts  a r e  p u b l i s h e d . 

V e c to r i z i n g  c o m p i l e r s  a r e  a n  a c ti ve  a r e a  o f r e s e a r c h ,  a n d  w i l l  u n d o u b te d l y  i m p r o ve  i n  th e  
fu tu r e .  T h e y  a r e  a  g o o d  s o l u ti o n  fo r  i n h e r e n tl y  p a r a l l e l  a l g o r i th m s ,  l i k e  th o s e  i n  l i n e a r  a l g e b r a ,  
a n d  to  a c h i e ve  m o d e s t s p e e d u p s  o n  e x i s ti n g  s c a l a r  c o d e .  B u t ve c to r i z i n g  c o m p i l e r s  a r e  
r e s tr i c te d  b y  th e  l a c k  o f s y n ta x  i n  th e  C  l a n g u a g e  to  e x p r e s s  c o m p l e x  o p e r a ti o n s  a va i l a b l e  i n  
m u l ti m e d i a  i n s tr u c ti o n  s e ts .   I n  g e n e r a l ,  s c a l a r  C  p r o g r a m s  c a n n o t a c h i e ve  s p e e d s  c o m p a r a b l e  
to  h a n d -o p ti m i z e d  ve r s i o n s . 

2.4 .2 D ata-Paral l e l  L ang u ag e s 
Da ta -p a r a l l e l  l a n g u a g e s  a l l o w  d e fi n i ti o n  o f p a r a l l e l  d a ta  ty p e s  o f d i ffe r e n t s h a p e s ;  o p e r a ti o n s  o n  
p a r a l l e l  va r i a b l e s  a r e  d e fi n e d  to  b e  p a r a l l e l  o p e r a ti o n s  o n  e a c h  o f th e  e l e m e n ts .  T h i s  m a p s  w e l l  
to  S I M D a r c h i te c tu r e s  o f d i ffe r e n t s o r ts ,  fr o m  m u l ti m e d i a  p r o c e s s o r s  to  m a s s i ve l y  p a r a l l e l  
c o m p u te r s .  I n  a d d i ti o n  to  s tr i c tl y  p a r a l l e l  o p e r a ti o n s ,  d a ta -p a r a l l e l  l a n g u a g e s  s u p p o r t b r o a d c a s t 
a n d  r e d u c ti o n  o p e r a ti o n s  b e tw e e n  s c a l a r  a n d  p a r a l l e l  va r i a b l e s .   

A  n u m b e r  o f d a ta -p a r a l l e l  l a n g u a g e s  h a ve  b e e n  d e fi n e d  fo r  d i ffe r e n t k i n d s  o f c o m p u te r s .  A n y  
o f th e s e  l a n g u a g e s  c a n  e x p r e s s  b a s i c  p a r a l l e l  a r i th m e ti c  a n d  l o g i c  o p e r a ti o n s ,  b u t c a n n o t 
e x p l i c i tl y  e x p r e s s  c o m p l e x  o p e r a ti o n s  l i k e  mul t i pl y- hi gh o r  sad. 
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F o r tr a n  90  c a n  d e fi n e  a r r a y  ty p e s  a n d  o p e r a te  n a ti ve l y  o n  th e m  [ 18] .  C *  s u p p o r ts  p a r a l l e l  ty p e s  
o f a r b i tr a r y  s h a p e s  [ 19] .  I n  b o th  o f th e s e  l a n g u a g e s ,  p a r a l l e l  o p e r a ti o n s  a r e  l i m i te d  to  b a s i c  
a r i th m e ti c  a n d  l o g i c ,  p l u s  mi ni mum a n d  maxi mum.  

V e c to r  P a s c a l  [ 20 ]  a n d  S W A R C  [ 21] [ 22]  w e r e  d e s i g n e d  s p e c i fi c a l l y  fo r  m u l ti m e d i a  i n s tr u c ti o n  
s e ts .  T h e y  a d d  s y n ta x  to  e x p r e s s  s o m e  m o r e  o f th e  p a r ti ti o n e d  o p e r a ti o n s  a va i l a b l e  i n  th e s e  
a r c h i te c tu r e s .  S W A R C  s u p p o r ts  p a r a l l e l  aver age ,  a s  w e l l  a s  s a tu r a ti o n  a r i th m e ti c  to  h a n d l e  
o ve r fl o w s .  V e c to r  P a s c a l  s u p p o r ts  s a tu r a ti n g  add s  a n d  subt r act s ,  a n d  a l l o w s  u s e r -d e fi n e d  
u n a r y  fu n c ti o n s  to  o p e r a te  o n  ve c to r  va r i a b l e s .  A l th o u g h  S W A R C  a n d  V e c to r  P a s c a l  a r e  
r i c h e r  th a n  o th e r  d a ta -p a r a l l e l  l a n g u a g e s ,  th e y  s ti l l  c a n n o t e x p r e s s  m a n y  c o m p l e x  p a r a l l e l  
o p e r a ti o n s  l i k e  mul t i pl y- hi gh o r  sad. 

S o m e  l a n g u a g e s  h a ve  b e e n  d e s i g n e d  to  e x p r e s s  s o m e  o f th e  c o m p l e x  o p e r a ti o n s  ty p i c a l l y  
a va i l a b l e  i n  DS P  p r o c e s s o r s .  F o r  e x a m p l e ,  I S O  E m b e d d e d  C  [ 23]  p r o vi d e s  n a ti ve  ty p e s  fo r  
fi x e d -p o i n t va r i a b l e s ,  w i th  q u a l i fi e r s  to  s p e c i fy  e i th e r  s a tu r a ti o n  o r  m o d u l o  a r i th m e ti c  h a n d l i n g  
o f o ve r fl o w .  I t a l s o  d e fi n e s  n a ti ve  fu n c ti o n s  fo r  absol ut e- val ue ,  r ound a n d  count - bi t s . 
U s i n g  fi x e d -p o i n t ty p e s  o n e  c a n  e x p r e s s  a  mul t i pl y- hi gh o p e r a ti o n ,  a n d  c a n  w r i te  a  sad 
o p e r a ti o n  m o r e  c o n c i s e l y  th a n  i n  s ta n d a r d  C ,  b y  u s i n g  th e  absol ut e- val ue o p e r a to r .  
E m b e d d e d  C  i s  a  s c a l a r  l a n g u a g e ,  s o  S I M D o p e r a ti o n s  o n  ve c to r s  c a n  o n l y  b e  e x p r e s s e d  
th r o u g h  a  l o o p . 

M M M  i s  a  m a c r o  l i b r a r y ,  b u t i n  a  s e n s e  i t i s  a  d a ta -p a r a l l e l  l a n g u a g e .  I t c a n  e x p r e s s  ve c to r s  o f 
d a ta  a n d  p a r a l l e l  o p e r a ti o n s  o n  th e m .  I t i s  d i ffe r e n t fr o m  o th e r s  l a n g u a g e s  i n  th a t c a n  e x p r e s s  
a l l  k i n d s  o f c o m p l e x  p a r a l l e l  o p e r a ti o n s ,  a n d  th a t i t u s e s  C  p r e -p r o c e s s o r  m a c r o s  i n s te a d  o f 
l a n g u a g e  e x te n s i o n s .   U s i n g  C  p r e -p r o c e s s o r  m a c r o s  g i ve s  M M M  a n  e n o r m o u s  fl e x i b i l i ty  to  
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e x p a n d  a s  n e e d e d ,  a n d  th u s  i s  u s e fu l  i n  e x p e r i m e n ta ti o n .  T h e  tr a n s l a ti o n  o f M M M  p r o g r a m s  
i n to  C  w i th  ta r g e t-s p e c i fi c  i n tr i n s i c s  i s  ve r y  s i m p l e ,  a n d  d o e s n ’ t r e q u i r e  a  c o m p i l e r .   

T h e  c o n c e p t o f C  p r e -p r o c e s s o r  m a c r o s  a s  a  p o r ta b l e  l a n g u a g e  h a s  b e e n  u s e d  b e fo r e .  
F r a n c h e tti  a n d  P ü s c h e l  [ 24]  u s e d  m a c r o s  to  r e p r e s e n t p a r a l l e l  l o a d s / s to r e s ,  p a r a l l e l  fl o a ti n g -
p o i n t a r i th m e ti c  o p e r a to r s ,  a n d  p e r m u ta ti o n s .  M M M  e x te n d s  th i s  i d e a  to  m o r e  c o m p l e x  
o p e r a ti o n s ,  i n tr o d u c e s  th e  c o n c e p t o f e m u l a ti o n  o f i n s tr u c ti o n s ,  a n d  e m u l a ti o n  o f l o n g e r  
r e g i s te r  l e n g th s .   

P a r ti ti o n e d  d a ta  a n d  o p e r a ti o n s  c a n  a l s o  b e  e x p r e s s e d  w i th  C + +  c l a s s e s  a n d  o ve r l o a d e d  
o p e r a to r s .  T h i s  i s  th e  c a s e  o f I n te l ’ s  C + +  S I M D C l a s s  L i b r a r i e s  [ 26] .  C + +  c l a s s e s  a r e  d e fi n e d  
fo r  s p e c i fi c  c o m b i n a ti o n s  o f ve c to r  l e n g th s  a n d  d a ta  ty p e s ,  a n d  o p e r a to r s  a r e  o ve r l o a d e d  to  
w o r k  o n  th e s e  ty p e s .   F o r  e x a m p l e ,  th e  F32vec4 c l a s s  r e p r e s e n ts  ve c to r s  o f 4 32-b i t fl o a ti n g -
p o i n t e l e m e n ts .  O ve r l o a d e d  o p e r a to r s  e x i s t fo r  l o a d s ,  s to r e s ,  s ta n d a r d  l o g i c ,  a r i th m e ti c  a n d  
s h i ft o p e r a ti o n s ,  sat ur at i ng- add a n d  subt r act ,  sum- vect or - el ement s ,  maxi mum,  
mi ni mum,  aver age ,  p a r a l l e l  c o m p a r i s o n s ,  d a ta  p a c k i n g ,  c o n ve r s i o n s  b e tw e e n  fl o a ti n g -p o i n t 
a n d  i n te g e r ,  mul t i pl y- hi gh ,  mul t i pl y- add ,  squar e- r oot ,  a n d  compl ex- r eci pr ocal . 

T h e  c l a s s e s  a n d  o p e r a ti o n s  i m p l e m e n te d  b y  th i s  l i b r a r y  m a tc h  p a r t o f th e  I n te l  M M X ,  S S E  a n d  
S S E 2 i n s tr u c ti o n  s e ts .  T h e r e  a r e  s ti l l  s o m e  i n s tr u c ti o n s  i n  th e s e  a r c h i te c tu r e s  th a t a r e  n o t 
i m p l e m e n te d  a s  o ve r l o a d e d  o p e r a to r s ,  l i k e  sad ,  mul t i pl y- add- pai r s ,  a n d  p e r m u ta ti o n s .  
O p e r a to r s  a r e  o n l y  i m p l e m e n te d  fo r  th e  c l a s s e s  th a t th e r e  i s  h a r d w a r e  s u p p o r t fo r ;  th e r e  i s  n o  
e m u l a ti o n .  F o r  e x a m p l e ,  p a r a l l e l  m u l ti p l i c a ti o n  i s  a va i l a b l e  fo r  fl o a ts  a n d  fo r  16-b i t i n te g e r s ,  
b u t n o t fo r  8 o r  32-b i t i n te g e r s .  A l s o ,  128-b i t ve c to r  c l a s s e s  a n d  o p e r a to r s  a r e  o n l y  
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i m p l e m e n te d  fo r  S S E 2,  a n d  n o t fo r  M M X  a n d  S S E ,  s o  a  p r o g r a m  w r i tte n  w i th  128-b i t c l a s s e s  
d o e s  n o t r u n  o n  a  p r o c e s s o r  th a t d o e s  n o t h a ve  S S E 2. 

M M M  a n d  I n te l  C + +  S I M D c l a s s e s  s h a r e  th e  s a m e  p h i l o s o p h y :  th e y  i m p l e m e n t a  c o m m o n  
i n te r fa c e  fo r  th e  i n s tr u c ti o n  s e ts  o f d i ffe r e n t a r c h i te c tu r e s ;  b o th  i m p l e m e n t o n l y  ve c to r  l e n g th s  
a n d  e l e m e n t ty p e s  th a t a r e  s u p p o r te d  b y  h a r d w a r e ,  n o t a r b i tr a r y  l e n g th s .  T h e  d i ffe r e n c e  i s  th a t 
M M M  e m u l a te s  l o n g e r  ve c to r  l e n g th s  o n  a r c h i te c tu r e s  w i th  s h o r t r e g i s te r s ,  a n d  c o m p l e x  
o p e r a ti o n s  o n  a r c h i te c tu r e s  th a t d o n ’ t h a ve  th e m ,  w h e n  i t i s  e ffi c i e n t to  d o  s o .  A  p r o g r a m  
w r i tte n  w i th  128-b i t ve c to r s  u s i n g  M M M  c a n  r u n  o n  p r o c e s s o r s  w i th  64 o r  32-b i t S I M D 
r e g i s te r s .  O n e  a d va n ta g e  o f C + +  c l a s s e s  o ve r  M M M  i s  th a t i t o ve r l o a d s  o p e r a to r s  fo r  
d i ffe r e n t ve c to r  l e n g th s  a n d  ty p e s ,  w h i c h  m a k e s  th e  s y n ta x  m o r e  e l e g a n t.  M M M  c a n n o t 
o ve r l o a d ,  s o  a  d i ffe r e n t m a c r o  m u s t b e  u s e d  fo r  e a c h  ve c to r  l e n g th  a n d  ty p e .  T h i s  i s  
a c c e p ta b l e  fo r  th i s  r e s e a r c h ,  a s  i t i s  j u s t a  m a tte r  o f s ty l e .  A  C  l a n g u a g e  e x te n s i o n  fo r  
m u l ti m e d i a ,  w i th  o ve r l o a d e d  o p e r a ti o n s  i s  p r o p o s e d  a s  fu tu r e  w o r k  i n  C h a p te r  7.  

2.4 .3  Optimize d  L ibrarie s 
A n  a l te r n a ti ve  w a y  to  w r i te  p o r ta b l e  o p ti m i z e d  p r o g r a m s  i s  to  b a s e  th e  a p p l i c a ti o n  o n  l i b r a r i e s  
o f k e r n e l s  th a t h a ve  b e e n  h a n d -o p ti m i z e d  fo r  th e  d i ffe r e n t ta r g e ts .  T h e  p r o b l e m  o f th i s  
a p p r o a c h  i s  th a t d e ve l o p i n g  a n d  m a i n ta i n i n g  a  l a r g e  n u m b e r  o f l i b r a r i e s  fo r  a  l a r g e  n u m b e r  o f 
ta r g e ts  i s  ve r y  l a b o r i o u s  a n d  e x p e n s i ve .  A l s o ,  th e s e  l i b r a r i e s  a r e  i n fl e x i b l e ;  th e r e  i s  n o  r o o m  fo r  
c u s to m i z a ti o n . 

T h e r e  a r e  s o m e  e x a m p l e s  o f l i b r a r i e s  o p ti m i z e d  fo r  m u l ti p l e  ta r g e ts ,  fo r  s p e c i fi c  a p p l i c a ti o n s .  
T h e  m o s t n o to r i o u s  i s  B L A S  [ 27] .  B L A S  i s  a  s e t o f b a s i c  fl o a ti n g -p o i n t ve c to r -ve c to r ,  ve c to r -
m a tr i x  a n d  m a tr i x -m a tr i x  o p e r a ti o n s ,  w h i c h  s e r ve s  a s  a  b a s e  fo r  va r i o u s  l i n e a r  a l g e b r a  
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p a c k a g e s ,  l i k e  L A P A C K  a n d  L I N P A C K .  B L A S  h a s  b e e n  o p ti m i z e d  fo r  vi r tu a l l y  e ve r y  
p r o c e s s o r  b y  th e  ve n d o r s  o r  u s e r s .  Du e  to  th e  p a r a l l e l  n a tu r e  o f th e  o p e r a ti o n s  i n  B L A S ,  ve r y  
e ffi c i e n t i m p l e m e n ta ti o n s  c a n  b e  a c h i e ve d  b y  u s i n g  p a r a l l e l  o p e r a ti o n s  i n  m u l ti m e d i a  
i n s tr u c ti o n  s e ts .  T h i s  l i b r a r y  i s  u s e fu l  fo r  s c i e n ti fi c  c o m p u ta ti o n ,  a n d  n o  s o  m u c h  fo r  
m u l ti m e d i a  a p p l i c a ti o n s . 

M o r e  a p p l i c a b l e  fo r  m u l ti m e d i a  a r e  I n te l ’ s  I n te g r a te d  P e r fo r m a n c e  P r i m i ti ve s  [ 28] .  T h i s  l i b r a r y  
i n c l u d e s  k e r n e l s  fo r  s i g n a l ,  i m a g e ,  s p e e c h ,  g r a p h i c s  a n d  a u d i o  p r o c e s s i n g ,  a n d  o p e r a te s  o n  
ve c to r s  o r  m a tr i c e s  o f i n te g e r  o r  fl o a ti n g -p o i n t d a ta .  O p ti m i z e d  ve r s i o n s  o f th e s e  l i b r a r i e s  a r e  
a va i l a b l e  fo r  a l l  c u r r e n t I n te l  a r c h i te c tu r e s ,  i n c l u d i n g  M M X ,  S S E ,  S S E 2 a n d  X S c a l e .   N a tu r a l l y ,  
th i s  l i b r a r y  i s  o n l y  a va i l a b l e  fo r  I n te l  p r o c e s s o r s .  S o m e  o th e r  ve n d o r s  h a ve  th e i r  o w n  l i b r a r i e s  
o f s i g n a l  p r o c e s s i n g  k e r n e l s . 

A n  e ffo r t to  c o n s o l i d a te  s i g n a l -p r o c e s s i n g  l i b r a r i e s  to  a  u n i q u e  A P I  i s  V S I P L  [ 29] .  V S I P L  i s  a  
s ta n d a r d  fo r  a  ve r y  c o m p l e te  l i b r a r y  o f s i g n a l  a n d  i m a g e  p r o c e s s i n g  k e r n e l s ,  o p e r a ti n g  o n  
i n te g e r  a n d  fl o a ti n g  p o i n t ty p e s  o f va r i o u s  p r e c i s i o n s .   T h i s  l i b r a r y  s u p p o r ts  s i g n a l  p r o c e s s i n g  
o p e r a ti o n s ,  l i k e  F F T ,  F I R  a n d  I I R  fi l te r s ,  c o n vo l u ti o n ,  c o r r e l a ti o n ,  a s  w e l l  a s  a r i th m e ti c ,  l o g i c  
a n d  l i n e a r  a l g e b r a  o n  o n e ,  tw o  a n d  th r e e -d i m e n s i o n a l  a r r a y s .  A n  i n te r e s ti n g  c o n c e p t i n  V S I P L  
i s  th e  p o r ta b l e  p r e c i s i o n  ty p e s ,  w h e r e  th e  m i n i m u m  p r e c i s i o n  r e q u i r e d  i s  s p e c i fi e d .  T h i s  a l l o w s  
a n  i m p l e m e n ta ti o n  to  u s e  a  m o r e  p r e c i s e  ty p e  w h e n  i t i s  m o r e  e ffi c i e n t.  I m p l e m e n ta ti o n s  o f 
V S I P L  a r e  d o n e  b y  d i ffe r e n t ve n d o r s ,  c o n fo r m i n g  to  th e  s ta n d a r d  A P I .  C u r r e n tl y ,  th e  b a s i c  
V S I P L  p r o fi l e  h a s  b e e n  i m p l e m e n te d  fo r  S S E  a n d  A l ti V e c  m u l ti m e d i a  a r c h i te c tu r e s . 
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M M M  i s  a  l i b r a r y ,  b u t a t th e  i n s tr u c ti o n  l e ve l ,  r a th e r  th a n  a t th e  k e r n e l  l e ve l .  M M M  o p e r a ti o n s  
a r e  m u c h  m o r e  r e u s a b l e  th a n  th e  l i b r a r i e s  a b o ve .  K e r n e l  l i b r a r i e s  l i k e  B L A S  a n d  V S I P L  c o u l d  
a c tu a l l y  b e  b u i l t b a s e d  o n  M M M  m a c r o s . 

A n o th e r  l o w -l e ve l  ve c to r  l i b r a r y  i s  C V L  [ 30 ] .  I t p r o vi d e s  a  s e t o f p a r a l l e l  a r i th m e ti c ,  l o g i c  a n d  
c o m p a r i s o n  o p e r a ti o n s ,  r e d u c ti o n s  a n d  p e r m u ta ti o n s  fo r  a r b i tr a r y  l e n g th  ve c to r s .  C V L  s e r ve s  
a s  a  m a c h i n e -i n d e p e n d e n t i n te r fa c e  fo r  h i g h e r -l e ve l  d a ta  p a r a l l e l  l a n g u a g e s  l i k e  N E S L .  C V L  i s  
i n te n d e d  fo r  s c i e n ti fi c  a p p l i c a ti o n s  o n  m a s s i ve l y  p a r a l l e l  a r c h i te c tu r e s ,  a n d  h a s  b e e n  o p ti m i z e d  
fo r  C M -2,  C M -5 a n d  C r a y  Y -M P  c o m p u te r s .  C V L  c o u l d  b e  i m p l e m e n te d  o n  u n i p r o c e s s o r  
m u l ti m e d i a  a r c h i te c tu r e s ,  b u t i t w o u l d  s u ffe r  fr o m  th e  h i g h  o ve r h e a d  o f a  fu n c ti o n  c a l l  p e r  
ve c to r  o p e r a ti o n . 

2.4 .4  C od e  G e ne ration f rom A bstrac t D e sc riptions 
O p ti m i z e d  c o d e  c a n  s o m e ti m e s  b e  g e n e r a te d  fr o m  a b s tr a c t d e s c r i p ti o n s  o f a n  a l g o r i th m .  
F r a n c h e tti  a n d  P ü s c h e l  e x p l o r e d  th i s  a p p r o a c h  fo r  m a tr i x  tr a n s fo r m a ti o n s  i n  th e i r  S P I R A L  
p r o j e c t [ 24] [ 25] .  T h e y  g e n e r a te  m u l ti p l e  i m p l e m e n ta ti o n s  o f a  g i ve n  m a tr i x  tr a n s fo r m a ti o n  
i te r a ti ve l y ,  s e a r c h i n g  fo r  th e  b e s t r u n -ti m e  p e r fo r m a n c e .  T h e i r  s y s te m  d e c o m p o s e s  th e  m a tr i x  
i n to  o p e r a to r s  th a t a r e  ve c to r i z a b l e ,  a n d  g e n e r a te s  th e  a p p r o p r i a te  p a r ti ti o n e d  i n s tr u c ti o n s .  
T h e i r  o u tp u t i s  C  c o d e  w i th  m a c r o s  th a t r e p r e s e n t p a r a l l e l  l o a d s / s to r e s ,  p a r a l l e l  fl o a ti n g -p o i n t 
a r i th m e ti c ,  a n d  p e r m u ta ti o n s .  T h e  m a c r o s  c a n  b e  r e s o l ve d  to  i n tr i n s i c s  fo r  d i ffe r e n t 
a r c h i te c tu r e s .  T h e y  h a ve  c u r r e n tl y  i m p l e m e n te d  th e  m a c r o s  fo r  S S E  a n d  S S E 2.  

A  s i m i l a r  m e th o d  i s  u s e d  b y  F F T W  [ 31] [ 32]  fo r  th e  g e n e r a ti o n  o f F F T  a n d  s i m i l a r  tr a n s fo r m s .   
T h e  tr a n s fo r m s  a r e  d e c o m p o s e d  i n to  “ c o d e l e ts ”  o f d i ffe r e n t s i z e s  a c c o r d i n g  to  a  p l a n .  T h e  
e x e c u ti o n  ti m e  o f m u l ti p l e  p l a n s  i s  c o m p a r e d  i n  s e a r c h  fo r  th e  o p ti m a l  o n e .  Di s tr i b u te d  w i th  



25 

th e  s y s te m  c o m e s  a  l i b r a r y  o f c o d e l e ts ,  w h i c h  w e r e  e i th e r  h a n d -c o d e d ,  o r  a u to m a ti c a l l y  
g e n e r a te d  a  p r i o r i .  T h e  m o s t r e c e n t ve r s i o n  o f F F T W  c a n  ta k e  a d va n ta g e  o f S I M D 
i n s tr u c ti o n s  i n  S S E ,  S S E 2,  3DN o w !  a n d  A l ti V e c .  I t d o e s  s o  b y  u s i n g  g e n e r i c  p a r a l l e l  
i n s tr u c ti o n s  i n  S I M D ve r s i o n s  o f th e  c o d e l e ts .  T h e  g e n e r i c  i n s tr u c ti o n s  a r e  tr a n s l a te d  to  
s p e c i fi c  a r c h i te c tu r e  i n s tr u c ti o n s  b y  th e  c o d e  g e n e r a to r ,  a c c o r d i n g  to  a  d e s c r i p ti o n  fi l e .  F F T W  
u s e s  p a r a l l e l  l oad ,  st or e ,  add ,  subt r act ,  mul t i pl y- add ,  mut i pl y- subt r act ,  unpack ,  a n d  
per mut e o n  fl o a ti n g -p o i n t e l e m e n ts . 

A n o th e r  s e l f-o p ti m i z a ti o n  p r o j e c t i s  A T L A S  [ 33] .  I t g e n e r a te s  a d a p te d  i m p l e m e n ta ti o n s  o f th e  
B L A S  l i b r a r y  o f l i n e a r -a l g e b r a  k e r n e l s ,  a n d  a p p l i e s  d y n a m i c  p r o g r a m m i n g  to  s e a r c h  fo r  th e  
p l a n  w i th  o p ti m a l  e x e c u ti o n  ti m e .  T h e  c o d e  g e n e r a to r  c a n  va r y  s e ve r a l  p a r a m e te r s ,  l i k e  th e  
m i n i m u m  b l o c k  s i z e  th a t fi ts  i n  r e g i s te r s ,  l o o p  u n r o l l i n g  fa c to r ,  s u p p o r t fo r  mul t i pl y- add 
i n s tr u c ti o n s ,  a n d  fe tc h  p a tte r n s .  A T L A S  s u p p o r ts  S I M D i n s tr u c ti o n s ,  b a s e d  o n  h a n d -c o d e d  
k e r n e l  l i b r a r i e s  p r o vi d e d  b y  th e  u s e r  c o m m u n i ty . 

F e e d b a c k -b a s e d  a u to m a ti c  c o d e  g e n e r a to r s  l i k e  S P I R A L ,  F F T W  a n d  A T L A S  c a n  o p ti m i z e  fo r  
m a n y  a s p e c ts  o f a  c o m p u te r ’ s  a r c h i te c tu r e ,  l i k e  th e  s i z e  o f th e  c a c h e s ,  n u m b e r  a n d  s i z e  o f 
r e g i s te r s ,  a n d  s u p p o r t o f c e r ta i n  i n s tr u c ti o n s .  M M M  c a n  c o m p l e m e n t th i s  a p p r o a c h  b y  
p r o vi d i n g  a  c o m m o n  i n te r fa c e  to  th e  i n s tr u c ti o n  s e ts  o f d i ffe r e n t a r c h i te c tu r e s .  A s  a  m a tte r  o f 
fa c t,  S P I R A L  u s e s  C  p r e -p r o c e s s o r  m a c r o s ,  m u c h  l i k e  M M M ,  to  r e p r e s e n t p a r a l l e l  o p e r a ti o n s  
i n  d i ffe r e n t a r c h i te c tu r e s .  S P I R A L  a n d  F F T W  o n l y  u s e  a  s m a l l  s u b s e t o f m u l ti m e d i a  
i n s tr u c ti o n  s e ts .  M M M  i m p l e m e n ts  a  l a r g e r  c o m m o n  s e t o f i n s tr u c ti o n s ,  b e c a u s e  i t e m u l a te s  
c o m p l e x  i n s tr u c ti o n s  o n  a r c h i te c tu r e s  th a t d o n ’ t h a ve  th e m .  A s  a  r e s u l t,  M M M  p r o vi d e s  a  
m u c h  r i c h e r  s e t o f m a c h i n e -i n d e p e n d e n t i n s tr u c ti o n s  th a t a  c o d e  g e n e r a to r  c o u l d  u s e . 
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2.4 .5  Oth e r R e l ate d  R e se arc h  
S o m e  r e s e a r c h e r s  h a ve  e x p e r i m e n te d  w i th  e m u l a ti o n  o f p a r a l l e l  o p e r a ti o n s  o n  a r c h i te c tu r e s  
th a t d o  n o t h a ve  e x p l i c i t s u p p o r t fo r  i t,  o r  to  fu r th e r  s u b d i vi d e  e x i s ti n g  p a r ti ti o n s  i n to  s m a l l e r  
o n e s .  F i s h e r  a n d  Di e tz  [ 21]  d e s c r i b e  h o w  i t i s  p o s s i b l e  to  e x e c u te  p a r a l l e l  a d d i ti o n s  a n d  
s u b tr a c ti o n s  w i th o u t r i s k  o f c a r r y o ve r ,  b y  s e p a r a ti n g  th e  e l e m e n ts  w i th  s p a c e r  b i ts .  Z u c k e r  a n d  
L e e  i m p l e m e n te d  p a r ti ti o n e d  a d d i ti o n ,  s u b tr a c ti o n  a n d  m u l ti p l i c a ti o n  b y  a  s c a l a r  u s i n g  fl o a ti n g -
p o i n t i n s tr u c ti o n s  [ 34] .  T h e s e  te c h n i q u e s  c a n  e a s i l y  b e  i m p l e m e n te d  w i th i n  M M M  m a c r o s . 

2.5  S u mmary  

M u l ti m e d i a  a r c h i te c tu r e s  c a n  h a ve  d i ffe r e n t r e g i s te r  l e n g th s ,  a l i g n m e n t r e q u i r e m e n ts ,  
p r o g r a m m i n g  s ty l e s ,  a n d  s u p p o r t d i ffe r e n t p a r ti ti o n e d  i n s tr u c ti o n s .   A l l  th e s e  a r e  o b s ta c l e s  to  
p o r ta b i l i ty ,  b u t c a n  b e  o ve r c o m e  b y  u s i n g  M M M :  a  s e t o f ta r g e t-i n d e p e n d e n t C  p r e -p r o c e s s o r  
m a c r o s  th a t p r o vi d e  a n  i n te r fa c e  to  th e  d i ffe r e n t ta r g e t a r c h i te c tu r e s .  M M M  e m u l a te s  l o n g  
ve c to r s  o n  a r c h i te c tu r e s  w i th  s h o r t r e g i s te r s ,  a n d  e m u l a te s  c o m p l e x  i n s tr u c ti o n s  th a t a r e  
m i s s i n g  o n  s o m e  p r o c e s s o r s .   M M M  p r o g r a m s  c a n  b e  p o r ta b l e  a n d  o p ti m i z e d  a t th e  s a m e  
ti m e . 

O th e r  a p p r o a c h e s  a r e  p a r a l l e l i z i n g  c o m p i l e r s ,  d a ta -p a r a l l e l  l a n g u a g e s ,  o p ti m i z e d  l i b r a r i e s ,  a n d  
a u to m a ti c  c o d e  g e n e r a ti o n  fr o m  a b s tr a c t d e s c r i p ti o n s .  N o n e  o f th e s e  m e th o d s  p r o vi d e  th e  
s a m e  l e ve l  o f p e r fo r m a n c e  a n d  fl e x i b i l i ty  a s  M M M . 

T h e  n e x t c h a p te r  d e s c r i b e s  th e  o b j e c ti ve s  a n d  m e th o d o l o g y  u s e d  to  va l i d a te  M M M  a s  a  
s o l u ti o n  to  th e  p r o b l e m  o f p o r ta b i l i ty  o f o p ti m i z e d  c o d e . 
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R E S E A R C H  

T h i s  c h a p te r  d e s c r i b e s  th e  o b j e c ti ve s  a n d  m e th o d o l o g y  fo l l o w e d  b y  th i s  r e s e a r c h .  S e c ti o n  3.1 
d e fi n e s  i n  d e ta i l  th e  o b j e c ti ve s  th a t a r e  a d d r e s s e d  b y  M M M :  p o r ta b i l i ty  a n d  p e r fo r m a n c e .  
S e c ti o n  3.2 g o e s  th r o u g h  a l l  th e  s te p s  th a t w e r e  fo l l o w e d  i n  o r d e r  to  va l i d a te  th e  o b j e c ti ve s  
s ta te d .  

3 .1 Obj e c tive s 

T h e  g o a l  o f th i s  r e s e a r c h  i s  to  va l i d a te  M M M  a s  a  s o l u ti o n  th a t a l l o w s  m u l ti m e d i a  p r o g r a m s  to  
b e  p o r ta b l e  a n d  o p ti m i z e d  a t th e  s a m e  ti m e .  T h e r e  a r e  tw o  m a j o r  p a r ts  to  th i s  c l a i m :  th a t 
M M M  p r o g r a m s  a r e  p o r ta b l e  a m o n g  d i ve r s e  m u l ti m e d i a  a r c h i te c tu r e s ,  a n d  th a t th e y  h a ve  g o o d  
p e r fo r m a n c e  o n  a l l  th e  ta r g e ts .  T h e  n e x t tw o  s u b -s e c ti o n s  e l a b o r a te  m o r e  o n  th e s e  tw o  
o b j e c ti ve s .  E a s e  o f p r o g r a m m i n g  i s  n o t a n  o b j e c ti ve  o f th i s  r e s e a r c h ,  b u t w i l l  b e  a d d r e s s e d  a s  
fu tu r e  w o r k  i n  C h a p te r  7. 

3 .1.1 Portabil ity  
B y  p o r ta b l e  I  d e fi n e  a  p r o g r a m  w i th  a  s i n g l e  s o u r c e ,  w i th o u t m a c h i n e -s p e c i fi c  s e c ti o n s ,  th a t 
c a n  b e  c o m p i l e d  fo r  d i ffe r e n t ta r g e ts  a n d  p r o d u c e  th e  d e s i r e d  r e s u l ts .  T h e  ty p e  o f p o r ta b i l i ty  
th a t M M M  a c c o m p l i s h e s  i n  n o t u n l i m i te d ,  a n  M M M  p r o g r a m  w i l l  n o t n e c e s s a r i l y  b e  p o r ta b l e  
to  a l l  c u r r e n t a n d  fu tu r e  m u l ti m e d i a  a r c h i te c tu r e s ,  w h i l e  r e m a i n i n g  o p ti m i z e d .  B u t M M M  
s h o u l d  p r o vi d e  p o r ta b i l i ty  a m o n g  s e ve r a l  d i ve r s e  a r c h i te c tu r e s  th a t w o u l d  o th e r w i s e  b e  
i n c o m p a ti b l e . 
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I  s a y  d e s i r e d  r e s u l ts ,  a n d  n o t i d e n ti c a l  r e s u l ts ,  b e c a u s e  i t m a y  b e  p o s s i b l e  to  a p p r o x i m a te  a n  
o p e r a ti o n  i n  a  w a y  th a t i s  n o t b i t-e x a c t,  b u t c l o s e  e n o u g h  fo r  p r a c ti c a l  p u r p o s e s .  F o r  e x a m p l e ,  
o n e  i m p l e m e n ta ti o n  m a y  u s e  m o r e  p r e c i s i o n  i n  th e  m u l ti p l i c a ti o n s  th a n  r e q u i r e d .  T h i s  i s  fi n e  
a s  l o n g  a s  th e r e  i s  a  c l e a r  c r i te r i a  d e fi n i n g  w h a t th e  d e s i r e d  r e s u l ts  a r e .   

T h e  o n l y  m a c h i n e -s p e c i fi c  s e c ti o n  th a t i s  a l l o w e d  i n  p o r ta b l e  M M M  p r o g r a m s  i s  th e  i n c l u s i o n  
o f th e  M M M  h e a d e r  fi l e  fo r  th e  c u r r e n t ta r g e t.  T h e  h e a d e r  fi l e s  fo r  e a c h  ta r g e t a r e  
c o n d i ti o n a l l y  i n c l u d e d  b a s e d  o n  a n  e n vi r o n m e n t d e fi n i ti o n :  

#i f def  SSE2 
    #i ncl ude " mmm_sse2. h"  
#endi f  
#i f def  SSE 
    #i ncl ude " mmm_sse. h"  
#endi f  
#i f def  TRI MEDI A 
    #i ncl ude " mmm_t m. h"  
#endi f  
#i f def  ALTI VEC 
    #i ncl ude " mmm_al t i vec. h"  
#endi f  

 

3 .1.2 Pe rf ormanc e  
I n  th e  c o n te x t o f th i s  r e s e a r c h ,  a n  o p ti m i z e d  p r o g r a m  i s  o n e  th a t m a k e s  e ffi c i e n t u s e  o f th e  
ta r g e t’ s  i n s tr u c ti o n  s e t i n  o r d e r  to  r e d u c e  th e  n u m b e r  o f i n s tr u c ti o n s  n e c e s s a r y  to  p e r fo r m  th e  
ta s k .  A l th o u g h  th e  u l ti m a te  g o a l  o f o p ti m i z a ti o n  i s  to  r e d u c e  th e  e x e c u ti o n  ti m e ,  th e r e  a r e  
fa c to r s  th a t a ffe c t i t,  l i k e  th e  m e m o r y  s tr u c tu r e  a n d  i n s tr u c ti o n  p i p e l i n e  i n te r a c ti o n s ,  w h i c h  a r e  
b e y o n d  th e  s c o p e  o f M M M .  I  u s e  b o th  i n s tr u c ti o n  c o u n ts  a n d  e x e c u ti o n  s p e e d  a s  m e a s u r e s  o f 
p e r fo r m a n c e ,  a n d  a tte m p t to  m i n i m i z e  th e  e ffe c ts  o f th e  m e m o r y  s tr u c tu r e  o n  m y  
e x p e r i m e n ts . 
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T h e  p e r fo r m a n c e  o f M M M  o p ti m i z e d  p r o g r a m s  s h o u l d  b e  b e tte r  th a n  e q u i va l e n t s c a l a r  
p r o g r a m s ,  e ve n  w h e n  c o m p i l e d  w i th  a  p a r a l l e l i z i n g  c o m p i l e r .   I t i s  n o t e x p e c te d  th a t M M M  
p r o g r a m s  o u t-p e r fo r m  h a n d -o p ti m i z e d  p r o g r a m s  fo r  a  s i n g l e  ta r g e t,  b u t th e y  s h o u l d  c o m e  
c l o s e .  A n  o b j e c ti ve  o f th i s  r e s e a r c h  i s  to  d e te r m i n e  h o w  m u c h  p e r fo r m a n c e  i s  l o s t i n  o r d e r  to  
o b ta i n  p o r ta b i l i ty . 

3 .2 M e th od ol og y  

T h e  r e s t o f th i s  c h a p te r  o u tl i n e s  a  s e q u e n c e  o f s te p s  th a t I  fo l l o w e d  i n  o r d e r  to  va l i d a te  th a t 
M M M  m e e ts  th e  o b j e c ti ve s  s ta te d  a b o ve .  T h e  s te p s  i n c l u d e  s e l e c ti n g  a  d i ve r s e  g r o u p  o f ta r g e t 
a r c h i te c tu r e s ,  d e fi n i n g  a n d  i m p l e m e n ti n g  a  c o m m o n  vi r tu a l  i n s tr u c ti o n  s e t,  s e l e c ti n g  a n d  
i m p l e m e n ti n g  s e ve r a l  e x a m p l e  p r o g r a m s  a n d  c o m p a r i n g  th e i r  p e r fo r m a n c e . 

3 .2.1 T arg e t A rc h ite c tu re  S e l e c tion 
I  s e l e c te d  fo u r  d i ffe r e n t ta r g e t a r c h i te c tu r e s  w i th  m u l ti m e d i a  i n s tr u c ti o n  s e ts .  T h e y  a r e :  th e  
T r i M e d i a  T M 130 0  m e d i a -p r o c e s s o r  [ 35] ,  A l ti V e c  e x te n s i o n s  to  th e  P o w e r P C  G 4 p r o c e s s o r  
[ 36] ,  S S E 2 e x te n s i o n s  to  th e  P e n ti u m  4 [ 37] ,  a n d  M M X  a n d  S S E  e x te n s i o n s  to  th e  P e n ti u m  I I I  
c o m b i n e d  [ 37] .  S S E  i s  c o m p l e m e n ta r y  to  M M X ,  a n d  M M X  i s  a l w a y s  s u p p o r te d  w h e n e ve r  
S S E  i s ,  s o  th e y  c a n  b e  c o n s i d e r e d  a  s i n g l e  a r c h i te c tu r e .   M M X  a n d  S S E  a r e  a l s o  a va i l a b l e  o n  
P e n ti u m  4 p r o c e s s o r s ,  b u t th e  S S E 2 i n s tr u c ti o n  s e t l a r g e l y  s u p e r s e d e s  th e  p r e vi o u s  o n e s ,  s o  I  
c o n s i d e r  th e m  d i ffe r e n t a r c h i te c tu r e s .  T h e s e  a r c h i te c tu r e s  a r e  ve r y  d i ve r s e ,  a n d  th u s  p r e s e n t a  
g o o d  c h a l l e n g e  to  p o r ta b i l i ty .  T a b l e  3.1 s h o w s  s o m e  c h a r a c te r i s ti c s  o f th e i r  i n s tr u c ti o n  s e ts .  
T h e y  d i ffe r  i n  th e i r  r e g i s te r  l e n g th s ,  p a r ti ti o n  s i z e s  a n d  ty p e s  th a t th e y  s u p p o r t,  a s  w e l l  a s  i n  th e  
i n s tr u c ti o n s  a va i l a b l e  fo r  e a c h  p a r ti ti o n  ty p e .  T h e  n e x t fo u r  s u b -s e c ti o n s  d i s c u s s  th e  e a c h  o f 
th e s e  i n s tr u c ti o n  s e ts  i n  m o r e  d e p th . 
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T a b l e  3.1 
C h a r a c te r i s ti c s  o f th e  i n s tr u c ti o n  s e ts  i n  th e  s e l e c te d  ta r g e t a r c h i te c tu r e s  
A r c h i te c tu r e  T M 130 0  M M X  +  S S E  S S E 2 A l ti V e c  
R e g i s te r  l e n g th  32 b i ts  64 b i ts  128 b i ts  128 b i ts  
I n te g e r  
p a r ti ti o n  ty p e s  

8,  16 &  32 b i ts  8,  16,  32 &  64 b i ts  8,  16,  32 &  64 b i ts  8,  16 &  32 b i ts  

F l o a ti n g  p o i n t 
p a r ti ti o n  ty p e s  

32 b i ts  32 b i ts  32 &  64 b i ts  32 b i ts  

 
3 . 2 . 1 . 1  Al t iV e c  

A l ti V e c  i s  th e  m u l ti m e d i a  e x te n s i o n  i n  M o to r o l a  P o w e r P C  G 4 p r o c e s s o r s .   I t i s  c o m p o s e d  o f 
a  s e t o f 128-b i t r e g i s te r s  th a t c a n  b e  p a r ti ti o n e d  i n to  8,  16 a n d  32-b i t i n te g e r  p a r ti ti o n s ,  a n d  i n  
32-b i t fl o a ti n g -p o i n t p a r ti ti o n s .  M o s t i n te g e r  i n s tr u c ti o n s  a r e  s u p p o r te d  fo r  a l l  i n te g e r  p a r ti ti o n  
ty p e s ,  w i th  a  fe w  e x c e p ti o n s .  F o r  e x a m p l e ,  vec_madds (mul t i pl y- hi gh )  a n d  vec_msum 
(mul t i pl y- add- pai r s )  a r e  s u p p o r te d  o n l y  o n  16-b i t p a r ti ti o n s . 

A l ti V e c  i s  p r o g r a m m e d  i n  a n  e x te n d e d  ve r s i o n  o f C  th a t s u p p o r ts  ve c to r  va r i a b l e s .  A l l  ve c to r s  
a r e  u n d e r s to o d  to  b e  128-b i t l o n g ,  s o  th e  ty p e  u n i q u e l y  i d e n ti fi e s  th e  n u m b e r  o f e l e m e n ts  i n  
th e  ve c to r .  F o r  e x a m p l e :  

vect or  char  A;  
vect or  i nt  B;  

m e a n s  th a t A i s  a  ve c to r  d i vi d e d  i n to  16 s e c ti o n s ,  e a c h  o f w h i c h  r e p r e s e n ts  a  s i g n e d  8-b i t 
va l u e ,  w h i l e  B i s  a  ve c to r  o f 4 32-b i t s i g n e d  i n te g e r  va l u e s .  A l ti V e c  a l s o  s u p p o r ts  ve c to r  l i te r a l s :  

C = ( vect or  char )  ( c)  
D = ( vect or  i nt )  ( c1,  c2,  c3,  c4)  

I n  th i s  c a s e ,  C r e s u l ts  i n  a  ve c to r  w i th  a l l  th e  e l e m e n ts  e q u a l  to  c ,  a n d  D r e s u l ts  i n  a  ve c to r  
w h o s e  fo u r  e l e m e n ts  a r e  e q u a l  to  c1,  c2,  c3 a n d  c4 r e s p e c ti ve l y .   P a r a l l e l  o p e r a ti o n s  a r e  
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e x e c u te d  u s i n g  i n tr i n s i c s .  T h e  i n tr i n s i c s  a r e  o ve r l o a d e d  fo r  d i ffe r e n t ve c to r  ty p e s ,  s o  th e  
fo l l o w i n g  o p e r a ti o n s  p e r fo r m  a b s o l u te  va l u e  o n  p a r ti ti o n s  o f d i ffe r e n t s i z e s :  

vect or  char  E,  F;  
vect or  i nt  G,  H;  

F = vec_abs( E) ;  
H = vec_abs( G) ;  

V e c to r s  c a n  b e  l o a d e d  a n d  s to r e d  i n  m e m o r y  o n l y  a t 16-b y te  a l i g n e d  a d d r e s s e s .  U n a l i g n e d  
a c c e s s e s  m u s t b e  d o n e  th r o u g h  d a ta  r e a r r a n g e m e n t,  u s i n g  th e  p e r m u ta ti o n  i n s tr u c ti o n .  
A l ti V e c ’ s  p e r m u ta ti o n  i n s tr u c ti o n  r e q u i r e s  a  ve c to r  o f i n d i c e s  to  d e fi n e  th e  p e r m u ta ti o n  
i n d i c e s .  S p e c i a l  i n s tr u c ti o n s  h e l p  s e t th e  p e r m u ta ti o n  ve c to r  fo r  d a ta  r e -a l i g n m e n t:  

per m_vect or  = vec_l vsl ( 0,  poi nt er ) ;  
dst  = vec_per m(  vec_l d( 0,  pt r ) ,  vec_l d( 0,  pt r +1) ,  per m_vect or ) ;   

I n  th i s  e x a m p l e ,  th e  i n tr i n s i c  vec_l vsl  c r e a te s  a  p e r m u ta ti o n  ve c to r  fr o m  th e  u n a l i g n e d  
a d d r e s s ,  w h i c h  i s  l a te r  u s e d  to  r e -a l i g n  th e  d a ta  u s i n g  th e  p e r m u ta ti o n  i n tr i n s i c  vec_per m. 

3 . 2 . 1 . 2  M M X  +  S S E  

M M X  i s  th e  fi r s t o f a  s e r i e s  o f e x te n s i o n s  to  P e n ti u m  p r o c e s s o r s .  M M X  u s e s  a  s e t o f 64-b i t 
r e g i s te r s  p a r ti ti o n e d  i n to  8,  16 a n d  32-b i t i n te g e r  s e c ti o n s .  S S E  (S tr e a m i n g  S I M D E x te n s i o n s )  
i s  a  s e t o f i n s tr u c ti o n s  th a t a r e  c o m p l e m e n ta r y  to  M M X .  I t a d d s  s o m e  i n te g e r  i n s tr u c ti o n s  o n  
th e  s a m e  r e g i s te r s ,  a n d  a  n e w  s e t o f 128-b i t r e g i s te r s  p a r ti ti o n e d  i n to  32-b i t fl o a ti n g -p o i n t 
s e c ti o n s .  T h e  M M X  r e g i s te r s  s h a r e  r e s o u r c e s  w i th  th e  s c a l a r  fl o a ti n g -p o i n t r e g i s te r s ,  s o  th e y  
c a n n o t b e  u s e d  a t th e  s a m e  ti m e .  A  s p e c i a l  EMMS i n s tr u c ti o n  m u s t b e  e x e c u te d  b e fo r e  a n d  a fte r  
u s i n g  M M X  a n d  S S E  i n te g e r  i n s tr u c ti o n s ,  u n l e s s  n o  s c a l a r  fl o a ti n g -p o i n t o p e r a ti o n s  c a n  
h a p p e n .  T h e  S S E  fl o a ti n g -p o i n t r e g i s te r s  d o  n o t c o n te n d  w i th  o th e r  r e s o u r c e s . 
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T h e r e  a r e  tw o  m e th o d s  fo r  p r o g r a m m i n g  th i s  a r c h i te c tu r e .  O n e  i s  to  u s e  _m64 a n d  _m128 
ty p e s ,  w h i c h  r e p r e s e n t th e  i n te g e r  a n d  fl o a ti n g -p o i n t ve c to r  r e g i s te r s .  T h e  s i z e  a n d  ty p e  o f th e  
p a r ti ti o n s  a r e  d e te r m i n e d  b y  th e  o p e r a ti o n  i n tr i n s i c s .  F o r  e x a m p l e :  

_m64 A,  B,  C,  D;  

A = _mm_add_pi 8( A,  B)  
C = _mm_add_pi 16( C,  D)  

I n  th i s  e x a m p l e  A g e ts  th e  a d d i ti o n  o f 8-b i t s e c ti o n s ,  w h i l e  C g e ts  a d d i ti o n  o f 16-b i t p a r ti ti o n s .  
T h e  o th e r  m e th o d  o f p r o g r a m m i n g  i s  to  u s e  C + +  ve c to r  c l a s s e s ,  w h i c h  o ve r l o a d  th e  s ta n d a r d  
C  o p e r a to r s  fo r  ve c to r s ,  a n d  i n fe r  th e  ty p e  fr o m  th e  va r i a b l e  c l a s s .  I  u s e  th e  fi r s t m e th o d  o f 
i n tr i n s i c s  i n  M M M  d e c l a r a ti o n s .   

M a n y  M M M  a n d  S S E  i n s tr u c ti o n s  c a n  ta k e  a  m e m o r y  l o c a ti o n  a s  a  s e c o n d  a r g u m e n t,  a s  i n  th e  
fo l l o w i n g  e x a m p l e :  

_m64 A;  
char  * pB;  

A = _mm_add_pi 8( A,  * pB) ;  
 

T h e r e  a r e  n o  a l i g n m e n t r e s tr i c ti o n s  fo r  i n te g e r  l o a d s  a n d  s to r e s  i n  th i s  a r c h i te c tu r e .   L o a d s  a n d  
s to r e s  fo r  i n te g e r  ve c to r s  a r e  d o n e  b y  d e -r e fe r e n c i n g  p o i n te r s .  F l o a ti n g -p o i n t ve c to r  l o a d s  a n d  
s to r e s  d o  h a ve  d i ffe r e n t p e r fo r m a n c e  w h e n  th e  a d d r e s s  i s  16-b y te  a l i g n e d  o r  n o t,  s o  th e r e  a r e  
s p e c i fi c  i n tr i n s i c s  to  l o a d  a n d  s to r e  fl o a ti n g -p o i n t ve c to r s  to  a l i g n e d  a n d  u n a l i g n e d  a d d r e s s e s :  

_m128 A;  

A = _mm_l oad_ps( al i gned_poi nt er ) ;  
A = _mm_l oadu_ps( unal i gned_poi nt er ) ;  

M e m o r y  a c c e s s e s  a s  s e c o n d  a r g u m e n ts  to  fl o a ti n g -p o i n t i n s tr u c ti o n s  a r e  r e q u i r e d  to  b e  16-b y te  
a l i g n e d . 
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3 . 2 . 1 . 3  S S E 2  

P e n ti u m  4 p r o c e s s o r s ,  i n  a d d i ti o n  to  M M X  a n d  S S E ,  s u p p o r t th e  S S E 2 i n s tr u c ti o n  s e t.  S S E 2 
r e u s e s  th e  128-b i t r e g i s te r s  d e fi n e d  i n  S S E ,  b u t c a n  n o w  d i vi d e  th e m  i n to  8,  16,  32 a n d  64-b i t 
i n te g e r  p a r ti ti o n s ,  o r  i n  32 a n d  64-b i t fl o a ti n g  p o i n t s e c ti o n s . 

T h i s  a r c h i te c tu r e  i s  p r o g r a m m e d  ve r y  s i m i l a r l y  to  M M X  a n d  S S E ,  e x c e p t th a t th e  n e w  r e g i s te r  
ty p e s  a r e  _m128i  fo r  i n te g e r ,  a n d  _m128d fo r  d o u b l e  p r e c i s i o n  fl o a ti n g -p o i n t.  S i n g l e -p r e c i s i o n  
fl o a ti n g -p o i n t i s  s u p p o r te d  th e  s a m e  w a y  a s  i n  S S E ,  u s i n g  th e  _m128 ty p e . 

I n  S S E 2 th e  i n te g e r  ve c to r s  h a ve  th e  s a m e  a l i g n m e n t r e q u i r e m e n ts  a s  th e  fl o a ti n g -p o i n t 
ve c to r s  i n  S S E .  N o r m a l  m e m o r y  a c c e s s e s  a r e  r e q u i r e d  to  b e  a t 16-b y te  a l i g n e d  a d d r e s s e s .  
T h i s  i s  tr u e  fo r  m e m o r y  a d d r e s s e s  a s  s e c o n d  a r g u m e n ts  to  o p e r a ti o n s .  U n a l i g n e d  l o a d s  a n d  
s to r e s  a r e  s u p p o r te d  th r o u g h  a  s p e c i a l  s e t o f i n tr i n s i c s :  

_m128i  A;  

A = _mm_l oadu_si 128( poi nt er ) ;  

 

3 . 2 . 1 . 1  T r iM e d ia  T M 1 3 0 0  

T h e  T r i M e d i a  p r o c e s s o r  d o e s  n o t h a ve  a  s e p a r a te  s e t o f m u l ti m e d i a  r e g i s te r s ,  b u t i t d o e s  h a ve  
s e ve r a l  p a r ti ti o n e d  i n s tr u c ti o n s  th a t o p e r a te  o n  th e  r e g u l a r  32-b i t r e g i s te r s .  V e c to r s  a r e  
d e c l a r e d  a s  i n te g e r  va r i a b l e s ,  a n d  th e  o p e r a ti o n  i n tr i n s i c s  d e fi n e  th e  s i z e  a n d  ty p e  o f th e  
p a r ti ti o n s :  

i nt  A,  B,  C;  
A = QUADAVG( B,  C) ;  

I n  th i s  e x a m p l e ,  A g e ts  th e  a ve r a g e  o f ve c to r s  B a n d  C d i vi d e d  i n to  8-b i t u n s i g n e d  p a r ti ti o n s .  
V e c to r  l o a d s  a n d  s to r e s  a r e  r e s tr i c te d  to  b e  o n  4-b y te  a l i g n e d  a d d r e s s e s .   
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U n a l i g n e d  l o a d s  m u s t b e  e m u l a te d  u s i n g  tw o  l oad s  a n d  shi f t s .  S p e c i a l  f unnel - shi f t  
i n s tr u c ti o n s  a r e  p r o vi d e d  to  r e a l i g n  d a ta :  

i nt  A;  

A = FUNSHI FT1( * pA,  * ( pA+1) ) ;  

T h i s  e x a m p l e  l o a d s  tw o  32-b i t w o r d s  fr o m  th e  a l i g n e d  a d d r e s s  pA,  a n d  r e a l i g n s  th e m  b y  
c o n c a te n a ti n g  th e  l a s t 3 b y te s  o f * pA w i th  th e  fi r s t b y te  o f * ( pA+1) . 

3 .2.2 D e f inition of  a C ommon V irtu al  I nstru c tion S e t 
T h e  n e x t s te p  w a s  to  d e fi n e  a  vi r tu a l  i n s tr u c ti o n  s e t b a s e d  o n  a l l  o f th e  s e l e c te d  ta r g e ts .  T h i s  
vi r tu a l  a r c h i te c tu r e  i s  c o m p o s e d  o f ve c to r  r e g i s te r s  a s  l o n g  a s  th e  l o n g e s t ta r g e t r e g i s te r s .  I n  
th i s  c a s e ,  i t i s  128-b i t r e g i s te r s  w i th  8,  16,  a n d  32-b i t i n te g e r  p a r ti ti o n s ,  a n d  32-b i t fl o a ti n g  p o i n t 
p a r ti ti o n s .  T h e  vi r tu a l  a r c h i te c tu r e  c a n  s u p p o r t s h o r te r  ve c to r s  (i .e . 64-b i t ve c to r s ) ,  b u t th e y  
m a p  s u b -o p ti m a l l y  to  128-b i t a r c h i te c tu r e s ,  s o  th e i r  u s e  i s  d i s c o u r a g e d .  

T h e  vi r tu a l  i n s tr u c ti o n  s e t i n c l u d e s  a l l  o p e r a ti o n s  th a t a r e  c o m m o n ,  o r  c a n  b e  e m u l a te d  
e ffi c i e n tl y  o n  a l l  th e  ta r g e ts .  Di ffe r e n t M M M  m a c r o s  a r e  d e fi n e d  fo r  e a c h  c o m b i n a ti o n  o f 
o p e r a ti o n s ,  i n p u t a n d  o u tp u t ve c to r  l e n g th s  a n d  ty p e s .  O th e r  c h a r a c te r i s ti c s ,  l i k e  s p e c i a l  
h a n d l i n g  o f o ve r fl o w ,  a r e  a l s o  s p e c i fi e d  b y  e a c h  o p e r a ti o n  m a c r o .   

V i r tu a l  i n s tr u c ti o n s  c a n  b e  d e fi n e d  i n  a  w a y  th a t th e  e x a c t b e h a vi o r  u n d e r  b o u n d a r y  c o n d i ti o n s  
i s  u n d e fi n e d .  F o r  e x a m p l e ,  a n  a d d i ti o n  o p e r a ti o n  m a y  b e  d e fi n e d  to  h a ve  u n s p e c i fi e d  b e h a vi o r  
u n d e r  o ve r fl o w .  T h i s  a l l o w s  i t to  b e  m a p p e d  to  ta r g e t i n s tr u c ti o n s  th a t h a n d l e  o ve r fl o w  
d i ffe r e n tl y  (i .e . p e r fo r m  s a tu r a ti o n ,  o r  m o d u l o  a r i th m e ti c ) ,  a n d  th u s  p r o vi d e  fo r  a  c o m m o n  
i n s tr u c ti o n  th a t o th e r w i s e  w o u l d  n o t b e  a va i l a b l e . 
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T h e  vi r tu a l  i n s tr u c ti o n  s e t d o e s  n o t i n c l u d e  o p e r a ti o n s  th a t c a n n o t b e  e m u l a te d  e ffi c i e n tl y  o n  
a l l  ta r g e ts .  T h e r e fo r e ,  th e r e  a r e  i n s tr u c ti o n s  i n  s o m e  o f th e  ta r g e t a r c h i te c tu r e s  th a t a r e  n o t 
a va i l a b l e  to  M M M  p r o g r a m s .  A n  o b j e c ti ve  o f th i s  r e s e a r c h  i s  to  d e te r m i n e  h o w  m u c h  
p e r fo r m a n c e  i s  l o s t b y  n o t u s i n g  th e s e  i n s tr u c ti o n s .  T h e  vi r tu a l  i n s tr u c ti o n  s e t fo r  th e  s e l e c te d  
ta r g e ts  i s  d i s c u s s e d  i n  C h a p te r  4,  a n d  th e  fu l l  d e fi n i ti o n  a p p e a r s  i n  A p p e n d i x  A . 

3 .2.3  I mpl e me ntation of  an M M M  L ibrary  f or e ac h  T arg e t 
O n c e  a  c o m m o n  vi r tu a l  i n s tr u c ti o n  w a s  d e fi n e d ,  i t w a s  p o s s i b l e  to  i m p l e m e n t i t fo r  th e  
d i ffe r e n t ta r g e t a r c h i te c tu r e s .  I  d i d  n o t i m p l e m e n t th e  fu l l  vi r tu a l  i n s tr u c ti o n  s e t,  b u t o n l y  th e  
p a r t th a t w a s  r e q u i r e d  b y  th e  s e l e c te d  e x a m p l e  p r o g r a m s ,  d e s c r i b e d  b e l o w .  A p p e n d i x  B  s h o w s  
th e  s o u r c e  c o d e  o f th e  i m p l e m e n ta ti o n  o f th e  M M M  l i b r a r i e s  fo r  th e  fo u r  ta r g e ts . 

3 .2.4  E x ampl e  Prog ram S e l e c tion 
I  s e l e c te d  th e  fo l l o w i n g  e x a m p l e s  to  b e  i m p l e m e n te d  i n  M M M :   8x 8 i n te g e r  I DC T ,  16x 16 
i n te g e r  L � -Di s ta n c e ,  a n d  16x 16 L � -Di s ta n c e  w i th  i n te r p o l a ti o n .  T h e s e  k e r n e l s  a r e  u s e d  b y  
M P E G 2,  M P E G 4,  a n d  H .263+  vi d e o  c o m p r e s s i o n  a p p l i c a ti o n s ,  a n d  r e p r e s e n t a  l a r g e  p o r ti o n  
o f th e i r  c o m p u ta ti o n a l  l o a d .  T h e  8x 8 I DC T  i s  a l s o  u s e d  i n  J P E G  s ti l l -i m a g e  c o m p r e s s i o n .  
H a n d -o p ti m i z e d  ve r s i o n s  o f s o m e  o f th e s e  k e r n e l s  a r e  a va i l a b l e  fr o m  th e  s e l e c te d  ta r g e t 
p r o c e s s o r  ve n d o r s ,  a n d  ta k e  a d va n ta g e  o f th e  c o m p l e x  p a r a l l e l  o p e r a ti o n s  a va i l a b l e . 

T h e  th r e e  e x a m p l e s  a r e  te s te d  i n  th e  c o n te x t o f a n  M P E G 2 vi d e o  e n c o d e r .  T h e  M P E G  
S o ftw a r e  S i m u l a ti o n  G r o u p  te s t m o d e l  5 [ 42]  i s  u s e d  w i th  a  s e q u e n c e  o f 70 4x 576 o u td o o r  
i m a g e s  a s  i n p u t.  T h e  I DC T  e x a m p l e  i s  a  d i r e c t r e p l a c e m e n t fo r  th e  i d c t()  fu n c ti o n  i n  th e  
M P E G 2 m o d e l .  T h e  L � -Di s ta n c e  e x a m p l e s  r e p l a c e  p o r ti o n s  o f th e  d i s t1()  fu n c ti o n ,  
c o r r e s p o n d i n g  to  n o  i n te r p o l a ti o n ,  a n d  b o th  h o r i z o n ta l  a n d  ve r ti c a l  i n te r p o l a ti o n  o f 16x 16 
b l o c k s .  T h e  d i s t1()  fu n c ti o n  i n  th e  M P E G 2 m o d e l  a l s o  h a n d l e s  h o r i z o n ta l -o n l y  a n d  ve r ti c a l -
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o n l y  i n te r p o l a ti o n ,  a s  w e l l  a s  16x 8 b l o c k s ,  w h i c h  a r e  n o t o f i n te r e s t fo r  th i s  r e s e a r c h .  T h e  
M P E G 2 m o d e l  w a s  m o d i fi e d  to  g u a r a n te e  16-b y te  a l i g n m e n t o f th e  w o r k i n g  i m a g e  b u ffe r s ,  
a n d  to  s e p a r a te  th e  d i s t1()  fu n c ti o n  i n to  va r i o u s  c o m p o n e n ts ,  a c c o r d i n g  to  th e  b l o c k  s i z e  a n d  
i n te r p o l a ti o n  ty p e . 

3 . 2 . 4 . 1  8 x 8  I DCT  

T h e  I DC T  w o r k s  o n  8x 8 b l o c k s  o f 16-b i t s i g n e d  i n te g e r s .  T h e  i n te r fa c e  i s  a  fu n c ti o n  c a l l  w i th  
tw o  p o i n te r s  to  16-b i t i n te g e r s ,  o n e  fo r  th e  i n p u t a n d  o n e  fo r  th e  o u tp u t,  w h i c h  c a n  p o s s i b l y  
o ve r l a p :    

voi d I dct 8x8 (  I NT16 * pSr c,  I NT16 * pDst )  

T h e  i n p u t b l o c k  i s  s to r e d  i n  a  c o n ti g u o u s  p i e c e  o f m e m o r y  i n  r o w -m a j o r  fo r m a t,  s o  e l e m e n ts  
o f e a c h  r o w  a r e  s to r e d  i n  a d j a c e n t l o c a ti o n s  i n  m e m o r y .   T h e  o u tp u t i s  s to r e d  i n  th e  s a m e  
fo r m a t a s  th e  i n p u t.  E a c h  i n p u t e l e m e n t c a n  h a ve  va l u e s  b e tw e e n  –30 0  a n d  30 0  i n c l u s i ve .  
T h e  fu n c ti o n  i s  to  c o m p u te  th e  tw o -d i m e n s i o n a l  I DC T  o f th e  i n p u t,  a n d  m e e t th e  a c c u r a c y  
r e q u i r e m e n ts  s p e c i fi e d  i n  th e  I E E E  1180 -1990  s ta n d a r d  [ 41] .  

T w o -d i m e n s i o n a l  I DC T s  a r e  u s u a l l y  i m p l e m e n te d  u s i n g  a  s e p a r a b l e  a p p r o a c h :   fi r s t a  o n e -
d i m e n s i o n a l  I DC T  i s  a p p l i e d  to  e a c h  r o w ,  a n d  th e n  a n  I DC T  i s  a p p l i e d  to  e a c h  c o l u m n .  
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T h i s  r e d u c e s  t h e  p r o b l e m  t o  t h e  c o m p u t a t i o n  o f  o n e -d i m e n s i o n a l  I D C T s  o f  l e n g t h  8  o v e r  
r o w s  a n d  c o l u m n s  o f  a n  8 x 8  b l o c k .   T h e  8 -e l e m e n t  I D C T  i s  d e f i n e d  a s :  
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w h e r e  ( )16/cos kck π= .   B o r r o w i n g  t h e  n o t a t i o n  f r o m  [ 4 4 ] ,  t h i s  m a t r i x  c a n  b e  d e c o m p o s e d  a s   
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T h i s  d e c o m p o s i t i o n  i s  t h e  b a s e  o f  a l l  f a s t  I D C T  a l g o r i t h m s .    M o s t  a l g o r i t h m s  a t t e m p t  t o  
m i n i m i z e  t h e  n u m b e r  o f  o p e r a t i o n s  b y  f u r t h e r  d e c o m p o s i n g  t h e  o p e r a t o r  M �

� � .   F o r  e x a m p l e ,  a  
C h e n  I D C T  [ 5 1 ]  d e c o m p o s e s  t h e  e v e n  p a r t  ( t o p  l e f t  q u a d r a n t )  o f  M �

� �  a s :  
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A n d  t h e  o d d  p a r t  ( b o t t o m  r i g h t  q u a d r a n t )  o f  1
8
−M  i s  d e c o m p o s e d  a s :  
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3.2.4.2 16x16 L � -D i s t a n c e  
The L � -D i s t a n c e k er n el s  a r e u s ed  a s  p a r t  o f  M o t i o n  E s t i m a t i o n  a l g o r i t hm s .   A 1 6 x 1 6  i m a g e 
b l o c k  i s  c o m p a r ed  a g a i n s t  s ev er a l  p o s s i b l e l o c a t i o n s  o f  a  r ef er en c e i m a g e i n  s ea r c h f o r  t he 
l o c a t i o n  w i t h t he m i n i m a l  d i s t a n c e b et w een  t he t w o  b l o c k s .   The d i s t a n c e i s  c o m p u t ed  a s  t he 
s u m  o f  a b s o l u t e d i f f er en c es  o f  a l l  t he c o r r es p o n d i n g  p i x el s  i n  t he b l o c k s :  

 ∑∑
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i j
jiji yxDistL  ( 3 . 6 )  
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The b a s i c  f u n c t i o n  t a k es  t w o  p o i n t er s  t o  8-b i t  u n s i g n ed  i n t eg er s ,  o n e f o r  t he r ef er en c e b l o c k ,  
a n d  o n e f o r  t he i n p u t  b l o c k .   RowPitch i s  a n  i n t eg er  t ha t  r ep r es en t s  t he d i s t a n c e i n  m em o r y  
b et w een  c o n s ec u t i v e r o w s ,  f o r  b o t h b l o c k s .   A f o u r t h i n p u t  ( Limit)  s p ec i f i es  t he m i n i m a l  
d i s t a n c e f o u n d  b y  t he m o t i o n  es t i m a t i o n  a l g o r i t hm  o n  o t her  b l o c k s ,  w hi c h i s  u s ef u l  t o  ex i t  t he 
f u n c t i o n  ea r l y  i f  a  p a r t i a l  d i s t a n c e ex c eed s  t hi s  l i m i t ;  I  r ef er  t o  t hi s  a s  a  s ho r t c u t  p a t h.   The 
o u t p u t  i s  a n  i n t eg er  r ep r es en t i n g  t he L �  d i s t a n c e o f  t he t w o  b l o c k s :  

int� L1Dist16x16(UINT8� *pRef,� UINT8� *pIn,� int� RowPitch,� int� Limit)�

Bo t h i n p u t  b l o c k s  a r e s t o r ed  i n  r o w -m a j o r  f o r m a t ,  w i t h a  s ep a r a t i o n  o f  RowPitch b et w een  
c o n s ec u t i v e r o w s .   The i n p u t  b l o c k  i s  a s s u m ed  t o  b e a l i g n ed  t o  a  1 6 -b y t e b o u n d a r y ,  b u t  t he 
r ef er en c e b l o c k  i s  n o t .    

3.2.4.3 16x16 L � -D i s t a n c e  w i t h  I n t e r p o l a t i o n  
The t hi r d  ex a m p l e i s  a  v a r i a t i o n  o f  t he 1 6 x 1 6  L � -D i s t a n c e t ha t  c o m p u t es  t he ha l f -p i x el  
ho r i z o n t a l  a n d  v er t i c a l  i n t er p o l a t i o n  o f  t he r ef er en c e b l o c k  b ef o r e c o m p u t i n g  t he d i s t a n c e.   
The p a r a m et er s  a r e t he s a m e a s  a b o v e:  

int� L1Dist16x16_InterpXY(UINT8� *pRef,� UINT8� *pIn,� �
� � � � � � � � � � � � � � � � � � � � � � � � � int� RowPitch,� int� Limit)�

The i n t er p o l a t i o n  c o m p u t es  t he r o u n d ed  a v er a g e o f  ea c h p i x el  w i t h t he p i x el s  t o  t he r i g ht  
a n d / o r  b el o w ,  a c c o r d i n g  t o  t he f o r m u l a :  

 


 ++++
= ++++

4

21,11,,1,
,

jijijiji
ji

xxxx
x  ( 3 . 7 )  

An  a v er a g e er r o r  o f  0. 5 i n  t he r es u l t s  i s  a l l o w ed  f o r  t he L � -D i s t a n c e f u n c t i o n  w i t h 
i n t er p o l a t i o n .   Thi s  er r o r  d o es  n o t  a f f ec t  s i g n i f i c a n t l y  t he q u a l i t y  o f  t he m o t i o n  es t i m a t o r ,  a n d  
a l l o w s  f o r  m o r e ef f i c i en t  i m p l em en t a t i o n s  o f  t he i n t er p o l a t i o n  f u n c t i o n .    
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I t  i s  i m p o r t a n t  t o  n o t e t ha t  t he p er f o r m a n c e o f  L � -D i s t a n c e i m p l em en t a t i o n s  w i t h a  s ho r t c u t  
p a t h d ep en d s  o n  t he m o t i o n  es t i m a t i o n  a l g o r i t hm  u s ed ,  a n d  o n  t he i n p u t  d a t a  i t s el f .   The 
ex ec u t i o n  s p eed  d ep en d s  o n  ho w  o f t en  i s  t he s ho r t c u t  p a t h t a k en .   I n  o r d er  t o  s ep a r a t e t he 
ef f ec t s  o f  t he s ho r t c u t  p a t h o n  t he ex ec u t i o n  s p eed ,  I  c r ea t ed  v er s i o n s  o f  b o t h L � -D i s t a n c e 
ex a m p l es  w i t h a n d  w i t ho u t  a  s ho r t c u t  p a t h.  

3.2.5 Analysis of Reference Implementations of Examples 
I n  o r d er  t o  v er i f y  t ha t  p o r t a b l e M M M  p r o g r a m s  ha v e g o o d  p er f o r m a n c e,  t hey  ha v e t o  b e 
c o m p a r ed  w i t h t he b es t  k n o w n  i m p l em en t a t i o n s  o f  t he s a m e p r o g r a m s .   I  w i l l  r ef er  t o  t hes e 
p r o g r a m s  a s  r ef er en c e i m p l em en t a t i o n s .   R ef er en c e i m p l em en t a t i o n s  a r e ha n d -o p t i m i z ed  f o r  
ea c h t a r g et  p l a t f o r m ,  a n d  r ep r es en t  t he u p p er  b o u n d  f o r  t he p er f o r m a n c e o f  t he p o r t a b l e 
i m p l em en t a t i o n s .   I t  i s  a l s o  i n t er es t i n g  t o  c o m p a r e t he p er f o r m a n c e o f  p o r t a b l e a n d  r ef er en c e 
i m p l em en t a t i o n s  w i t h t ha t  o f  a  s c a l a r  i m p l em en t a t i o n  o f  t he s a m e a l g o r i t hm .   Thi s  p r o v i d es  a  
m ea s u r em en t  o f  s p eed u p .   O n e o f  t he r ea s o n s  f o r  c ho o s i n g  I D CT a n d  L � -D i s t a n c e a s  
ex a m p l es  i s  t ha t  t her e a r e ha n d -o p t i m i z ed  r ef er en c e i m p l em en t a t i o n s  a v a i l a b l e f r o m  t he 
p r o c es s o r  v en d o r s .    

3.2.5 .1 8 x8  I D C T  
I  f o u n d  t w o  v er s i o n s  o f  I D CT o p t i m i z ed  f o r  Al t i V ec  [ 4 5,  50] .   Bo t h w er e i m p l em en t ed  b y  
M o t o r o l a ,  b u t  t he s ec o n d  o n e i s  d i s t r i b u t ed  b y  Ap p l e.   Bo t h i m p l em en t a t i o n s  p er f o r m  o n l y  
v er t i c a l  I D CTs ,  b u t  t r a n s p o s e t he m a t r i x  a f t er  ea c h p a s s .   The v er t i c a l  I D CT i s  p er f o r m ed  o n  
t he ei g ht  c o l u m n s  i n  p a r a l l el ,  s i n c e ea c h 1 2 8-b i t  r eg i s t er  c a n  ho l d  o n e el em en t  o f  ev er y  c o l u m n .   
The a l g o r i t hm  u s ed  f o r  t he I D CT i s  a  s t a n d a r d  Chen  a l g o r i t hm  [ 51 ]  f o r  t he c a s e o f  Ap p l e’ s ,  
a n d  a  m o d i f i ed  s c a l ed  Chen  a l g o r i t hm  f o r  M o t o r o l a ’ s .   E a c h o p er a t i o n  i n  t he I D CT a l g o r i t hm  
b ec o m es  a  p a r a l l el  v ec t o r  o p er a t i o n  o n  t he w ho l e r o w s .   P a r a l l el  m u l t i p l i c a t i o n s  a r e d o n e w i t h 
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t he vec_mradds i n s t r u c t i o n  ( eq u i v a l en t  t o  multiply-high,  b u t  w i t h a n  ex t r a  f a c t o r  o f  2 )  a n d  
t a k e a d v a n t a g e o f  t he a d d i t i o n  o f  a  t hi r d  a r g u m en t  w hen ev er  p o s s i b l e ( eq u i v a l en t  t o  
multiply-high-add) .   The c o ef f i c i en t s  a r e r ep r es en t ed  w i t h 1 5 b i t s  o f  f r a c t i o n a l  p r ec i s i o n ,  
w hi c h c o m p en s a t es  f o r  t he f a c t o r  o f  2  i n t r o d u c ed  b y  t he vec_mradds i n s t r u c t i o n .   M a t r i x  
t r a n s p o s i t i o n  i s  d o n e b y  r ep ea t ed l y  a p p l y i n g  t he vec_mergeh a n d  vec_mergel i n s t r u c t i o n s .   
A t o t a l  o f  2 4  i n s t r u c t i o n s  a r e n ec es s a r y  t o  p er f o r m  t he t r a n s p o s i t i o n .   Co n s t a n t s  a r e 
b r o a d c a s t ed  t hr o u g h t he v ec t o r s  b y  u s i n g  vec_splat.   N ei t her  o f  t hes e i m p l em en t a t i o n s  m eet  
t he I E E E  1 1 80 s t a n d a r d  f o r  a c c u r a c y  o f  I D CTs  [ 4 1 ] .  

An  o p t i m i z ed  i m p l em en t a t i o n  o f  I D CT f o r  Tr i M ed i a  i s  d i s c u s s ed  a s  a n  o p t i m i z a t i o n  c a s e 
s t u d y  i n  t hei r  d o c u m en t a t i o n  [ 4 6 ] .   Thei r  i m p l em en t a t i o n  o f  b o t h ho r i z o n t a l  a n d  v er t i c a l  
I D CTs  i s  b a s ed  o n  t he p a r a l l el  m u l t i p l i c a t i o n  v a r i a n t  o f  Lo ef f l er ’ s  I D CT a l g o r i t hm  [ 52 ] .   The 
ho r i z o n t a l  I D CT t a k es  a d v a n t a g e o f  t he IFIR16 i n s t r u c t i o n  ( eq u i v a l en t  t o  multiply-add-
pairs)  t o  m u l t i p l y  b y  c o ef f i c i en t s  a n d  a d d  a d j a c en t  p r o d u c t s .   The r es u l t s  a r e t hen  a d d ed  a n d  
s u b t r a c t ed  a s  3 2 -b i t  v a l u es  u n t i l  t he f i n a l  r es u l t  i s  c o n v er t ed  b a c k  t o  1 6  b i t s .   The ho r i z o n t a l  
I D CT i s  c o m p u t ed  f o r  t w o  r o w s ,  a n d  t hei r  r es u l t s  a r e p a c k ed  i n t o  t he hi g h a n d  l o w  ha l v es  o f  
t he o u t p u t  r eg i s t er s .   Thi s  hel p s  a v o i d  t r a n s p o s i t i o n  i n  t he v er t i c a l  I D CT.   The v er t i c a l  I D CT 
c a n  t hen  u s e IFIR16 i n s t r u c t i o n s  t o  d o  t he m u l t i p l i c a t i o n s  i n  t he f i r s t  I D CT s t a g e,  a n d  t hen  d o  
3 2 -b i t  a d d i t i o n s  a n d  s u b t r a c t i o n s  t o  c o m p l et e t he I D CT.   Thi s  i m p l em en t a t i o n  i s  o n l y  ef f i c i en t  
b ec a u s e Tr i M ed i a  ha s  r el a t i v el y  s ho r t  r eg i s t er s .   I t  d o es  n o t  s c a l e w el l  t o  l o n g er  r eg i s t er  l en g t hs .   
Thi s  d es i g n  m eet s  t he r eq u i r em en t s  o f  t he I E E E  1 1 80 a c c u r a c y  s t a n d a r d .  

The r ef er en c e I D CT i m p l em en t a t i o n s  f o r  M M X + SSE  a n d  SSE 2  a r e f r o m  I n t el  [ 4 3 ,  4 4 ] .   They  
b o t h u s e b a s i c a l l y  t he s a m e a l g o r i t hm .   The v er t i c a l  I D CT i s  d o n e f o r  a l l  c o l u m n s  i n  p a r a l l el ,  
l i k e i n  t he c a s e o f  Al t i V ec .   The a l g o r i t hm  u s es  a  d ec o m p o s i t i o n  w i t h m i n i m a l  n u m b er  o f  
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m u l t i p l i c a t i o n s ,  a n d  a v o i d s  s o m e b y  m o v i n g  a n  o p er a t o r  i n t o  t he l a s t  s t a g e o f  t he ho r i z o n t a l  
I D CT.   V ec t o r  m u l t i p l i c a t i o n s  a r e d o n e u s i n g  t he PMULHW i n s t r u c t i o n  ( multiply-high) ,  a n d  
c o n s t a n t s  a r e r ep r es en t ed  w i t h 1 6  b i t s  o f  f r a c t i o n a l  p r ec i s i o n .    The ho r i z o n t a l  I D CT u s es  t he 
b a s i c  d ec o m p o s i t i o n  i n  eq u a t i o n  ( 3 . 3 ) .   O p er a t o r  P �

� � i s  a  v ec t o r  p er m u t a t i o n  t ha t  i s  d o n e u s i n g  
t he PSHUFW i n s t r u c t i o n .   O p er a t o r  M �

� �  i s  c o m p u t ed  u s i n g  PMADDWD ( multiply-add-pairs) .   
The d a t a  i s  a s s i g n ed  t o  v ec t o r s  i n  s u c h a  w a y  t ha t  i t  i s  p o s s i b l e t o  u s e p a r a l l el  a d d i t i o n s  a n d  
s u b t r a c t i o n s ,  r a t her  t ha n  s u m m i n g  el em en t s  i n  t he s a m e v ec t o r .   M o r e o n  t hi s  i s  Cha p t er  5,  a s  
t hi s  d es i g n  i s  t he b a s e o f  t he p o r t a b l e M M M  v er s i o n .   Thi s  I D CT m eet s  t he I E E E  1 1 80 
a c c u r a c y  r eq u i r em en t s .  

F o r  t he s c a l a r  v er s i o n  o f  I D CT,  I  u s ed  t he o n e f r o m  t he M P E G 2  m o d el ,  b u t  w i t h o n e o b v i o u s  
o p t i m i z a t i o n :  i n l i n e t he r o w  a n d  c o l u m n  I D CT s ec t i o n s  i n s t ea d  o f  i n v o k i n g  t w o  f u n c t i o n  c a l l s .   
Al s o  I  r em o v ed  a  s ho r t c u t  p a t h i n t en d ed  t o  a c c el er a t e t r a n s f o r m s  o f  D C s i g n a l s .   I  f o u n d  t ha t  
t hi s  s ho r t c u t  a t  b es t  p r o v i d es  a  s p eed u p  o f  1 0%  o n  t he c ho s en  t a r g et  a r c hi t ec t u r es ,  a n d  i t  i s  
ea s i er  t o  m ea s u r e t he i n s t r u c t i o n  c o u n t s  w hen  t her e i s  o n l y  o n e p a t h.   Su c h a  s ho r t c u t  i s  
i m p r a c t i c a l  f o r  o p t i m i z ed  I D CT i m p l em en t a t i o n s ,  b ec a u s e i t  r eq u i r es  a  c o m p a r i s o n  o f  a l l  
v ec t o r  el em en t s  w i t h z er o ,  a n d  t ha t  i s  n o t  d i r ec t l y  s u p p o r t ed  b y  m o s t  m u l t i m ed i a  i n s t r u c t i o n  
s et s .  
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3.2.5 .2 16x16 L � -D i s t a n c e  
The 1 6 x 1 6  L � -D i s t a n c e w a s  i m p l em en t ed  f o r  Al t i V ec  b y  M o t o r o l a  [ 4 9 ] .  They  p r o v i d e d i f f er en t  
v er s i o n s :  o n e f o r  w hen  b o t h b l o c k s  a r e a l i g n ed ,  a n d  o n e f o r  w hen  o n e o f  t he b l o c k s  i s  a l i g n ed  
a n d  t he o t her  u n a l i g n ed .   Si n c e t he a l i g n m en t  o f  t he r ef er en c e b l o c k  i s  n o t  k n o w n ,  I  u s e t he 
u n a l i g n ed  v er s i o n  a l w a y s .   The 1 6 x 1 6  b l o c k  i s  c o m p l et el y  u n r o l l ed .   I t  c o m p u t es  t he r e-
a l i g n m en t  p er m u t a t i o n  v ec t o r  u s i n g  vec_lvsl,  a n d  u s es  i t  w i t h vec_perm t o  r e-a l i g n  a l l  i n p u t  
v ec t o r s  p r i o r  t o  c o m p u t i n g  t he a b s o l u t e d i f f er en c es .   F o r  ea c h r o w  i t  u s es  t he em u l a t i o n  
vec_sub(vec_max(a,b),� vec_min(a,b)) t o  c o m p u t e t he a b s o l u t e d i f f er en c es  o f  
c o r r es p o n d i n g  v ec t o r  el em en t s .   Then  i t  u s es  vec_sum4s t o  o b t a i n  f o u r  p a r t i a l  s u m s .    I t  d o es  
t he s a m e f o r  a l l  r o w s ,  a n d  a c c u m u l a t es  t he p a r t i a l  s u m s  u s i n g  t he s ec o n d  a r g u m en t  t o  
vec_sum4s.   At  t he en d ,  t he f o u r  p a r t i a l  s u m s  a r e a d d ed  u s i n g  vec_sums,  a n d  c o n v er t ed  t o  
i n t eg er  u s i n g  vec_splat a n d  vec_ste.    

R ef er en c e o p t i m i z ed  1 6 x 1 6  L � -D i s t a n c e i m p l em en t a t i o n s  a r e a v a i l a b l e f o r  M M X + SSE  i n  
a s s em b l y  a n d  i n  C w i t h i n t r i n s i c s  [ 4 7 ]  a n d  f o r  SSE 2  i n  C w i t h i n s t r i n s i c s  [ 4 8] .   The SSE  
v er s i o n s  w er e c a p a b l e o f  d o i n g  a  f u l l -s ea r c h m o t i o n  es t i m a t i o n  o v er  a  r eg i o n ,  s o  t hey  ha v e 
s o m e o u t er  l o o p s  t ha t  I  d o n ’ t  u s e.   I  r em o v ed  t he l o o p s  f r o m  t he C v er s i o n ,  b u t  t he a s s em b l y  
o n e s t i l l  ha s  t he o v er hea d .   F o r  SSE  t her e a r e n o  a l i g n m en t  c o n s i d er a t i o n s .   I t  u s es  t he PSADBW 
i n s t r u c t i o n  t o  c o m p u t e t he s u m  o f  a b s o l u t e d i f f er en c es  o f  8 el em en t s ,  w hi c h i s  ha l f  a  r o w .   I t  
u s es  PADDW t o  a d d  t he p a r t i a l  r es u l t s .   O n  SSE 2  i t  u s es  a l i g n ed  l o a d s  f o r  t he i n p u t  v ec t o r ,  a n d  
u n a l i g n ed  l o a d s  f o r  t he r ef er en c e.   The PSADBW i n s t r u c t i o n s  c a n  c o m p u t e t he s u m  o f  a b s o l u t e 
d i f f er en c es  o f  a  w ho l e r o w  a t  a  t i m e,  b u t  r es u l t s  i n  t w o  p a r t i a l  r es u l t s .   At  t he en d ,  t he t w o  
p a r t i a l  r es u l t s  a r e a d d ed  u s i n g  shift-right a n d  add,  p r i o r  t o  b ei n g  c o n v er t ed  i n t o  a n  i n t eg er  
v a l u e.  
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Tr i M ed i a  d i s c u s s es  m o t i o n  es t i m a t i o n  i n  t hei r  d o c u m en t a t i o n  [ 3 5]  f o r  a l i g n ed  l o a d s  o n l y .   I t  
u s es  t he UME8UU i n s t r u c t i o n  t o  c o m p u t e t he s u m  o f  a b s o l u t e d i f f er en c es  o f  4  el em en t s .    I t  
u s es  a  l o o p  o v er  r o w s ,  u n r o l l ed  b y  a  f a c t o r  o f  ei g ht .    I  d i d  n o t  u s e t hi s  ex a m p l e b ec a u s e i t  
c a n n o t  d ea l  w i t h u n a l i g n ed  a d d r es s es .   I n s t ea d  I  c r ea t ed  m y  o w n  o p t i m i z ed  v er s i o n s  w i t h 
d i f f er en t  r e-a l i g n m en t  s t r a t eg i es .   They  a r e d i s c u s s ed  a s  t a r g et -s p ec i f i c  o p t i m i z a t i o n s  i n  Cha p t er  
5.  

Al l  t hes e r ef er en c e i m p l em en t a t i o n s  a r e f o r  L � -D i s t a n c e w i t ho u t  i n t er p o l a t i o n ,  a n d  w i t ho u t  
s ho r t c u t  p a t hs .   Ther e a r e n o  o p t i m i z ed  r ef er en c e d es i g n s  f o r  L � -D i s t a n c e w i t h i n t er p o l a t i o n .   
The s c a l a r  i m p l em en t a t i o n s  a r e d er i v ed  f r o m  t he d i s t 1 ( )  f u n c t i o n  i n  t he M P E G 2  m o d el .  

3.2.6  Implementation of P ortab le O ptimiz ed  Examples in M M M  
I  w r o t e p o r t a b l e-o p t i m i z ed  i m p l em en t a t i o n s  o f  t he ex a m p l e p r o g r a m s  i n  M M M ,  u s i n g  t he 
v i r t u a l  i n s t r u c t i o n  s et  d ef i n ed  p r ev i o u s l y  f o r  t he g r o u p  o f  t a r g et  a r c hi t ec t u r es .   Sel ec t i n g  a n  
a l g o r i t hm  t ha t  m a p s  w el l  t o  a l l  t he t a r g et s  t o o k  s o m e ex p er i m en t a t i o n .   I  s t a r t ed  w i t h t he 
a l g o r i t hm s  u s ed  b y  s o m e o f  t he ha n d -o p t i m i z ed  ex a m p l es ,  a n d  s a w  ho w  w el l  t hey  p er f o r m ed  
o n  o t her  t a r g et s .   Si n c e M M M  c a n  em u l a t e l o n g  v ec t o r s  ef f i c i en t l y  o n  a r c hi t ec t u r es  w i t h s ho r t  
r eg i s t er s ,  b u t  n o t  t he o t her  w a y  a r o u n d ,  I  b a s ed  t he M M M  p r o g r a m s  o n  t he ha n d -o p t i m i z ed  
v er s i o n s  f o r  t he t a r g et s  w i t h l o n g es t  r eg i s t er  l en g t hs .    I n  t he c a s e o f  m y  s el ec t ed  t a r g et s ,  I  
b a s ed  t hem  o n  t he 1 2 8-b i t  i m p l em en t a t i o n s  f o r  SSE 2  a n d  Al t i V ec .   Then  I  a p p l i ed  s ev er a l  
m o d i f i c a t i o n s  t a k en  f r o m  t he o t her  r ef er en c e ex a m p l es ,  a n d  s o m e o f  m y  o w n ,  u n t i l  I  s et t l ed  o n  
a  d es i g n  t ha t  p er f o r m s  w el l  o n  a l l  t a r g et s .  
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The s el ec t ed  a l g o r i t hm s  f o r  t he M M M  ex a m p l e p r o g r a m s ,  a n d  d et a i l s  a b o u t  t hei r  
i m p l em en t a t i o n  a r e d i s c u s s ed  i n  Cha p t er  5.   The f u l l  s o u r c e o f  t he ex a m p l e p r o g r a m s  i n  M M M  
i s  i n c l u d ed  i n  Ap p en d i x  C.   

3.2.7  P erformance M easu rement 
I  m ea s u r ed  t he p er f o r m a n c e o f  t he ex a m p l e p r o g r a m s  o n  ea c h t a r g et  a r c hi t ec t u r e.   Tw o  
m ea s u r em en t s  o f  p er f o r m a n c e a r e o f  i n t er es t :  t he i n s t r u c t i o n  c o u n t  a n d  t he ex ec u t i o n  s p eed .    

The i n s t r u c t i o n  c o u n t  w a s  d et er m i n ed  b y  a d d i n g  t he n u m b er  o f  i n s t r u c t i o n s  i n  t he a s s em b l y  
o u t p u t  o f  t he ex a m p l es  f o r  ea c h t a r g et .   W hen  t her e w er e l o o p s ,  t he l o o p  i n s t r u c t i o n  c o u n t  o f  
t he l o o p  w a s  m u l t i p l i ed  b y  t he n u m b er  o f  l o o p  i t er a t i o n s .    I n  t he c a s es  o f  L � -D i s t a n c e w i t h 
s ho r t c u t  p a t hs ,  t he n u m b er  o f  i t er a t i o n s  d ep en d s  o n  t he i n p u t  d a t a .   I  d i d  n o t  m ea s u r e 
i n s t r u c t i o n  c o u n t s  f o r  t hes e c a s es .  

The ex ec u t i o n  s p eed  o f  t he ex a m p l e p r o g r a m s  w a s  m ea s u r ed  i n  t he c o n t ex t  o f  a n  M P E G 2  
en c o d er  m o d el  p r o c es s i n g  r ea l  i n p u t  i m a g es .   The M M M  ex a m p l e p r o g r a m s  r ep l a c ed  
eq u i v a l en t  f u n c t i o n s  i n  t he M P E G 2  m o d el ,  a n d  l o o p s  w er e a d d ed  a r o u n d  t hem .   The l o o p s  
i t er a t e t ho u s a n d s  o f  t i m es  t hr o u g h t he s a m e f u n c t i o n s .   Thi s  hel p s  i m p r o v e m ea s u r em en t  
a c c u r a c y ,  a n d  m i n i m i z e t he ef f ec t  o f  c a c he m i s s es  o n  t he f u n c t i o n  c a l l s .   I  t i m ed  t he w ho l e 
l o o p s  u s i n g  hi g h-p r ec i s i o n  t i m er s  w hen  a v a i l a b l e,  a n d  c o m p u t ed  t he a v er a g e t i m e p er  c a l l  t o  
ea c h ex a m p l e f u n c t i o n .   O n  Tr i M ed i a  I  u s ed  a  ha r d w a r e c y c l e c o u n t er  t o  t i m e t he p r o g r a m s .   
O n  I n t el  a r c hi t ec t u r es  I  u s ed  m u l t i m ed i a  t i m er s ,  w hi c h a r e c y c l e-a c c u r a t e.   O n  Al t i V ec  I  u s ed  
s y s t em  t i m er s ,  w hi c h a r e n o t  a s  p r ec i s e,  b u t  I  c o m p en s a t ed  b y  i n c r ea s i n g  t he l o o p  r ep et i t i o n s .    

The p er f o r m a n c e o f  M M M  p r o g r a m s  w a s  c o m p a r ed  t o  t he ha n d -o p t i m i z ed  v er s i o n s  f o r  ea c h 
t a r g et ,  w hen  a v a i l a b l e.   Thi s  i n d i c a t es  ho w  m u c h p er f o r m a n c e i s  l o s t  i n  o r d er  t o  o b t a i n  
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p o r t a b i l i t y  w i t h M M M .   The p er f o r m a n c e o f  t he M M M  ex a m p l es  w a s  a l s o  c o m p a r ed  w i t h t ha t  
o f  s c a l a r  i m p l em en t a t i o n s .   Thi s  s ho w s  a  m ea s u r em en t  o f  t he s p eed u p  t ha t  c a n  b e o b t a i n ed  b y  
u s i n g  o n l y  p o r t a b l e c o n s t r u c t s .  

An o t her  i n t er es t i n g  ex p er i m en t  w a s  t o  c o m p a r e t he p o r t a b l e o p t i m i z ed  v er s i o n  o f  a n  ex a m p l e 
p r o g r a m  w i t h a  n o n -p o r t a b l e o p t i m i z ed  v er s i o n  o f  t he s a m e a l g o r i t hm .   Thi s  t el l s  ho w  m u c h 
p er f o r m a n c e i s  l o s t  b y  u s i n g  o n l y  p o r t a b l e v i r t u a l  i n s t r u c t i o n s ,  a n d  n o t  b y  t he d i f f er en c e i n  
a l g o r i t hm s .   I n  o r d er  t o  d o  t hi s ,  I  a t t em p t ed  t o  f u r t her  o p t i m i z e t he M M M  ex a m p l es  b y  u s i n g  
n o n -p o r t a b l e i n s t r u c t i o n s  a v a i l a b l e o n  ea c h t a r g et  a r c hi t ec t u r e.  Al l  t he p er f o r m a n c e 
m ea s u r em en t s  a r e s ho w n  i n  Cha p t er  6 .  

3.3 S u mmary 

I n  o r d er  t o  v a l i d a t e M M M  a s  a  s o l u t i o n  t o  t he p r o b l em  o f  p o r t a b i l i t y  o f  o p t i m i z ed  p r o g r a m s ,  I  
c ho s e f o u r  d i s t i n c t  t a r g et  a r c hi t ec t u r es ,  s t u d i ed  t hei r  i n s t r u c t i o n  s et s ,  d es i g n ed  a  c o m m o n  
v i r t u a l  i n s t r u c t i o n  s et ,  a n d  i m p l em en t ed  i t  a s  M M M  l i b r a r i es  f o r  a l l  t he t a r g et s .   Then  I  s el ec t ed  
t hr ee ex a m p l e m u l t i m ed i a  p r o g r a m s ,  s t u d i ed  ha n d -o p t i m i z ed  i m p l em en t a t i o n s  o f  t hem  f o r  t he 
d i f f er en t  t a r g et s ,  s el ec t ed  a  p o r t a b l e a l g o r i t hm  f o r  ea c h,  a n d  i m p l em en t ed  t hem  u s i n g  M M M .   I  
ex p er i m en t ed  w i t h v a r i a t i o n s  o f  t he p r o g r a m s  u n t i l  I  o b t a i n ed  a  s i n g l e v er s i o n  o f  ea c h t ha t  
p er f o r m s  w el l  o n  a l l  t a r g et s .   I  m ea s u r ed  t he p er f o r m a n c e a s  ex ec u t i o n  t i m es  a n d  i n s t r u c t i o n  
c o u n t s .  The n ex t  t hr ee c ha p t er s  p r es en t  t he r es u l t s  o f  t he s t ep s  d es c r i b ed  a b o v e.   Thi s  i n c l u d es  
t he d es i g n  o f  t he c o m m o n  v i r t u a l  i n s t r u c t i o n  s et ,  t he d es i g n  o f  t he M M M  ex a m p l es ,  a n d  t he 
p er f o r m a n c e m ea s u r em en t s .  
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CO M M O N  V I R TU AL I N STR U CTI O N  SE T 

Thi s  c ha p t er  d i s c u s s es  t he d es i g n  o f  a  c o m m o n  v i r t u a l  i n s t r u c t i o n  s et .   Thr o u g h a n a l y s i s  o f  t he 
i n s t r u c t i o n  s et s  o f  t he f o u r  t a r g et  a r c hi t ec t u r es ,  I  p r o d u c ed  a  s et  o f  i n s t r u c t i o n s  t ha t  m a p  
ef f i c i en t l y  t o  a l l  t a r g et s .   Thi s  i n s t r u c t i o n  s et  i s  v a l i d  o n l y  f o r  t hes e f o u r  s p ec i f i c  t a r g et s ,  b u t  t he 
a p p r o a c h i s  v a l i d  f o r  a n y  o t her  s et  o f  a r c hi t ec t u r es .   The c o m m o n  s et  s u p p o r t s  1 2 8-b i t  v ec t o r s  
d i v i d ed  i n t o  8,  1 6  a n d  3 2 -b i t  i n t eg er ,  a n d  i n t o  3 2 -b i t  f l o a t i n g -p o i n t  p a r t i t i o n s .   E v en  t ho u g h 
SSE 2  s u p p o r t s  6 4 -b i t  i n t eg er  a n d  f l o a t i n g -p o i n t  p a r t i t i o n s ,  t hey  a r e n o t  c o m m o n l y  u s ed  b y  
m u l t i m ed i a  p r o g r a m s .   I t  i s  p o s s i b l e t o  em u l a t e t hem  o n  t he o t her  a r c hi t ec t u r es  i f  n eed  a r i s es ,  
b u t  w i l l  b e l ef t  o u t  o f  t he i n i t i a l  c o m m o n  i n s t r u c t i o n  s et .   V ec t o r s  s ho r t er  t ha n  1 2 8 b i t s  a r e n o t  
s u p p o r t ed  a t  t hi s  t i m e b ec a u s e t hey  m a p  s u b -o p t i m a l l y  t o  a r c hi t ec t u r es  w i t h 1 2 8-b i t  r eg i s t er s .   
F o r  b es t  p er f o r m a n c e i t  i s  i m p o r t a n t  t ha t  t he p o r t a b l e p r o g r a m s  u s e v ec t o r s  a s  l o n g  a s  t he 
l o n g es t  r eg i s t er s  i n  t he s et  o f  t a r g et  a r c hi t ec t u r es .  

The v i r t u a l  i n s t r u c t i o n  s et  i m p l em en t s  p a r a l l el  o p er a t i o n s  t ha t  a r e s u p p o r t ed  o r  c a n  b e 
em u l a t ed  ea s i l y  o n  a l l  t he t a r g et s .   The f o l l o w i n g  s ec t i o n s  g i v e a n  o v er v i ew  o f  t he c o m m o n  
o p er a t i o n s  s u p p o r t ed  g r o u p ed  b y  t y p e,  w i t h em p ha s i s  o n  t he s t r a t eg i es  u s ed  t o  em u l a t e 
i n s t r u c t i o n s  w hen  r eq u i r ed .   Ap p en d i x  A s ho w s  t he c o m p l et e c o m m o n  v i r t u a l  i n s t r u c t i o n  s et ,  
a n d  t he m a p p i n g  o f  ea c h m a c r o  i n t o  i n t r i n s i c s  f o r  ea c h t a r g et .   
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4 .1  V ector D eclarations 

M M M  m a c r o s  p r o v i d e a  u n i q u e i n t er f a c e t o  v ec t o r  d ec l a r a t i o n s  i n  d i f f er en t  a r c hi t ec t u r es .   The 
d ef i n i t i o n  o f  t he m a c r o s  f o r  ea c h t a r g et  f o l l o w s  t he p a r t i c u l a r  s t y l e o f  ea c h.   O n  Al t i V ec  i t  u s es  
t he vector a t t r i b u t e o f  b a s i c  t y p es :  

#define� DECLARE_I16x8(var)� \�
� � � � vector� INT16� var;�

w her e INT16 i s  d ef i n ed  a s  a  s ho r t  s i g n ed  i n t eg er .    O n  SSE 2 ,  v ec t o r s  a r e d ec l a r ed  u s i n g  t he 
_m128 t y p es :  

#define� DECLARE_I16x8(var)� \�
� � � � __m128i� var;�

F o r  M M X  a n d  SSE ,  i n t eg er  v ec t o r s  a r e 6 4 -b i t  l o n g ,  s o  t w o  a r e n ec es s a r y  t o  s i m u l a t e a  1 2 8-b i t  
v ec t o r :  

#define� DECLARE_I16x8(var)� \�
� � � � __m64� var##_0;� � � � � � � � � \�
� � � � __m64� var##_1;�

I n  t he c a s e o f  Tr i M ed i a ,  f o u r  3 2 -b i t  v a r i a b l es  a r e n eed ed  t o  d ec l a r e a  1 2 8-b i t  v ec t o r :  

#define� DECLARE_I16x8(var)� \�
� � � � int� var##_0;� \�
� � � � int� var##_1;� \�
� � � � int� var##_2;� \�
� � � � int� var##_3;�

A d i f f er en t  M M M  d ec l a r a t i o n  m a c r o  i s  r eq u i r ed  f o r  ev er y  p a r t i t i o n  t y p e.   Ta b l e 4 . 1  s ho w s  a l l  
t he M M M  v ec t o r  d ec l a r a t i o n  m a c r o s  s u p p o r t ed .  
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 Ta b l e 4 . 1  
 M M M  v ec t o r  d ec l a r a t i o n s  

P a r t i t i o n  Ty p e M M M  M a c r o  N a m e 
8-b i t  s i g n ed  i n t eg er  DECLARE_I8x16�

8-b i t  u n s i g n ed  i n t eg er  DECLARE_U8x16�

1 6 -b i t  s i g n ed  i n t eg er  DECLARE_I16x8�

1 6 -b i t  u n s i g n ed  i n t eg er  DECLARE_U16x8�

3 2 -b i t  s i g n ed  i n t eg er  DECLARE_I32x4�

3 2 -b i t  u n s i g n ed  i n t eg er  DECLARE_U32x4�

3 2 -b i t  f l o a t i n g -p o i n t  DECLARE_F32x4�

 
An o t her  i m p o r t a n t  f u n c t i o n  i s  t o  d ec l a r e c o n s t a n t  a r r a y s  o f  v ec t o r s .   Thes e a r e r ea l l y  m em o r y  
b u f f er s  t ha t  a r e s t a t i c a l l y  i n i t i a l i z ed ,  b u t  w i t h g u a r a n t eed  a l i g n m en t .   Co n s t a n t  a r r a y s  o f  v ec t o r s  
a r e u s ef u l  t o  d ec l a r e l a r g e s et s  o f  c o n s t a n t s  t ha t  c a n  l a t er  b e l o a d ed  i n t o  v ec t o r s  w hen  n eed ed .    
D ec l a r a t i o n  o f  a r r a y s  o f  v ec t o r s  i s  d o n e s l i g ht l y  d i f f er en t  o n  ea c h a r c hi t ec t u r e.   F o r  ex a m p l e,  a  
m a c r o  t o  d ec l a r e a n  a r r a y  o f  4  3 2 x 4  v ec t o r s  o n  Al t i V ec  i s :  

#define� DECLARE_CONST_I32x4x4(var,� c11,� c12,� c13,� c14,� � � � � � � � � � \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c21,� c22,� c23,� c24,� � � � � � � � � � \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c31,� c32,� c33,� c34,� � � � � � � � � � \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c41,� c42,� c43,� c44)� � � � � � � � � � \�
� � � � vector� INT32� var[4]� =� {(vector� INT32)� (c11,� c12,� c13,� c14),� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � (vector� INT32)� (c21,� c22,� c23,� c24),� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � (vector� INT32)� (c31,� c32,� c33,� c34),� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � (vector� INT32)� (c41,� c42,� c43,� c44)};�

The p a r a m et er  var i s  t he n a m e o f  t he a r r a y .   N o t e t ha t  t he a s s i g n m en t  u s es  v ec t o r  l i t er a l s .   
U s i n g  t he v ec t o r  q u a l i f i er  i n  t he d ec l a r a t i o n  g u a r a n t ees  1 6 -b y t e a l i g n m en t .   I n d i v i d u a l  c o n s t a n t  
v ec t o r s  c a n  b e a c c es s ed  b y  i n d ex i n g  i n t o  t he a r r a y :  

DECLARE_CONST_I32x4x2(A,� 1,� 1,� 1,� 1,� 2,� 2,� 2,� 2);�
DECLARE_I32x4� B;�

B� =� A[1];�
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The f i r s t  l i n e i n  t hi s  ex a m p l e d ec l a r es  a  c o n s t a n t  a r r a y  o f  v ec t o r s  c a l l ed  A,  a n d  i n i t i a l i z es  i t  t o  
c o n s t a n t  v a l u es .   Then  t he v ec t o r  B l o a d s  t he s ec o n d  v ec t o r  o f  t he a r r a y  A,  w hi c h w a s  s et  t o   
[ 2  2  2  2 ] .   Co n s t a n t  a r r a y s  o f  v ec t o r s  o n  M M X ,  SSE  a n d  SSE 2  a r e d ec l a r ed  a s  a  t w o -
d i m en s i o n a l  a r r a y  o f  s c a l a r s .   U s i n g  t he q u a l i f i er   __declspec(align(16)) g u a r a n t ees  t he 
a l i g n m en t :  

#define� DECLARE_CONST_I32x4x4(var,� c11,� c12,� c13,� c14� � � � � � � � � � � � \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c21,� c22,� c23,� c24� � � � � � � � � � � � \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c31,� c32,� c33,� c34� � � � � � � � � � � � \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c41,� c42,� c43,� c44)� � � � � � � � � � � \�
� � � � __declspec(align(16))� INT32� var[4][4]� =� {c11,� c12,� c13,� c14,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c21,� c22,� c23,� c24,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c31,� c32,� c33,� c34,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c41,� c42,� c43,� c44};�

O n  Tr i M ed i a  t her e i s  n o  c o n s t r u c t  t o  f o r c e 1 6 -b y t e a l i g n m en t  o f  s t a t i c  v a r i a b l es .    H o w ev er ,  
t her e i s  a l s o  n o  r eq u i r em en t  t ha t  c o n s t a n t  v ec t o r s  a r e 1 6 -b y t e a l i g n ed ,  o n l y  t ha t  t hey  a r e 4 -b y t e 
a l i g n ed ,  w hi c h i s  t he d ef a u l t  a l i g n m en t  o f  a l l  s t a t i c  v a r i a b l es .    

M M M  n eed s  t o  k n o w  t he s i z e o f  t he c o n s t a n t  a r r a y  a t  c o m p i l e t i m e,  a n d  i t  i s  i m p r a c t i c a l  t o  
ha v e d i f f er en t  m a c r o s  f o r  a l l  p o s s i b l e a r r a y  s i z es .   F o r  t hi s  r ea s o n ,  M M M  i m p l em en t s  o n l y  t he 
s i z es  r eq u i r ed  b y  t he ex a m p l e p r o g r a m s .   A m o r e g en er a l  s o l u t i o n  i s  d i s c u s s ed  i n  Cha p t er  7  a s  
f u t u r e w o r k .  

4 .2 S et Instru ctions 

Thes e i n s t r u c t i o n s  a l l o w  p r o g r a m s  t o  s et  t he v a l u es  o f  v ec t o r  el em en t s  t o  s p ec i f i ed  v a l u es .   
They  a r e i m p l em en t ed  i n  Al t i V ec  u s i n g  v ec t o r  l i t er a l s :  

#define� SET_I16x8(dst,� c1,� c2,� c3,� c4,� c5,� c6,� c7,� c8)� \�
� � � � dst� =� (vector� INT16)� (c1,� c2,� c3,� c4,� c5,� c6,� c7,� c8);�
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O n  M M X ,  SSE  a n d  SSE 2  t her e a r e i n t r i n s i c s  f o r  t hi s  p u r p o s e.   F o r  ex a m p l e,  i n  SSE 2 :  

#define� SET_I16x8(var,� c1,� c2,� c3,� c4,� c5,� c6,� c7,� c8)� \�
� � � � var� =� _mm_set_epi16(c1,� c2,� c3,� c4,� c5,� c6,� c7,� c8);�

O n  Tr i M ed i a  i t  u s es  a s s i g n m en t  f o r  3 2 -b i t  el em en t s ,  a n d  p a c k i n g  w i t h shifts  a n d  ors  f o r  
s m a l l er  p a r t i t i o n s :  

#define� SET_I16x8(dst,� c1,� c2,� c3,� c4,� c5,� c6,� c7,� c8)� \�
� � � � dst##_0� =� (c2� <<� 16)� |� c1;� \�
� � � � dst##_1� =� (c4� <<� 16)� |� c3;� \�
� � � � dst##_2� =� (c6� <<� 16)� |� c5;� \�
� � � � dst##_3� =� (c8� <<� 16)� |� c7;�

I f  t he SET m a c r o  i s  u s ed  w i t h c o n s t a n t  a r g u m en t s ,  t hen  t hes e shifts  a n d  ors  a r e el i m i n a t ed  
t hr o u g h c o n s t a n t  p r o p a g a t i o n  b y  t he v en d o r  c o m p i l er .   A s p ec i a l  c a s e i s  w hen  a l l  el em en t s  a r e 
t o  b e s et  t o  t he s a m e v a l u e.   I n  t hi s  c a s e t he i m p l em en t a t i o n  i s  f a s t er  b y  u s i n g  a s s i g n m en t :  

#define� SET1_I16x8(var,� c)� \�
� � � � var##_0� =� var##_1� =� var##_2� =� var##_3� =� (c� <<� 16)� |� c;�

Ther e a r e i n t r i n s i c s  t ha t  c a n  s et  a l l  el em en t s  o f  a  v ec t o r  t o  t he s a m e v a l u e o n  M M X ,  SSE  a n d  
SSE 2 .   O n  Al t i V ec  i t  m u s t  b e d o n e b y  u s i n g  v ec t o r  l i t er a l s .   An o t her  s p ec i a l  c a s e i s  w hen  a l l  
el em en t s  a r e t o  b e s et  t o  z er o ,  w hi c h i s  i m p l em en t ed  m o r e ef f i c i en t l y  i n  M M X ,  SSE  a n d  SSE 2  
b y  u s i n g  xor.    

An o t her  o p er a t i o n  t ha t  f a l l s  i n  t hi s  g r o u p  i s  v ec t o r  c o p y .    Si n c e v ec t o r s  m a y  b e r ep r es en t ed  b y  
s ev er a l  v a r i a b l es ,  a  m a c r o  i s  r eq u i r ed  t o  c o p y  o n e v ec t o r  t o  a n o t her .   Ta b l e 4 . 2  s u m m a r i z es  t he 
s u p p o r t ed  s et  m a c r o s .  
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Ta b l e 4 . 2  
M M M  s et  i n s t r u c t i o n s   
 
M M M  M a c r o  
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SET� Set  ea c h el em en t  √ √ √ √ √ √ √ 
SET1� Set  a l l  el em en t s  t o  t he s a m e v a l u e √ √ √ √ √ √ √ 
CLEAR� Set  a l l  el em en t s  t o  z er o  √ √ √ √ √ √ √ 
COPY� Co p y  o n e v ec t o r  t o  a n o t her  √ √ √ √ √ √ √ 

4 .3 L oad  and  S tore Instru ctions 

Ther e a r e s ep a r a t e M M M  m a c r o s  f o r  l o a d i n g  a n d  s t o r i n g  v ec t o r s  t o  1 6 -b y t e a l i g n ed  a n d  
u n a l i g n ed  a d d r es s es .   Al i g n ed  l o a d s  a n d  s t o r es  a r e d o n e a s  s t r a i g ht f o r w a r d  p o i n t er  
d er ef er en c es ,  o r  t hr o u g h l o a d / s t o r e i n t r i n s i c s .   Ta b l e 4 . 3  s ho w s  t he d ef i n i t i o n  o f  a n  aligned-
load m a c r o  o n  a l l  t a r g et s :  

Ta b l e 4 . 3  
I m p l em en t a t i o n s  o f  v ec t o r  l o a d  m a c r o  o n  a l l  t a r g et s  
Al t i V ec  #define� LOAD_A_I16x8(var,� ptr)� \�

� � � � var� =� vec_ld(0,� (vector� INT16� *)� (ptr));�

SSE 2  #define� LOAD_A_I16x8(var,� ptr)� \�
� � � � var� =� _mm_load_si128((__m128i� *)� (ptr));�

M M X + SSE  #define� LOAD_A_I16x8(var,� ptr)� \�
� � � � var##_0� =� *((__m64� *)� (ptr));� \�
� � � � var##_1� =� *(((__m64� *)� (ptr))+1);�

Tr i M ed i a  #define� LOAD_A_I16x8(var,� ptr)� \�
� � � � var##_0� =� *((int� *)� (ptr));� \�
� � � � var##_1� =� *(((int� *)� (ptr))+1);� \�
� � � � var##_2� =� *(((int� *)� (ptr))+2);� \�
� � � � var##_3� =� *(((int� *)� (ptr))+3);�

M u l t i p l e l o a d s  a r e r eq u i r ed  i n  Tr i M ed i a  a n d  M M X + SSE ,  b ec a u s e t he r eg i s t er s  a r e s m a l l er  t ha n  
1 2 8 b i t s .   E v en  t ho u g h l o a d i n g  a n d  s t o r i n g  i s  i n d ep en d en t  o f  t he p a r t i t i o n  s i z e,  d i f f er en t  
m a c r o s  a r e r eq u i r ed  f o r  ea c h v ec t o r  t y p e b ec a u s e o f  t y p e c hec k i n g  r eq u i r em en t s  i n  Al t i V ec .   
Al s o ,  f l o a t i n g -p o i n t  v ec t o r  l o a d s / s t o r es  u s e d i f f er en t  i n t r i n s i c s  i n  SSE  a n d  SSE 2 .  
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U n a l i g n ed  l o a d s / s t o r es  f o r  i n t eg er  v ec t o r s  a r e t he s a m e a s  a l i g n ed  o n es  i n  M M X + SSE ,  b u t  
d i f f er en t  f o r  f l o a t i n g -p o i n t  v ec t o r s .   Ther e a r e d i f f er en t  i n t r i n s i c s  f o r  a l i g n ed  a n d  u n a l i g n ed  
l o a d s / s t o r es  f o r  f l o a t i n g -p o i n t  v ec t o r s  i n  SSE ,  a n d  f o r  b o t h i n t eg er  a n d  f l o a t i n g -p o i n t  v ec t o r s  
i n  SSE 2 .   I n  Al t i V ec  i t  i s  n ec es s a r y  t o  p er f o r m  t w o  a l i g n ed  l o a d s ,  a n d  r e-a l i g n  t he d a t a  u s i n g  
p er m u t a t i o n .   The p er m u t a t i o n  v ec t o r  m u s t  b e c o m p u t ed  s ep a r a t el y ,  b u t  c a n  b e r eu s ed  f o r  r e-
a l i g n i n g  m u l t i p l e i n p u t  v ec t o r s  ( i . e.  m u l t i p l e r o w s  o f  a  m a t r i x  t ha t  ha v e t he s a m e a l i g n m en t ) .   
Thi s  i s  s u p p o r t ed  i n  M M M  b y  u s i n g  a  s ep a r a t e m a c r o  t o  p r ep a r e t he a l i g n m en t :  

#define� PREPARE_LOAD_ALIGNMENT(index,� ptr)� \�
� � � � mmm_align_vector##index� =� vec_lvsl(0,� ptr);�

The p er m u t a t i o n  v ec t o r  i s  s t o r ed  s t a t i c a l l y ,  a n d  c a n  b e u s ed  l a t er  b y  m u l t i p l e u n a l i g n ed  l o a d s :  

#define� LOAD_U_U8x16(var,� ptr,� index)� � � � � � � � � � � � � � � � � � � � � � � \�
� � � � var� =� vec_perm(vec_ld(0,� (vector� UINT8� *)� (ptr)),� � � � � � � \�
� � � � � � � � � � � � � � � � � � � vec_ld(0,� ((vector� UINT8� *)� (ptr))� +� 1),� \�
� � � � � � � � � � � � � � � � � � � mmm_align_vector##index);�

Ther e a r e m u l t i p l e i n s t a n c es  o f  t he p er m u t a t i o n  v ec t o r ,  a n d  a r e s el ec t ed  b y  p a s s i n g  i n  t he i n d ex  
t o  b o t h t he prepare a n d  t he load m a c r o s .   Thi s  c o n c ep t  o f  a l i g n m en t  p r ep a r a t i o n  i s  a l s o  
u s ef u l  i n  Tr i M ed i a ,  w her e u n a l i g n ed  l o a d s  a l s o  n eed  t o  b e em u l a t ed .   I n  t he c a s e o f  Tr i M ed i a ,  
t he r e-a l i g n m en t  i s  d o n e t hr o u g h shifts ,  s o  t he p r ep a r a t i o n  m a c r o  r ec o r d s  t he s hi f t  a m o u n t s  
t ha t  w i l l  b e r eq u i r ed  l a t er  b y  t he u n a l i g n ed  l o a d s :  

#define� PREPARE_LOAD_ALIGNMENT(index,� ptr)� � � � � � � � � � � � � � � � � � \�
� � � � mmm_shift_right_##index� =� (((int)� (ptr))� &� 0x3)<<3;� � � � � \�
� � � � mmm_shift_left_##index� =� 32� -� mmm_shift_right_##index;�

N o t e t ha t  i n  Tr i M ed i a  t he a l i g n m en t  r eq u i r em en t  i s  4  b y t es ,  a n d  n o t  1 6  l i k e i n  Al t i V ec  a n d  
SSE 2 .   Bu t  i n  o r d er  t o  ho m o g en i z e t he i n t er f a c e,  t he a l i g n m en t  r eq u i r em en t  i s  k ep t  a t  1 6  b y t es  
f o r  a l l  M M M  p r o g r a m s .    The u n a l i g n ed  l o a d s  u s e t he p r ep a r ed  s hi f t  a m o u n t s  t o  r e-a l i g n  t he 
d a t a :  
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#define� LOAD_U_U8x16(var,� ptr,� index)� � � � � � � � � � � � � � � � � � � � � � � � � � � � � \�
� � � � var##_0� =� (*(((UINT8� *)� ptr)+1)� <<� mmm_shift_left_##index)� |� � \�
� � � � � � � � � � � � � � (*(� (UINT8� *)� ptr� � � )� >>� mmm_shift_right_##index);� � \�
� � � � var##_1� =� (*(((UINT8� *)� ptr)+2)� <<� mmm_shift_left_##index)� |� � \�
� � � � � � � � � � � � � � (*(((UINT8� *)� ptr)+1)� >>� mmm_shift_right_##index);� � \�
� � � � var##_2� =� (*(((UINT8� *)� ptr)+3)� <<� mmm_shift_left_##index)� |� � \�
� � � � � � � � � � � � � � (*(((UINT8� *)� ptr)+2)� >>� mmm_shift_right_##index);� � \�
� � � � var##_3� =� (*(((UINT8� *)� ptr)+4)� <<� mmm_shift_left_##index)� |� � \�
� � � � � � � � � � � � � � (*(((UINT8� *)� ptr)+3)� >>� mmm_shift_right_##index);�
�

I  ha v e a l s o  d ef i n ed  a  s p ec i a l  load-adjacent m a c r o  t ha t  l o a d s  t w o  o v er l a p p i n g  v ec t o r s  w i t h 
o n e b y t e o f f s et  b et w een  t hem .   Thi s  i s  u s ed  i n  o n e o f  t he ex a m p l e p r o g r a m s  t o  i n t er p o l a t e 
a d j a c en t  v ec t o r s .   Thi s  o p er a t i o n  i s  i m p l em en t ed  v er y  ef f i c i en t l y  b y  a p p l y i n g  t w o  s et s  o f  r e-
a l i g n m en t s  t o  t he s a m e i n p u t s .   F o r  ex a m p l e,  i n  Al t i V ec  i t  i s  d o n e b y  u s i n g  t w o  p er m u t a t i o n s  
o n  t he s a m e i n p u t s :  

#define� LOAD_ADJ_U8x16(var1,� var2,� ptr,� index1,� index2)� \�
� � � � var1� =� vec_perm(vec_ld(0,� (vector� UINT8� *)� (ptr)),� � � � � � � \�
� � � � � � � � � � � � � � � � � � � � vec_ld(0,� ((vector� UINT8� *)� (ptr))� +� 1),� \�
� � � � � � � � � � � � � � � � � � � � mmm_align_vector##index1);� � � � � � � � � � � � � � � \�
� � � � var2� =� vec_perm(vec_ld(0,� (vector� UINT8� *)� (ptr)),� � � � � � � \�
� � � � � � � � � � � � � � � � � � � � vec_ld(0,� ((vector� UINT8� *)� (ptr))� +� 1),� \�
� � � � � � � � � � � � � � � � � � � � mmm_align_vector##index2);�

The c o m p i l er  k eep s  t he l o a d ed  i n p u t s  i n  r eg i s t er s  a n d  r eu s es  t hem  i n  t he s ec o n d  p er m u t a t i o n .   
An o t her  u s ef u l  o p er a t i o n  i s  a  masked-store.   Thi s  o p er a t i o n  u s es  a  v ec t o r  a s  a  m a s k  t o  
s t o r ed  el em en t s .   Ther e a r e i n t r i n s i c s  t ha t  d i r ec t l y  s u p p o r t  t hi s  f o r  8-b i t  p a r t i t i o n s  i n  M M X ,  
SSE  a n d  SSE 2 ,  a n d  c a n  b e em u l a t ed  ea s i l y  o n  t he o t her  p l a t f o r m s  b y  d o i n g  a  load,  a  b i t -w i s e 
select a n d  a  store.   Al l  t he d i f f er en t  l o a d  a n d  s t o r e i n s t r u c t i o n s  a r e s ho w n  i n  Ta b l e 4 . 4 .   
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Ta b l e 4 . 4  
M M M  l o a d  a n d  s t o r e i n s t r u c t i o n s   
 
M M M  M a c r o  
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LOAD_A� Lo a d  a l i g n ed  √ √ √ √ √ √ √ 
STORE_A� St o r e a l i g n ed  √ √ √ √ √ √ √ 
PREPARE_LOAD_ALIGNMENT� P r ep a r e u n a l i g n ed  l o a d  √ √ √ √ √ √ √ 
PREPARE_STORE_ALIGNMENT� P r ep a r e u n a l i g n ed  s t o r e √ √ √ √ √ √ √ 
LOAD_U� Lo a d  u n a l i g n ed  √ √ √ √ √ √ √ 
STORE_U� St o r e u n a l i g n ed  √ √ √ √ √ √ √ 
LOAD_ADJ� Lo a d  t w o  a d j a c en t  v ec t o r s  √ √ √ √ √ √ √ 
STORE_MASKED� Co n d i t i o n a l  s t o r e √ √      

4 .4  Rearrang ement Instru ctions 

Ther e a r e a  n u m b er  o f  i n s t r u c t i o n s  i n  t he t a r g et  i n s t r u c t i o n  s et s  t o  d ea l  w i t h d a t a  
r ea r r a n g em en t  w i t hi n  v ec t o r s ,  o r  t o  c o m b i n e d a t a  f r o m  t w o  v ec t o r s .    O n e o p er a t i o n  t ha t  i s  
w el l  s u p p o r t ed  i n  a l l  t he t a r g et s  i s  i n t er l ea v i n g  p a r t i t i o n s  o f  t w o  v ec t o r s .   Si n c e i n t er l ea v i n g  t he 
w ho l e i n p u t  v ec t o r s  w o u l d  r es u l t  i n  a  v ec t o r  t w i c e a s  l o n g ,  t he i n s t r u c t i o n s  a c t u a l l y  o p er a t e o n  
o n e ha l f  o f  ea c h i n p u t  v ec t o r .   F o r  ex a m p l e,  a n  interleave-high o p er a t i o n  o n  1 6 -b i t  
p a r t i t i o n s  c o m b i n es  t he t o p  f o u r  p a r t i t i o n s  o f  ea c h i n p u t  v ec t o r  t o  c o m p o s e a n  8-el em en t  
r es u l t  v ec t o r :  
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C 
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Si m i l a r l y ,  t her e i s  a n  interleave-low i n s t r u c t i o n .   An o t her  u s ef u l  r ea r r a n g em en t  o p er a t i o n  i s  
a  broadcast,  w her e t he v a l u e o f  a  p a r t i c u l a r  el em en t  i s  c o p i ed  t o  a l l  t he v ec t o r  el em en t s .   
Broadcast c a n  b e i m p l em en t ed  i n  SSE  a n d  SSE 2  w i t h p er m u t a t i o n  i n t r i n s i c s .   Al t i V ec  ha s  a n  
i n s t r u c t i o n  s p ec i f i c a l l y  f o r  t hi s  p u r p o s e:  vec_splat.   Tr i M ed i a  c a n  ea s i l y  d o  b r o a d c a s t s  o n  3 2 -
b i t  p a r t i t i o n s  u s i n g  a s s i g n m en t ,  b ec a u s e ea c h 3 2 -b i t  s ec t i o n  o f  t he v ec t o r  i s  r ep r es en t ed  b y  a  
d i f f er en t  v a r i a b l e,  b u t  o n  s m a l l er  p a r t i t i o n s  i t  ha s  t o  em u l a t e i t .   F o r  ex a m p l e,  t o  b r o a d c a s t  t he 
s ec o n d  1 6 -b i t  el em en t  i n  a  1 6 x 8 v ec t o r ,  i t  ha s  t o  r ep l i c a t e i t  o n c e i n t o  a  3 2 -b i t  v a r i a b l e,  a n d  
t hen  c o p y  i t  i n t o  t he o t her  3 2 -b i t  v a r i a b l es :  

#define� BROADCAST_2_I16x8(dst,� src)� \�
� � � � dst##_0� =� PACK16MSB(src##_1,� src##_1);� \�
� � � � dst##_3� =� dst##2� =� dst##_1� =� dst##_0;�

I t  i s  a l s o  p o s s i b l e t o  b r o a d c a s t  p a i r s  o f  el em en t s .   Thi s  i s  eq u i v a l en t  t o  b r o a d c a s t i n g  el em en t s  
o f  t w i c e t he s i z e,  b u t  d i f f er en t  m a c r o s  a r e r eq u i r ed  t o  s a t i s f y  t he t y p e c hec k i n g  r eq u i r em en t s  i n  
Al t i V ec .  

O t her  p er m u t a t i o n s  a r e p o s s i b l e,  b u t  n o t  a  g en er a l  p er m u t a t i o n .   Al t i V ec  d o es  ha v e g en er a l -
p u r p o s e p er m u t a t i o n  i n s t r u c t i o n s ,  c o n t r o l l ed  b y  a  p er m u t a t i o n  v ec t o r .   SSE  a n d  SSE 2  ha v e 
p er m u t a t i o n  i n t r i n s i c s  w i t h t he i n d i c es  p a s s ed  a s  i m m ed i a t e v a l u es ,  b u t  w i t h s o m e r es t r i c t i o n s :  
t hey  c a n  o p er a t e o n  1 6  a n d  3 2 -b i t  p a r t i t i o n s ,  b u t  n o t  o n  8-b i t  o n es .   Al s o ,  o n  SSE 2 ,  
p er m u t a t i o n  o f  1 6 -b i t  p a r t i t i o n s  i s  r es t r i c t ed  t o  o n e ha l f  o f  t he v ec t o r ,  i . e.  t he d es t i n a t i o n  o f  
ea c h el em en t  m u s t  b e i n  t he s a m e ha l f  o f  t he v ec t o r  a s  t he s o u r c e.   W i t h t hes e r es t r i c t i o n s  i t  i s  
n o t  p o s s i b l e t o  ha v e a  g en er a l -p u r p o s e p er m u t a t i o n  o p er a t i o n  i n  M M M .    A p r e-c o m p i l er  
m i g ht  b e a b l e t o  em u l a t e a r b i t r a r y  p er m u t a t i o n s ,  b u t  t ha t  i s  o u t s i d e t he s c o p e o f  M M M ;  s u c h a  
s y s t em  i s  p r o p o s ed  a s  f u t u r e w o r k  i n  Cha p t er  7 .   F o r  t hi s  r es ea r c h,  I  i m p l em en t ed  o n l y  s p ec i f i c  
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p er m u t a t i o n s  t ha t  a r e r eq u i r ed  b y  t he ex a m p l e p r o g r a m s .   The l i s t  o f  s u p p o r t ed  r ea r r a n g em en t  
i n s t r u c t i o n s  i s  s ho w n  b el o w  i n  Ta b l e 4 . 5.    

Ta b l e 4 . 5 
M M M  r ea r r a n g em en t  i n s t r u c t i o n s   
 
M M M  M a c r o  
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INTERLEAVE_H� I n t er l ea v e hi g h ha l v es  √ √ √ √ √ √ √ 
INTERLEAVE_L� I n t er l ea v e l o w  ha l v es   √ √ √ √ √ √ √ 
BROADCAST_x� Br o a d c a s t  x �

�  el em en t   √ √ √ √ √ √ √ 
BROADCAST_PAIR_x� Br o a d c a s t  x �

�  p a i r  o f  el em en t s   √ √ √ √ √ √ √ 
PERMUTE_02134657� Sp ec i f i c  p er m u t a t i o n    √ √    
PERMUTE_01237654� Sp ec i f i c  p er m u t a t i o n    √ √    

4 .5 C onv ersion Instru ctions 

Thi s  s ec t i o n  g r o u p s  s ev er a l  i n s t r u c t i o n s  t ha t  p er f o r m  t y p e c o n v er s i o n s .   Ther e a r e i n s t r u c t i o n s  
t o  c o n v er t  b et w een  v ec t o r  a n d  s c a l a r  v a r i a b l es ,  b et w een  i n t eg er  a n d  f l o a t i n g -p o i n t ,  a n d  t o  
r ed u c e o r  ex p a n d  t he p r ec i s i o n  o f  t he p a r t i t i o n s .  

V ec t o r s  i n  Tr i M ed i a  a r e r ep r es en t ed  b y  s c a l a r  v a r i a b l es ,  s o  t he c o n v er s i o n  b et w een  t hem  i s  
t r i v i a l .   Thi s  i s  n o t  s o  i n  t he o t her  a r c hi t ec t u r es ,  w her e v ec t o r s  a r e hel d  i n  d i f f er en t  r eg i s t er s  a s  
s c a l a r s ,  s o  s p ec i a l  i n t r i n s i c s  ha v e t o  b e u s ed  t o  c o n v er t  b et w een  t hem .   Sc a l a r  t o  v ec t o r  
c o n v er s i o n s  s t o r e t he v a l u e o f  t he s c a l a r  v a r i a b l e i n t o  t he l o w es t  el em en t  o f  t he v ec t o r .   The 
o p p o s i t e ha p p en s  i n  v ec t o r -t o -s c a l a r  c o n v er s i o n s .  The c o n v er s i o n  p r o c es s  i s  es p ec i a l l y  
c o m p l i c a t ed  i n  Al t i V ec ;  o n e m u s t  s t o r e a  s i n g l e el em en t  o f  t he v ec t o r  i n t o  t he a d d r es s  o f  t he 
s c a l a r  v a r i a b l e,  b u t  t he a d d r es s  o f  t he s c a l a r  v a r i a b l e i s  r eq u i r ed  t o  m a t c h t he a l i g n m en t  o f  t he 
v ec t o r  el em en t .   Si n c e t he a l i g n m en t  o f  t he s c a l a r  v a r i a b l e i s  n o t  k n o w n ,  t he s o l u t i o n  i s  t o  
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b r o a d c a s t  t he l o w es t  el em en t  t o  t he w ho l e v ec t o r ,  a n d  t hen  s t o r e w hi c hev er  el em en t  m a t c hes  
t he a l i g n m en t :  

#define� CVT_U32_U32x4(dst,� src)� \�
� � � � vec_ste(vec_splat(src,� 3),� 0,� &dst);�

Pack i n s t r u c t i o n s  a r e u s ed  t o  r ed u c e t he p r ec i s i o n  o f  t he v ec t o r  el em en t s .   Thi s  i n s t r u c t i o n  
c o m b i n es  t w o  i n p u t  v ec t o r s  i n t o  o n e.   The l o w er  ha l f  o f  ea c h el em en t  i n  t he f i r s t  v ec t o r  i s  
p a c k ed  t o g et her  w i t h t he l o w er  ha l f  o f  ea c h el em en t  i n  t he s ec o n d  v ec t o r ,  t o  p r o d u c e a  v ec t o r  
w i t h t w i c e a s  m a n y  p a r t i t i o n s  a s  ea c h i n p u t  v ec t o r :  

 

 

Thi s  o p er a t i o n  c a n  b e d o n e w i t h t r u n c a t i o n ,  o r  w i t h s a t u r a t i o n .   A truncating-pack i g n o r es  
t he t o p  ha l f  o f  ea c h el em en t .   A saturating-pack c l i p s  t he f u l l -p r ec i s i o n  v a l u e b ef o r e 
p a c k i n g .   SSE ,  SSE 2  a n d  Al t i V ec  s u p p o r t  pack i n s t r u c t i o n s  o n l y  w i t h s a t u r a t i o n ,  a n d  Tr i M ed i a  
s u p p o r t s  t hem  o n l y  w i t h t r u n c a t i o n .   O n e c a n  em u l a t e t r u n c a t i o n  b y  m a s k i n g -o u t  t he u p p er  
ha l f  o f  ea c h el em en t  p r i o r  t o  r u n n i n g  a  saturating-pack.   O n  Tr i M ed i a  o n e c a n  em u l a t e a  
saturating-pack b y  c l i p p i n g  t he i n p u t s  p r i o r  t o  t he truncating-pack.   I f  t he i n p u t s  a r e 
k n o w n  n o t  t o  ex c eed  t he l o w er  ha l f ,  o n e c o u l d  u s e ei t her  t y p e o f  p a c k .   F o r  t hes e c a s es ,  M M M  
d ef i n es  p a c k  i n s t r u c t i o n s  w i t h u n s p ec i f i ed  r ed u c t i o n  t y p e.   

The o p p o s i t e o p er a t i o n  i s  extend,  w her e p a r t i t i o n s  a r e ex t en d ed  t o  p a r t i t i o n s  w i t h t w i c e t he 
p r ec i s i o n .   Si g n ed  p a r t i t i o n s  a r e ex t en d ed  w i t h s i g n -ex t en s i o n ,  w hi l e u n s i g n ed  p a r t i t i o n s  a r e 
p a d d ed  w i t h z er o s .   Extend o p er a t i o n s  o p er a t e o n  o n e ha l f  o f  t he i n p u t  v ec t o r .   F o r  ex a m p l e,  

A B 

C 
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a n  extend-high o p er a t i o n  o n  a  1 6 x 4  v ec t o r  ex t en d s  t he f i r s t  t w o  el em en t s  o f  t he i n p u t  i n t o  
3 2 -b i t  p a r t i t i o n s  o f  a  3 2 x 2  v ec t o r :  

 

 

The extend-low i n s t r u c t i o n s  d o  t he s a m e b u t  o n  t he l a s t  ha l f  o f  t he i n p u t  v ec t o r .   Ta b l e 4 . 6  
l i s t s  a l l  t he c o n v er s i o n  o p er a t i o n s  s u p p o r t ed  i n  M M M .      

Ta b l e 4 . 6  
M M M  c o n v er s i o n  i n s t r u c t i o n s   
 
M M M  M a c r o  

 
D es c r i p t i o n  
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CVT_vector_scalar� Co n v er t  s c a l a r  t o  v ec t o r      √ √  
CVT_scalar_vector� Co n v er t  v ec t o r  t o  s c a l a r      √ √  
CVT_float_int� Co n v er t  i n t eg er  t o  f l o a t i n g -p o i n t      √   
CVT_int_float� Co n v er t  f l o a t i n g -p o i n t  t o  i n t eg er        √ 
PACK_T� P a c k  w i t h t r u n c a t i o n    √ √ √ √  
PACK_S� P a c k  w i t h s a t u r a t i o n    √ √ √   
PACK_N� P a c k  w i t h u n s p ec i f i ed  r ed u c t i o n    √ √ √ √  
EXTEND_H� E x t en d  hi g h ha l f  o f  v ec t o r  √ √ √ √    
EXTEND_L� E x t en d  l o w  ha l f  o f  v ec t o r  √ √ √ √    
 

A 

B ��� �����	��
��
��� ��� �����	��
 �	���
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4.6 Bit-w is e  L o g ic  I n s tr u c tio n s  

Bi t -w i s e  o p e r a t i o n s  a r e  i n d e p e n d e n t  o f  t he  p a r t i t i o n  t y p e  a n d  s i z e .   Bu t  i n  SSE  a n d  SSE 2 t he r e  
a r e  d i f f e r e n t  i n t r i n s i c s  f o r  b i t -w i s e  o p e r a t i o n s  o n  i n t e g e r  t ha n  o n  f l o a t i n g -p o i n t  v e c t o r s ,  s o  t w o  
d i f f e r e n t  m a c r o s  a r e  r e q u i r e d .   F o r  c o n s i s t e n c y ,  m a c r o s  a r e  d e f i n e d  f o r  e a c h v e c t o r  t y p e .   T he  
b a s i c  l o g i c  o p e r a t i o n s  and,  or a n d  xor a r e  s u p p o r t e d ,  a s  w e l l  a s  andn ( a n d -n o t ) .   A b i t -w i s e  
c o n d i t i o n a l  select o p e r a t i o n  u s e s  t he  b i t s  i n  o n e  v e c t o r  t o  s e l e c t  b e t w e e n  t he  c o r r e s p o n d i n g  
b i t s  o f  t w o  o t he r  i n p u t  v e c t o r s .   Al t i V e c  ha s  a n  i n t r i n s i c  o p e r a t i o n  f o r  select.   I n  t he  o t he r  
a r c hi t e c t u r e s  i t  i s  e m u l a t e d  u s i n g  and,  or a n d  andn.   F o r  e x a m p l e ,  o n  SSE 2 i t  i s  i m p l e m e n t e d  
a s : 

#define� SEL_I8x16(dst,� src1,� src2,� mask)� � � � � � � � � � � \�
� � � � dst� =� _mm_or_si128(_mm_and_si128(src1,� mask),� � \�
� � � � � � � � � � � � � � � � � � � � � � � _mm_andnot_si128(src2,� mask));�

T a b l e  4 . 7  s ho w s  a l l  t he  b i t -w i s e  l o g i c  o p e r a t i o n s  s u p p o r t e d  i n  t he  c o m m o n  v i r t u a l  i n s t r u c t i o n  
s e t .  

T a b l e  4 . 7  
MMM b i t -w i s e  l o g i c  i n s t r u c t i o n s   
 
MMM Ma c r o  
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AND� L o g i c a l  a n d  √ √ √ √ √ √ √ 
ANDN� An d -n o t  √ √ √ √ √ √ √ 
OR� L o g i c a l  o r  √ √ √ √ √ √ √ 
XOR� L o g i c a l  x o r  √ √ √ √ √ √ √ 
SEL� Bi t -w i s e  s e l e c t  √ √ √ √ √ √ √ 
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4.7  S h if t I n s tr u c tio n s  

P a r t i t i o n e d  s hi f t  i n s t r u c t i o n s  o p e r a t e  o n  e a c h s e c t i o n  o f  a  v e c t o r ,  w i t ho u t  c a r r y i n g  o v e r  t o  t he  
a d j a c e n t  o n e s .   T he  u s u a l  t y p e s  o f  s hi f t s  a r e  s u p p o r t e d : shift-left ( SLL) ,  shift-right-
logical ( SRL) ,  shift-right-arithmetic ( SRA) ,  p l u s  a  rotate-left i n s t r u c t i o n  ( ROL) .   
T he  s hi f t  a m o u n t s  c a n  b e  i m m e d i a t e  v a l u e s  o r  r u n -t i m e  v a r i a b l e s ;  d i f f e r e n t  MMM m a c r o s  e x i s t  
f o r  t he s e  t w o  c a s e s .   N o t  a l l  p a r a l l e l  s hi f t  o p e r a t i o n s  a r e  s u p p o r t e d  f o r  a l l  p a r t i t i o n  t y p e s  o n  t he  
t a r g e t  p r o c e s s o r s .   T he  o n l y  p a r t i t i o n e d  s hi f t  i n s t r u c t i o n  s u p p o r t e d  b y  T r i Me d i a  i s  shift-
right-arithmetic o n  1 6-b i t  p a r t i t i o n s .   O n l y  Al t i V e c  s u p p o r t s  p a r a l l e l  shift o n  8 -b i t  
p a r t i t i o n s .   O n e  c a n  e m u l a t e  s hi f t s  o n  s m a l l e r  p a r t i t i o n s  b y  m a s k i n g  t he  r u n -o v e r  b i t s .   F o r  
e x a m p l e ,  t o  e m u l a t e  a  shift-left i n s t r u c t i o n  o n  8 -b i t  p a r t i t i o n s  i n  T r i Me d i a ,  o n e  c a n  
c o m p u t e  r e s u l t  f o r  t he  e v e n  a n d  o d d  p a r t i t i o n s  s e p a r a t e l y  u s i n g  m a s k s  a n d  3 2-b i t  shifts ,  a n d  
t he n  c o m b i n e  t he  r e s u l t s : 

#define� SLL_I16x8(dst,� src,� amount)� � � � � � � � � � � � � � � � � � � � � � � � \�
� � � � dst##_0� =� ((src##_0� <<� amount)� &� 0x00FF00FF)� |� � � � � � � � � \�
� � � � � � � � (((src##_0� &� 0xFF00FF00)� <<� amount)� &� 0xFF00FF00);�

T he  e m u l a t i o n  c o u l d  b e  d o n e  s i m p l e r  i f  o n e  c o u l d  p r e p a r e  a  m a s k  f o r  j u s t  t he  r u n -o v e r  b i t s .   
U n f o r t u n a t e l y  i t  i s  n o t  e a s y  t o  g e n e r a t e  t he  m a s k  f o r  a r b i t r a r y  s hi f t  a m o u n t s .   F o r  s hi f t s  w i t h 
i m m e d i a t e  a m o u n t s ,  a  p r e -c o m p i l e r  w o u l d  b e  a b l e  t o  g e n e r a t e  t he  a p p r o p r i a t e  m a s k s  a n d  d o  a  
b e t t e r  e m u l a t i o n .   I  p r o p o s e  t hi s  s o l u t i o n  a s  f u t u r e  w o r k  i n  Cha p t e r  7 .   T a b l e  4 . 8  s ho w s  a l l  t he  
s hi f t  m a c r o s  s u p p o r t e d  i n  MMM.   Shi f t  i n s t r u c t i o n s  d o  n o t  a p p l y  t o  f l o a t i n g -p o i n t  v e c t o r s .  
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T a b l e  4 . 8  
MMM s hi f t  i n s t r u c t i o n s   
 
MMM Ma c r o  
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SLL� Shi f t -l e f t  l o g i c a l  √ √ √ √ √ √  
SLL_I� Shi f t -l e f t  l o g i c a l  i m m e d i a t e  √ √ √ √ √ √  
SRL� Shi f t -r i g ht  l o g i c a l  √ √ √ √ √ √  
SRL_I� Shi f t -r i g ht  l o g i c a l  i m m e d i a t e  √ √ √ √ √ √  
SRA� Shi f t -r i g ht  a r i t hm e t i c  √ √ √ √ √ √  
SRA_I� Shi f t -r i g ht  a r i t hm e t i c  i m m e d i a t e  √ √ √ √ √ √  
ROL� R o t a t e  l e f t  √ √ √ √ √ √  
ROL_I� R o t a t e  l e f t  i m m e d i a t e  √ √ √ √ √ √  
 
4.8  F l o a tin g -P o in t A r ith m e tic  I n s tr u c tio n s  

P a r a l l e l  f l o a t i n g -p o i n t  a r i t hm e t i c  i n s t r u c t i o n s  a r e  s u p p o r t e d  b y  a l l  t he  t a r g e t  a r c hi t e c t u r e s .   T he  
u s u a l  b a s i c  a r i t hm e t i c : add,  subtract,  multiply,  a n d  divide a r e  s u p p o r t e d  d i r e c t l y  o r  
t hr o u g h s i m p l e  e m u l a t i o n s .    O t he r  i n s t r u c t i o n s  s u p p o r t e d  a r e  multiply-add,  minimum,  
maximum,  reciprocal ( 1 / x ) , � a n d  square-root.   T he  l i s t  o f  s u p p o r t e d  f l o a t i n g -p o i n t  
i n s t r u c t i o n s  i s  s ho w n  i n  T a b l e  4 . 9 .    
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T a b l e  4 . 9  
MMM f l o a t i n g -p o i n t  a r i t hm e t i c  i n s t r u c t i o n s   
 
MMM Ma c r o  

 
D e s c r i p t i o n  

F
3
2
x
4
�

ADD� Ad d  √ 
SUB� Su b t r a c t  √ 
MULT� Mu l t i p l y  √ 
MULT_ADD� Mu l t i p l y -a d d  √ 
DIV� D i v i d e  √ 
MIN� Mi n i m u m  √ 
MAX� Ma x i m u m  √ 
SQRT� Sq u a r e  r o o t  √ 
REC� R e c i p r o c a l  √ 
RSQRT� R e c i p r o c a l  o f  s q u a r e  r o o t  √ 
 
4.9  I n te g e r  A r ith m e tic  I n s tr u c tio n s  

P a r a l l e l  i n t e g e r  a r i t hm e t i c  i s  m o r e  c o m p l e x  t ha n  f l o a t i n g -p o i n t  b e c a u s e  o f  p r e c i s i o n  a n d  
o v e r f l o w  i s s u e s .   I n t e g e r  a d d i t i o n s  a n d  s u b t r a c t i o n s  c a n  o v e r f l o w .   T he  s t a n d a r d  w a y  o f  
ha n d l i n g  o v e r f l o w  i s  t o  u s e  m o d u l o  a r i t hm e t i c ,  w hi c h b a s i c a l l y  i g n o r e s  t he  c a r r y  b i t .   Ma n y  
i n s t r u c t i o n  s e t s  a l s o  s u p p o r t  s a t u r a t i o n  ha n d l i n g  o f  o v e r f l o w ,  w he r e  t he  r e s u l t  u n d e r  o v e r f l o w  
i s  t he  l a r g e s t  n u m b e r  r e p r e s e n t a b l e  b y  t he  p r e c i s i o n .   N o t  a l l  t a r g e t s  s u p p o r t  b o t h t y p e s  o f  
o v e r f l o w  ha n d l i n g  o n  a l l  v e c t o r  t y p e s .   F o r  e x a m p l e ,  T r i Me d i a  s u p p o r t s  1 6-b i t  p a r a l l e l  a d d i t i o n  
w i t h s a t u r a t i o n  d i r e c t l y ,  b u t  n o t  w i t h m o d u l o .   I n  o r d e r  t o  e m u l a t e  i t ,  o n e  c a n  d o  a  3 2-b i t  
a d d i t i o n ,  b u t  p r e v e n t  a n  o v e r f l o w  f r o m  b i t  1 5  t o  b i t  1 6.   T hi s  i s  d o n e  b y  m a s k i n g  o u t  b i t  1 5  
f r o m  b o t h o p e r a n d s ,  w hi c h p r e v e n t s  a n y  o v e r f l o w ,  d o i n g  t he  3 2-b i t  a d d i t i o n ,  a n d  t he n  a d d i n g  
t he  m a s k e d  b i t s  a g a i n  u s i n g  xor: 
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#define� ADD_M_i16x8(dst,� src1,� src2)� � � � � � � � � � � � � � � � � � � � � � � � � � � � \�
� � � � dst##_0� =� (src1##_0� &� 0xFFFFEFFF)� +� (src2##_0� &� 0xFFFFEFFF)� \�
� � � � � � � � � � � � ^� (src1##_0� &� 0x00008000)� ^� (src2##_0� &� 0x00008000);\�
� � � � dst##_1� =� (src1##_1� &� 0xFFFFEFFF)� +� (src2##_1� &� 0xFFFFEFFF)� \�
� � � � � � � � � � � � ^� (src1##_1� &� 0x00008000)� ^� (src2##_1� &� 0x00008000);\�
� � � � dst##_2� =� (src1##_2� &� 0xFFFFEFFF)� +� (src2##_2� &� 0xFFFFEFFF)� \�
� � � � � � � � � � � � ^� (src1##_2� &� 0x00008000)� ^� (src2##_2� &� 0x00008000);\�
� � � � dst##_3� =� (src1##_3� &� 0xFFFFEFFF)� +� (src2##_3� &� 0xFFFFEFFF)� \�
� � � � � � � � � � � � ^� (src1##_3� &� 0x00008000)� ^� (src2##_3� &� 0x00008000);�

I t  i s  p o s s i b l e  t ha t  a n  a p p l i c a t i o n  d o e s  n o t  c a r e  a b o u t  t he  o v e r f l o w  ha n d l i n g ,  b e c a u s e  t he  r a n g e  
o f  t he  d a t a  c a n n o t  r e s u l t  i n  o v e r f l o w .   F o r  c a s e s  l i k e  t he s e ,  I  c r e a t e d  a  s e t  o f  i n s t r u c t i o n s  w i t h 
n o  s p e c i f i e d  o v e r f l o w  ha n d l i n g .   T he s e  i n s t r u c t i o n s  a r e  m a p p e d  t o  e i t he r  m o d u l o  o r  s a t u r a t i o n  
i n s t r u c t i o n s ,  o r  i n t o  i n s t r u c t i o n s  o n  l a r g e r  p a r t i t i o n s  ( i f  n o  o v e r f l o w  i s  p o s s i b l e ,  t he n  a  3 2-b i t  
a d d i t i o n  i s  e q u i v a l e n t  t o  p a r t i t i o n e d  8  o r  1 6-b i t  a d d i t i o n s ) .    

F u l l -p r e c i s i o n  i n t e g e r  p r o d u c t s  r e q u i r e  t w i c e  a s  m a n y  b i t s  a s  t he  o p e r a n d s ,  s o  t he y  d o n ’ t  f i t  i n  
t he  s a m e  t y p e  o f  v e c t o r s  a s  t he  i n p u t s .   Se v e r a l  v a r i a n t s  o f  p a r a l l e l  m u l t i p l i c a t i o n  d e a l  w i t h t hi s  
i n  d i f f e r e n t  w a y s .   O n e  w a y  i s  t o  d i s c a r d  t he  m o s t -s i g n i f i c a n t  ha l f  o f  t he  p r o d u c t ,  a n d  k e e p  t he  
l o w e r  ha l f .   I  c a l l  t hi s  multiply-low: 

 

 

 

 

Si m i l a r l y ,  a  multiply-high s t o r e s  t he  m o s t -s i g n i f i c a n t  ha l f  o f  t he  p r o d u c t ,  a n d  d i s c a r d s  t he  
l o w e r  ha l f .   MMM s u p p o r t s  multiply-high a n d  multiply-low f o r  1 6-b i t  i n t e g e r  p a r t i t i o n s  
o n l y .   T r i Me d i a  d o e s  n o t  s u p p o r t  t he m  d i r e c t l y ,  b u t  c a n  e m u l a t e  t he m  u s i n g  3 2-b i t  multiply-
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high a n d  multiply-low.   F o r  e x a m p l e ,  t o  e m u l a t e  t he  multiply-high o p e r a t i o n  o n  t he  l e f t  
ha l f  o f  a  3 2-b i t  r e g i s t e r ,  o n e  c a n  m a s k  t he  l o w e r  1 6 b i t s  a n d  u s e  a  3 2-b i t  multiply-high: 

dst_high� =� IMULM(src1##_0� &� 0xFFFF0000,� src2##_0� &� 0xFFFF0000);�

T he  r i g ht  ha l f  o f  t he  r e s u l t  c a n  b e  c o m p u t e d  w i t h multiply-low ( t he  s t a n d a r d  *  o p e r a t o r ) .   
T he  l o w e r  1 6 b i t s  o f  t he  o p e r a n d s  a r e  s i g n -e x t e n d e d  t o  3 2-b i t s  u s i n g  t he  SEX16 i n t r i n s i c : 

dsl_low� =� SEX16(src1##_0)� *� SEX16(src2##_0);�

T he  t w o  p a r t i a l  r e s u l t s  a r e  c o m b i n e d  u s i n g  t he  PACK16MSB i n s t r i n s i c  t o  f o r m  t he  p a c k e d  
multiply-high r e s u l t  o f  t he  3 2-b i t  v e c t o r .   T he  s a m e  p r o c e s s  i s  r e p e a t e d  f o r  e a c h 3 2-b i t  
s e c t i o n  i n  t he  1 28 -b i t  v e c t o r s : 

#define� MULT_H_I16x8(dst,� src1,� src2)� \�

� � � � dst##_0� =� PACK16MSB(IMULM(src1##_0� &� 0xFFFF0000,� � \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � src2##_0� &� 0xFFFF0000),� \�
� � � � � � � � � � � � � � � � � � � � � � � � SEX16(src1##_0)� *� SEX16(src2##_0));� \�

� � � � dst##_1� =� PACK16MSB(IMULM(src1##_1� &� 0xFFFF0000,� � \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � src2##_1� &� 0xFFFF0000),� \�
� � � � � � � � � � � � � � � � � � � � � � � � SEX16(src1##_1)� *� SEX16(src2##_1));� \�

� � � � dst##_2� =� PACK16MSB(IMULM(src1##_2� &� 0xFFFF0000,� � \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � src2##_2� &� 0xFFFF0000),� \�
� � � � � � � � � � � � � � � � � � � � � � � � SEX16(src1##_2)� *� SEX16(src2##_2));� \�

� � � � dst##_3� =� PACK16MSB(IMULM(src1##_3� &� 0xFFFF0000,� � \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � src2##_3� &� 0xFFFF0000),� \�
� � � � � � � � � � � � � � � � � � � � � � � � SEX16(src1##_3)� *� SEX16(src2##_3));�

Al t i V e c  s u p p o r t s  a  v a r i a n t  o f  multiply-high w i t h t he  i n t r i n s i c  vec_madds.   T hi s  i n s t r u c t i o n  
e x t r a c t s  t he  m o s t -s i g n i f i c a n t  1 7  b i t s  o f  t he  3 2-b i t  p r o d u c t s ,  a d d s  c o r r e s p o n d i n g  1 6-b i t  e l e m e n t s  
o f  a  t hi r d  i n p u t  v e c t o r ,  a n d  s a t u r a t e s  t he  s u m  i n t o  a  1 6-b i t  r e s u l t .   U s i n g  vec_madds w i t h a  
z e r o  t hi r d  i n p u t  i s  a l m o s t  e q u i v a l e n t  t o  multiply-high,  e x c e p t  t ha t  t he  r e s u l t s  a r e  b i t s  1 5 -3 0 
o f  t he  3 2-b i t  p r o d u c t ,  i n s t e a d  o f  b i t s  1 6-3 1 .   O n e  w a y  t o  e m u l a t e  multiply-high i s  t o  s hi f t  
o n e  o f  t he  o p e r a n d s  t o  t he  r i g ht  b y  o n e  b i t  p r i o r  t o  t he  m u l t i p l i c a t i o n : 
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#define� MULT_H_I16x8(dst,� src1,� src2)� � � � � � � � � � � � � � � � � � � � � � � � � � \�
� � � � dst� =� vec_madds(src1,� vec_sra(src2,� (vector� UINT16)� (1)),� � \�
� � � � � � � � � � � � � � � � � � � � (vector� INT16)� (0));�

T hi s  e m u l a t i o n  l o s e s  o n e  b i t  o f  p r e c i s i o n  i n  o n e  o f  t he  o p e r a n d s ,  b u t  i t  i s  s t i l l  u s e f u l  t o  m a n y  
a p p l i c a t i o n s .   T hi s  i n s t r u c t i o n  i s  u s e d  i n  t he  i m p l e m e n t a t i o n  o f  t he  I D CT  e x a m p l e ,  w i t h 
s a t i s f a c t o r y  r e s u l t s .   T he  f a c t  t ha t  Al t i V e c ’ s  vec_madds i n s t r u c t i o n  c a n  a d d  a  t hi r d  i n p u t  v e c t o r  
o p e n s  r o o m  f o r  a  c o m b i n e d  MMM m a c r o  multiply-high-add.   T hi s  c a n  b e  e a s i l y  e m u l a t e d  
o n  t he  o t he r  t a r g e t s  b y  a  s e p a r a t e  v e c t o r  a d d i t i o n  f o l l o w i n g  t he  multiply-high o p e r a t i o n .   
F o r  e x a m p l e  i n  SSE 2,  a  m a c r o  f o r  multiply-high-add w i t h s a t u r a t i o n  i s  d e f i n e d  a s : 

#define� MULT_H_ADD_S_I16x8(dst,� src1,� src2,� src3)� \�
� � � � dst� =� _mm_add_epi16(_mm_mulhi_epi16(src1,� src2),� src3);�

�

An o t he r  u s e f u l  w a y  t o  d o  i n t e g e r  m u l t i p l i c a t i o n s  i s  t o  a d d  t w o  p r o d u c t s  t o g e t he r .   T he  
multiply-add-pairs i n s t r u c t i o n  p e r f o r m s  1 6-b i t  m u l t i p l i c a t i o n  a n d  a d d s  t he  3 2-b i t  p r o d u c t s  
o f  a d j a c e n t  p a r t i t i o n s .   T he  r e s u l t s  a r e  3 2-b i t  v a l u e s : 
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T he  multiply-add-pairs i n s t r u c t i o n  o n  1 6-b i t  i n t e g e r  p a r t i t i o n s  i s  s u p p o r t e d  d i r e c t l y  b y  a l l  
t he  t a r g e t  i n s t r u c t i o n  s e t s .   I n  a d d i t i o n ,  Al t i V e c  s u p p o r t s  t hi s  o p e r a t i o n  w i t h a n  a d d i t i o n a l  
p a r a l l e l  a d d i t i o n  t o  t he  p r o d u c t  r e s u l t ,  w i t h s a t u r a t i o n  o r  m o d u l o  ha n d l i n g  o f  o v e r f l o w .   Si n c e  
t he  a d d i t i o n  o f  t he  t hi r d  v e c t o r  c a n  b e  e a s i l y  e m u l a t e d  i n  t he  o t he r  t a r g e t s ,  i t  i s  i n c l u d e d  i n  t he  
c o m m o n  i n s t r u c t i o n  s e t .  

O n e  s p e c i a l  o p e r a t i o n  a v a i l a b l e  o n  s e v e r a l  t a r g e t s  i s  sad� ( s u m  o f  a b s o l u t e  d i f f e r e n c e s ) .   T hi s  
i n s t r u c t i o n  c o m p u t e s  t he  a b s o l u t e  v a l u e  o f  t he  d i f f e r e n c e s  o f  c o r r e s p o n d i n g  v e c t o r  e l e m e n t s ,  
a n d  a d d s  t he  r e s u l t s  t o g e t he r : 

 

 

 

 

 

Sad i s  o n l y  s u p p o r t e d  o n  8 -b i t  u n s i g n e d  p a r t i t i o n s .   N o n e  o f  t he  t a r g e t  a r c hi t e c t u r e s  c a n  d o  a  
f u l l  sad o n  1 28 -b i t  v e c t o r s ,  b u t  t he y  d o  p r o v i d e  p i e c e s  t ha t  he l p  i m p l e m e n t  i t .   SSE 2 ha s  a  sad 
i n s t r u c t i o n  o n  1 28 -b i t  v e c t o r s ,  b u t  r e t u r n s  t w o  p a r t i a l  s u m s :  t he  s u m  o f  t he  l o w e r  8  s e c t i o n s  i s  
r e t u r n e d  i n  b i t s  0-1 5  o f  t he  r e s u l t  v e c t o r ,  a n d  t he  s u m  o f  t he  u p p e r  8  s e c t i o n s  o n  b i t s  64 -7 9 .    
MMM s u p p o r t s  sad i n  t he  s a m e  w a y  a s  SSE 2,  w i t h t w o  p a r t i a l  r e s u l t s : 

#define� SAD2_U8x16(dst,� src1,� src2)� \�
� � � � dst� =� _mm_sad_epu8(src1,� src2);�
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SSE  o p e r a t e s  o n  64 -b i t  r e g i s t e r s ,  s o  i t  ha s  t o  u s e  t w o  i n s t r u c t i o n s  t o  e m u l a t e  t he  o p e r a t i o n  o n  
1 28 -b i t  v e c t o r s .   T he  t w o  i n s t r u c t i o n s  r e s u l t  n a t u r a l l y  i n  t w o  p a r t i a l  r e s u l t s : 

#define� SAD2_U8x16(dst,� src1,� src2)� \�
� � � � dst##_0� =� _m_psadbw(src1##_0,� src2##_0);� \�
� � � � dst##_1� =� _m_psadbw(src1##_1,� src2##_1);�

T r i Me d i a  s u p p o r t s  sad o n  3 2-b i t  r e g i s t e r s  w i t h t he  UME8UU i n t r i n s i c .   F o r  a  1 28 -b i t  v e c t o r ,  a  
t o t a l  o f  f o u r  p a r t i a l  r e s u l t s  r e s u l t  f r o m  t he  f o u r  UME8UU i n s t r u c t i o n s .   O n e  c a n  e m u l a t e  t he  
d e s i r e d  t w o  p a r t i a l  s u m s  b y  a d d i n g  p a i r s  o f  p a r t i a l  r e s u l t s : 

#define� SAD2_U8x16(dst,� src1,� src2)� � � � � � � � � � \�
� � � � dst##_0� =� UME8UU(src1##_0,� src2##_0)� +� � � \�
� � � � � � � � � � � � � � UME8UU(src1##_1,� src2##_1);� � � � \�
� � � � dst##_2� =� UME8UU(src1##_2,� src2##_2)� +� � � \�
� � � � � � � � � � � � � � UME8UU(src1##_3,� src2##_3);�

Al t i V e c  d o e s  n o t  ha v e  a  sad i n s t r u c t i o n ,  b u t  o n e  c a n  e m u l a t e  i t  b y  u s i n g  p a r a l l e l  maximum,  
minimum a n d  subtract:  | a -b |  =  m a x  ( a ,  b )  – m i n  ( a ,  b ) .   T he n  t he  r e s u l t s  n e e d  t o  b e  
s u m m e d  i n t o  t w o  p a r t i a l  r e s u l t s  u s i n g  t he  i n t r i n s i c s  vec_sum4s a n d  vec_sum2s: 

#define� SAD2_U8x16(dst,� src1,� src2)� � � � � � � � � � � � � � � � � � � � � � � � � � � � � \�
� � � � dst� =� (vector� UINT32)� vec_sum2s(vec_sum4s(� � � � � � � � � � � � � � � � � � \�
� � � � � � � � � � vec_sub(vec_max(src1,� src2),� vec_min(src1,� src2)),� � � � \�
� � � � � � � � � � (vector� UINT32)(0)),� (vector� INT32)� (0));�

T he  vec_sum2s i n t r i n s i c  i n  Al t i V e c  c a n  a d d  a  t hi r d  v e c t o r .   T hi s  c a n  b e  u s e f u l  t o  a c c u m u l a t e  
p a r t i a l  r e s u l t s  o f  m u l t i p l e  v e c t o r s .   A sad-add i n s t r u c t i o n  i s  s u p p o r t e d  i n  MMM f o r  t hi s  
p u r p o s e .    A s e p a r a t e  m a c r o  SUM2_32x4 i s  u s e d  t o  s u m  t he  t w o  p a r t i a l  r e s u l t s  i n t o  a  s i n g l e  
s c a l a r  v a l u e .    

O t he r  p a r a l l e l  a r i t hm e t i c  o p e r a t i o n s  s u p p o r t e d  a r e  average,  minimum a n d  maximum o f  8  a n d  
1 6-b i t  p a r t i t i o n s .   T a b l e  4 . 1 0 s ho w s  a l l  t he  i n t e g e r  a r i t hm e t i c  i n s t r u c t i o n s  s u p p o r t e d  b y  t he  
v i r t u a l  i n s t r u c t i o n  s e t .   
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T a b l e  4 . 1 0 
MMM i n t e g e r  a r i t hm e t i c  i n s t r u c t i o n s   
 
MMM Ma c r o  

 
D e s c r i p t i o n  

I
8
x
1
6
�

U
8
x
1
6
�

I
1
6
x
8
�

U
1
6
x
8
�

I
3
2
x
4
�

U
3
2
x
4
�

ADD_M� Ad d  w i t h m o d u l o   √ √ √ √ √ √ 
ADD_S� Ad d  w i t h s a t u r a t i o n   √ √ √ √   
ADD_N� Ad d  w i t h u n s p e c i f i e d  ha n d l i n g  o f  o v e r f l o w  √ √ √ √ √ √ 
SUB_M� Su b t r a c t  w i t h m o d u l o  √ √ √ √ √ √ 
SUB_S� Su b t r a c t  w i t h s a t u r a t i o n  √ √ √ √   
SUB_N� Su b t r a c t  w i t h u n s p e c i f i e d  ha n d l i n g  o f  

o v e r f l o w  
√ √ √ √ √ √ 

MULT_L� Mu l t i p l y  l o w    √    
MULT_L_ADD_M� Mu l t i p l y  l o w  a n d  a d d  w i t h m o d u l o    √    
MULT_L_ADD_N� Mu l t i p l y  l o w  a n d  a d d  w i t h u n s p e c i f i e d  

ha n d l i n g  o f  o v e r f l o w  
  √    

MULT_H� Mu l t i p l y  hi g h   √    
MULT_H_ADD_S� Mu l t i p l y  hi g h a n d  a d d  w i t h s a t u r a t i o n    √    
MULT_ADDPAIRS� Mu l t i p l y  a n d  a d d  p a i r s    √    
MULT_ADDPAIRS
_ADD_M�

Mu l t i p l y ,  a d d  p a i r s  a n d  a d d  a  t hi r d  i n p u t  
v e c t o r  w i t h m o d u l o  

  √    

MULT_ADDPAIRS
_ADD_S�

Mu l t i p l y ,  a d d  p a i r s  a n d  a d d  a  t hi r d  i n p u t  
v e c t o r  w i t h s a t u r a t i o n  

  √    

MULT_ADDPAIRS
_ADD_N�

Mu l t i p l y ,  a d d  p a i r s  a n d  a d d  a  t hi r d  i n p u t   
w i t h u n s p e c i f i e d  ha n d l i n g  o f  o v e r f l o w  

  √    

AVG� Av e r a g e   √  √   
MIN� Mi n i m u m   √ √    
MAX� Ma x i m u m   √ √    
CLIP� Cl i p  a l l  e l e m e n t s  t o  a  v a l u e    √    
SAD2� Su m  o f  a b s o l u t e  d i f f e r e n c e s  w i t h t w o  

p a r t i a l  s u m s  
 √     

SAD2_ADD_M� SAD  a n d  a d d  w i t h m o d u l o   √     
SUM2� Ad d  t w o  p a r t i a l  s u m s      √  
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4.1 0  C o m p a r is o n  I n s tr u c tio n s  

T he r e  a r e  s e v e r a l  i n s t r u c t i o n s  t ha t  c a n  p e r f o r m  p a r a l l e l  c o m p a r i s o n s .   F o r  e a c h p a r t i t i o n ,  t he  
r e s u l t  i s  e i t he r  z e r o  i f  t he  c o m p a r i s o n  i s  f a l s e ,  o r  a l l  b i t s  s e t  t o  o n e s  i f  i t  i s  t r u e .   P a r a l l e l  
c o m p a r i s o n  o p e r a t o r s  a r e  u s e f u l  w he n  c o m b i n e d  w i t h b i t -w i s e  select,  o r  masked-store 
o p e r a t i o n s .   SSE ,  SSE 2 a n d  Al t i V e c  s u p p o r t  p a r a l l e l  c o m p a r i s o n  i n s t r u c t i o n s  d i r e c t l y ;  
T r i Me d i a  d o e s  n o t .   O n  T r i Me d i a  a  p a r a l l e l  c o m p a r i s o n  c a n  b e  e m u l a t e d  u s i n g  3 2-b i t  
c o m p a r i s o n s  a n d  m a s k s ,  a n d  t he  MUX i n t r i n s i c  t o  s e t  t he  r e s u l t  t o  a l l  z e r o s  o r  a l l  o n e s : 

#define� CMP_EQ_I16x8(dst,� src1,� src2)� � � � � � � � � � � � � � � � � � � � � � � � \�
� � � � dst##_0� =� MUX((src1##_0� &� 0xFFFF0000)� ==� � � � � � � � � � � � � � � � � \�
� � � � � � � � � � � � � � � � � � (src2##_0� &� 0xFFFF0000),� 0xFFFF0000,� 0)� |� � \�
� � � � � � � � � � � � � � MUX((src1##_0� &� 0x0000FFFF)� ==� � � � � � � � � � � � � � � � � \�
� � � � � � � � � � � � � � � � � � (src2##_0� &� 0x0000FFFF),� 0x0000FFFF,� 0);� � � \�

T he  s a m e  i s  d o n e  f o r  dst##_1,� dst##_2 a n d  dst##_3,  t o  c o m p l e t e  t he  1 28 -b i t  c o m p a r i s o n .   
T he  p a r a l l e l  c o m p a r i s o n  o p e r a t i o n s  s u p p o r t e d  i n  t he  c o m m o n  v i r t u a l  i n s t r u c t i o n  s e t  a r e  s ho w n  
i n  T a b l e  4 . 1 1 .   

T a b l e  4 . 1 1  
MMM c o m p a r i s o n  i n s t r u c t i o n s   
 
MMM Ma c r o  

 
D e s c r i p t i o n  
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1
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�
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8
x
1
6
�

I
1
6
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�

U
1
6
x
8
�

I
3
2
x
4
�

U
3
2
x
4
�

F
3
2
x
4
�

CMP_EQ� Co m p a r e  e q u a l  √ √ √ √ √ √ √ 
CMP_GT� Co m p a r e  g r e a t e r -t ha n  √ √ √ √ √ √ √ 
CMP_GTE� Co m p a r e  g r e a t e r -t ha n  o r  e q u a l        √ 
CMP_LT� Co m p a r e  l e s s -t ha n  √ √ √ √ √ √ √ 
CMP_LTE� Co m p a r e  l e s s -t ha n  o r  e q u a l        √ 
CMP_NEQ� Co m p a r e  n o t  e q u a l        √ 
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4.1 1  S u m m a r y  

T hi s  c ha p t e r  d i s c u s s e d  t he  c o m m o n  v i r t u a l  i n s t r u c t i o n  s e t ,  a  g r o u p  o f  i n s t r u c t i o n s  t ha t  c a n  b e  
e m u l a t e d  e f f i c i e n t l y  o n  a l l  t he  f o u r  t a r g e t  a r c hi t e c t u r e s .    T he  i n s t r u c t i o n s  d e f i n e d  c o v e r  v e c t o r  
d e c l a r a t i o n ,  l o a d  a n d  s t o r e ,  s e t ,  s hi f t ,  b i t -w i s e  l o g i c a l ,  f l o a t i n g -p o i n t  a n d  i n t e g e r  a r i t hm e t i c ,  
c o n v e r s i o n  a n d  r e a r r a n g e m e n t  o p e r a t i o n s .   Al l  v e c t o r s  a n d  o p e r a t i o n s  a r e  1 28  b i t s  l o n g .   
Mu l t i p l e  v a r i a b l e s  a r e  u s e d  t o  e m u l a t e  t he  v e c t o r s  o n  a r c hi t e c t u r e s  w i t h s m a l l e r  r e g i s t e r s .   
Se v e r a l  s t r a t e g i e s  a r e  u s e d  t o  e m u l a t e  o p e r a t i o n s  t ha t  a r e  n o t  d i r e c t l y  s u p p o r t e d  o n  s o m e  
i n s t r u c t i o n  s e t s .   T he  r e s u l t i n g  c o m m o n  v i r t u a l  i n s t r u c t i o n  s e t  i s  f a i r l y  c o m p l e t e ,  a n d  s ho u l d  b e  
e n o u g h f o r  m a n y  a p p l i c a t i o n s .   

T he  c o m p l e t e  l i s t  o f  MMM m a c r o s  i n  t he  c o m m o n  v i r t a l  i n s t r u c t i o n  s e t  i s  i n  Ap p e n d i x  A.   I t  
l i s t s  t he  i n s t r u c t i o n  o r  i n s t r u c t i o n s  e a c h m a c r o  m a p s  t o  o n  e a c h t a r g e t .    T he  n e x t  c ha p t e r  
s ho w s  ho w  e x a m p l e  p r o g r a m s  a r e  w r i t t e n  u s i n g  t he s e  m a c r o s .  
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T hi s  c ha p t e r  d i s c u s s e s  t he  i m p l e m e n t a t i o n  o f  t he  e x a m p l e  p r o g r a m s  s e l e c t e d : I n v e r s e  D i s c r e t e  
Co s i n e  T r a n s f o r m  ( I D CT )  o f  8 x 8  b l o c k s ,  L � -D i s t a n c e  o f  1 6x 1 6 b l o c k s ,  a n d  1 6x 1 6 L � -D i s t a n c e  
w i t h ho r i z o n t a l  a n d  v e r t i c a l  i n t e r p o l a t i o n .   T he  c o n t e x t  a n d  b a c k g r o u n d  o f  t he s e  e x a m p l e s  w a s  
c o v e r e d  i n  Se c t i o n  3 . 2. 4 .   O p t i m i z e d  r e f e r e n c e  i m p l e m e n t a t i o n s  w e r e  d i s c u s s e d  i n  Se c t i o n  
3 . 2. 5 .    

T he  e x a m p l e s  i n  t hi s  c ha p t e r  a r e  i m p l e m e n t e d  i n  MMM u s i n g  t he  c o m m o n  v i r t u a l  i n s t r u c t i o n  
s e t  d e f i n e d  i n  Cha p t e r  4 .   F o r  e a c h e x a m p l e ,  I  d i s c u s s  t he  a l g o r i t hm  a n d  i n s t r u c t i o n s  u s e d  b y  
t he  p o r t a b l e  MMM p r o g r a m s .   T he n  I  d e s c r i b e  v a r i a t i o n s  t ha t  e x e c u t e  t he  f a s t e s t  o n  e a c h 
t a r g e t  a r c hi t e c t u r e .  

5 .1  8 x 8  I D C T  

T he  p o r t a b l e  v e r s i o n  o f  I D CT  i s  b a s e d  o n  I n t e l ’ s  a l g o r i t hm  f o r  SSE 2 [ 4 4 ] ,  w hi c h i s  a l s o  t he  
s a m e  a l g o r i t hm  u s e d  i n  t he  MMM+ SSE  v e r s i o n  [ 4 3 ] .   I t  p e r f o r m s  f i r s t  a  ho r i z o n t a l  I D CT  o f  
e v e r y  r o w ,  a n d  t he n  a  v e r t i c a l  I D CT  o f  e a c h c o l u m n .   I  w i l l  e x p l a i n  t he  ho r i z o n t a l  I D CT  
p o r t i o n  f i r s t ,  a n d  t he n  t he  v e r t i c a l  i n  t he  n e x t  s e c t i o n .   
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5 .1 .1  H o r iz o n ta l  I D C T  
T he  ho r i z o n t a l  I D CT  i m p l e m e n t s  t he  d e c o m p o s i t i o n  i n  e q u a t i o n  ( 3 . 3 ) ,  r e p e a t e d  b e l o w  f o r  
c o n v e n i e n c e : 
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T he  f i r s t  t hi n g  t he  p r o g r a m  d o e s  i s  t o  d e c l a r e  a l l  t he  v e c t o r  v a r i a b l e s  t ha t  i t  w i l l  n e e d .   Al l  d a t a  
v e c t o r s  a r e  1 28 -b i t  l o n g ,  w i t h 1 6 o r  3 2-b i t  s i g n e d  i n t e g e r  p a r t i t i o n s .   T he  m a p p i n g  o f  t he s e  
v a r i a b l e s  i n t o  r e g i s t e r s  i s  d o n e  b y  t he  t a r g e t  c o m p i l e r .  

void� Idct8x8� (� INT16� *pSrc,� INT16� *pDst)�
{�

DECLARE_I16x8(X)� � � � /*� Input� row� */� � � � � �
DECLARE_I16x8(XP)� � � /*� Input� row� permuted� */� � � � � � �
DECLARE_I16x8(XB)� � � /*� Two� columns� of� row� repeated� 4� times� */� � � �

DECLARE_I32x4(MP)� � � /*� Partial� results� of� operator� M� */� � � � � � � � � � � � � � � � � � � � � � � � �
DECLARE_I32x4(ME)� � � /*� Result� of� operator� M,� even� part� */� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
DECLARE_I32x4(MO)� � � /*� Result� of� operator� M,� odd� part� */� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
DECLARE_I32x4(A1)� � � /*� Partial� results� of� operator� A� */� � � � � � � � � � � � �
DECLARE_I32x4(A2)� � �
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DECLARE_I16x8(Y0)� � � /*� Row� IDCT� outputs� */�
DECLARE_I16x8(Y1)�
DECLARE_I16x8(Y2)�
DECLARE_I16x8(Y3)�
DECLARE_I16x8(Y4)�
DECLARE_I16x8(Y5)�
DECLARE_I16x8(Y6)�
DECLARE_I16x8(Y7)�

T he  r e s u l t s  o f  t he  ho r i z o n t a l  I D CT  a r e  he l d  i n  t he  l o c a l  v e c t o r  v a r i a b l e s  Y0 – Y7,  a n d  t he n  
u s e d  a s  i n p u t s  t o  t he  v e r t i c a l  I D CT .   T hi s  i s  d i f f e r e n t  f r o m  I n t e l ’ s  i m p l e m e n t a t i o n ,  w hi c h 
s t o r e s  a l l  b u t  t w o  o f  t he  i n t e r m e d i a t e  r e s u l t s  i n t o  m e m o r y .   Sm a l l  c o n s t a n t  v e c t o r s  a r e  d e c l a r e d  
a s  l o c a l  v a r i a b l e s ,  a n d  t he n  s e t  t o  t he i r  d e s i r e d  v a l u e s : 

DECLARE_I32x4(ConstRound12Bit)�

SET1_I32x4(ConstRound12Bit,� 0x800)�

L a r g e r  a r r a y s  o f  c o n s t a n t s  a r e  d e c l a r e d  a s  s t a t i c  a r r a y s  o f  v e c t o r s  o u t s i d e  t he  s c o p e  o f  t he  
I D CT  f u n c t i o n ,  u s i n g  t he  MMM m a c r o s  d e s i g n e d  f o r  t hi s  p u r p o s e : 

/*� Operator� M8� coefficients� in� 2x4� groups,� scaled� by� C1� */�
DECLARE_CONST_I16x8x4(ConstM_C1,� C1C4,� C1C2,� C1C4,� C1C6,� C1C4,� -C1C6,� C1C4,� -C1C2,� �
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � C1C4,� C1C6,� -C1C4,� -C1C2,� -C1C4,� C1C2,� C1C4,� -C1C6,�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � C1C1,� C1C3,� C1C3,� -C1C7,� C1C5,� -C1C1,� C1C7,� -C1C5,�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � C1C5,� C1C7,� -C1C1,� -C1C5,� C1C7,� C1C3,� C1C3,� -C1C1)�
�

/*� Operator� M8� coefficients� in� 2x4� groups,� scaled� by� C2� */�
DECLARE_CONST_I16x8x4(ConstM_C2,� C2C4,� C2C2,� C2C4,� C2C6,� C2C4,� -C2C6,� C2C4,� -C2C2,�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � C2C4,� C2C6,� -C2C4,� -C2C2,� -C2C4,� C2C2,� C2C4,� -C2C6,�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � C1C2,� C2C3,� C2C3,� -C2C7,� C2C5,� -C1C2,� C2C7,� -C2C5,�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � C2C5,� C2C7,� -C1C2,� -C2C5,� C2C7,� C2C3,� C2C3,� -C1C2);�
�

/*� Operator� M8� coefficients� in� 2x4� groups,� scaled� by� C3� */�
DECLARE_CONST_I16x8x4(ConstM_C3,� C3C4,� C2C3,� C3C4,� C3C6,� C3C4,� -C3C6,� C3C4,� -C2C3,�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � C3C4,� C3C6,� -C3C4,� -C2C3,� -C3C4,� C2C3,� C3C4,� -C3C6,�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � C1C3,� C3C3,� C3C3,� -C3C7,� C3C5,� -C1C3,� C3C7,� -C3C5,�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � C3C5,� C3C7,� -C1C3,� -C3C5,� C3C7,� C3C3,� C3C3,� -C1C3);�
�

/*� Operator� M8� coefficients� in� 2x4� groups,� scaled� by� C4� */�
DECLARE_CONST_I16x8x4(ConstM_C4,� C4C4,� C2C4,� C4C4,� C4C6,� C4C4,� -C4C6,� C4C4,� -C2C4,�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � C4C4,� C4C6,� -C4C4,� -C2C4,� -C4C4,� C2C4,� C4C4,� -C4C6,�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � C1C4,� C3C4,� C3C4,� -C4C7,� C4C5,� -C1C4,� C4C7,� -C4C5,�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � C4C5,� C4C7,� -C1C4,� -C4C5,� C4C7,� C3C4,� C3C4,� -C1C4);�

E a c h o f  t he s e  a r r a y s  r e p r e s e n t s  t he  c o e f f i c i e n t s  i n  o p e r a t o r  M �
� � , but scaled by C � ,  C � ,  C�  an d C �  

r esp ecti v ely.   U si n g  f o ur  di f f er en t sets o f  co ef f i ci en ts sav es o p er ati o n s i n  th e v er ti cal I D C T .   
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T h i s i s di scussed f ur th er  i n  th e n ext secti o n .   T h e co ef f i ci en ts ar e r ep r esen ted as 1 6 -bi t si g n ed 
n um ber s, w i th  1 5  bi ts o f  f r acti o n al p r eci si o n .   T h e def i n i ti o n  o f  th e co n stan ts i s as f o llo w s: 

#define� C1C1� 31521� /*� Cos(1*pi/16)*Cos(1*pi/16)� <<� 15� */�
#define� C1C2� 29692� /*� Cos(1*pi/16)*Cos(2*pi/16)� <<� 15� */�
#define� C1C3� 26722� /*� Cos(1*pi/16)*Cos(3*pi/16)� <<� 15� */�
#define� C1C4� 22725� /*� Cos(1*pi/16)*Cos(4*pi/16)� <<� 15� */�
#define� C1C5� 17855� /*� Cos(1*pi/16)*Cos(5*pi/16)� <<� 15� */�
#define� C1C6� 12299� /*� Cos(1*pi/16)*Cos(6*pi/16)� <<� 15� */�
#define� C1C7� 6270� � /*� Cos(1*pi/16)*Cos(7*pi/16)� <<� 15� */�

#define� C2C2� 27969� /*� Cos(2*pi/16)*Cos(2*pi/16)� <<� 15� */�
#define� C2C3� 25172� /*� Cos(2*pi/16)*Cos(3*pi/16)� <<� 15� */�
#define� C2C4� 21407� /*� Cos(2*pi/16)*Cos(4*pi/16)� <<� 15� */�
#define� C2C5� 16819� /*� Cos(2*pi/16)*Cos(5*pi/16)� <<� 15� */�
#define� C2C6� 11585� /*� Cos(2*pi/16)*Cos(6*pi/16)� <<� 15� */�
#define� C2C7� 5906� � /*� Cos(2*pi/16)*Cos(7*pi/16)� <<� 15� */�

#define� C3C3� 22654� /*� Cos(3*pi/16)*Cos(3*pi/16)� <<� 15� */�
#define� C3C4� 19266� /*� Cos(3*pi/16)*Cos(4*pi/16)� <<� 15� */�
#define� C3C5� 15137� /*� Cos(3*pi/16)*Cos(5*pi/16)� <<� 15� */�
#define� C3C6� 10426� /*� Cos(3*pi/16)*Cos(6*pi/16)� <<� 15� */�
#define� C3C7� 5315� � /*� Cos(3*pi/16)*Cos(7*pi/16)� <<� 15� */�

#define� C4C4� 16384� /*� Cos(4*pi/16)*Cos(4*pi/16)� <<� 15� */�
#define� C4C5� 12873� /*� Cos(4*pi/16)*Cos(5*pi/16)� <<� 15� */�
#define� C4C6� 8867� � /*� Cos(4*pi/16)*Cos(6*pi/16)� <<� 15� */�
#define� C4C7� 4520� � /*� Cos(4*pi/16)*Cos(7*pi/16)� <<� 15� */�

T h e h o r i z o n tal I D C T  o f  each  r o w  i s co m p uted usi n g  th e ap p r o p r i ate set o f  co ef f i ci en ts.   T h e 
o r der  i s ch o sen  so  th at th e last o utp uts ar e th e f i r st to  be used by th e v er ti cal I D C T , w h i ch  
i m p r o v es th e ch an ce th at th ey can  be k ep t i n  r eg i ster s, an d n o t h av e to  be sto r ed i n  m em o r y.  

ROW_IDCT(Y3,� (pSrc� +� 3� *� 8),� ConstM_C3);�
ROW_IDCT(Y5,� (pSrc� +� 5� *� 8),� ConstM_C3);�
ROW_IDCT(Y1,� (pSrc� +� 1� *� 8),� ConstM_C1);�
ROW_IDCT(Y7,� (pSrc� +� 7� *� 8),� ConstM_C1);�
ROW_IDCT(Y2,� (pSrc� +� 2� *� 8),� ConstM_C2);�
ROW_IDCT(Y6,� (pSrc� +� 6� *� 8),� ConstM_C2);�
ROW_IDCT(Y0,� (pSrc� +� 0� *� 8),� ConstM_C4);�
ROW_IDCT(Y4,� (pSrc� +� 4� *� 8),� ConstM_C4);�

E ach  h o r i z o n tal I D C T  i s co m p uted usi n g  th e deco m p o si ti o n  i n  eq uati o n  ( 5 . 1 )  di r ectly.   I t f i r st 
lo ads o n e r o w  o f  th e i n p ut ar r ay: 



7 6  

#define� ROW_IDCT(Y,� pSrc,� pConst);� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � \�
{� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � \�
� � � � /*� Load� input� row� */� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � \�
� � � � LOAD_A_I16x8(X,� pSrc);� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � \�

O p er ato r  P �
� �  p er m utes th e i n p uts f r o m  o r der  [ 0  1  2  3  4  5  6  7 ] i n to  o r der  [ 0  2  4  6  1  3  5  7 ].   T h i s 

p ar ti cular  p er m utati o n  i s exp en si v e to  i m p lem en t i n  S S E 2 .   I n stead I  p er m ute i t i n to  o r der   
[ 0  2  1  3  4  6  5  7 ]: 

PERMUTE_I16x8_02134657(XP,� X);� �

I t i s n o t i m p o r tan t th at th e p ai r s o f  elem en ts ar e sh uf f led, because o f  th e w ay th ey ar e used 
n ext.   T h e i m p lem en tati o n  o f  o p er ato r  M �

� �  i s easi est un der sto o d by w o r k i n g  back w ar ds.   
C o n si der  th e ev en  p ar t o f  th e o p er ato r .   I t i s o f  th e f o r m : 














=−

3,33,23,13,0

2,32,22,12,0

1,31,21,11,0

0,30,20,10,0

1
4

cccc
cccc
cccc
cccc

M E  ( 5 . 2 )  

T h e desi r ed r esult o f  th i s o p er ato r  i s: 














=















+++
+++
+++
+++

−

6

4

2

0

1
4

3,363,243,123,00

2,362,242,122,00

1,361,241,121,00

0,360,240,120,00

x

x

x

x

M

cxcxcxcx

cxcxcxcx

cxcxcxcx

cxcxcxcx

E  ( 5 . 3 )  

W e can  use th e mul t i pl y- add- pai r s i n str ucti o n  to  co m p ute tw o  p r o ducts an d an  addi ti o n  
o f  th e f o r m  DCBA ⋅+⋅ , w h er e A &  C an d B &  D ar e adj acen t p ar ti ti o n s i n  tw o  v ecto r s.   
S i n ce th e v ecto r s ar e 1 2 8 -bi ts lo n g , f o ur  o f  th ese o p er ati o n s can  be do n e i n  p ar allel.   I f  w e p ack  
th e f i r st tw o  co ef f i ci en ts o f  ev er y r o w  i n to  a v ecto r  C ��� = [ c ��� �  c ��� �  c ��� �  c ��� �  c ��� �  c ��� �  c �	� 
  c ��� 
 ], an d do  a 
mul t i pl y- add- pai r s  o p er ati o n  w i th  a v ecto r  th at h as i n p uts 0  an d 2  r ep eated: X ��� = [ x �  x�  x �  
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x�  x �  x �  x �  x� ], w e o btai n  a v ecto r  w i th  th e lef t h alf  o f  th e desi r ed r esults f o r  each  r o w  o f  
eq uati o n  ( 5 . 3 ) :  

M ���  =  [ x � c ��� � + x� c ��� �   x � c �	� � + x� c ��� �   x � c ��� � + x � c ��� �   x � c ��� 
 + x � c ��� 
 ]  

E ach  o f  th e elem en ts i n  v ecto r  M ���  i s a 3 2 -bi t i n teg er .   A  si m i lar  ar r an g em en t can  p r o duce a 
v ecto r  w i th  th e r i g h t h alf  o f  th e desi r ed r esults: 

M���  =  [ x � c �	� � + x � c 
�� �   x � c�	� � + x � c 
	� �   x � c�	� � + x � c 
�� �   x � c� � 
 + x � c 
�� 
 ] 

T h ese tw o  v ecto r s can  be added usi n g  p ar allel addi ti o n  to  o btai n  th e desi r ed r esult.   T h e sam e 
tech n i q ue can  be ap p li ed to  th e o dd p ar t o f  o p er ato r  M �

� � .   I n  o r der  to  cr eate th e v ecto r  X ���  i n  
M M M  I  used th e br oadcast - pai r  o p er ati o n , w h i ch  co p i es tw o  adj acen t elem en ts to  th e r est 
o f  th e v ecto r .   E lem en ts x �  an d x�  ar e th e f i r st p ai r  i n  v ecto r  XP: 

BROADCAST_PAIR_0_I16x8(XB,� XP);�

T h e co ef f i ci en ts f o r  o p er ato r  M �
� �  ar e sto r ed i n  m em o r y, so  th ey n eed to  be r ead i n to  a 

tem p o r ar y v ecto r  bef o r e th ey ar e used: 

LOAD_A_I16x8(Temp,� &pConst[0]);�
MULT_ADDPAIRS_I16x8(MP,� XB,� Temp);�

F o r  S S E  an d S S E 2  th i s l oad o p er ati o n  i s r em o v ed by th e tar g et co m p i ler , because th e 
mul t i pl y- add- pai r s  i n str ucti o n  can  tak e a m em o r y addr ess as th e seco n d ar g um en t.   T h e 
sam e i n str ucti o n s ar e used to  co m p ute M��� , w h i ch  i s th en  added to  M ���  to  co m p lete th e ev en  
p ar t o f  o p er ato r  M �

� � .   T h e addi ti o n  i s co m bi n ed w i th  th e seco n d mul t i pl y- add- pai r s , as 
th i s can  be do n e w i th  a si n g le i n str ucti o n  i n  A lti V ec.   S i n ce th e i n p uts to  th e I D C T  o n ly use 9  
bi ts, an d th e co n stan ts use 1 5 , th e p r o ducts use at m o st 2 4  bi ts o f  each  3 2 -bi t p ar ti ti o n .   W e 



7 8  

can  saf ely use addi ti o n  w i th  un sp eci f i ed h an dli n g  o f  o v er f lo w .   T h e i n p uts x�  an d x �  ar e th e 
th i r d p ai r  i n  v ecto r  XP, an d th e co n stan ts ar e th e seco n d r o w  i n  th e ar r ay pConst : 

BROADCAST_PAIR_2_I16x8(XB,� XP);�
LOAD_A_I16x8(Temp,� &pConst[1]);�
MULT_ADDPAIRS_ADD_N_I16x8(ME,� XB,� Temp,� MP);� �

N o w  v ecto r  M E  h o lds th e f o ur  r esults o f  th e ev en  p ar t o f  M �
� � , as 3 2 -bi t v alues.   T h e o dd p ar t 

i s co m p uted i n  a v er y si m i lar  w ay: 

BROADCAST_PAIR_1_I16x8(XB,� XP);� �
LOAD_A_I16x8(Temp,� &pConst[2]);�
MULT_ADDPAIRS_I16x8(MP,� XB,� Temp);�

BROADCAST_PAIR_3_I16x8(XB,� XP);� �
LOAD_A_I16x8(Temp,� &pConst[3]);�
MULT_ADDPAIRS_ADD_N_I16x8(MO,� XB,� Temp,� MP);�

T h e last p ar t o f  th e h o r i z o n tal I D C T  i s o p er ato r  





















=

−
−

−
−

−

00010001

00100010

01000100

10001000

10001000

01000100

00100010

00010001

1
8A .    

T h e to p  h alf  o f  th i s o p er ato r  adds th e f i r st f o ur  r o w s o f  th e i n p ut w i th  th e seco n d f o ur .   T h i s 
i s si m p ly th e p ar allel addi ti o n  o f  v ecto r s ME an d MO.   T h e bo tto m  p ar t i s th e subtr acti o n  o f  ME 
an d MO, but i n  r ev er se o r der .   F o r  th e ti m e bei n g  i t w i ll j ust do  th e subtr acti o n , an d co r r ect th e 
o r der  later .   O n ce ag ai n  w e use addi ti o n  an d subtr acti o n  w i th  un sp eci f i ed o v er f lo w  h an dli n g : 

ADD_N_I32x4(ME,� ME,� ConstRound12Bit);�
ADD_N_I32x4(A1,� ME,� MO);�
SUB_N_I32x4(A2,� ME,� MO);�

T h e f i r st o p er ati o n  adds a r o un di n g  am o un t to  bo th  A1 an d A2 .   T h i s h elp s p r eser v e accur acy 
w h en  co n v er ti n g  back  to  1 6  bi ts.   T h i s i s do n e n ext w i th  ar i th m eti c shi f t - r i ght s an d packs: 
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SRA_I_I32x4(A1,� A1,� 12);�
SRA_I_I32x4(A2,� A2,� 12);�
PACK_N_I32x4(Y,� A1,� A2);�

O n ly th e least si g n i f i can t 1 2  bi ts ar e sh i f ted o ut, to  p r eser v e accur acy.   T h i s i s co m p en sated at 
th e en d o f  th e v er ti cal I D C T .   A f ter  th e sh i f ts, th e q uan ti ti es ar e k n o w n  to  be w i th i n  th e lo w er  
1 6  bi ts, so  w e can  use th e co n v er si o n  i n str ucti o n  w i th  un sp eci f i ed r educti o n  typ e.   L astly, w e 
co r r ect th e o r der  o f  th e last f o ur  elem en ts by usi n g  a p er m utati o n : 

PERMUTE_I16x8_01237654(Y,� Y);�

�

 5.1.2 Vertical IDCT 

T h e v er ti cal I D C T  i s p er f o r m ed f o r  th e ei g h t co lum n s i n  p ar allel.  T h e ei g h t o utp uts o f  th e 
h o r i z o n tal I D C T  ( Y0� –� Y7 )  ar e th e i n p uts to  th e v er ti cal I D C T .   E v er y o p er ati o n  i n  th e I D C T  
beco m es a p ar allel o p er ati o n  o n  th e i n p ut v ecto r s, so  i t m ak es sen se to  use an  I D C T  w i th  
m i n i m al n um ber  o f  o p er ati o n s.   T h e I D C T  alg o r i th m  i s based o n  deco m p o si ti o n  ( 5 . 1 ) , but 
f acto r i z es m atr i x M �

� �  f ur th er  as f o llo w s: 

1
8

1
8

1
8

1
8

1
8

−−−−− = DBEFM  ( 5 . 4 )  

w h er e 
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8E , 
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
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c
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c

c

c

c

D  

a n d  ( )16/tan ktk π= .   O p e r a t o r  P �
� �  i n  ( 5 . 1 )  i s  a  p e r m u t a t i o n  o f  t h e  i n p u t s .   N o  o p e r a t i o n  i s  

n e c e s s a r y  b e c a u s e  e a c h  i n p u t  i s  r e p r e s e n t e d  b y  a  d i f f e r e n t  v a r i a b l e .   O p e r a t o r  D �
� �  r e p r e s e n t s  a  

s c a l i n g  f a c t o r  f o r  e a c h  i n p u t .   T h i s  h a s  a l r e a d y  b e e n  d o n e  b y  u s i n g  s c a l e d  c o e f f i c i e n t s  i n  t h e  
h o r i z o n t a l  I D C T s .   T h e  c o n s t a n t s  t � ,  t � ,  t �  a n d  c�  a r e  r e p r e s e n t e d  a s  u n s i g n e d  1 6 -b i t  i n t e g e r s  
w i t h  1 6  f r a c t i o n a l  b i t s .   

#define� TAN1� (UINT16)� 13036� /*� Tan(1*pi/16)� <<� 16� */�
#define� TAN2� (UINT16)� 27146� /*� Tan(2*pi/16)� <<� 16� */�
#define� TAN3� (UINT16)� 43790� /*� Tan(3*pi/16)� <<� 16� */�
#define� COS4� (UINT16)� 46341� /*� Cos(4*pi/16)� <<� 16� */�

T h e  h o r i z o n t a l  I D C T  d e c l a r e s  f o u r  v e c t o r s  a n d  s e t s  a l l  t h e i r  e l e m e n t s  t o  t h e s e  c o n s t a n t s , p l u s  a  
f e w  o t h e r  c o n s t a n t  v e c t o r s  u s e d  f o r  r o u n d i n g :  

DECLARE_I16x8(ConstTan1)�
DECLARE_I16x8(ConstTan2)�
DECLARE_I16x8(ConstTan3)�
DECLARE_I16x8(ConstCos4)�
DECLARE_I16x8(ConstCorr)�
DECLARE_I16x8(ConstRound5Bit)�
DECLARE_I16x8(ConstRound5BitCorr)�

SET1_I16x8(ConstTan1,� TAN1)�
SET1_I16x8(ConstTan2,� TAN2)�
SET1_I16x8(ConstTan3,� TAN3)�
SET1_I16x8(ConstCos4,� COS4)�
SET1_I16x8(ConstCorr,� 0x1)�
SET1_I16x8(ConstRound5Bit,� 0x10)�
SET1_I16x8(ConstRound5BitCorr,� 0xF)�
�
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T h e  v e c t o r s  a r e  d e c l a r e d  a s  s i g n e d  i n s t e a d  o f  u n s i g n e d  b e c a u s e  t h e  multiply-high 
o p e r a t i o n s  a r e  o n l y  a v a i l a b l e  f o r  s i g n e d  p a r t i t i o n s .   T h i s  m a k e s  n o  d i f f e r e n c e  f o r  t h e  c o n s t a n t s  
TAN1 a n d  TAN2, b e c a u s e  t h e y  a r e  l e s s  t h a n  0 . 5  a n d  t h u s  h a v e  t h e  s a m e  m e a n i n g  a s  s i g n e d  o r  
u n s i g n e d  q u a n t i t i e s .   B u t  TAN3 a n d  COS4 a r e  g r e a t e r  t h a n  0 . 5  a n d  b e c o m e  n e g a t i v e  w h e n  
i n t e r p r e t e d  a s  s i g n e d  q u a n t i t i e s .   F o r  e x a m p l e , t h e  h e x a d e c i m a l  n u m b e r  0xB505 i n t e r p r e t e d  a s  

a n  u n s i g n e d  v a l u e  e q u a l s  4 6 3 4 1 , w h i c h  i s  ( )4/cos π  w i t h  1 6  f r a c t i o n a l  b i t s .   B u t  0xB505 

i n t e r p r e t e d  a s  a  s i g n e d  n u m b e r  i s  –1 9 1 9 5 , w h i c h  e q u a l s  ( ) 14/cos −π .   W h e n  u s i n g  s i g n e d  

m u l t i p l i c a t i o n  w i t h  t h e s e  c o n s t a n t s  w e  c a n  o b t a i n  t h e  d e s i r e d  r e s u l t  b y  a d d i n g  t h e  o p e r a n d  t o  

t h e  p r o d u c t :  ( ) xcxcxcx +=+=• oo 1 , w h e r e  •  d e n o t e s  u n s i g n e d  m u l t i p l i c a t i o n , a n d  o  i s  

s i g n e d  m u l t i p l i c a t i o n .  

O p e r a t o r  B �
� �  i s  d o n e  u s i n g  p a r a l l e l  1 6 -b i t  m u l t i p l i c a t i o n s  ( multiply-high) , a d d i t i o n s  a n d  

s u b t r a c t i o n s .   W h e n e v e r  p o s s i b l e , a  c o m b i n e d  multiply-high-add i n s t r u c t i o n  i s  u s e d .   
T h e r e  i s  n o  r i s k  o f  o v e r f l o w , s o  I  u s e  i n s t r u c t i o n  w i t h  n o  s p e c i a l  h a n d l i n g  o f  o v e r f l o w :  

ADD_N_I16x8(B0,� Y0,� Y4)�
SUB_N_I16x8(B1,� Y0,� Y4)�
MULT_H_ADD_N_I16x8(B2,� Y6,� ConstTan2,� Y2)�
MULT_H_I16x8(Temp,� Y2,� ConstTan2)�
SUB_N_I16x8(B3,� Temp,� Y6)�
MULT_H_ADD_N_I16x8(B4,� Y7,� ConstTan1,� Y1)�
MULT_H_I16x8(Temp,� Y1,� ConstTan1)�
SUB_N_I16x8(B5,� Temp,� Y7)�
MULT_H_ADD_N_I16x8(Temp,� Y5,� ConstTan3,� Y5)�
ADD_N_I16x8(B6,� Temp,� Y3)�
MULT_H_ADD_N_I16x8(Temp,� Y3,� ConstTan3,� Y3)�
SUB_N_I16x8(B7,� Y5,� Temp)�

O p e r a t o r  E �
� �  r e q u i r e s  o n l y  a d d i t i o n s  a n d  s u b t r a c t i o n s .   S o m e  c o n s t a n t  c o r r e c t i o n  v e c t o r s  a r e  

a d d e d  t o  h e l p  r e d u c e  t h e  t r u n c a t i o n  e r r o r .   T h e  r o u n d i n g  v e c t o r s  a r e  a l s o  a d d e d  h e r e , s o  t h a t  
t h e y  g e t  p r o p a g a t e d  i n t o  a l l  t h e  o u t p u t s :  
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ADD_N_I16x8(E0,� B0,� B2)�
ADD_N_I16x8(E0,� E0,� ConstRound5Bit)�
SUB_N_I16x8(E3,� B0,� B2)�
ADD_N_I16x8(E3,� E3,� ConstRound5BitCorr)�
ADD_N_I16x8(E1,� B1,� B3)�
ADD_N_I16x8(E1,� E1,� ConstRound5Bit)�
SUB_N_I16x8(E2,� B1,� B3)�
ADD_N_I16x8(E2,� E2,� ConstRound5BitCorr)�
ADD_N_I16x8(E4,� B4,� B6)�
ADD_N_I16x8(E4,� E4,� ConstCorr)�
SUB_N_I16x8(E5,� B4,� B6)�
SUB_N_I16x8(E6,� B5,� B7)�
ADD_N_I16x8(E6,� E6,� ConstCorr)�
ADD_N_I16x8(E7,� B5,� B7)�

O p e r a t o r  F �
� �  i n v o l v e s  a  c o u p l e  o f  p r o d u c t s  a n d  a  f e w  m o r e  a d d i t i o n s :  

ADD_I16x8(Temp,� E5,� E6)�
MULT_H_ADD_N_I16x8(F5,� Temp,� ConstCos4,� Temp)�
ADD_N_I16x8(F5,� F5,� ConstCorr)�
SUB_N_I16x8(Temp,� E5,� E6)�
MULT_H_ADD_N_I16x8(F6,� Temp,� ConstCos4,� Temp)�
ADD_N_I16x8(F6,� F6,� ConstCorr)�

F i n a l l y , o p e r a t o r  A �
� �  a d d s  o r  s u b t r a c t s  p a i r s  o f  v e c t o r s , s c a l e s  t h e  o u t p u t s  t o  t h e  r i g h t  l e v e l  b y  

s h i f t i n g -o u t  t h e  l o w e s t  5  b i t s , a n d  s t o r e s  t h e  r e s u l t s .   T h e  s h i f t  a m o u n t  i s  f i x e d , s o  w e  c a n  u s e  
t h e  shift-immediate i n s t r u c t i o n :  

/*� Y0� */�
ADD_N_I16x8(Temp,� E0,� E4)�
SRA_I_I16x8(Temp,� Temp,� 5)�
STORE_A_I16x8((pDst� +� 0*8),� Temp)�

/*� Y7� */�
SUB_N_I16x8(Temp,� E0,� E4)�
SRA_I_I16x8(Temp,� Temp,� 5)�
STORE_A_I16x8((pDst� +� 7*8),� Temp)�

/*� Y1� */�
ADD_N_I16x8(Temp,� E1,� F5)�
SRA_I_I16x8(Temp,� Temp,� 5)�
STORE_A_I16x8((pDst� +� 1*8),� Temp)�

/*� Y6� */�
SUB_N_I16x8(Temp,� E1,� F5)�
SRA_I_I16x8(Temp,� Temp,� 5)�
STORE_A_I16x8((pDst� +� 6*8),� Temp)�

/*� Y2� */�
ADD_N_I16x8(Temp,� E2,� F6)�
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SRA_I_I16x8(Temp,� Temp,� 5)�
STORE_A_I16x8((pDst� +� 2*8),� Temp)�

/*� Y5� */�
SUB_N_I16x8(Temp,� E2,� F6)�
SRA_I_I16x8(Temp,� Temp,� 5)�
STORE_A_I16x8((pDst� +� 5*8),� Temp)�

/*� Y3� */�
ADD_N_I16x8(Temp,� E3,� E7)�
SRA_I_I16x8(Temp,� Temp,� 5)�
STORE_A_I16x8((pDst� +� 3*8),� Temp)�

/*� Y4� */�
SUB_N_I16x8(Temp,� E3,� E7)�
SRA_I_I16x8(Temp,� Temp,� 5)�
STORE_A_I16x8((pDst� +� 4*8),� Temp)�

T h e  I D C T  c o n c l u d e s  w i t h  t h e  m a c r o :  

END_OPTIMIZED();�
}�

w h i c h  e m p t i e s  t h e  M M X  r e g i s t e r s .   T h i s  i s  r e q u i r e d  b e f o r e  a n y  o t h e r  p r o g r a m  c a n  u s e  f l o a t i n g -
p o i n t  r e g i s t e r s ;  i t  d o e s  n o t h i n g  o n  t h e  o t h e r  a r c h i t e c t u r e s .   A s  a  g e n e r a l  r u l e  M M M  p r o g r a m s  
u s e  t h i s  i n s t r u c t i o n  a f t e r  a n y  o p t i m i z e d  m o d u l e .    

T h i s  I D C T  m e e t s  t h e  I E E E  1 1 8 0  a c c u r a c y  r e q u i r e m e n t s  i n  a l l  t h e  f o u r  t a r g e t  a r c h i t e c t u r e s .   
T h e  f i n a l  f o r m  o f  t h e  I D C T  i m p l e m e n t a t i o n  i n  M M M  a p p e a r s  i n  A p p e n d i x  C .  

5.1.3 Target-S p ec i f i c  O p ti m i z ati o n s  
T h i s  s e c t i o n  d i s c u s s e s  a t t e m p t s  t o  f u r t h e r  o p t i m i z e  t h e  I D C T  f o r  e a c h  t a r g e t  a r c h i t e c t u r e , b u t  
m a i n t a i n i n g  t h e  s a m e  a l g o r i t h m .   I  t e s t e d  v a r i a t i o n s  i n  t h e  i m p l e m e n t a t i o n  a n d  i n s t r u c t i o n s  
t h a t  f a v o r  e a c h  s p e c i f i c  a r c h i t e c t u r e , e v e n  i f  i t  m a k e s  t h e  p r o g r a m  n o n -p o r t a b l e .  T h e  p u r p o s e  
o f  t h i s  e x e r c i s e  i s  t o  d e t e r m i n e  h o w  m u c h  p e r f o r m a n c e  i s  l o s t  t o  p o r t a b i l i t y  f o r  a  g i v e n  
a l g o r i t h m .  
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O n  A l t i V e c , t h e  e m u l a t i o n  o f  multiply-high i n s t r u c t i o n s  r e q u i r e s  a  s h i f t  o f  o n e  o f  t h e  
a r g u m e n t s , t o  a c c o u n t  f o r  t h e  i m p l i c i t  f a c t o r  o f  2  a d d e d  b y  t h e  vec_madds i n t r s t r u c t i o n .  

#define� MULT_H_I16x8(dst,� src1,� src2)� � � � � � � � � � � � � � � � � � � � � � � � � � \�
� � � � dst� =� vec_madds(src1,� vec_sra(src2,� (vector� UINT16)� (1)),� � \�
� � � � � � � � � � � � � � � � � � � � (vector� INT16)� (0));�

T h i s  c a n  b e  a v o i d e d  b y  u s i n g  c o n s t a n t s  w i t h  1 5  f r a c t i o n a l  b i t s , i n s t e a d  o f  1 6 .   T h i s  a l s o  
r e s o l v e s  t h e  p r o b l e m  o f  h a v i n g  c o n s t a n t s  g r e a t e r  t h a n  0 . 5  b e  i n t e r p r e t e d  a s  n e g a t i v e  n u m b e r s .   
C o n s t a n t s  w i t h  1 5  b i t s  o f  p r e c i s i o n  c a n  n e v e r  b e  n e g a t i v e .   T h i s  s a v e s  t h r e e  e x t r a  a d d i t i o n s .   
W i t h  t h e s e  o p t i m i z a t i o n s  t h e  I D C T  r u n s  4 %  f a s t e r  t h a n  t h e  p o r t a b l e  v e r s i o n .    

O n  T r i M e d i a  t h e  I D C T  c a n  b e  m a d e  a  l i t t l e  f a s t e r  ( 1 . 3 % )  b y  s t o r i n g  a l l  t h e  c o e f f i c i e n t s  f o r  
o p e r a t o r  M �

� �  i n  l o c a l  v a r i a b l e s , r a t h e r  t h a n  i n  m e m o r y .   T h i s  i s  p o s s i b l e  b e c a u s e  T r i M e d i a  h a s  
a  v e r y  l a r g e  n u m b e r  o f  r e g i s t e r s .   F o r  S S E  a n d  S S E 2  I  c o u l d  f i n d  n o  w a y  t o  i m p r o v e  u p o n  t h e  
p o r t a b l e  M M M  v e r s i o n .   T h e  p e r f o r m a n c e  m e a s u r e m e n t s  o f  a l l  v e r s i o n s  a r e  s h o w n  i n  C h a p t e r  
6 .  

5.2  16 x 16  L � -D i s t a n c e  

This example computes the L � -Distan ce of  a 1 6 x1 6  b lock ,  as d escr ib ed  in  S ection  3 .2.4 .2. 

5 . 2 . 1  P o r t a b l e  M M M  D e s i g n  
The por tab le M M M  v er sion  of  1 6 x1 6  L � -Distan ce is completely  un r olled ,  an d  it alw ay s 
assumes that the r ef er en ce b lock  is un alig n ed .  I t accumulates tw o par tial sums of  the ab solute 
d if f er en ces of  each r ow ,  an d  ad d s them in to a sin g le q uan tity  at the en d .  I t star ts b y  d eclar in g  
v ector  v ar iab les that hold  on e r ow  of  each b lock  ( R1 an d  I) ,  on e v ector  to accumulate the 
par tial sums,  an d  the in teg er  r esult.  I t clear s the par tial sum to z er o:  
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UINT32� L1Dist16x16(UINT8� *pRef,� UINT8� *pIn,� �
� � � � � � � � � � � � � � � � � � � int� RowPitch,� int� Limit)�
{�

DECLARE_U8x16(R1)� � � /*� Holds� one� row� of� reference� block� */�
DECLARE_U8x16(I)� � � � /*� Holds� one� row� of� input� block� /  
DECLARE_U32x4(Sad)� � /*� Vector� with� two� partial� sums� */�
UINT32� Sum;� � � � � � � � � /*� Integer� result� */�

CLEAR_U32x4(Sad)�

The r ef er en ce b lock  is assumed  to b e un alig n ed .  I  use the f ollow in g  M M M  macr o to pr epar e 
the r e-alig n men t of  all r ow s:  

PREPARE_LOAD_ALIGNMENT(1,� pRef)�

The f ir st par ameter  is the r ealig n men t in d ex,  as ther e can  b e multiple r e-alig n men ts pr epar ed .  
O n  A ltiV ec,  this macr o computes a per mutation  v ector  b ased  on  the ad d r ess of  pRef.  O n  
Tr iM ed ia,  it computes shif t amoun ts.  O n  S S E  an d  S S E 2 it d oes n othin g .  Then  it accumulates 
the sum of  ab solute d if f er en ces of  each r ow  in  a completely  un r olled  man n er :  

SAD_ROW(Sad,� pRef� +� 0*RowPitch,� pIn� +� 0*RowPitch,� 1)�
SAD_ROW(Sad,� pRef� +� 1*RowPitch,� pIn� +� 1*RowPitch,� 1)�
SAD_ROW(Sad,� pRef� +� 2*RowPitch,� pIn� +� 2*RowPitch,� 1)�
SAD_ROW(Sad,� pRef� +� 3*RowPitch,� pIn� +� 3*RowPitch,� 1)�
SAD_ROW(Sad,� pRef� +� 4*RowPitch,� pIn� +� 4*RowPitch,� 1)�
SAD_ROW(Sad,� pRef� +� 5*RowPitch,� pIn� +� 5*RowPitch,� 1)�
SAD_ROW(Sad,� pRef� +� 6*RowPitch,� pIn� +� 6*RowPitch,� 1)�
SAD_ROW(Sad,� pRef� +� 7*RowPitch,� pIn� +� 7*RowPitch,� 1)�
SAD_ROW(Sad,� pRef� +� 8*RowPitch,� pIn� +� 8*RowPitch,� 1)�
SAD_ROW(Sad,� pRef� +� 9*RowPitch,� pIn� +� 9*RowPitch,� 1)�
SAD_ROW(Sad,� pRef� +10*RowPitch,� pIn� +10*RowPitch,� 1)�
SAD_ROW(Sad,� pRef� +11*RowPitch,� pIn� +11*RowPitch,� 1)�
SAD_ROW(Sad,� pRef� +12*RowPitch,� pIn� +12*RowPitch,� 1)�
SAD_ROW(Sad,� pRef� +13*RowPitch,� pIn� +13*RowPitch,� 1)�
SAD_ROW(Sad,� pRef� +14*RowPitch,� pIn� +14*RowPitch,� 1)�
SAD_ROW(Sad,� pRef� +15*RowPitch,� pIn� +15*RowPitch,� 1)�

The SAD_ROW� macr o computes the sum of  ab solute d if f er en ces of  a r ow  an d  accumulates the 
par tial r esults.  I t uses the SAD2_ADD M M M  macr o to accumulate the r esult,  w hich is mor e 
ef f icien t than  a separ ate ad d  in  some ar chitectur es:  
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#define� SAD_ROW(dst,� pRef,� pIn,� index)� � � � \�

LOAD_U_U8x16(R1,� pRef,� index)� � � � � � � � � � \�
LOAD_A_U8x16(I,� pIn)� � � � � � � � � � � � � � � � � � � \�
SAD2_ADD_M_U8x16(dst,� R1,� I,� dst)�

A f ter  all r ow s hav e b een  pr ocessed ,  the v ector  Sad hold s tw o par tial sums.  They  ar e ad d ed  
an d  the r esult is con v er ted  in to an  in teg er  v alue.  The sum is r etur n ed  af ter  clear in g  the state:  

SUM2_U32x4(Sum,� Sad)�

END_OPTIMIZED()�
� � � return� Sum;�
}�

This example d oes n ot tak e ad v an tag e of  the Limit par ameter .  I n  or d er  to d ecid e to exit the 
f un ction  ear ly ,  on e must compar e a par tial d istan ce w ith the limit.  I n  a scalar  implemen tation  
this d oes n ot r epr esen t much ov er head ,  an d  can  b e d on e af ter  ev er y  r ow .  B ut in  an  optimiz ed  
implemen tation ,  the b r an ch pen alty  in tr od uced  can  b e expen siv e.  A lso,  sin ce the optimiz ed  
M M M  implemen tation  main tain s tw o par tial sums in  a v ector ,  on e n eed s to ad d  the tw o an d  
con v er t the r esult to an  in teg er  b ef or e d oin g  the compar ison .  F or  this r eason ,  I  implemen ted  a 
v er sion  of  1 6 x1 6  L � -Distan ce w ith a sin g le shor tcut path af ter  half  the r ow s:  

SAD_ROW(Sad,� pRef� +� 6*RowPitch,� pIn� +� 6*RowPitch,� 1)�
SAD_ROW(Sad,� pRef� +� 7*RowPitch,� pIn� +� 7*RowPitch,� 1)�

/*� Shortcut� */�
SUM2_U32x4(Sum,� Sad)�
� � � � if� (Sum� >� Limit)� {�
� � � � � � � � END_OPTIMIZED()�
� � � � � � � � return� Sum;�
� � � � }�

SAD_ROW(Sad,� pRef� +� 8*RowPitch,� pIn� +� 8*RowPitch,� 1)�
SAD_ROW(Sad,� pRef� +� 9*RowPitch,� pIn� +� 9*RowPitch,� 1)�

The b en ef it of  the shor tcut path d epen d s on  the in put d ata an d  in  the motion  estimation  
alg or ithm.  C hapter  6  show s speed  measur emen ts of  these examples in  the con text of  an  
M P E G 2 v id eo en cod er  w ith n atur al outd oor  imag es as in puts.   
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5 . 2 . 2  T a r g e t -S p e c i f i c  O p t i m i z a t i o n s  
O n  Tr iM ed ia it is slig htly  f aster  to accumulate the sum of  ab solute d if f er en ces of  each r ow  in to 
a sin g le in teg er  v alue,  w hich is accumulated  f or  all r ow s.  This has the same n umb er  of  
oper ation s per  r ow ,  b ut sav es some ov er head  in  the b eg in n in g  an d  en d .  I t r esults in  a 1 .4 %  
speed  impr ov emen t.  O n  A ltiV ec it is mor e ef f icien t to k eep f our  par tial sums,  r ather  than  tw o.  
This sav es on e vec_sum2s in str uction  per  r ow .  S ummin g  f our  par tial r esults at the en d  is n o 
mor e complex than  tw o,  usin g  the vec_sums in str uction .  A lso,  k eepin g  the per mutation  
v ector  in  a local v ar iab le r ather  than  a g lob al sav es some in str uction s.  A f ter  these 
optimiz ation s,  this example b ecomes id en tical to the r ef er en ce implemen tation  b y  M otor ola 
[ 4 9] .  I  could  f in d  n o tar g et-specif ic impr ov emen ts to this pr og r am f or  S S E  an d  S S E 2. 

5 . 3  1 6 x 1 6  L � -D i s t a n c e  w i t h  I n t e r p o l a t i o n  

This example computes the L � -Distan ce of  a 1 6 x1 6  b lock ,  b ut also per f or ms hor iz on tal an d  
v er tical half -pixel in ter polation  on  the r ef er en ce b lock .   

5 . 3 . 1  P o r t a b l e  M M M  D e s i g n  
The in ter polation  is d ef in ed  as the av er ag e of  f our  pixels:  the cur r en t,  the on e to the r ig ht,  the 
on e b elow ,  an d  the on e b elow  an d  to the r ig ht:  

( ) 


 ++++=
4

2
,,,

dcba
dcbaavg  ( 5 .5 )  

M M M  suppor ts in str uction s that compute the av er ag e of  tw o v ector s.  U sin g  them on e can  
pr od uce an  appr oximation  to the f our -pixel av er ag e:  
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I n  simulation s,  this appr oximation  w as f oun d  to in tr od uce a mean  er r or  of  0 .3 7  to the av er ag e 
v alue ( in  the r an g e of  0 -25 5 ) .  This is acceptab le f or  the pur poses of  motion  estimation . 

This example star ts v er y  similar  to the pr ev ious on e,  except that it d eclar es tw o mor e v ector s 
to hold  ad d ition al r ow s of  the r ef er en ce b lock :  

int� L1Dist16x16_InterpXY(UINT8� *pRef,� UINT8� *pIn,� �
� � � � � � � � � � � � � � � � � � � � � � � � � int� RowPitch,� int� Limit)�
{�

DECLARE_U8x16(R1)� � � /*� Holds� one� row� of� reference� block� */�
DECLARE_U8x16(R2)� � � �
DECLARE_U8x16(R3)� � � �
DECLARE_U8x16(B)� � � � /*� Holds� one� row� of� input� block� */�

DECLARE_U32x4(Sad)� � /*� Vector� with� two� partial� sums� */�
UINT32� Sum;� � � � � � � � � /*� Integer� result� */�
CLEAR_U32x4(Sad)�

The hor iz on tal in ter polation  n eed s to load  tw o ad j acen t v ector s of  the r ef er en ce b lock ;  this is 
the top r ow  of  the b lock ,  an d  an  ov er lappin g  r ow  that star ts on e pixel to the r ig ht.  B oth of  
these can  possib ly  b e un alig n ed  w ith r espect to 1 6 -b y te b oun d ar ies,  so I  pr epar e the r e-
alig n men t of  b oth usin g  d if f er en t in d ices:  

PREPARE_LOAD_ALIGNMENT(1,� pRef)�
PREPARE_LOAD_ALIGNMENT(2,� pRef+1)�

Then  I  load  the tw o ad j acen t r ow s usin g  the M M M  macr o d ef in ed  f or  this pur pose,  an d  
av er ag e them:  

LOAD_ADJ_U8x16(R2,� R3,� pRef,� 1,� 2)�
AVG_U8x16(R2,� R2,� R3)�
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N ow  R 2 hold s the f ir st r ow  in ter polated .  I  n eed  to d o the same f or  the secon d  r ow ,  d o 
v er tical in ter polation ,  load  the in put b lock  r ow  an d  compute the sum of  ab solute d if f er en ces.  
A ll this is d on e in sid e a macr o:  

#define� SAD_INTERP_ROW(dst,� pRef,� pIn,� index1,� index2)� � \�

COPY_U8x16(R1,� R2)� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � \�
LOAD_ADJ_U8x16(R2,� R3,� pRef,� index1,� index2)� � � � � � � � � \�
AVG_U8x16(R2,� R2,� R3)� /*� Interpolate� horizontally� */� \�
AVG_U8x16(R1,� R1,� R2)� /*� Interpolate� vertically� */� � � \�
LOAD_A_U8x16(I,� pIn)� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � \�
SAD2_ADD_M_U8x16(dst,� R1,� I,� dst)�

This macr o assumes that R 2 hold s the av er ag e of  the pr ev ious r ow .  I t copies it to R1 b ef or e 
load in g  an d  av er ag in g  the n ext r ow  in to R2.  I t then  av er ag es R1 an d  R2 as v er tical 
in ter polation .  Then  it load s the in put r ow ,  w hich is alig n ed ,  an d  computes the sum of  ab solute 
d if f er en ces.  This is applied  to all r ow s in  an  un r olled  f ashion :  

SAD_INTERP_ROW(Sad,� pRef� +� 1*RowPitch,� pIn� +� 0*RowPitch,� 1,� 2)�
SAD_INTERP_ROW(Sad,� pRef� +� 2*RowPitch,� pIn� +� 1*RowPitch,� 1,� 2)�
SAD_INTERP_ROW(Sad,� pRef� +� 3*RowPitch,� pIn� +� 2*RowPitch,� 1,� 2)�
SAD_INTERP_ROW(Sad,� pRef� +� 4*RowPitch,� pIn� +� 3*RowPitch,� 1,� 2)�
SAD_INTERP_ROW(Sad,� pRef� +� 5*RowPitch,� pIn� +� 4*RowPitch,� 1,� 2)�
SAD_INTERP_ROW(Sad,� pRef� +� 6*RowPitch,� pIn� +� 5*RowPitch,� 1,� 2)�
SAD_INTERP_ROW(Sad,� pRef� +� 7*RowPitch,� pIn� +� 6*RowPitch,� 1,� 2)�
SAD_INTERP_ROW(Sad,� pRef� +� 8*RowPitch,� pIn� +� 7*RowPitch,� 1,� 2)�
SAD_INTERP_ROW(Sad,� pRef� +� 9*RowPitch,� pIn� +� 8*RowPitch,� 1,� 2)�
SAD_INTERP_ROW(Sad,� pRef� +10*RowPitch,� pIn� +� 9*RowPitch,� 1,� 2)�
SAD_INTERP_ROW(Sad,� pRef� +11*RowPitch,� pIn� +10*RowPitch,� 1,� 2)�
SAD_INTERP_ROW(Sad,� pRef� +12*RowPitch,� pIn� +11*RowPitch,� 1,� 2)�
SAD_INTERP_ROW(Sad,� pRef� +13*RowPitch,� pIn� +12*RowPitch,� 1,� 2)�
SAD_INTERP_ROW(Sad,� pRef� +14*RowPitch,� pIn� +13*RowPitch,� 1,� 2)�
SAD_INTERP_ROW(Sad,� pRef� +15*RowPitch,� pIn� +14*RowPitch,� 1,� 2)�
SAD_INTERP_ROW(Sad,� pRef� +16*RowPitch,� pIn� +15*RowPitch,� 1,� 2)�

F in ally ,  the tw o par tial sums ar e ad d ed  an d  con v er ted  in to an  in teg er  r esult:  

SUM2_U32x4(Sum,� Sad)�
END_OPTIMIZED()�
return� Sum;�

}�
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Ther e is also a v er sion  w ith a shor tcut path in  the mid d le,  af ter  8  r ow s.  I t is show n  in  
A ppen d ix C . 

5 . 3 . 2  T a r g e t -S p e c i f i c  O p t i m i z a t i o n s  
O n  Tr iM ed ia on e can  use FUNSHIFTx in str uction s ( comb in e r ig ht-most x b y tes f r om on e 
v ector  w ith lef t-most 4 -x b y tes f r om secon d )  to r e-alig n  d ata,  b ut they  r eq uir e that the of f set 
amoun t is k n ow n  at compile time.  Tr iM ed ia r eq uir es 4 -b y te alig n men t in  the loads,  so on ly  
f our  cases or  r ealig n men t ar e possib le.  U sin g  a sw itch statemen t,  on e can  r eplicate the L � -
Distan ce f un ction  f our  times,  on e f or  each alig n men t of f set.  This techn iq ue ad d s some 
b r an chin g  ov er head ,  an d  d oes n ot help in  the L � -Distan ce example w ithout in ter polation ,  b ut 
in  this case it impr ov es the execution  speed  b y  3 .3 % .  O n  A ltiV ec it is b en ef icial to use f our  
par tial sums,  an d  k eep the r e-alig n men t per mutation  v ector s in  local v ar iab les,  lik e in  the 
pr ev ious example. 

5 . 4  S u m m a r y  

This chapter  d iscussed  how  por tab le v er sion s of  the example pr og r ams w er e w r itten  b ased  on  
the M M M  macr os f or  the common  v ir tual in str uction  set d ef in ed  in  C hapter  4 .  These 
examples use some of  the most complex par tition ed  in str uction s av ailab le in  the in str uction  
set.  The tw o 1 6 x1 6  L � -Distan ce examples hav e tw o v er sion s each,  on e w ith a shor tcut path,  
an d  on e w ithout.  The por tab le implemen tation s of  the examples w er e d esig n ed  to per f or m 
f air ly  w ell on  all tar g ets.  I  d iscussed  possib le tar g et-specif ic optimiz ation s that can  b e used  b y  
n on -por tab le v er sion s to r un  ev en  f aster ,  to compar e ag ain st the por tab le v er sion s.  C hapter  6  
pr esen ts the per f or man ce measur emen ts of  all the example pr og r ams. 
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R E S U LTS  

This chapter  d iscusses the per f or man ce of  the M M M  example pr og r ams an d  the r ef er en ce 
implemen tation s.  Ther e ar e a total of  f iv e example pr og r ams,  coun tin g  the v ar iation s w ith an d  
w ithout shor tcut paths.  The examples ar e 8 x8  I DC T,  1 6 x1 6  L � -Distan ce w ithout shor tcut,  
1 6 x1 6  L � -Distan ce w ith shor tcut,  1 6 x1 6  L � -Distan ce w ith in ter polation  w ithout shor tcut,  an d  
1 6 x1 6  L � -Distan ce w ith in ter polation  an d  shor tcut.  F or  each of  these pr og r ams ther e ar e up to 
f iv e v er sion s r un n in g  on  each of  the f our  tar g ets:  the por tab le M M M  v er sion ,  on e or  tw o 
v en d or  optimiz ed  r ef er en ce v er sion s,  on e v er sion  b ased  on  the por tab le d esig n  b ut f ur ther  
optimiz ed  f or  each tar g et ( I  r ef er  to this as the M M M -O pt v er sion ) ,  plus a scalar  v er sion .  The 
execution  speed  is measur ed  f or  all pr og r ams,  an d  the in str uction  coun t f or  the examples 
w ithout shor tcuts.  The execution  times pr esen ted  ar e av er ag es d er iv ed  f r om the measur emen t 
of  loops of  calls to each example f un ction .  The av er ag e r esults ar e r oun d ed  to a sin g le 
f r action al d ig it. 

F r om these measur emen ts I  d er iv e the speed up an d  r ed uction  in  in str uction  coun ts f or  all 
optimiz ed  examples w ith r espect to the scalar  v er sion s.  The speed up is computed  as:  

Optimized

Scalar

Time

Time
Speedup =  ( 6 .1 )  
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The r ed uction  in  in str uction  coun ts is computed  similar ly :  

Optimized

Scalar

nCountInstructio

nCountInstructio
R =  ( 6 .2)  

The f ollow in g  sub -section s pr esen t the r esults on  each tar g et platf or m. 

6 . 1  T r i M e d i a  T M 1 3 0 0  

The pr og r ams in  this section  w er e compiled  w ith the Tr iM ed ia compiler  v er sion  2.1 .  They  
w er e r un  on  a Tr iM ed ia TM 1 3 0 0  pr ocessor  at 1 3 3  M H z .  The execution  speed  w as measur ed  
usin g  the har d w ar e cy cle coun ter .  The pr og r ams w er e in v ok ed  con secutiv ely  sev er al thousan d  
times to d ilute the ef f ects of  cache misses on  the f ir st call.  Tab le 6 .1  show s the execution  
times of  all the pr og r ams on  Tr iM ed ia.  The speed  of  the r ef er en ce v er sion  is q uoted  f r om the 
d ocumen tation  [ 4 6 ] . 

Tab le 6 .1  
E xecution  times in  cy cles on  Tr iM ed ia TM 1 3 0 0  

1 6 x1 6  L � -Distan ce 1 6 x1 6  L � -Distan ce w ith 
I n ter polation  

V er sion  8 x8  I DC T 

N o shor tcut S hor tcut N o shor tcut S hor tcut 
M M M  23 0  1 1 9.8  8 1 .3  20 2.5  20 5  
M M M -O pt 227  1 1 8 .3  7 8 .6  1 96 .1  1 8 5 .5  
R ef er en ce 1 7 0      
S calar  6 26  4 5 7 .3  1 5 8 .3  1 20 0 .5  1 0 6 2.6  

 
F r om these measur emen ts w e can  d er iv e the speed up ob tain ed  b y  the d if f er en t optimiz ed  
v er sion s w ith r espect to the speed  of  the scalar  implemen tation .  Tab le 6 .2 an d  F ig ur e 6 .1  
show  the speed up of  all v er sion s of  the examples r un n in g  on  Tr iM ed ia. 
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Tab le 6 .2 
S peed up of  optimiz ed  examples on  Tr iM ed ia TM 1 3 0 0  

1 6 x1 6  L � -Distan ce 1 6 x1 6  L � -Distan ce w ith 
I n ter polation  

V er sion  8 x8  I DC T 

N o shor tcut S hor tcut N o shor tcut S hor tcut 
M M M  2.7 2 3 .8 2 1 .95  5 .93  5 .1 8  
M M M -O pt 2.7 6  3 .8 7  2.0 1  6 .1 2 5 .7 3  
R ef er en ce 3 .6 8      
 
F ig ur e 6 .1  
S peed up of  optimiz ed  examples on  Tr iM ed ia TM 1 3 0 0  
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The execution  speed s of  the por tab le M M M  examples ar e v er y  close to the tar g et-specif ic 
implemen tation s of  the same alg or ithms ( M M M -O pt v er sion s) .  The speed up is w ithin  1 0 %  of  
the M M M -O pt v er sion s in  all examples.  This in d icates that n o mor e than  1 0 %  of  
per f or man ce is lost f or  usin g  por tab le in str uction s on ly .  The r ef er en ce v er sion  of  I DC T is 
26 %  f aster  than  the por tab le on e,  b ecause it uses an  alg or ithm that f its b etter  to Tr iM ed ia’ s 
shor t r eg ister  len g th. 
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The in str uction  coun ts w er e measur ed  f or  the pr og r ams w ithout shor tcuts.  They  ar e show n  in  
Tab le 6 .3 .  I  hav e n o measur emen t f or  the r ef er en ce v er sion ,  as I  d on ’ t hav e an  actual w or k in g  
implemen tation  of  it. I  also could  n ot measur e the in str uction  coun t of  the M M M -O pt v er sion  
of  L � -Distan ce w ith in ter polation ,  b ecause it has a v ar iab le execution  path. 

Tab le 6 .3  
I n str uction  coun ts on  Tr iM ed ia TM 1 3 0 0  
V er sion  8 x8  I DC T 1 6 x1 6  L � -Distan ce 1 6 x1 6  L � -Distan ce 

w ith I n ter polation  
M M M  91 8  5 0 3  8 6 2 
M M M -O pt 91 1  4 98  95 7  
S calar  1 6 4 4  1 7 0 3  4 94 3  
Lik e b ef or e,  it is usef ul to compar e the in str uction  coun ts w ith r espect to the scalar  
implemen tation .  Tab le 6 .4  b elow  show s the r ed uction  in  the in str uction  coun ts f or  these 
examples.   

Tab le 6 .4  
R ed uction  in  in str uction  coun ts on  Tr iM ed ia TM 1 3 0 0  
V er sion  8 x8  I DC T 1 6 x1 6  L � -Distan ce 1 6 x1 6  L � -Distan ce 

w ith I n ter polation  
M M M  1 .7 9 3 .3 9 5 .7 3  
M M M -O pt 1 .8 0  3 .4 2  
 
The in str uction  coun ts ar e v er y  similar  f or  the por tab le an d  tar g et-specif ic v er sion s.  This 
con f ir ms that n ot much is lost b y  usin g  por tab le in str uction s on ly .  I t is in ter estin g  to n ote that 
the speed ups measur ed  on  this platf or m ar e g r eater  than  the r ed uction  in  the in str uction  
coun ts.  This happen s b ecause the optimiz ed  v er sion s impr ov e the sched ulin g  of  in str uction s 
in to par allel f un ction al un its.   
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6 . 2  M M X  +  S S E  
The pr og r ams w er e r un  on  a P en tium I I I  pr ocessor  r un n in g  at 6 0 0  M H z .  The pr og r ams w er e 
compiled  w ith the I n tel C / C + +  compiler  v er sion  7 .0 .  The execution  time w as measur ed  usin g  
multimed ia timer s,  w hich ar e cy cle accur ate.  The r ef er en ce I DC T example is w r itten  in  
assemb ly  [ 4 3 ] .  Ther e ar e tw o L � -Distan ce r ef er en ce implemen tation s f r om [ 4 7 ] .  The f ir st is 
w r itten  in  assemb ly ,  b ut has some un n ecessar y  loop ov er head .  The secon d  r ef er en ce is w r itten  
in  C  w ith in tr in sics;  I  r emov ed  the un n ecessar y  loops f r om this example.  The M M M -O pt 
v er sion s ar e id en tical to the por tab le on es,  b ecause I  could  f in d  n o w ay  to impr ov e upon  them.  
Tab le 6 .5  show s the execution  times of  the examples on  this pr ocessor ;  Tab le 6 .6  an d  F ig ur e 
6 .2 show  the speed up ob tain ed  b y  the optimiz ed  examples w ith r espect to the scalar  v er sion . 

Tab le 6 .5  
E xecution  times in  cy cles on  M M X  +  S S E  

1 6 x1 6  L � -Distan ce 1 6 x1 6  L � -Distan ce w ith 
I n ter polation  

V er sion  8 x8  I DC T 

N o shor tcut S hor tcut N o shor tcut S hor tcut 
M M M  3 4 8 .8  226 .2 1 3 8 .2 3 3 5 .9 3 3 4  
M M M -O pt 3 4 8 .8  226 .2 1 3 8 .2 3 3 5 .9 3 3 4  
R ef er en ce1  3 0 7 .9 226 .4     
R ef er en ce2  23 4 .2    
S calar  1 6 3 4 .9 1 3 1 0 .7  3 1 5  3 3 91 .8  28 8 2.3  

Tab le 6 .6  
S peed up of  optimiz ed  examples on  M M X  +  S S E  

1 6 x1 6  L � -Distan ce 1 6 x1 6  L � -Distan ce w ith 
I n ter polation  

V er sion  8 x8  I DC T 

N o shor tcut S hor tcut N o shor tcut S hor tcut 
M M M  4 .6 9 5 .7 9 2.28  1 0 .1 0  8 .6 3  
M M M -O pt 4 .6 9 5 .7 9 2.28  1 0 .1 0  8 .6 3  
R ef er en ce1  5 .3 1  5 .7 9    
R ef er en ce2  5 .6 0     



96  

F ig ur e 6 .2 
S peed up of  optimiz ed  examples on  M M X  +  S S E  
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The r ef er en ce I DC T example is 1 2%  f aster  than  the por tab le v er sion ,  ev en  thoug h they  
implemen t the same alg or ithm.  B oth implemen tation s hav e the same n umb er  of  ar ithmetic 
oper ation s,  b ut the r ef er en ce v er sion  has less d ata mov es.  The por tab le v er sion  has 5 .2%  
mor e in str uction s,  as seen  b elow  on  Tab le 6 .7 .  The r est of  the speed  d if f er en ce is b ecause the 
assemb ly  v er sion  has a mor e ef f icien t in str uction  sched ule then  w hat the I n tel compiler  
g en er ates f or  the por tab le v er sion . 

The L � -Distan ce example is actually  f aster  than  b oth r ef er en ce implemen tation s.  I t mig ht b e 
possib le to impr ov e the assemb ly  v er sion  b y  r emov in g  the un n ecessar y  outer  loops,  b ut I  
can n ot tell how  much it w ould  impr ov e.  The L � -Distan ce examples w ith shor tcut paths 
pr od uce less speed  impr ov emen t.  This is b ecause of  optimiz ed  v er sion  has a sin g le shor tcut 
path in  the mid d le,  w hile the scalar  v er sion  check s af ter  ev er y  r ow ,  an d  b ecause the shor tcut 
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path r epr esen ts a lar g er  ov er head  to the optimiz ed  v er sion s than  to the scalar  on e.  The 
in str uction  coun ts of  the examples w ithout shor tcut paths appear  in  Tab le 6 .7 .  Then  Tab le 6 .8  
an d  F ig ur e 6 .3  show  the r ed uction  in  in str uction  coun ts w ith r espect to the scalar  v er sion s. 

Tab le 6 .7  
I n str uction  coun ts on  M M X  +  S S E  
V er sion  8 x8  I DC T 1 6 x1 6  L � -Distan ce 1 6 x1 6  L � -Distan ce 

w ith I n ter polation  
M M M  5 5 6  1 5 6  23 1  
M M M -O pt 5 5 6  1 5 6  23 1  
R ef er en ce1  5 27  21 0   
R ef er en ce2  1 5 4   
S calar  27 6 4  1 7 6 2 4 27 8  
 
Tab le 6 .8  
R ed uction  in  in str uction  coun ts on  M M X  +  S S E  
V er sion  8 x8  I DC T 1 6 x1 6  L � -Distan ce 1 6 x1 6  L � -Distan ce 

w ith I n ter polation  
M M M  4 .97  1 1 .29 1 8 .5 2 
M M M -O pt 4 .97  1 1 .29 1 8 .5 2 
R ef er en ce1  5 .24  8 .3 9  
R ef er en ce2  1 1 .4 4   
 
The r ed uction  in  the in str uction  coun t f or  the I DC T example is similar  to the speed up 
ob tain ed .  B ut in  the L � -Distan ce examples,  the r ed uction  in  the in str uction  coun t is much 
lar g er  than  the speed up.  F or  example,  the por tab le L � -Distan ce example has ov er  1 1  times less 
in str uction s than  the scalar  v er sion ,  b ut is on ly  ab out 5 .8  times f aster .  The L � -Distan ce w ith 
in ter polation  has ov er  1 8  times less in str uction s an d  is ab out 1 0  times f aster .  This in d icates 
that other  r esour ces,  lik e memor y  access,  ar e the b ottlen eck  of  these pr og r ams. 
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F ig ur e 6 .3  
R ed uction  in  in str uction  coun ts on  M M X  +  S S E  
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6 . 3  S S E 2  

This ar chitectur e w as tested  on  a P en tium 4  pr ocessor  r un n in g  at 1 .7  G H z .  The pr og r ams 
w er e g en er ated  b y  the I n tel C / C + +  compiler  7 .0 ,  an d  measur ed  usin g  cy cle-accur ate 
multimed ia timer s.  The r ef er en ce I DC T implemen tation s ar e f r om I n tel [ 4 4 ] ;  the f ir st is 
w r itten  in  assemb ly ,  an d  the secon d  in  C + +  v ector  classes.  B oth implemen t the same 
alg or ithm as the M M M  v er sion .  The r ef er en ce L � -Distan ce implemen tation  [ 4 8 ]  is w r itten  in  C  
w ith in tr in sics,  an d  d oes n ot hav e the outer  loop ov er head  that the S S E  examples had .  Tab le 
6 .9 show s the execution  times of  the example pr og r ams on  S S E 2.  O n ce ag ain ,  I  could  n ot 
f in d  a w ay  to speed -up the por tab le M M M  examples f ur ther ,  so the M M M -O pt v er sion s ar e 
the same as the por tab le M M M  on es. 
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Tab le 6 .9 
E xecution  times in  cy cles on  S S E 2 

1 6 x1 6  L � -Distan ce 1 6 x1 6  L � -Distan ce w ith 
I n ter polation  

V er sion  8 x8  I DC T 

N o shor tcut S hor tcut N o shor tcut S hor tcut 
M M M  3 1 5 .4  1 6 6 .3  1 1 7 .4  3 0 1 .2 3 26  
M M M -O pt 3 1 5 .4  1 6 6 .3  1 1 7 .4  3 0 1 .2 3 26  
R ef er en ce1  3 25 .9 1 7 2.9    
R ef er en ce2 3 7 0 .8      
S calar  1 5 5 5 .5  1 0 7 1 .8  28 5 .7  3 8 7 3  3 0 94 .5  
 
Tab le 6 .1 0  an d  F ig ur e 6 .4  show  the speed up w ith r espect to the scalar  v er sion .  O n  this 
platf or m,  the por tab le M M M  pr og r ams out-per f or med  all other  v er sion s.  The r ef er en ce 
I DC Ts an d  the M M M  v er sion  use the same alg or ithm ( the M M M  v er sion  w as d er iv ed  f r om 
this r ef er en ce d esig n ) .  They  d if f er  on ly  in  that the M M M  v er sion  k eeps the r esults of  the 
hor iz on tal I DC T in  local v ar iab les,  in stead  of  stor in g  them in  memor y .   This helped  sav e 
some load / stor e in str uction s.   

Tab le 6 .1 0  
S peed up of  optimiz ed  examples on  S S E 2 

1 6 x1 6  L � -Distan ce 1 6 x1 6  L � -Distan ce w ith 
I n ter polation  

V er sion  8 x8  I DC T 

N o shor tcut S hor tcut N o shor tcut S hor tcut 
M M M  4 .93  6 .4 4  2.4 3  1 2.8 6  9.4 9 
M M M -O pt 4 .93  6 .4 4  2.4 3  1 2.8 6  9.4 9 
R ef er en ce1  4 .7 7  6 .20     
R ef er en ce2 4 .1 9     
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F ig ur e 6 .4  
S peed up of  optimiz ed  examples on  S S E 2 
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Tab le 6 .1 1  show s the in str uction  coun ts of  these pr og r ams.  The M M M  v er sion s hav e the 
low est in str uction  coun ts of  all v er sion s.  Tab le 6 .1 2 an d  F ig ur e 6 .5  show  the r ed uction  in  
in str uction  coun ts achiev ed  b y  the optimiz ed  pr og r ams on  S S E 2. 

Tab le 6 .1 1  
I n str uction  coun ts on  S S E 2 
V er sion  8 x8  I DC T 1 6 x1 6  L � -Distan ce 1 6 x1 6  L � -Distan ce 

w ith I n ter polation  
M M M  26 5  1 1 2 1 6 7  
M M M -O pt 26 5  1 1 2 1 6 7  
R ef er en ce1  28 5  1 1 9  
R ef er en ce2 3 0 4    
S calar  27 6 4  1 7 6 2 4 27 8  
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Tab le 6 .1 2 
R ed uction  in  in str uction  coun ts on  S S E 2 
V er sion  8 x8  I DC T 1 6 x1 6  L � -Distan ce 1 6 x1 6  L � -Distan ce 

w ith I n ter polation  
M M M  1 0 .4 3  1 5 .7 3  25 .6 2 
M M M -O pt 1 0 .4 3  1 5 .7 3  25 .6 2 
R ef er en ce1  9.7 0  1 4 .8 1   
R ef er en ce2 9.0 9   
 
F ig ur e 6 .5  
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W e see that the r ed uction s in  in str uction  coun ts ar e much hig her  than  the speed ups ob tain ed ,  
ev en  mor e so than  in  the S S E  examples.  This tells that the r esour ce con ten tion  is ev en  mor e 
sev er e in  this ar chitectur e. 
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6 . 4  A l t i V e c  

The example pr og r ams w er e compiled  f or  A ltiV ec usin g  A pple’ s g cc 93 1 .1 ,  an d  r un  on  a 
P ow er P C  G 4  pr ocessor  r un n in g  at 4 0 0  M H z .  The execution  speed  w as measur ed  usin g  the 
clock ( )  sy stem call.  To impr ov e the measur emen t accur acy ,  I  timed  b lock s of  thousan d s of  
calls to the pr og r ams.  This also r ed uces the ef f ect of  cache misses on  the execution  times. The 
f ir st I DC T r ef er en ce implemen tation  is the on e f r om M otor ola [ 4 5 ] ,  an d  the secon d  on e is 
f r om A pple [ 5 0 ] .  B oth ar e w r itten  in  C  w ith in tr in sics.  The L � -Distan ce r ef er en ce is f r om 
M otor ola [ 4 9] .  Tab le 6 .1 3  has the execution  times of  the examples on  A ltiV ec.  Tab le 6 .1 4  an d  
F ig ur e 6 .6  show  the speed ups. 

Tab le 6 .1 3  
E xecution  times in  clock s on  A ltiV ec 

1 6 x1 6  L � -Distan ce 1 6 x1 6  L � -Distan ce w ith 
I n ter polation  

V er sion  8 x8  I DC T 

N o shor tcut S hor tcut N o shor tcut S hor tcut 
M M M  4 4 .7  3 3 .3  26 .9 4 4 .8  4 5 .9 
M M M -O pt 4 2.9 29.4  25 .1  4 1 .1  4 3 .2 
R ef er en ce1  4 9.6  29.4     
R ef er en ce2 4 9.9     
S calar  21 9 24 9.6  6 9 6 4 6 .8  5 3 2.4  
 
Tab le 6 .1 4  
S peed up of  optimiz ed  examples on  A ltiV ec 

1 6 x1 6  L � -Distan ce 1 6 x1 6  L � -Distan ce w ith 
I n ter polation  

V er sion  8 x8  I DC T 

N o shor tcut S hor tcut N o shor tcut S hor tcut 
M M M  4 .90  7 .5 0  2.5 7  1 4 .4 4  1 1 .6 0  
M M M -O pt 5 .1 0  8 .4 9 2.7 5  1 5 .7 4  1 2.3 2 
R ef er en ce1  4 .4 2 8 .4 9    
R ef er en ce2 4 .3 9     
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The r ef er en ce I DC T implemen tation s ar e b oth slow er  than  the por tab le M M M  v er sion .   The 
alg or ithm used  b y  them r eq uir es tr an sposition  of  the b lock ,  w hich is v er y  in ef f icien t.  The b est 
per f or man ce is f r om the M M M -O pt v er sion ,  w hich is 4 %  f aster  than  the por tab le on e.  The 
por tab le L � -Distan ce example is slow er  than  the r ef er en ce b ecause it has an  extr a oper ation  to 
compute tw o par tial r esults in  the sad macr os.  The M M M -O pt v er sion  uses f our  par tial 
r esults,  an d  ob tain s the same per f or man ce as the r ef er en ce v er sion .  O v er all,  the execution  
speed s of  the M M M  v er sion s ar e w ithin  1 2%  of  the b est implemen tation s.  The in str uction  
coun ts of  the examples ar e show n  in  Tab le 6 .1 5 :  
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Tab le 6 .1 5  
I n str uction  coun ts on  A ltiV ec 
V er sion  8 x8  I DC T 1 6 x1 6  L � -Distan ce 1 6 x1 6  L � -Distan ce 

w ith I n ter polation  
M M M  3 7 2 225  3 0 8  
M M M -O pt 3 6 5  1 8 6  292 
R ef er en ce1  25 3  1 8 6   
R ef er en ce2 27 9   
S calar  1 4 4 6  1 4 6 1  5 0 8 0  
 
F ig ur e 6 .7  an d  Tab le 6 .1 6  show  the r ed uction  in  the in str uction  coun ts f or  the pr og r ams 
w ithout shor tcuts on  A ltiV ec.  W e ob ser v e than  the r ed uction  f actor s ar e compar ab le to the 
speed ups ob tain ed  f or  these pr og r ams.  The r ef er en ce I DC T examples use 3 0 %  less 
in str uction s,  b ut ar e actually  slow er  than  the por tab le M M M  v er sion ,  b ecause they  hav e mor e 
memor y  accesses. 

Tab le 6 .1 6  
R ed uction  in  in str uction  coun ts on  A ltiV ec 
V er sion  8 x8  I DC T 1 6 x1 6  L � -Distan ce 1 6 x1 6  L � -Distan ce 

w ith I n ter polation  
M M M  3 .8 9 6 .4 9 1 6 .4 9 
M M M -O pt 3 .96  7 .8 5  1 7 .4 0  
R ef er en ce1  5 .7 2 7 .8 5   
R ef er en ce2 5 .1 8    
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F ig ur e 6 .7  
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6 . 5  S u m m a r y  

This chapter  pr esen ted  the per f or man ce measur emen ts of  the example pr og r ams an d  
r ef er en ce implemen tation s.  F or  each pr og r am,  it pr esen ted  the execution  time an d  the 
speed up w ith r espect to the scalar  v er sion .  S imilar y ,  f or  examples w ithout shor tcut paths it 
show ed  the in str uction  coun ts an d  the r ed uction  f actor  w ith r espect to the scalar  v er sion s.   

I t w as seen  that f or  all b ut on e case,  the per f or man ce of  the por tab le M M M  v er sion s is w ithin  
1 2%  of  the b est k n ow n  implemen tation s. The on ly  case in  w hich the per f or man ce d if f er en ce 
is mor e is the I DC T example f or  Tr iM ed ia,  w hich is 26 %  slow er  than  the r ef er en ce v er sion .  
The d esig n  in  the r ef er en ce v er sion  is mor e suitab le to Tr iM ed ia’ s shor t r eg ister  len g ths.  E v en  
so,  the por tab le I DC T still pr ov id es a sig n if ican t speed up of  2.7 2 ov er  the scalar  v er sion  on  
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Tr iM ed ia.  O n  the other  ar chitectur es,  the I DC T ob tain  speed ups f actor s close to 5 .  F or  some 
of  the other  examples the speed up is ev en  hig her ,  up to a f actor  of  1 5  f or  L � -Distan ce w ith 
in ter polation  on  A ltiV ec.  I n str uction  coun ts ar e r ed uced  b y  f actor s of  up to 26 ,  lik e in  the case 
of  L � -Distan ce w ith in ter polation  on  S S E 2.  F or  S S E 2 the por tab le pr og r ams per f or m b etter  
than  an y  other  v er sion ,  in clud in g  the assemb ly  v er sion s b y  I n tel. 
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C O N C LU S I O N S  A N D F U TU R E  W O R K  

I n  this d isser tation  I  hav e pr esen ted  a simple,  y et pow er f ul method  to w r ite por tab le optimiz ed  
cod e.  The r esults pr esen ted  pr ov e that usin g  M M M ,  complex multimed ia pr og r ams can  b e 
por tab le an d  optimiz ed  at the same time.  The example pr og r ams w r itten  in  M M M  w er e 
compiled  in to v er y  d iv er se multimed ia ar chitectur es,  an d  ob tain ed  speed ups compar ab le to the 
b est av ailab le han d -optimiz ed  v er sion s.  Ther e is a n atur al tr ad eof f  b etw een  per f or man ce an d  
por tab ility ;  it is expected  that some per f or man ce w ill b e lost b y  usin g  on ly  por tab le 
in str uction s.  The r esults pr esen ted  show  that w ith M M M  this loss is w ithin  1 2%  f or  a g iv en  
alg or ithm.  B ey on d  this,  hig her  per f or man ce can  on ly  b e ob tain ed  b y  usin g  completely  
d if f er en t alg or ithms f or  each tar g et. 

This is the f ir st method  to ad d r ess the por tab ility  of  ar b itr ar y ,  complex optimiz ed  pr og r ams 
that use complex par tition ed  in str uction s.  O ther  por tab ility  method s can n ot pr ov id e the same 
f lexib ility  an d  per f or man ce as M M M .  P ar alleliz in g  compiler s ar e on ly  ef f icien t on  simple 
pr og r am str uctur es,  optimiz ed  k er n el lib r ar ies an d  automatic cod e g en er ator s ar e limited  to 
specif ic application s,  an d  existin g  d ata-par allel lan g uag es can n ot expr ess complex par tition ed  
oper ation s. 

F our  v er y  d istin ct tar g et ar chitectur es w er e chosen  to pr ov e the method :  A ltiV ec,  M M X + S S E ,  
S S E 2 an d  Tr iM ed ia TM 1 3 0 0 .  The r eg ister  len g ths v ar y  f r om 3 2 b its to 1 28 -b its.  The 
alig n men t r eq uir emen ts ar e un iq ue on  each of  them.  R eg ar d in g  the in str uction  sets an d  
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pr og r ammin g  sty les,  on ly  S S E  an d  S S E 2 ar e alik e;  the other  ar chitectur es ar e completely  
d if f er en t.  V er y  f ew  r esear ch ef f or ts hav e b een  ab le to g en er ate optimiz ed  cod e f or  such a w id e 
v ar iety  of  ar chitectur es. 

The method  pr esen ted  can  b e applied  to an y  g r oup of  ar chitectur es,  as lon g  as they  hav e 
en oug h in  common .  M ultimed ia in str uction  sets ar e par ticular ly  challen g in g  b ecause they  
comb in e lon g  par tition ed  r eg ister s w ith complex in str uction s.  B ut the method  can  also b e 
applied  to other  ty pes of  ar chitectur es,  lik e DS P  in str uction  sets. 

M M M  has b een  d emon str ated  to b e ef f ectiv e f or  w r itin g  por tab le optimiz ed  multimed ia 
application s.  The same method  can  b e applied  to other  f ield s,  lik e sig n al pr ocessin g  an d  
scien tif ic application s.  A n y  optimiz ed  pr og r am that uses complex an d / or  par tition ed  
in str uction s can  b e mad e por tab le b y  this method . 

7 . 1  M M M  L i m i t a t i o n s  

U sin g  C  pr e-pr ocessor  macr os pr ov ed  to b e a simple an d  f lexib le w ay  to emulate in str uction s,  
b ut ther e ar e a f ew  in str uction s that can n ot b e han d led  in  a g en er al w ay  thr oug h static macr os.  
This is the case f or  per mutation  in str uction s.   I t is n ot possib le to hav e a g en er al per mutation  
macr o b ecause n ot all ar chitectur es hav e g en er al per mutation  in str uction s.  B ut cer tain  
per mutation s can  b e implemen ted  ef f icien tly  usin g  a seq uen ce of  r ear r an g men t in str uction s.   
A n  in ter estin g  r esear ch topic w ould  b e to cr eate a “ per mutation  compiler ”  that tak es an  
ar b itr ar y  per mutation  of  tw o v ector s ( lik e in  A ltiV ec’ s per mutation  in str uction ) ,  an d  tr ies to 
emulate it usin g  a lib r ar y  of  av ailab le r ear r an g men t in str uction s. 
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A n other  case w her e static macr os hav e d if f iculty  is in  the emulation  of  shif t-immed iate 
in str uction s f or  small par tition s,  as d iscussed  in  S ection  4 .7 .  The most ef f icien t emulation  
techn iq ue is to shif t the en tir e v ector ,  an d  mask -out the r un -ov er  b its.  The shif t amoun t is 
k n ow n  ahead  of  time,  so cr eatin g  the mask  w ould n ’ t b e har d ,  b ut it d oes r eq uir e a d y n amic 
sy stem.  

A  thir d  example of  static macr o limitation s is in  the d eclar ation  of  ar r ay s of  con stan t v ector s.  
This w as ob ser v ed  in  S ection  4 .1 .  A  static macr o is n ot capab le of  in itializ in g  an  ar r ay  of  
ar b itr ar y  siz e.  The b est solution  f or  this is to d ef in e a lan g uag e sy n tax f or  d eclar in g  ar r ay s of  
v ector s,  an d  hav e a compiler  tr an slate it in to the sty le r eq uir ed  b y  each ar chitectur e. 

Ther e is also the issue of  cod e sty le w hen  usin g  macr os lik e M M M .  F or  a g iv en  oper ation ,  a 
d if f er en t macr o exists f or  ev er y  par tition  ty pe,  w hich mak es the macr o n ames v er y  lon g .  A lso,  
the r eq uir emen t that the d estin ation  of  each oper ation  has to b e passed  as an  ar g umen t is n ot 
v er y  in tuitiv e.  A  mor e eleg an t appr oach w ould  b e to use d ata-par allel exten sion s to C  w ith 
n ativ e v ector  ty pes an d  ov er load ed  oper ation s.  This is posposed  in  the n ext section . 

7 . 2  T h e  N e x t  S t e p :  M M C  

The n ext step f r om M M M  is to d ev elop a M ultimed ia C  lan g uag e,  or  M M C .  I t w ould  b e an  
exten sion  to C  that suppor ts v ector  ty pes n ativ ely ,  b ut on ly  f or  a limited  set of  len g ths an d  
ty pes,  lik e the v ir tual v ector s suppor ted  b y  M M M .  I t w ould  n ot suppor t ar b itr ar y  len g th 
v ector s lik e other  d ata-par allel lan g uag es;  usin g  v ector s as lon g  as the lar g est r eg ister  len g th in  
the set of  tar g ets is all that is n eed ed  in  or d er  to mak e ef f icien t pr og r ams.  A pplication s that 
w or k  on  lar g er  d ata sets can  d iv id e it in to section s eq ual to the v ir tual r eg ister  len g th w ithout a 
loss in  per f or man ce. 
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M M C  w ould  also b e d if f er en t f r om other  d ata-par allel lan g uag es in  that it w ould  n ot tr y  to 
map all v ector  oper ation s in to stan d ar d  lan g uag e oper ator s.  I n stead  it w ould  use in tr in sic 
f un ction s to access a lib r ar y  of  v ir tual in str uction s.  The v ir tual in str uction s f or  each tar g et 
w ould  b e d ef in ed  as macr os in  a lib r ar y  f ile,  much lik e M M M  macr os ar e d ef in ed  tod ay .  The 
emulation  of  complex in str uction s an d  lon g  r eg ister s w ould  b e d on e the same w ay  as in  
M M M . 

Dev elopin g  M M C  r eq uir es d ef in in g  the lan g uag e sy n tax f or  d eclar ation  an d  man ipulation  of  
v ector  v ar iab les.  Then  it n eed s a sour ce-to-sour ce tr an slator  f or  each tar g et ar chtectur e.  The 
sour ce-to-sour ce tr an slator  w ould  tak e M M C  as an  in put,  an d  use a macr o lib r ar y  to g en er ate 
C  cod e w ith in tr in sics f or  each tar g et ar chitectur e.  I t mig ht b e possib le to cr eate a r etar g etab le 
tr an slator  b ased  on  the macr o lib r ar ies.  This M M C  tr an slator  could  b e complemen ted  w ith a 
per mutation  compiler  an d  an  impr ov ed  shif t emulator ,  as d iscussed  in  the pr ev ious section .   

I  b eliev e that the M M C  lan g uag e pr oposed  ab ov e w ould  b e a pr actical solution .  I t w ould  solv e 
the limitation s,  an d  pr eser v e the f lexib ility  an d  pr ov en  per f or man ce of  M M M .  W ith an  
eleg an t,  f lexib le in f r astr uctur e lik e M M C  it mak es sen se to use it to w r ite all optimiz ed  
pr og r ams,  in stead  of  w r itin g  tar g et-specif ic cod e.  E v en  if  on e d ecid es to implemen t d if f er en t 
alg or ithms f or  d if f er en t tar g et ar chitectur es,  they  can  still b e w r itten  in  M M C .  This w ould  
allow  them to b e por ted  to f utur e tar g et platf or ms v er y  easily .  I f  on e n eed s a par ticular  
in str uction  that is n ot av ailab le in  the v ir tual in str uction  set,  it can  b e ad d ed .  This w ay  the 
lib r ar y  of  v ir tual in str uction s w ould  g r ow  ov er  time,  an d  ad apt to n ew  application s.  



1 1 1  

� ��� 	�������� �

V I R TU A L I N S TR U C TI O N  S E T DE F I N I TI O N  

This appen d ix con tain s a complete list of  the M M M  macr os suppor ted  f or  the selected  set of  
tar g et ar chitectur es.  The in str uction s g r ouped  b y  in str uction  ty pe.  F or  each macr o,  the tab les 
b elow  show  the in tr in sics they  map to in  each ar chitectur e,  or  the in str uction s in v olv ed  in  the 
emulation .  The _mm_ pr ef ix w as d r opped  f r om all M M X ,  S S E  an d  S S E 2 in tr in sics to sav e 
space. 

A . 1  V e c t o r  D e c l a r a t i o n  

Tab le A .1  
M M M  v ector  d eclar ation  macr os  
M M M  M acr o  Tr iM ed ia M M X + S S E  S S E 2 A ltiV ec 
DECLARE_I8x16� int� _m64� _m128i� vector� char�

DECLARE_U8x16� unsigned� int� _m64� _m128i� vector� unsigned�
char�

DECLARE_I16x8� int� _m64� _m128i� vector� short�

DECLARE_U16x8� unsigned� int� _m64� _m128i� vector� unsigned�
short�

DECLARE_I32x4� int� _m64� _m128i� vector� int�

DECLARE_U32x4� unsigned� int� _m64� _m128i� vector� unsigned�
int�

DECLARE_F32x4� float� _m128� _m128� vector� float�

DECLARE_CONST�
_I16x8x4�

short[][]� __declspec�
(align(16))�
short[][]�

__declspec�
(align(16))�
short[][]�

vector� short[]�
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A . 2  S e t  I n s t r u c t i o n s  

Tab le A .2 
M M M  set in str uction s  
M M M  M acr o  Tr iM ed ia M M X + S S E  S S E 2 A ltiV ec 
SET_I8x16�
SET_U8x16�

Emulate� with�
=,� <<,� |�

set_pi8� set_epi8� =�

SET_I16x8�
SET_U16x8�

Emulate� with�
=,� <<,� |�

set_pi16� set_epi16� =�

SET_I32x4�
SET_U32x4�

=� set_pi32� set_epi32� =�

SET_F32x4� =� set_ps� set_ps� =�

SET1_I8x16�
SET1_U8x16�

Emulate� with�
=,� <<,� |�

set1_pi8� set1_epi8� =�

SET1_I16x8�
SET1_U16x8�

Emulate� with�
=,� <<,� |�

set1_pi16� set1_epi16� =�

SET1_I32x4�
SET1_U32x4�

=� set1_pi32� set1_epi32� =�

SET1_F32x4� =� set1_ps� set1_ps� =�

CLEAR_I8x16�
CLEAR_U8x16�
CLEAR_I16x8�
CLEAR_U16x8�
CLEAR_I32x4�
CLEAR_U32x4�

=� setzero_si64� setzero_si128� =�

CLEAR_F32x4� =� setz er o_ ps setzero_ps� =�

COPY_I8x16�
COPY_U8x16�
COPY_I16x8�
COPY_U16x8�
COPY_I32x4�
COPY_U32x4�
COPY_F32x4�

=� = =� =�
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A . 3  L o a d  a n d  S t o r e  I n s t r u c t i o n s  

A lig n ed  in str uction s ar e suf f ixed  w ith _A_ an d  un alig n ed  w ith _U_. 

Tab le A .3  
M M M  load  an d  stor e in str uction s  
M M M  M acr o  Tr iM ed ia M M X + S S E  S S E 2 A ltiV ec 
LOAD_A_I8x16�
LOAD_A_U8x16�
LOAD_A_I16x8�
LOAD_A_U16x8�
LOAD_A_I32x4�
LOAD_A_U32x4�

v=*p� v=*p� load_si128�

�

vec_ld�

LOAD_A_F32x4� v=*p� load_ps� � load_ps� vec_ld�

STORE_A_I8x16�
STORE_A_U8x16�
STORE_A_I16x8�
STORE_A_U16x8�
STORE_A_I32x4�
STORE_A_U32x4�

*p=v� *p=v� store_si128� vec_st�

STORE_A_F32x4� *p=v� store_ps� store_ps� vec_st�

PREPARE_LOAD_�
ALIGNMENT�

Compute�
shift�
amounts�

Do� nothing� Do� nothing� vec_lvsl�

PREPARE_STORE_�
ALIGNMENT�

Compute�
shift�
amounts�

Do� nothing� Do� nothing� vec_lvsr�

LOAD_U_I8x16�
LOAD_U_U8x16�
LOAD_U_I16x8�
LOAD_U_U16x8�
LOAD_U_I32x4�
LOAD_U_U32x4�

Emulate�
with� *p,�
<<,� >>,� |�

v=*p� loadu_si128� Emulate�
with�
vec_ld,�
vec_perm�

LOAD_U_F32x4� Emulate�
with� *p,�
<<,� >>,� |�

loadu_ps� � loadu_ps� Emulate:�
vec_ld,�
vec_perm�

LOAD_ADJ_I8x16�
LOAD_ADJ_U8x16�
LOAD_ADJ_I16x8�
LOAD_ADJ_U16x8�
LOAD_ADJ_I32x4�
LOAD_ADJ_U32x4�

Emulate�
with� *p,�
<<,� >>,� |�

v1=*p�
v2=*(p+1)�

loadu_si128� Emulate�
with�
vec_ld,�
vec_perm�

LOAD_ADJ_F32x4� Emulate�
with� *p,�
<<,� >>,� |�

loadu_ps� � loadu_ps� Emulate:�
vec_ld,�
vec_perm�

STORE_U_I8x16�
STORE_U_U8x16�

Emulate�
with� *p,�

*p=v� storeu_si128� Emulate�
with�
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STORE_U_I16x8�
STORE_U_U16x8�
STORE_U_I32x4�
STORE_U_U32x4�

<<,� >>,� |,�
&�

vec_st,�
vec_perm,�
vec_sel�

STORE_U_F32x4� Emulate�
with� *p,�
<<,� >>,� |,�
&�

storeu_ps� storeu_ps� Emulate�
with�
vec_st,�
vec_perm,�
vec_sel�

STORE_MASKED_I8x16�
STORE_MASKED_U8x16�

Emulate�
with� *p,�
|,� &,� ~�

mask mov e_  
si6 4  

maskmoveu_�
si128�

Emulate:�
vec_st,�
vec_sel�

 



1 1 5  

A . 4  R e a r r a n g e m e n t  I n s t r u c t i o n s  

The _H_ suf f ix stan d s f or  hig h an d  _L_ f or  low  in  interleave in str uction s.  The _x_ in  the 
broadcast macr os is the elemen t in d ex that is to b e copied .  

Tab le A .4  
M M M  r ear r an g emen t in str uction s  

M M M  M acr o  Tr iM ed ia M M X + S S E  S S E 2 A ltiV ec 
INTERLEAVE_H_I8x16�
INTERLEAVE_H_U8x16�

MERGEMSB� unpackhi_pi8� unpackhi_epi8� vec_mergeh�

INTERLEAVE_H_I16x8�
INTERLEAVE_H_U16x8�

PACK16MSB� unpackhi_pi16� unpackhi_epi16� vec_mergeh�

INTERLEAVE_H_I32x4�
INTERLEAVE_H_U32x4�

=� unpackhi_pi32� unpackhi_epi32� vec_mergeh�

INTERLEAVE_H_F32x4� =� unpackhi_ps� unpackhi_ps� vec_mergeh�

INTERLEAVE_L_I8x16�
INTERLEAVE_L_U8x16�

MERGELSB� unpacklo_pi8� unpacklo_epi8� vec_mergel�

INTERLEAVE_L_I16x8�
INTERLEAVE_L_U16x8�

PACK16LSB� unpacklo_pi16� unpacklo_epi16� vec_mergel�

INTERLEAVE_L_I32x4�
INTERLEAVE_L_U32x4�

=� unpacklo_pi32� unpacklo_epi32� vec_mergel�

INTERLEAVE_L_F32x4� =� unpacklo_ps� unpacklo_ps� vec_mergel�

BROADCAST_x_I8x16�
BROADCAST_x_U8x16�

Emulate:� �
=,� <<,� |�

Emulate:� lsl,�
or,� shuffle�

Emulate:� lsl,�
or,� shuffle�

vec_splat�

BROADCAST_x_I16x8�
BROADCAST_x_U16x8�

Emulate:� �
=,� <<,� |�

shuffle_pi16� Emulate� with�
shuffle,� �
shufflelo�

vec_splat�

BROADCAST_x_I32x4�
BROADCAST_x_U32x4�

=� shuffle_pi16� shuffle_epi32� vec_splat�

BROADCAST_x_F32x4� =� shuffle_ps� shuffle_ps� vec_splat�

BROADCAST_PAIR_x_�
I16x8,� U16x8�

Same� as� BROADCAST_{I/U}32x4� but� typecasted� to�
{I/U}16x8�

BROADCAST_PAIR_x_�
I8x16,� U8x16�

Same� as� BROADCAST_{I/U}16x8� but� typecasted� to�
{I/U}8x16�

PERMUTE_I16x8_�
02134657�

Emulate�
with� =,�
PACK16MSB,�
PACK16LSB�

shuffle_pi16� shufflelo_epi16� vec_perm�

PERMUTE_I16x8_�
01237654�

Emulate:� �
=,� ROLI�

shuffle_pi16� shufflehi_epi16� vec_perm�
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A . 5  C o n v e r s i o n  I n s t r u c t i o n s  

The macr o n ames ar e CVT_{dst� type}_{src� type},  w her e the sour ce an d  d estin ation  ty pes 
can  b e v ector s or  scalar s.  This cov er s pack an d  extend oper ation s too;  they  ar e con v er sion s 
b etw een  v ector s w ith d if f er en t par tition  ty pes.  C on v er sion s w ith tr un cation  hav e the suf f ix 
_T_,  the on es w ith satur ation  hav e _S_,  an d  the on es w ith un specif ied  r ed uction  ty pe hav e 
_N_.  The _H_ suf f ix stan d s f or  hig h an d  _L_ mean s low  in  extend oper ation s. 

Tab le A .5  
M M M  con v er sion  in str uction s  

M M M  M acr o  Tr iM ed ia M M X + S S E  S S E 2 A ltiV ec 
CVT_I32x4_I32�
CVT_U32x4_U32�

=� cvtsi32_si64� cvtsi32_si128� vec_lde,�
vec_splat�

CVT_I32_I32x4�
CVT_U32_U32x4�

=� cvtsi64_si32� cvtsi128_si32� vec_ste,�
vec_splat�

CVT_F32x4_I32x4� (float)� cvtpi32x2_ps� cvtepi32_ps� vec_ctf�

CVT_I32x4_F32x4� (int)� cvtt_ps2pi� cvttps_epi32� vec_cts�

PACK_T_I16x8�
PACK_T_U16x8�

MERGEDUAL16LSB� Emulate� with�
&,� packs�

Emulate� with�
&,� packs�

vec_pack�

PACK_T_I32x4�
PACK_T_U32x4�

PACK16LSB� Emulate� with�
&,� packs�

Emulate� with�
&,� packs�

vec_pack�

PACK_S_I16x8� Emulate� with�
DUALICLIPI,�
MERGEDUAL16LSB�

packs_pi16� packs_epi16� vec_packs�

PACK_S_U16x8� Emulate� with�
DUALUCLIPI,�
MERGEDUAL16LSB�

packs_pu16� packus_epi16� vec_packs�

PACK_S_I32x4� Emulate� with�
ICLIPI,�
PACK16LSB�

packs_pi32� packs_epi32� vec_packs�

PACK_N_I16x8� MERGEDUAL16LSB� packs_pi16� packs_epi16� vec_pack�

PACK_N_U16x8� MERGEDUAL16LSB� packs_pu16� packus_epi16� vec_pack�

PACK_N_I32x4�
PACK_N_U32x4�

PACK16LSB� packs_pi32� packs_epi32� vec_pack�

EXTEND_H_I8x16� Emulate� with�
MERGEMSB,�
DUALASR�

Emulate� with�
unpackhi,�
sra�

Emulate� with�
unpackhi,� sra�

vec_unpackh�

EXTEND_H_U8x16� MERGEMSB� unpackhi_pi8� unpackhi_epi8� vec_unpackh�

EXTEND_H_I16x8� Emulate� with�
PACK16MSB,�
SEX16�

Emulate� with�
unpackhi,�
srai�

Emulate� with�
unpackhi,�
srai�

vec_unpackh�
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EXTEND_H_U16x8� PACK16MSB� unpackhi_�
pi16�

unpackhi_�
epi16�

vec_unpackh�

EXTEND_L_I8x16� Emulate:� ROLI,�
MERGEMSB,�
DUALASR�

Emulate� with�
unpacklo,�
sl,� sra�

Emulate� with�
unpacklo,� sl,�
sra�

vec_unpackl�

EXTEND_L_U8x16� Emulate� with�
MERGEMSB,� SRLI�

unpacklo_pi8� unpacklo_epi8� vec_unpackl�

EXTEND_L_I16x8� SEX16� Emulate� with�
unpacklo,�
sl,� sra�

Emulate� with�
unpacklo,� sl,�
sra�

vec_unpackl�

EXTEND_L_U16x8� PACK16LSB� unpacklo_�
pi16�

unpacklo_�
epi16�

vec_unpackl�

A . 6  B i t -w i s e  L o g i c  I n s t r u c t i o n s  

Tab le A .6  
M M M  b it-w ise log ic in str uction s  
M M M  M acr o  Tr iM ed ia M M X + S S E  S S E 2 A ltiV ec 
AND_I8x16,� U8x16�
AND_I16x8,� U16x8�
AND_I32x4,� U32x4�

&� and_si64� and_si128� vec_and�

AND_F32x4� &� and_ps� and_ps� vec_and�

ANDN_I8x16,� U8x16�
ANDN_I16x8,� U16x8�
ANDN_I32x4,� U32x4�

BITANDINV� andnot_si64� andnot_si128� vec_andc�

ANDN_F32x4� BITANDINV� andnot_ps� andnot_ps� vec_andc�

OR_I8x16,� U8x16�
OR_I16x8,� U16x8�
OR_I32x4,� U32x4�

|� or_si64� or_si128� vec_or�

OR_F32x4� |� or_ps� or_ps� vec_or�

XOR_I8x16,� U8x16�
XOR_I16x8,� U16x8�
XOR_I32x4,� U32x4�

^� xor_si64� xor_si128� vec_xor�

XOR_F32x4� ^� xor_ps� xor_ps� vec_xor�

SEL_I8x16,� U8x16�
SEL_I16x8,� U16x8�
SEL_I32x4,� U32x4�

Emulate� with�
&,� |,�
BITANDINV�

Emulate� with�
&,� |,� andnot�

Emulate� with�
&,� |,� andnot�

vec_sel�

SEL_F32x4� Emulate� with�
&,� |,�
BITANDINV�

E mulate w ith 
& ,  | ,  an d n ot 

E mulate w ith & ,  
| ,  an d n ot 

vec_sel�
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A . 7  S h i f t  I n s t r u c t i o n s  

M acr os w ith the _I_ suf f ix tak e immed iate shif t amoun ts. 

Tab le A .7  
M M M  shif t in str uction s  

M M M  M acr o  Tr iM ed ia M M X + S S E  S S E 2 A ltiV ec 
SLL_I8x16�
SLL_U8x16�

Emulate� with�
<<,� &,� |�

Emulate� with�
sll,� and,� or�

Emulate� with�
sll,� and,� or�

vec_sl�

SLL_I16x8�
SLL_U16x8�

Emulate� with�
<<,� &,� |�

sll_pi16� sll_epi16� vec_sl�

SLL_I32x4�
SLL_U32x4�

<<� sll_pi32� sll_epi32� vec_sl�

SLL_I_I8x16
SLL_I_U8x16�

Emulate� with�
LSLI,� &,� |�

Emulate� with�
slli,� and,� or�

Emulate� with�
slli,� and,� or�

vec_sl(�
vec_splat())�

SLL_I_I16x8�
SLL_I_U16x8�

Emulate� with�
LSLI,� &,� |�

slli_pi16� slli_epi16� vec_sl(�
vec_splat())�

SLL_I_I32x4�
SLL_I_U32x4�

LSLI� slli_pi32� slli_epi32� vec_sl(�
vec_splat())�

SRL_I8x16�
SRL_U8x16�

Emulate� with�
>>,� &,� |�

Emulate� with�
srl,� and,� or�

Emulate� with�
srl,� and,� or�

vec_sr�

SRL_I16x8�
SRL_U16x8�

Emulate� with�
>>,� &,� |�

srl_pi16� srl_epi16� vec_sr�

SRL_I32x4�
SRL_U32x4�

<<� srl_pi32� srl_epi32� vec_sr�

SRL_I_I8x16�
SRL_I_U8x16�

Emulate� with�
LSRI,� &,� |�

Emulate� with�
srli,� and,� or�

Emulate� with�
srli,� and,� or�

vec_sr(�
vec_splat())�

SRL_I_I16x8�
SRL_I_U16x8�

Emulate� with�
LSRI,� &,� |�

srli_pi16� srli_epi16� vec_sr(�
vec_splat())�

SRL_I_I32x4�
SRL_I_U32x4�

LSRI� srli_pi32� srli_epi32� vec_sr(�
vec_splat())�

SRA_I8x16�
SRA_U8x16�

Emulate� with�
DUALASR,� &,�
|�

Emulate� with�
sra,� and,� or�

Emulate� with�
sra,� and,� or�

vec_sra�

SRA_I16x8�
SRA_U16x8�

DUALASR� sra_pi16� sra_epi16� vec_sra�

SRA_I32x4�
SRA_U32x4�

>>� � sra_pi32� sra_epi32� vec_sra�

SRA_I_I8x16�
SRA_I_U8x16�

Emulate� with�
DUALASR,� &,�
|�

Emulate� with�
srai,� and,� or�

Emulate� with�
srai,� and,� or�

vec_sra(�
vec_splat())�

SRA_I_I16x8�
SRA_I_U16x8�

DUALASR� srai_pi16� srai_epi16� vec_sra(�
vec_splat())�

SRA_I_I32x4�
SRA_I_U32x4�

ASRI� srai_pi32� srai_epi32� vec_sra(�
vec_splat())�
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ROL_I8x16�
ROL_U8x16�

Emualte� with�
ROL,� >>,� &,�
|�

Emulate� with�
sll,� srl,� &,� |�

Emulate� with�
sll,� srl,� &,� |�

vec_rl�

ROL_I16x8�
ROL_U16x8�

Emualte� with�
ROL,� &,� |�

Emulate� with�
sll,� srl,� &,� |�

Emulate� with�
sll,� srl,� &,� |�

vec_rl�

ROL_I32x4�
ROL_U32x4�

ROL� Emulate� with�
sll,� srl,� &,� |�

Emulate� with�
sll,� srl,� &,� |�

vec_rl�

ROL_I_I8x16�
ROL_I_U8x16�

Emualte� with�
ROLI,� &,� |�

Emulate� with�
slli,� srli,� &,� |�

Emulate� with�
slli,� srli,� &,� |�

vec_rl(�
vec_splat())�

ROL_I_I16x8�
ROL_I_U16x8�

Emualte� with�
ROLI,� &,� |�

Emulate� with�
slli,� srli,� &,� |�

Emulate� with�
slli,� srli,� &,� |�

vec_rl(�
vec_splat())�

ROL_I_I32x4�
ROL_I_U32x4�

ROLI� Emulate� with�
slli,� srli,� &,� |�

Emulate� with�
slli,� srli,� &,� |�

vec_rl(�
vec_splat())�

A . 8  F l o a t i n g -P o i n t  A r i t h m e t i c  I n s t r u c t i o n s  

Tab le A .8  
M M M  f loatin g -poin t ar ithmetic in str uction s  
M M M  M acr o  Tr iM ed ia M M X + S S E  S S E 2 A ltiV ec 
ADD_F32x4� +� add_ps� add_ps� vec_add�

SUB_F32x4� -� sub_ps� sub_ps� vec_sub�

MULT_F32x4� *� mul_ps� mul_ps� vec_madd�

MULT_ADD_F32x4� Emulate� with�
*,� +�

Emulate�
with� mul,� +�

Emulate�
with� mul,� +�

vec_madd�

DIV_F32x4� /� div_ps� div_ps� Emulate� with�
vec_madd,�
vec_re�

MIN_F32x4� FMIN� min_ps� min_ps� vec_min�

MAX_F32x4� FMAX� max_ps� max_ps� vec_max�

SQRT_F32x4� FSQRT� sqrt_ps� sqrt_ps� Emulate� with�
vec_rsqrte,�
vec_re�

REC_F32x4� � /� rcp_ps� rcp_ps� vec_re�

RSQRT_F32x4� Emulate� with�
/,� FSQRT�

rsqrt_ps� rsqrt_ps� vec_rsqrte�

A . 9  I n t e g e r  A r i t h m e t i c  I n s t r u c t i o n s  

O per ation s w ith mod ulo han d lin g  of  ov er f low  appen d  _M_;  those w ith satur ation  appen d  _S_,  
an d  un specif ied  b ehav ior  un d er  ov er f low  appen d  _N_.  Low  an d  hig h multiplication s ar e 
id en tif ied  w ith _L_� an d  _H_ r espectiv ely . 
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Tab le A .9 
M M M  in teg er  ar ithmetic in str uction s  
M M M  M acr o  Tr iM ed ia M M X + S S E  S S E 2 A ltiV ec 
ADD_M_I8x16�
ADD_M_U8x16�

Emulate� with�
+,� &,� ^�

add_pi8� add_epi8� vec_add�

ADD_M_I16x8�
ADD_M_U16x8�

Emulate� with�
+,� &,� ^�

add_pi16� add_epi16� vec_add�

ADD_M_I32x4�
ADD_M_U32x4�

+� add_pi32� add_epi32� vec_add�

ADD_S_I8x16� Emulate� with�
+,� DUALICLIPI,�
>>,� <<,� &,� |�

adds_pi8� adds_epi8� vec_adds�

ADD_S_U8xx6� Emulate� with�
+,� DUALUCLIPI,�
>>,� <<,� &,� |�

adds_pu8� adds_epu8� vec_adds�

ADD_S_I16x8� DSPIDUALADD� adds_pi16� adds_epi16� vec_adds�

ADD_S_U16x8� Emulate� with�
DSPUADD,� <<,�
>>,� &,� |�

adds_pu16� adds_epu16� vec_adds�

ADD_N_I8x16�
ADD_N_U8x16�

+� add_pi8� add_epi8� vec_add�

ADD_N_I16x8�
ADD_N_U16x8�

+� add_pi16� add_epi16� vec_add�

ADD_N_I32x4�
ADD_N_U32x4�

+� add_pi32� add_epi32� vec_add�

SUB_M_I8x16�
SUB_M_U8x16�

Emulate� with� -
,� &,� ^�

sub_pi8� sub_epi8� vec_sub�

SUB_M_I16x8�
SUB_M_U16x8�

Emulate� with� -
,� &,� ^�

sub_pi16� sub_epi16� vec_sub�

SUB_M_I32x4�
SUB_M_U32x4�

-� sub_pi32� sub_epi32� vec_sub�

SUB_S_I8x16� Emulate� with� -
,� DUALICLIPI,�
>>,� <<,� &,� |�

subs_pi8� subs_epi8� vec_subs�

SUB_S_U8xx6� Emulate� with� -
,� DUALUCLIPI,�
>>,� <<,� &,� |�

subs_pu8� subs_epu8� vec_subs�

SUB_S_I16x8� DSPIDUALSUB� subs_pi16� subs_epi16� vec_subs�

SUB_S_U16x8� Emulate� with�
DSPUSUB,� <<,�
>>,� &,� |�

subs_pu16� subs_epu16� vec_subs�

SUB_N_I8x16�
SUB_N_U8x16�

Emulate� with� -
,� &,� ^�

sub_pi8� sub_epi8� vec_sub�

SUB_N_I16x8�
SUB_N_U16x8�

DSPIDUALSUB� sub_pi16� sub_epi16� vec_sub�

SUB_N_I32x4�
SUB_N_U32x4�

-� sub_pi32� sub_epi32� vec_sub�

MULT_L_I16x8� Emulate� with�
*,� >>,� <<,� &,�

mullo_pi16� mullo_epi16� vec_mladd�
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*,� >>,� <<,� &,�
|�

MULT_L_ADD_M_I16x8� Emulate� with�
*,� >>,� <<,� &,�
|,� +,� ^�

Emulate�
with� mullo,�
add�

Emulate�
with� mullo,�
add�

vec_mladd�

MULT_L_ADD_N_I16x8� Emulate� with�
*,� >>,� <<,� &,�
|,� DSPIDUALADD�

Emulate�
with� mullo,�
add�

Emulate�
with� mullo,�
add�

vec_mladd�

MULT_H_I16x8� Emulate� with�
*,� IMULM,� &,�
PACK16MSB�

mulhi_pi16� mulhi_epi16� vec_madds�

MULT_H_ADD_S_I16x8� Emulate� with� �
*,� IMULM,� &,�
PACK16MSB,� �
DSPIDUALADD�

Emulate�
with� mulhi,�
adds�

Emulate�
with� mulhi,�
adds�

vec_madds�

MULT_ADDPAIRS_I16x8� ifir16� � madd_pi16� madd_epi16� vec_msum�

MULT_ADDPAIRS_ADD_M�
_I16x8�

Emulate� with�
IFIR16,� &,� ^�

Emulate�
with� madd,�
add�

Emulate�
with� madd,�
add�

vec_msum�

MULT_ADDPAIRS_ADD_S�
_I16x8�

Emulate� with�
IFIR16,�
DSPIDUALADD�

Emulate�
with� madd,�
adds�

Emulate�
with� madd,�
adds�

vec_msums�

MULT_ADDPAIRS_ADD_N�
_I16x8�

Emulate� with�
IFIR16,�
DSPIDUALADD�

Emulate�
with� madd,�
add�

Emulate�
with� madd,�
add�

vec_msum�

AVG_U8x16� QUADAVG� avg_pu8� avg_epu8� vec_avg�

AVG_U16x8� Emulate� with�
&,� +,� � >>,� |�

avg_pu16� avg_epu16� vec_avg�

MIN_U8x16� QUADUMIN� min_pu8� min_epu8� vec_min�

MIN_I16x8� Emulate� with�
IMIN,� &,� |�

min_pi16� min_epi16� vec_min�

MAX_U8x16� QUADUMAX� max_pu8� max_epu8� vec_max�

MAX_I16x8� Emulate� with�
IMAX,� &,� |�

max_pi16� max_epi16� vec_max�

CLIP_I16x8� DUALICLIPI� Emulate�
with� min�

Emulate�
with� min�

Emulate�
with�
vec_min,�
vec_splat�

SAD2_U8x16� UME8UU� sad_pu8� sad_epu8� Emulate�
with� sum�
(max-min)�

SAD2_ADD_M_U8x16� Emulate� with�
UME8UU,� +�

Emulate�
with� sad,�
add�

Emulate�
with� sad,�
add�

Emulate�
with� sum�
(max-min)�

SUM2_U32x4� +� Emulate�
with� +,�
_m_to_int�

Emulate�
with�
add_epi32,�
srli_si128�

vec_sums�
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A . 1 0  C o m p a r i s o n  I n s t r u c t i o n s  

The suf f ix EQ stan d s f or  eq ual,  NEQ f or  n ot eq ual,  GT f or  g r eater  than ,  GTE f or  g r eater  than  or  
eq ual,  LT f or  less than ,  an d  LTE f or  less than  or  eq ual. 

Tab le A .1 0  
M M M  compar ison  in str uction s  
M M M  M acr o  Tr iM ed ia M M X + S S E  S S E 2 A ltiV ec 
CMP_EQ_I8x16�
CMP_EQ_U8x16�

Emulate� with�
MUX,� ==,� &,� |�

cmpeq_pi8� cmpeq_epi8� vec_cmpeq�

CMP_EQ_I16x8�
CMP_EQ_U16x8�

Emulate� with�
MUX,� ==,� &,� |�

cmpeq_pi16� cmpeq_epi16� vec_cmpeq�

CMP_EQ_I32x4�
CMP_EQ_U32x4�

Emulate� with�
MUX,� ==�

cmpeq_pi32� cmpeq_epi32� vec_cmpeq�

CMP_EQ_F32x4� Emulate� with�
MUX,� ==�

cmpeq_ps� cmpeq_ps� vec_cmpeq�

CMP_GT_I8x16�
CMP_GT_U8x16�

Emulate� with�
MUX,� >,� &,� |�

cmpgt_pi8� cmpgt_epi8� vec_cmpgt�

CMP_GT_I16x8�
CMP_GT_U16x8�

Emulate� with�
MUX,� >,� &,� |�

cmpgt_pi16� cmpgt_epi16� vec_cmpgt�

CMP_GT_I32x4�
CMP_GT_U32x4�

Emulate� with�
MUX,� >�

cmpgt_pi32� cmpgt_epi32� vec_cmpgt�

CMP_GT_F32x4� Emulate� with�
MUX,� >�

cmpgt_ps� cmpgt_ps� vec_cmpgt�

CMP_GTE_F32x4� Emulate� with�
MUX,� >=�

cmpge_ps� cmpge_ps� vec_cmpge�

CMP_LT_I8x16�
CMP_LT_U8x16�

Emulate� with�
MUX,� <,� &,� |�

Emulate� with�
cmpgt,� andnot�

cmplt_epi8� vec_cmplt�

CMP_LT_I16x8�
CMP_LT_U16x8�

Emulate� with�
MUX,� <,� &,� |�

Emulate� with�
cmpgt,� andnot�

cmplt_epi16� vec_cmplt�

CMP_LT_I32x4�
CMP_LT_U32x4�

Emulate� with�
MUX,� <�

Emulate� with�
cmpgt,� andnot�

cmplt_epi32� vec_cmplt�

CMP_LT_F32x4� Emulate� with�
MUX,� <�

cmplt_ps� cmplt_ps� vec_cmplt�

CMP_LTE_F32x4� Emulate� with�
MUX,� <=�

cmple_ps� cmple_ps� vec_cmple�

CMP_NEQ_F32x4� Emulate� with�
MUX,� !=�

cmpneq_ps� cmpneq_ps� vec_andc,�
vec_cmpeq�
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� ��� 	 ��� ��� �

M M M  LI B R A R Y  I M P LE M E N TA TI O N S  

The section s b elow  show  the actual implemen tation  of  the M M M  macr o lib r ar ies f or  the f our  
d if f er en t tar g et ar chitectur es.  The lib r ar ies implemen t the por tion  of  the v ir tual in str uction  set 
that is used  b y  the example pr og r ams on ly . 

B . 1  T r i M e d i a  T M 1 3 0 0  

/*************************************************************�
*� mmm_tm.h�
*�
*� � � � This� file� includes� Multi-Media� Macro� library� definitions� �
*� � � � for� the� TriMedia� TM1300� architecture.�
*� �
*� � � � This� library� was� developed� by� Juan� Carlos� Rojas�
*� � � � as� part� of� his� PhD� research� at� Northeastern� University.�
*� � � � � � � � � � �
**************************************************************/�
�
#ifndef� __MMM_TM__�
#define� __MMM_TM__�
�
#include� "custom_defs.h"�
�
/*� �
**� Precise� Basic� Types� �
*/�
�
#define� INT8� � � � char�
#define� INT16� � � short�
#define� INT32� � � int�
#define� UINT8� � � unsigned� char�
#define� UINT16� � unsigned� short�
#define� UINT32� � unsigned� int�
�
/*� �
**� Vector� Declarations� �
*/�
�
#define� DECLARE_I16x8(var)� \�
� � � � int� var##_0;� \�
� � � � int� var##_1;� \�
� � � � int� var##_2;� \�
� � � � int� var##_3;�
�
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#define� DECLARE_U8x16(var)� \�
� � � � unsigned� int� var##_0;� \�
� � � � unsigned� int� var##_1;� \�
� � � � unsigned� int� var##_2;� \�
� � � � unsigned� int� var##_3;�
�
#define� DECLARE_I32x4(var)� \�
� � � � int� var##_0;� \�
� � � � int� var##_1;� \�
� � � � int� var##_2;� \�
� � � � int� var##_3;�
�
#define� DECLARE_U32x4(var)� \�
� � � � unsigned� int� var##_0;� \�
� � � � unsigned� int� var##_1;� \�
� � � � unsigned� int� var##_2;� \�
� � � � unsigned� int� var##_3;�
�
�
#define� DECLARE_CONST_I16x8x4(var,� c11,� c12,� c13,� c14,� c15,� c16,� c17,� c18,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c21,� c22,� c23,� c24,� c25,� c26,� c27,� c28,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c31,� c32,� c33,� c34,� c35,� c36,� c37,� c38,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c41,� c42,� c43,� c44,� c45,� c46,� c47,� c48)� \�
� � � � INT16� var[4][8]� =� {c11,� c12,� c13,� c14,� c15,� c16,� c17,� c18,� \�
� � � � � � � � � � � � � � � � � � � � � � � c21,� c22,� c23,� c24,� c25,� c26,� c27,� c28,� \�
� � � � � � � � � � � � � � � � � � � � � � � c31,� c32,� c33,� c34,� c35,� c36,� c37,� c38,� \�
� � � � � � � � � � � � � � � � � � � � � � � c41,� c42,� c43,� c44,� c45,� c46,� c47,� c48};�
�
/*� �
**� Set� Instructions� �
*/�
�
#define� SET1_I16x8(var,� c)� \�
� � � � var##_0� =� var##_1� =� var##_2� =� var##_3� =� (c� <<� 16)� |� c;�
�
#define� SET1_I32x4(var,� c)� \�
� � � � var##_0� =� var##_1� =� var##_2� =� var##_3� =� c;�
�
#define� CLEAR_U32x4(var)� \�
� � � � var##_0� =� var##_1� =� var##_2� =� var##_3� =� 0;�
�
#define� COPY_U8x16(dst,� src)� \�
� � � � dst##_0� =� src##_0;� \�
� � � � dst##_1� =� src##_1;� \�
� � � � dst##_2� =� src##_2;� \�
� � � � dst##_3� =� src##_3;�
�
/*� �
**� Load� and� Store� Instructions� �
*/�
�
#define� LOAD_A_I16x8(var,� ptr)� \�
� � � � var##_0� =� *((int� *)� (ptr));� \�
� � � � var##_1� =� *(((int� *)� (ptr))+1);� \�
� � � � var##_2� =� *(((int� *)� (ptr))+2);� \�
� � � � var##_3� =� *(((int� *)� (ptr))+3);�
�
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#define� LOAD_A_U8x16(var,� ptr)� \�
� � � � var##_0� =� *((int� *)� (ptr));� \�
� � � � var##_1� =� *(((int� *)� (ptr))+1);� \�
� � � � var##_2� =� *(((int� *)� (ptr))+2);� \�
� � � � var##_3� =� *(((int� *)� (ptr))+3);�
�
#define� STORE_A_I16x8(ptr,� var)� \�
� � � � *((int� *)� (ptr))� =� var##_0;� \�
� � � � *(((int� *)� (ptr))+1)� =� var##_1;� \�
� � � � *(((int� *)� (ptr))+2)� =� var##_2;� \�
� � � � *(((int� *)� (ptr))+3)� =� var##_3;�
�
/*� Static� re-alignment� values� */�
static� int� mmm_tm_shift_left_1;�
static� int� mmm_tm_shift_right_1;�
static� int� mmm_tm_shift_left_2;�
static� int� mmm_tm_shift_right_2;�
�
#define� PREPARE_LOAD_ALIGNMENT(index,� ptr)� \�
� � � � mmm_tm_shift_right_##index� =� (((int)� (ptr))� &� 0x3)<<3;� \�
� � � � mmm_tm_shift_left_##index� =� 32� -� mmm_tm_shift_right_##index;�
�
#define� LOAD_U_U8x16(var,� ptr,� index)� \�
� � � � var##_0� =� ((*(((int� *)� (ptr))+1))� <<� mmm_tm_shift_left_##index)� |� \�
� � � � � � � � � � � � � � (*(((unsigned� int� *)� (ptr)))� >>� mmm_tm_shift_right_##index);� \�
� � � � var##_1� =� ((*(((int� *)� (ptr))+2))� <<� mmm_tm_shift_left_##index)� |� \�
� � � � � � � � � � � � � � (*(((unsigned� int� *)� (ptr))+1)� >>� mmm_tm_shift_right_##index);� \�
� � � � var##_2� =� ((*(((int� *)� (ptr))+3))� <<� mmm_tm_shift_left_##index)� |� \�
� � � � � � � � � � � � � � (*(((unsigned� int� *)� (ptr))+2)� >>� mmm_tm_shift_right_##index);� \�
� � � � var##_3� =� ((*(((int� *)� (ptr))+4))� <<� mmm_tm_shift_left_##index)� |� \�
� � � � � � � � � � � � � � (*(((unsigned� int� *)� (ptr))+3)� >>� mmm_tm_shift_right_##index);�
�
#define� LOAD_ADJ_U8x16(var1,� var2,� ptr,� index1,� index2)� \�
� � � � var1##_0� =� ((*(((int� *)� (ptr))+1))� <<� mmm_tm_shift_left_##index1)� |� \�
� � � � � � � � � � � � � � (*(((unsigned� int� *)� (ptr)))� >>� mmm_tm_shift_right_##index1);� \�
� � � � var1##_1� =� ((*(((int� *)� (ptr))+2))� <<� mmm_tm_shift_left_##index1)� |� \�
� � � � � � � � � � � � � � (*(((unsigned� int� *)� (ptr))+1)� >>� mmm_tm_shift_right_##index1);� \�
� � � � var1##_2� =� ((*(((int� *)� (ptr))+3))� <<� mmm_tm_shift_left_##index1)� |� \�
� � � � � � � � � � � � � � (*(((unsigned� int� *)� (ptr))+2)� >>� mmm_tm_shift_right_##index1);� \�
� � � � var1##_3� =� ((*(((int� *)� (ptr))+4))� <<� mmm_tm_shift_left_##index1)� |� \�
� � � � � � � � � � � � � � (*(((unsigned� int� *)� (ptr))+3)� >>� mmm_tm_shift_right_##index1);� \�
� � � � var2##_0� =� ((*(((int� *)� (ptr))+1))� <<� mmm_tm_shift_left_##index2)� |� \�
� � � � � � � � � � � � � � (*(((unsigned� int� *)� (ptr)))� >>� mmm_tm_shift_right_##index2);� \�
� � � � var2##_1� =� ((*(((int� *)� (ptr))+2))� <<� mmm_tm_shift_left_##index2)� |� \�
� � � � � � � � � � � � � � (*(((unsigned� int� *)� (ptr))+1)� >>� mmm_tm_shift_right_##index2);� \�
� � � � var2##_2� =� ((*(((int� *)� (ptr))+3))� <<� mmm_tm_shift_left_##index2)� |� \�
� � � � � � � � � � � � � � (*(((unsigned� int� *)� (ptr))+2)� >>� mmm_tm_shift_right_##index2);� \�
� � � � var2##_3� =� ((*(((int� *)� (ptr))+4))� <<� mmm_tm_shift_left_##index2)� |� \�
� � � � � � � � � � � � � � (*(((unsigned� int� *)� (ptr))+3)� >>� mmm_tm_shift_right_##index2);�
�
/*�
**� Rearrangement� Instructions�
*/�
�
#define� BROADCAST_PAIR_0_I16x8(dst,� src)� \�
� � � � dst##_0� =� src##_0;� \�
� � � � dst##_1� =� src##_0;� \�
� � � � dst##_2� =� src##_0;� \�
� � � � dst##_3� =� src##_0;�
�
#define� BROADCAST_PAIR_1_I16x8(dst,� src)� \�
� � � � dst##_0� =� src##_1;� \�
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� � � � dst##_1� =� src##_1;� \�
� � � � dst##_2� =� src##_1;� \�
� � � � dst##_3� =� src##_1;�
�
#define� BROADCAST_PAIR_2_I16x8(dst,� src)� \�
� � � � dst##_0� =� src##_2;� \�
� � � � dst##_1� =� src##_2;� \�
� � � � dst##_2� =� src##_2;� \�
� � � � dst##_3� =� src##_2;�
�
#define� BROADCAST_PAIR_3_I16x8(dst,� src)� \�
� � � � dst##_0� =� src##_3;� \�
� � � � dst##_1� =� src##_3;� \�
� � � � dst##_2� =� src##_3;� \�
� � � � dst##_3� =� src##_3;�
�
#define� PERMUTE_I16x8_02134657(dst,� src)� \�
{� \�
� � � � int� tmp;� \�
� � � � tmp� =� PACK16LSB(src##_1,� src##_0);� \�
� � � � dst##_1� =� PACK16MSB(src##_1,� src##_0);� \�
� � � � dst##_0� =� tmp;� \�
� � � � tmp� =� PACK16LSB(src##_3,� src##_2);� \�
� � � � dst##_3� =� PACK16MSB(src##_3,� src##_2);� \�
� � � � dst##_2� =� tmp;� \�
}�
�
#define� PERMUTE_I16x8_01237654(dst,� src)� \�
{� \�
� � � � int� tmp;� \�
� � � � dst##_0� =� src##_0;� \�
� � � � dst##_1� =� src##_1;� \�
� � � � tmp� =� ROLI(16,� src##_3);� \�
� � � � dst##_3� =� ROLI(16,� src##_2);� \�
� � � � dst##_2� =� tmp;� \�
}�
�
/*� �
**� Conversion� Instructions�
*/�
�
#define� PACK_N_I32x4(dst,� src1,� src2)� \�
� � � � dst##_0� =� PACK16LSB(src1##_1,� src1##_0);� \�
� � � � dst##_1� =� PACK16LSB(src1##_3,� src1##_2);� \�
� � � � dst##_2� =� PACK16LSB(src2##_1,� src2##_0);� \�
� � � � dst##_3� =� PACK16LSB(src2##_3,� src2##_2);�
�
/*� �
**� Shift� Instructions�
*/�
�
#define� SRA_I_I16x8(dst,� src,� amount)� \�
� � � � dst##_0� =� DUALASR(src##_0,� amount);� \�
� � � � dst##_1� =� DUALASR(src##_1,� amount);� \�
� � � � dst##_2� =� DUALASR(src##_2,� amount);� \�
� � � � dst##_3� =� DUALASR(src##_3,� amount);�
�
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#define� SRA_I_I32x4(dst,� src,� amount)� \�
� � � � dst##_0� =� ASRI(amount,� src##_0);� \�
� � � � dst##_1� =� ASRI(amount,� src##_1);� \�
� � � � dst##_2� =� ASRI(amount,� src##_2);� \�
� � � � dst##_3� =� ASRI(amount,� src##_3);�
� � � � �
/*� �
**� Integer� Arithmetic� Instructions�
*/�
�
#define� ADD_N_I16x8(dst,� src1,� src2)� \�
� � � � dst##_0� =� DSPIDUALADD(src1##_0,� src2##_0);� \�
� � � � dst##_1� =� DSPIDUALADD(src1##_1,� src2##_1);� \�
� � � � dst##_2� =� DSPIDUALADD(src1##_2,� src2##_2);� \�
� � � � dst##_3� =� DSPIDUALADD(src1##_3,� src2##_3);�
�
#define� ADD_N_I32x4(dst,� src1,� src2)� \�
� � � � dst##_0� =� src1##_0� +� src2##_0;� \�
� � � � dst##_1� =� src1##_1� +� src2##_1;� \�
� � � � dst##_2� =� src1##_2� +� src2##_2;� \�
� � � � dst##_3� =� src1##_3� +� src2##_3;�
�
#define� SUB_N_I16x8(dst,� src1,� src2)� \�
� � � � dst##_0� =� DSPIDUALSUB(src1##_0,� src2##_0);� \�
� � � � dst##_1� =� DSPIDUALSUB(src1##_1,� src2##_1);� \�
� � � � dst##_2� =� DSPIDUALSUB(src1##_2,� src2##_2);� \�
� � � � dst##_3� =� DSPIDUALSUB(src1##_3,� src2##_3);�
�
#define� SUB_N_I32x4(dst,� src1,� src2)� \�
� � � � dst##_0� =� src1##_0� -� src2##_0;� \�
� � � � dst##_1� =� src1##_1� -� src2##_1;� \�
� � � � dst##_2� =� src1##_2� -� src2##_2;� \�
� � � � dst##_3� =� src1##_3� -� src2##_3;�
�
#define� MULT_H_I16x8(dst,� src1,� src2)� \�
� � � � dst##_0� =� PACK16MSB(IMULM(src1##_0� &� 0xFFFF0000,� src2##_0� &� 0xFFFF0000),� \�
� � � � � � � � � � � � � � � � � � � � � � � � SEX16(src1##_0)� *� SEX16(src2##_0));� \�
� � � � dst##_1� =� PACK16MSB(IMULM(src1##_1� &� 0xFFFF0000,� src2##_1� &� 0xFFFF0000),� \�
� � � � � � � � � � � � � � � � � � � � � � � � SEX16(src1##_1)� *� SEX16(src2##_1));� \�
� � � � dst##_2� =� PACK16MSB(IMULM(src1##_2� &� 0xFFFF0000,� src2##_2� &� 0xFFFF0000),� \�
� � � � � � � � � � � � � � � � � � � � � � � � SEX16(src1##_2)� *� SEX16(src2##_2));� \�
� � � � dst##_3� =� PACK16MSB(IMULM(src1##_3� &� 0xFFFF0000,� src2##_3� &� 0xFFFF0000),� \�
� � � � � � � � � � � � � � � � � � � � � � � � SEX16(src1##_3)� *� SEX16(src2##_3));�
�
#define� MULT_H_ADD_N_I16x8(dst,� src1,� src2,� src3)� \�
� � � � dst##_0� =� DSPIDUALADD(PACK16MSB(IMULM(src1##_0� &� 0xFFFF0000,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � src2##_0� &� 0xFFFF0000),� \� �
� � � � � � � � � � � � � � � � � � � � � � � � � � SEX16(src1##_0)� *� SEX16(src2##_0)),� src3##_0);� \�
� � � � dst##_1� =� DSPIDUALADD(PACK16MSB(IMULM(src1##_1� &� 0xFFFF0000,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � src2##_1� &� 0xFFFF0000),� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � SEX16(src1##_1)� *� SEX16(src2##_1)),� src3##_1);� \�
� � � � dst##_2� =� DSPIDUALADD(PACK16MSB(IMULM(src1##_2� &� 0xFFFF0000,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � src2##_2� &� 0xFFFF0000),� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � SEX16(src1##_2)� *� SEX16(src2##_2)),� src3##_2);� \�
� � � � dst##_3� =� DSPIDUALADD(PACK16MSB(IMULM(src1##_3� &� 0xFFFF0000,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � src2##_3� &� 0xFFFF0000),� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � SEX16(src1##_3)� *� SEX16(src2##_3)),� src3##_3);�
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#define� MULT_ADDPAIRS_I16x8(dst,� src1,� src2)� \�
� � � � dst##_0� =� IFIR16(src1##_0,� src2##_0);� \�
� � � � dst##_1� =� IFIR16(src1##_1,� src2##_1);� \�
� � � � dst##_2� =� IFIR16(src1##_2,� src2##_2);� \�
� � � � dst##_3� =� IFIR16(src1##_3,� src2##_3);�
�
#define� MULT_ADDPAIRS_ADD_N_I16x8(dst,� src1,� src2,� src3)� \�
� � � � dst##_0� =� IFIR16(src1##_0,� src2##_0)� +� src3##_0;� \�
� � � � dst##_1� =� IFIR16(src1##_1,� src2##_1)� +� src3##_1;� \�
� � � � dst##_2� =� IFIR16(src1##_2,� src2##_2)� +� src3##_2;� \�
� � � � dst##_3� =� IFIR16(src1##_3,� src2##_3)� +� src3##_3;�
�
#define� AVG_U8x16(dst,� src1,� src2)� \�
� � � � dst##_0� =� QUADAVG(src1##_0,� src2##_0);� \�
� � � � dst##_1� =� QUADAVG(src1##_1,� src2##_1);� \�
� � � � dst##_2� =� QUADAVG(src1##_2,� src2##_2);� \�
� � � � dst##_3� =� QUADAVG(src1##_3,� src2##_3);�
�
#define� SAD2_ADD_M_U8x16(dst,� src1,� src2,� src3)� \�
� � � � dst##_0� =� UME8UU(src1##_0,� src2##_0)� +� UME8UU(src1##_1,� src2##_1)� +� src3##_0;�
\�
� � � � dst##_2� =� UME8UU(src1##_2,� src2##_2)� +� UME8UU(src1##_3,� src2##_3)� +� src3##_2;�
�
#define� SUM2_U32x4(dst,� src)� \�
� � � � dst� =� src##_0� +� src##_2;�
�
�
/*� �
**� Miscelaneous� �
*/�
#define� MALLOC_ALIGN16(size)� _cache_malloc(size)� �
�
#define� END_OPTIMIZED()�
�
#endif� /*� __MMM_TM__� */�
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/*************************************************************�
*� mmm_sse.h�
*�
*� � � � This� file� includes� Multi-Media� Macro� library� definitions� �
*� � � � for� Intel� MMX� &� SSE� instruction� sets.�
*� �
*� � � � This� library� was� developed� by� Juan� Carlos� Rojas�
*� � � � as� part� of� his� PhD� research� at� Northeastern� University.�
*� � � � � � � � � � �
**************************************************************/�
�
#ifndef� __MMM_SSE__�
#define� __MMM_SSE__�
�
#include� <xmmintrin.h>�
�
/*� �
**� Precise� Basic� Types� �
*/�
�
#define� INT8� � � � char�
#define� INT16� � � short�
#define� INT32� � � long�
#define� UINT8� � � unsigned� char�
#define� UINT16� � unsigned� short�
#define� UINT32� � unsigned� long�
�
/*� �
**� Vector� Declarations� �
*/�
�
#define� DECLARE_I16x8(var)� \�
� � � � __m64� var##_0;� � � � � � � � � \�
� � � � __m64� var##_1;�
�
#define� DECLARE_U8x16(var)� \�
� � � � __m64� var##_0;� � � � � � � � � \�
� � � � __m64� var##_1;�
�
#define� DECLARE_I32x4(var)� \�
� � � � __m64� var##_0;� � � � � � � � � \�
� � � � __m64� var##_1;�
�
#define� DECLARE_U32x4(var)� \�
� � � � __m64� var##_0;� � � � � � � � � \�
� � � � __m64� var##_1;�
�
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#define� DECLARE_CONST_I16x8x4(var,� c11,� c12,� c13,� c14,� c15,� c16,� c17,� c18,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c21,� c22,� c23,� c24,� c25,� c26,� c27,� c28,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c31,� c32,� c33,� c34,� c35,� c36,� c37,� c38,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c41,� c42,� c43,� c44,� c45,� c46,� c47,� c48)� \�
� � � � __declspec(align(16))� INT16� var[4][8]� =� {c11,� c12,� c13,� c14,� c15,� c16,� c17,� c18,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c21,� c22,� c23,� c24,� c25,� c26,� c27,� c28,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c31,� c32,� c33,� c34,� c35,� c36,� c37,� c38,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c41,� c42,� c43,� c44,� c45,� c46,� c47,� c48};�
�
/*� �
**� Set� Instructions� �
*/�
�
#define� SET1_I16x8(var,� c)� \�
� � � � var##_0� =� _mm_set1_pi16(c);� \�
� � � � var##_1� =� var##_0;�
�
#define� SET1_I32x4(var,� c)� \�
� � � � var##_0� =� _mm_set1_pi32(c);� \�
� � � � var##_1� =� var##_0;�
�
#define� CLEAR_U32x4(var)� \�
� � � � var##_0� =� _mm_setzero_si64();� \�
� � � � var##_1� =� _mm_setzero_si64();�
�
#define� COPY_U8x16(dst,� src)� \�
� � � � dst##_0� =� src##_0;� \�
� � � � dst##_1� =� src##_1;�
�
/*� �
**� Load� and� Store� Instructions� �
*/�
�
#define� LOAD_A_I16x8(var,� ptr)� \�
� � � � var##_0� =� *((__m64� *)� (ptr));� \�
� � � � var##_1� =� *(((__m64� *)� (ptr))+1);�
�
#define� LOAD_A_U8x16(var,� ptr)� \�
� � � � var##_0� =� *((__m64� *)� (ptr));� \�
� � � � var##_1� =� *(((__m64� *)� (ptr))+1);�
�
#define� STORE_A_I16x8(ptr,� var)� \�
� � � � *((__m64� *)� (ptr))� =� var##_0;� \�
� � � � *(((__m64� *)� (ptr))+1)� =� var##_1;�
�
#define� PREPARE_LOAD_ALIGNMENT(index,� ptr)�
�
#define� LOAD_U_U8x16(var,� ptr,� index)� \�
� � � � var##_0� =� *((__m64� *)� (ptr));� \�
� � � � var##_1� =� *(((__m64� *)� (ptr))+1);�
�
#define� LOAD_ADJ_U8x16(var1,� var2,� ptr,� index1,� index2)� \�
� � � � var1##_0� =� *((__m64� *)� (ptr));� \�
� � � � var1##_1� =� *(((__m64� *)� (ptr))+1);� \�
� � � � var2##_0� =� *((__m64� *)� (ptr+1));� \�
� � � � var2##_1� =� *(((__m64� *)� (ptr+1))+1);�
�
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/*�
**� Rearrangement� Instructions�
*/�
�
#define� BROADCAST_PAIR_0_I16x8(dst,� src)� \�
� � � � dst##_0� =� _m_pshufw(src##_0,� 0x44);� \�
� � � � dst##_1� =� dst##_0;�
�
#define� BROADCAST_PAIR_1_I16x8(dst,� src)� \�
� � � � dst##_0� =� _m_pshufw(src##_0,� 0xEE);� \�
� � � � dst##_1� =� dst##_0;�
�
#define� BROADCAST_PAIR_2_I16x8(dst,� src)� \�
� � � � dst##_0� =� _m_pshufw(src##_1,� 0x44);� \�
� � � � dst##_1� =� dst##_0;�
�
#define� BROADCAST_PAIR_3_I16x8(dst,� src)� \�
� � � � dst##_0� =� _m_pshufw(src##_1,� 0xEE);� \�
� � � � dst##_1� =� dst##_0;�
�
#define� PERMUTE_I16x8_02134657(dst,� src)� \�
� � � � dst##_0� =� _m_pshufw(src##_0,� 0xD8);� \�
� � � � dst##_1� =� _m_pshufw(src##_1,� 0xD8);�
�
#define� PERMUTE_I16x8_01237654(dst,� src)� \�
� � � � dst##_0� =� src##_0;� \�
� � � � dst##_1� =� _m_pshufw(src##_1,� 0x1B);�
�
/*� �
**� Conversion� Instructions�
*/�
�
#define� PACK_N_I32x4(dst,� src1,� src2)� \�
� � � � dst##_0� =� _m_packssdw(src1##_0,� src1##_1);� \�
� � � � dst##_1� =� _m_packssdw(src2##_0,� src2##_1);�
�
/*� �
**� Shift� Instructions�
*/�
�
#define� SRA_I_I16x8(dst,� src,� amount)� \�
� � � � dst##_0� =� _mm_srai_pi16(src##_0,� amount);� \�
� � � � dst##_1� =� _mm_srai_pi16(src##_1,� amount);�
�
#define� SRA_I_I32x4(dst,� src,� amount)� \�
� � � � dst##_0� =� _mm_srai_pi32(src##_0,� amount);\�
� � � � dst##_1� =� _mm_srai_pi32(src##_1,� amount);�
� � � � �
/*� �
**� Integer� Arithmetic� Instructions�
*/�
�
#define� ADD_N_I16x8(dst,� src1,� src2)� \�
� � � � dst##_0� =� _mm_add_pi16(src1##_0,� src2##_0);� \�
� � � � dst##_1� =� _mm_add_pi16(src1##_1,� src2##_1);�
�
#define� ADD_N_I32x4(dst,� src1,� src2)� \�
� � � � dst##_0� =� _mm_add_pi32(src1##_0,� src2##_0);\�
� � � � dst##_1� =� _mm_add_pi32(src1##_1,� src2##_1);�
� � � � � � � � �
#define� SUB_N_I16x8(dst,� src1,� src2)� \�
� � � � dst##_0� =� _mm_sub_pi16(src1##_0,� src2##_0);� \�
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� � � � dst##_1� =� _mm_sub_pi16(src1##_1,� src2##_1);�
�
#define� SUB_N_I32x4(dst,� src1,� src2)� \�
� � � � dst##_0� =� _mm_sub_pi32(src1##_0,� src2##_0);\�
� � � � dst##_1� =� _mm_sub_pi32(src1##_1,� src2##_1);�
� � � � � � � � �
#define� MULT_H_I16x8(dst,� src1,� src2)� \�
� � � � dst##_0� =� _mm_mulhi_pi16(src1##_0,� src2##_0);� \�
� � � � dst##_1� =� _mm_mulhi_pi16(src1##_1,� src2##_1);�
�
#define� MULT_H_ADD_N_I16x8(dst,� src1,� src2,� src3)� \�
� � � � dst##_0� =� _mm_add_pi16(_mm_mulhi_pi16(src1##_0,� src2##_0),� src3##_0);� \�
� � � � dst##_1� =� _mm_add_pi16(_mm_mulhi_pi16(src1##_1,� src2##_1),� src3##_1);�
�
#define� MULT_ADDPAIRS_I16x8(dst,� src1,� src2)� \�
� � � � dst##_0� =� _m_pmaddwd(src1##_0,� src2##_0);\�
� � � � dst##_1� =� _m_pmaddwd(src1##_1,� src2##_1);�
�
#define� MULT_ADDPAIRS_ADD_N_I16x8(dst,� src1,� src2,� src3)� \�
� � � � dst##_0� =� _mm_add_pi32(src3##_0,� _m_pmaddwd(src1##_0,� src2##_0));\�
� � � � dst##_1� =� _mm_add_pi32(src3##_1,� _m_pmaddwd(src1##_1,� src2##_1));�
�
#define� AVG_U8x16(dst,� src1,� src2)� \�
� � � � dst##_0� =� _m_pavgb(src1##_0,� src2##_0);� \�
� � � � dst##_1� =� _m_pavgb(src1##_1,� src2##_1);�
�
#define� SAD2_ADD_M_U8x16(dst,� src1,� src2,� src3)� \�
� � � � dst##_0� =� _mm_add_pi32(_m_psadbw(src1##_0,� src2##_0),� src3##_0);� \�
� � � � dst##_1� =� _mm_add_pi32(_m_psadbw(src1##_1,� src2##_1),� src3##_1);�
�
#define� SUM2_U32x4(dst,� src)� \�
� � � � dst� =� _m_to_int(src##_0)� +� _m_to_int(src##_1);�
�
�
/*� �
**� Miscelaneous� �
*/�
#ifdef� __INTEL_COMPILER�
� � � � #define� MALLOC_ALIGN16(size)� _mm_malloc(size,� 16)� �
#else�
� � � � #define� MALLOC_ALIGN16(size)� _aligned_malloc(size,� 16)�
#endif�
�
#define� END_OPTIMIZED()� \�
� � � � _mm_empty();�
�
#endif� /*� __MMM_SSE__� */�
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/*************************************************************�
*� mmm_sse.h�
*�
*� � � � This� file� includes� Multi-Media� Macro� library� definitions� �
*� � � � for� Intel� MMX� &� SSE� instruction� sets.�
*� �
*� � � � This� library� was� developed� by� Juan� Carlos� Rojas�
*� � � � as� part� of� his� PhD� research� at� Northeastern� University.�
*� � � � � � � � � � �
**************************************************************/�
�
#ifndef� __MMM_SSE2__�
#define� __MMM_SSE2__�
�
#include� <emmintrin.h>�
�
/*� �
**� Precise� Basic� Types� �
*/�
#define� INT8� � � � char�
#define� INT16� � � short�
#define� INT32� � � long�
#define� UINT8� � � unsigned� char�
#define� UINT16� � unsigned� short�
#define� UINT32� � unsigned� long�
�
/*� �
**� Vector� Declarations� �
*/�
#define� DECLARE_I16x8(var)� \�
� � � � __m128i� var;�
�
#define� DECLARE_U8x16(var)� \�
� � � � __m128i� var;�
�
#define� DECLARE_I32x4(var)� \�
� � � � __m128i� var;�
�
#define� DECLARE_U32x4(var)� \�
� � � � __m128i� var;�
�
#define� DECLARE_CONST_I16x8x4(var,� c11,� c12,� c13,� c14,� c15,� c16,� c17,� c18,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c21,� c22,� c23,� c24,� c25,� c26,� c27,� c28,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c31,� c32,� c33,� c34,� c35,� c36,� c37,� c38,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c41,� c42,� c43,� c44,� c45,� c46,� c47,� c48)� \�
� � � � __declspec(align(16))� INT16� var[4][8]� =� {c11,� c12,� c13,� c14,� c15,� c16,� c17,� c18,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c21,� c22,� c23,� c24,� c25,� c26,� c27,� c28,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c31,� c32,� c33,� c34,� c35,� c36,� c37,� c38,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c41,� c42,� c43,� c44,� c45,� c46,� c47,� c48};�
�
/*� �
**� Set� Instructions� �
*/�
�
#define� SET1_I16x8(var,� c)� \�
� � � � var� =� _mm_set1_epi16(c);�
#define� SET1_I32x4(var,� c)� \�
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� � � � var� =� _mm_set1_epi32(c);�
�
#define� CLEAR_U32x4(var)� \�
� � � � var� =� _mm_xor_si128(var,� var);�
�
#define� COPY_U8x16(dst,� src)� \�
� � � � dst� =� src;�
� � � � � � � � � � � � � � � � �
/*� �
**� Load� and� Store� Instructions� �
*/�
#define� LOAD_A_I16x8(var,� ptr)� \�
� � � � var� =� _mm_load_si128((__m128i� *)� (ptr));�
�
#define� LOAD_A_U8x16(var,� ptr)� \�
� � � � var� =� _mm_load_si128((__m128i� *)� (ptr));�
�
#define� STORE_A_I16x8(ptr,� var)� \�
� � � � _mm_store_si128((__m128i� *)� (ptr),� var);�
�
#define� PREPARE_LOAD_ALIGNMENT(index,� offset)�
�
#define� LOAD_U_U8x16(var,� ptr,� index)� \�
� � � � var� =� _mm_loadu_si128((__m128i� *)� (ptr));�
�
#define� LOAD_ADJ_U8x16(var1,� var2,� ptr,� index1,� index2)� \�
� � � � var1� =� _mm_loadu_si128((__m128i� *)� (ptr));� \�
� � � � var2� =� _mm_loadu_si128((__m128i� *)� (ptr� +� 1));�
�
/*�
**� Rearrangement� Instructions�
*/�
#define� BROADCAST_PAIR_0_I16x8(dst,� src)� \�
� � � � dst� =� _mm_shuffle_epi32(src,� 0x00);�
�
#define� BROADCAST_PAIR_1_I16x8(dst,� src)� \�
� � � � dst� =� _mm_shuffle_epi32(src,� 0x55);�
�
#define� BROADCAST_PAIR_2_I16x8(dst,� src)� \�
� � � � dst� =� _mm_shuffle_epi32(src,� 0xAA);�
�
#define� BROADCAST_PAIR_3_I16x8(dst,� src)� \�
� � � � dst� =� _mm_shuffle_epi32(src,� 0xFF);�
�
#define� PERMUTE_I16x8_02134657(dst,� src)� \�
� � � � dst� =� _mm_shufflelo_epi16(_mm_shufflehi_epi16(src,� 0xD8),� 0xD8);�
�
#define� PERMUTE_I16x8_01237654(dst,� src)� \�
� � � � dst� =� _mm_shufflehi_epi16(src,� 0x1B);�
� � � � � � � � �
/*� �
**� Conversion� Instructions�
*/�
#define� PACK_N_I32x4(dst,� src1,� src2)� \�
� � � � dst� =� _mm_packs_epi32(src1,� src2);�
�
/*� �
**� Shift� Instructions�
*/�
#define� SRA_I_I16x8(dst,� src,� amount)� \�
� � � � dst� =� _mm_srai_epi16(src,� amount);�
�
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#define� SRA_I_I32x4(dst,� src,� amount)� \�
� � � � dst� =� _mm_srai_epi32(src,� amount);�
�
/*� �
**� Integer� Arithmetic� Instructions�
*/�
#define� ADD_N_I16x8(dst,� src1,� src2)� \�
� � � � dst� =� _mm_add_epi16(src1,� src2);�
�
#define� ADD_N_I32x4(dst,� src1,� src2)� \�
� � � � dst� =� _mm_add_epi32(src1,� src2);�
� � � � � � � � �
#define� SUB_N_I16x8(dst,� src1,� src2)� \�
� � � � dst� =� _mm_sub_epi16(src1,� src2);�
�
#define� SUB_N_I32x4(dst,� src1,� src2)� \�
� � � � dst� =� _mm_sub_epi32(src1,� src2);�
� � � � � � � � �
#define� MULT_H_I16x8(dst,� src1,� src2)� \�
� � � � dst� =� _mm_mulhi_epi16(src1,� src2);�
�
#define� MULT_H_ADD_N_I16x8(dst,� src1,� src2,� src3)� \�
� � � � dst� =� _mm_add_epi16(_mm_mulhi_epi16(src1,� src2),� src3);�
�
#define� MULT_ADDPAIRS_I16x8(dst,� src1,� src2)� \�
� � � � dst� =� _mm_madd_epi16(src1,� src2);�
�
#define� MULT_ADDPAIRS_ADD_N_I16x8(dst,� src1,� src2,� src3)� \�
� � � � dst� =� _mm_add_epi32(_mm_madd_epi16(src1,� src2),� src3);�
�
#define� AVG_U8x16(dst,� src1,� src2)� \�
� � � � dst� =� _mm_avg_epu8(src1,� src2);� �
�
#define� SAD2_ADD_M_U8x16(dst,� src1,� src2,� src3)� \�
� � � � dst� =� _mm_add_epi32(src3,� _mm_sad_epu8(src1,� src2));�
�
#define� SUM2_U32x4(dst,� src)� \�
� � � � dst� =� _mm_cvtsi128_si32(_mm_add_epi32(src,� _mm_srli_si128(src,� 8)));�
�
/*� �
**� Miscelaneous� �
*/�
#ifdef� __INTEL_COMPILER�
� � � � #define� MALLOC_ALIGN16(size)� _mm_malloc(size,� 16)� �
#else�
� � � � #define� MALLOC_ALIGN16(size)� _aligned_malloc(size,� 16)�
#endif�
�
#define� END_OPTIMIZED()�
�
�
#endif� /*� __MMM_SSE2__� */�
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B . 4  A l t i V e c  

/*************************************************************�
*� mmm_altivec.h�
*�
*� � � � This� file� includes� Multi-Media� Macro� library� definitions� �
*� � � � for� the� AltiVec� instruction� set.�
*� �
*� � � � This� library� was� developed� by� Juan� Carlos� Rojas�
*� � � � as� part� of� his� PhD� research� at� Northeastern� University.�
*� � � � � � � � � � �
**************************************************************/�
�
#ifndef� __MMM_ALTIVEC__�
#define� __MMM_ALTIVEC__�
�
/*� �
**� Precise� Basic� Types� �
*/�
�
/*� Precise� basic� types� */�
#define� INT8� � � � signed� char�
#define� INT16� � � signed� short�
#define� INT32� � � signed� int�
#define� UINT8� � � unsigned� char�
#define� UINT16� � unsigned� short�
#define� UINT32� � unsigned� int�
�
/*� �
**� Vector� Declarations� �
*/�
�
#define� DECLARE_I16x8(var)� \�
� � � � vector� INT16� var;�
�
#define� DECLARE_U8x16(var)� \�
� � � � vector� UINT8� var;�
�
#define� DECLARE_I32x4(var)� \�
� � � � vector� INT32� var;�
�
#define� DECLARE_U32x4(var)� \�
� � � � vector� UINT32� var;�
�
#define� DECLARE_CONST_I16x8x4(var,� c11,� c12,� c13,� c14,� c15,� c16,� c17,� c18,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c21,� c22,� c23,� c24,� c25,� c26,� c27,� c28,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c31,� c32,� c33,� c34,� c35,� c36,� c37,� c38,� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � c41,� c42,� c43,� c44,� c45,� c46,� c47,� c48)� \�
� � � � vector� INT16� var[4]� =� {(vector� INT16)� (c11,� c12,� c13,� c14,� c15,� c16,� c17,� c18),� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � (vector� INT16)� (c21,� c22,� c23,� c24,� c25,� c26,� c27,� c28),� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � (vector� INT16)� (c31,� c32,� c33,� c34,� c35,� c36,� c37,� c38),� \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � (vector� INT16)� (c41,� c42,� c43,� c44,� c45,� c46,� c47,� c48)};�
�
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/*� �
**� Set� Instructions� �
*/�
�
#define� SET1_I16x8(dst,� c)� \�
� � � � dst� =� (vector� INT16)� (c);�
�
#define� SET1_I32x4(dst,� c)� \�
� � � � dst� =� (vector� INT32)� (c);�
�
#define� CLEAR_U32x4(dst)� \�
� � � � dst� =� (vector� UINT32)(0);�
�
#define� COPY_U8x16(dst,� src)� \�
� � � � dst� =� src;�
� � � � � � � � � � � � � � � � �
/*� �
**� Load� and� Store� Instructions� �
*/�
�
#define� LOAD_A_I16x8(var,� ptr)� \�
� � � � var� =� vec_ld(0,� (vector� INT16� *)� (ptr));�
�
#define� LOAD_A_U8x16(var,� ptr)� \�
� � � � var� =� vec_ld(0,� (vector� UINT8� *)� (ptr));�
�
#define� STORE_A_I16x8(ptr,� var)� \�
� � � � vec_st(var,� 0,� (vector� INT16� *)� (ptr));�
�
/*� Static� re-alignemt� vectors� */�
static� vector� UINT8� mmm_align_vector1;�
static� vector� UINT8� mmm_align_vector2;�
�
#define� PREPARE_LOAD_ALIGNMENT(index,� ptr)� \�
� � � � mmm_align_vector##index� =� vec_lvsl(0,� ptr);�
�
#define� LOAD_U_U8x16(var,� ptr,� index)� \�
� � � � var� =� vec_perm(vec_ld(0,� (vector� UINT8� *)� (ptr)),� \�
� � � � � � � � � � � � � � � � � � � vec_ld(0,� ((vector� UINT8� *)� (ptr))� +�
1),mmm_align_vector##index);�
�
#define� LOAD_ADJ_U8x16(var1,� var2,� ptr,� index1,� index2)� \�
� � � � var1� =� vec_perm(vec_ld(0,� (vector� UINT8� *)� (ptr)),� \�
� � � � � � � � � � � � � � � � � � � vec_ld(0,� ((vector� UINT8� *)� (ptr))� +�
1),mmm_align_vector##index1);� \�
� � � � var2� =� vec_perm(vec_ld(0,� (vector� UINT8� *)� (ptr)),� \�
� � � � � � � � � � � � � � � � � � � vec_ld(0,� ((vector� UINT8� *)� (ptr))� +�
1),mmm_align_vector##index2);�
�
�
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/*�
**� Rearrangement� Instructions�
*/�
�
#define� BROADCAST_PAIR_0_I16x8(dst,� src)� \�
� � � � dst� =� (vector� INT16)(vec_splat((vector� INT32)(src),� 0));�
�
#define� BROADCAST_PAIR_1_I16x8(dst,� src)� \�
� � � � dst� =� (vector� INT16)(vec_splat((vector� INT32)(src),� 1));�
�
#define� BROADCAST_PAIR_2_I16x8(dst,� src)� \�
� � � � dst� =� (vector� INT16)(vec_splat((vector� INT32)(src),� 2));�
�
#define� BROADCAST_PAIR_3_I16x8(dst,� src)� \�
� � � � dst� =� (vector� INT16)(vec_splat((vector� INT32)(src),� 3));�
�
#define� PERMUTE_I16x8_02134657(dst,� src)� \�
� � � � dst� =� vec_perm(src,� src,� (vector� UINT8)� \�
� � � � � � � � � � (0,� 1,� 4,� 5,� 2,� 3,� 6,� 7,� 8,� 9,� 12,� 13,� 10,� 11,� 14,� 15));�
�
#define� PERMUTE_I16x8_01237654(dst,� src)� \�
� � � � dst� =� vec_perm(src,� src,� (vector� UINT8)� \�
� � � � � � � � � � (0,� 1,� 2,� 3,� 4,� 5,� 6,� 7,� 14,� 15,� 12,� 13,� 10,� 11,� 8,� 9));�
� � � � � � � � �
/*� �
**� Conversion� Instructions�
*/�
�
#define� PACK_N_I32x4(dst,� src1,� src2)� \�
� � � � dst� =� vec_pack(src1,� src2);�
�
/*� �
**� Shift� Instructions�
*/�
�
#define� SRA_I_I16x8(dst,� src,� amount)� \�
� � � � dst� =� vec_sra(src,� (vector� UINT16)� (amount));�
�
#define� SRA_I_I32x4(dst,� src,� amount)� \�
� � � � dst� =� vec_sra(src,� (vector� UINT32)� (amount));�
�
/*� �
**� Integer� Arithmetic� Instructions�
*/�
�
#define� ADD_N_I16x8(dst,� src1,� src2)� \�
� � � � dst� =� vec_add(src1,� src2);�
�
#define� ADD_N_I32x4(dst,� src1,� src2)� \�
� � � � dst� =� vec_add(src1,� src2);�
�
#define� SUB_N_I16x8(dst,� src1,� src2)� \�
� � � � dst� =� vec_sub(src1,� src2);�
�
#define� SUB_N_I32x4(dst,� src1,� src2)� \�
� � � � dst� =� vec_sub(src1,� src2);�
�
#define� MULT_H_I16x8(dst,� src1,� src2)� \�
� � � � dst� =� vec_madds(src1,� vec_sra(src2,� (vector� UINT16)� (1)),� (vector� INT16)�
(0));�
�
#define� MULT_H_ADD_N_I16x8(dst,� src1,� src2,� src3)� \�
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� � � � dst� =� vec_madds(src1,� vec_sra(src2,� (vector� UINT16)� (1)),� src3);�
�
#define� MULT_ADDPAIRS_I16x8(dst,� src1,� src2)� \�
� � � � dst� =� vec_msum(src1,� src2,� (vector� INT32)� (0));�
�
#define� MULT_ADDPAIRS_ADD_N_I16x8(dst,� src1,� src2,� src3)� \�
� � � � dst� =� vec_msum(src1,� src2,� src3);�
�
#define� AVG_U8x16(dst,� src1,� src2)� \�
� � � � dst� =� vec_avg(src1,� src2);�
�
#define� SAD2_ADD_M_U8x16(dst,� src1,� src2,� src3)� \�
� � � � dst� =� (vector� UINT32)� vec_sum2s((vector� INT32)� \�
� � � � � � � � � � vec_sum4s(vec_sub(vec_max(src1,� src2),� vec_min(src1,� src2)),� \�
� � � � � � � � � � (vector� UINT32)(0)),� (vector� INT32)� src3);�
�
#define� SUM2_U32x4(dst,� src)� \�
� � � � vec_ste((vector� UINT32)� vec_splat(vec_sums((vector� INT32)� src,� \�
� � � � � � � � � � (vector� INT32)(0)),� 3),� 0,� &dst);�
�
/*� �
**� Miscelaneous� �
*/�
#define� MALLOC_ALIGN16(size)� malloc(size)�
�
#define� END_OPTIMIZED()�
� � � � � � � �
� � � � � � � �
#endif� /*� __MMM_ALTIVEC__� */�
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� � � 	�� � ��� �

M M M  E X A M P LE  P R O G R A M S  

This appen d ix in clud es the sour ce cod e of  the por tab le example pr og r ams w r itten  in  M M M .  
S ection  C .1  is the 8 x8  I DC T,  C .2 is the 1 6 x1 6  L � -Distan ce,  an d  C .3  is the 1 6 x1 6  L � -Distan ce 
w ith in ter polation .  

C . 1  8 x 8  I D C T  

/*************************************************************�
*� idct_mmm.c�
*�
*� � � This� file� includes� an� implementation� of� 8x8� Inverse� Discrete�
*� � � Cosine� Transform� using� Multi-Media� Macro� libraries.�
*�
*� � � This� file� in� intended� to� be� compiled� for�
*� � � any� of� the� following� target� architectures:�
*� � � � � � � -� Intel� SSE2�
*� � � � � � � -� Intel� MMX� +� SSE�
*� � � � � � � -� TriMedia� TM1300�
*� � � � � � � -� AltiVec�
*�
*� � � This� program,� and� Multi-Media� Macro� libraries� were� developed� �
*� � � by� Juan� Carlos� Rojas� as� part� of� his� PhD� research� at� �
*� � � Northeastern� University.�
*� � � � � � � � � � �
**************************************************************/�
�
#ifdef� SSE2�
� � � � #include� "mmm_sse2.h"�
#endif�
#ifdef� SSE�
� � � � #include� "mmm_sse.h"�
#endif�
#ifdef� TRIMEDIA�
� � � � #include� "mmm_tm.h"�
#endif�
#ifdef� ALTIVEC�
� � � � #include� "mmm_altivec.h"�
#endif�
�
/*� Coefficient� constants� for� horizontal� IDCT� */�
/*� They� using� 15� bits� of� fractional� precision� */�
#define� C1C1� 31521� /*� Cos(1*pi/16)*Cos(1*pi/16)� <<� 15� */�
#define� C1C2� 29692� /*� Cos(1*pi/16)*Cos(2*pi/16)� <<� 15� */�
#define� C1C3� 26722� /*� Cos(1*pi/16)*Cos(3*pi/16)� <<� 15� */�
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#define� C1C4� 22725� /*� Cos(1*pi/16)*Cos(4*pi/16)� <<� 15� */�
#define� C1C5� 17855� /*� Cos(1*pi/16)*Cos(5*pi/16)� <<� 15� */�
#define� C1C6� 12299� /*� Cos(1*pi/16)*Cos(6*pi/16)� <<� 15� */�
#define� C1C7� 6270� � /*� Cos(1*pi/16)*Cos(7*pi/16)� <<� 15� */�
�
#define� C2C2� 27969� /*� Cos(2*pi/16)*Cos(2*pi/16)� <<� 15� */�
#define� C2C3� 25172� /*� Cos(2*pi/16)*Cos(3*pi/16)� <<� 15� */�
#define� C2C4� 21407� /*� Cos(2*pi/16)*Cos(4*pi/16)� <<� 15� */�
#define� C2C5� 16819� /*� Cos(2*pi/16)*Cos(5*pi/16)� <<� 15� */�
#define� C2C6� 11585� /*� Cos(2*pi/16)*Cos(6*pi/16)� <<� 15� */�
#define� C2C7� 5906� � /*� Cos(2*pi/16)*Cos(7*pi/16)� <<� 15� */�
�
#define� C3C3� 22654� /*� Cos(3*pi/16)*Cos(3*pi/16)� <<� 15� */�
#define� C3C4� 19266� /*� Cos(3*pi/16)*Cos(4*pi/16)� <<� 15� */�
#define� C3C5� 15137� /*� Cos(3*pi/16)*Cos(5*pi/16)� <<� 15� */�
#define� C3C6� 10426� /*� Cos(3*pi/16)*Cos(6*pi/16)� <<� 15� */�
#define� C3C7� 5315� � /*� Cos(3*pi/16)*Cos(7*pi/16)� <<� 15� */�
�
#define� C4C4� 16384� /*� Cos(4*pi/16)*Cos(4*pi/16)� <<� 15� */�
#define� C4C5� 12873� /*� Cos(4*pi/16)*Cos(5*pi/16)� <<� 15� */�
#define� C4C6� 8867� � /*� Cos(4*pi/16)*Cos(6*pi/16)� <<� 15� */�
#define� C4C7� 4520� � /*� Cos(4*pi/16)*Cos(7*pi/16)� <<� 15� */�
�
/*� Coefficient� constants� for� vertical� IDCT� */�
/*� They� use� 16� bits� of� fractional� precision� */�
#define� TAN1� (UINT16)� 13036� /*� Tan(1*pi/16)� <<� 16� */�
#define� TAN2� (UINT16)� 27146� /*� Tan(2*pi/16)� <<� 16� */�
#define� TAN3� (UINT16)� 43790� /*� Tan(3*pi/16)� <<� 16� */�
#define� COS4� (UINT16)� 46341� /*� Cos(4*pi/16)� <<� 16� */�
�
/*� Arrays� of� constants� */�
�
/*� Operator� M8� coefficients� in� 2x4� groups,� scaled� by� C1� */�
DECLARE_CONST_I16x8x4(ConstM_C1,�
� � � � � � � � � � � � � � � � � � � � � � C1C4,� C1C2,� C1C4,� C1C6,� C1C4,� -C1C6,� C1C4,� -C1C2,� �
� � � � � � � � � � � � � � � � � � � � � � C1C4,� C1C6,� -C1C4,� -C1C2,� -C1C4,� C1C2,� C1C4,� -C1C6,�
� � � � � � � � � � � � � � � � � � � � � � C1C1,� C1C3,� C1C3,� -C1C7,� C1C5,� -C1C1,� C1C7,� -C1C5,�
� � � � � � � � � � � � � � � � � � � � � � C1C5,� C1C7,� -C1C1,� -C1C5,� C1C7,� C1C3,� C1C3,� -C1C1)�
�
/*� Operator� M8� coefficients� in� 2x4� groups,� scaled� by� C2� */�
DECLARE_CONST_I16x8x4(ConstM_C2,� �
� � � � � � � � � � � � � � � � � � � � � � C2C4,� C2C2,� C2C4,� C2C6,� C2C4,� -C2C6,� C2C4,� -C2C2,�
� � � � � � � � � � � � � � � � � � � � � � C2C4,� C2C6,� -C2C4,� -C2C2,� -C2C4,� C2C2,� C2C4,� -C2C6,�
� � � � � � � � � � � � � � � � � � � � � � C1C2,� C2C3,� C2C3,� -C2C7,� C2C5,� -C1C2,� C2C7,� -C2C5,�
� � � � � � � � � � � � � � � � � � � � � � C2C5,� C2C7,� -C1C2,� -C2C5,� C2C7,� C2C3,� C2C3,� -C1C2);�
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� � � � DECLARE_I16x8(B7)�
�
� � � � DECLARE_I16x8(E0)� � � /*� Output� of� operator� E8^-1� */�
� � � � DECLARE_I16x8(E1)�
� � � � DECLARE_I16x8(E2)�
� � � � DECLARE_I16x8(E3)�
� � � � DECLARE_I16x8(E4)�
� � � � DECLARE_I16x8(E5)�
� � � � DECLARE_I16x8(E6)�
� � � � DECLARE_I16x8(E7)�
�
� � � � DECLARE_I16x8(F5)� � � /*� Output� of� operator� F8^-1� */�
� � � � DECLARE_I16x8(F6)�
�
� � � � /*� Contant� vectors� */�
� � � � DECLARE_I16x8(ConstTan1)�
� � � � DECLARE_I16x8(ConstTan2)�
� � � � DECLARE_I16x8(ConstTan3)�
� � � � DECLARE_I16x8(ConstCos4)�
� � � � DECLARE_I16x8(ConstRound5Bit)�
� � � � DECLARE_I16x8(ConstRound5BitCorr)�
� � � � DECLARE_I16x8(ConstCorr)�
� � � � DECLARE_I32x4(ConstRound12Bit)�
�
� � � � /*� Set� constant� vectors� */�
� � � � SET1_I16x8(ConstTan1,� TAN1)�
� � � � SET1_I16x8(ConstTan2,� TAN2)�
� � � � SET1_I16x8(ConstTan3,� TAN3)�
� � � � SET1_I16x8(ConstCos4,� COS4)�
� � � � SET1_I16x8(ConstRound5Bit,� 0x10)�
� � � � SET1_I16x8(ConstRound5BitCorr,� 0xF)�
� � � � SET1_I16x8(ConstCorr,� 0x1)�
� � � � SET1_I32x4(ConstRound12Bit,� 0x800)�
�
� � � � /*� �
� � � � **� Horizontal� IDCT� �
� � � � */�
� � � � ROW_IDCT(Y3,� (pSrc� +� 3� *� 8),� ConstM_C3);�
� � � � ROW_IDCT(Y5,� (pSrc� +� 5� *� 8),� ConstM_C3);�
� � � � ROW_IDCT(Y1,� (pSrc� +� 1� *� 8),� ConstM_C1);�
� � � � ROW_IDCT(Y7,� (pSrc� +� 7� *� 8),� ConstM_C1);�
� � � � ROW_IDCT(Y2,� (pSrc� +� 2� *� 8),� ConstM_C2);�
� � � � ROW_IDCT(Y6,� (pSrc� +� 6� *� 8),� ConstM_C2);�
� � � � ROW_IDCT(Y0,� (pSrc� +� 0� *� 8),� ConstM_C4);�
� � � � ROW_IDCT(Y4,� (pSrc� +� 4� *� 8),� ConstM_C4);�
�
� � � � /*� �
� � � � **� Vertical� IDCT� �
� � � � */�
� � � � �
� � � � /*� Operator� B8^-1� */�
� � � � ADD_N_I16x8(B0,� Y0,� Y4)�
� � � � SUB_N_I16x8(B1,� Y0,� Y4)�
� � � � MULT_H_ADD_N_I16x8(B2,� Y6,� ConstTan2,� Y2)�
� � � � MULT_H_I16x8(Temp,� Y2,� ConstTan2)�
� � � � SUB_N_I16x8(B3,� Temp,� Y6)�
� � � � MULT_H_ADD_N_I16x8(B4,� Y7,� ConstTan1,� Y1)�
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� � � � MULT_H_I16x8(Temp,� Y1,� ConstTan1)�
� � � � SUB_N_I16x8(B5,� Temp,� Y7)�
� � � � MULT_H_ADD_N_I16x8(Temp,� Y5,� ConstTan3,� Y5)�
� � � � ADD_I16x8(B6,� Temp,� Y3)�
� � � � MULT_H_ADD_N_I16x8(Temp,� Y3,� ConstTan3,� Y3)�
� � � � SUB_N_I16x8(B7,� Y5,� Temp)�
�
� � � � /*� Operator� E8^-1� */�
� � � � ADD_N_I16x8(E0,� B0,� B2)�
� � � � ADD_N_I16x8(E0,� E0,� ConstRound5Bit)�
� � � � SUB_N_I16x8(E3,� B0,� B2)�
� � � � ADD_N_I16x8(E3,� E3,� ConstRound5BitCorr)�
� � � � ADD_N_I16x8(E1,� B1,� B3)�
� � � � ADD_N_I16x8(E1,� E1,� ConstRound5Bit)�
� � � � SUB_N_I16x8(E2,� B1,� B3)�
� � � � ADD_N_I16x8(E2,� E2,� ConstRound5BitCorr)�
� � � � ADD_N_I16x8(E4,� B4,� B6)�
� � � � ADD_N_I16x8(E4,� E4,� ConstCorr)�
� � � � SUB_N_I16x8(E5,� B4,� B6)�
� � � � SUB_N_I16x8(E6,� B5,� B7)�
� � � � ADD_N_I16x8(E6,� E6,� ConstCorr)�
� � � � ADD_N_I16x8(E7,� B5,� B7)�
�
� � � � /*� Operator� F8^-1� */�
� � � � ADD_N_I16x8(Temp,� E5,� E6)�
� � � � MULT_H_ADD_N_I16x8(F5,� Temp,� ConstCos4,� Temp)�
� � � � ADD_N_I16x8(F5,� F5,� ConstCorr)�
� � � � SUB_N_I16x8(Temp,� E5,� E6)�
� � � � MULT_H_ADD_N_I16x8(F6,� Temp,� ConstCos4,� Temp)�
� � � � ADD_N_I16x8(F6,� F6,� ConstCorr)�
�
� � � � /*� Operator� A8^-1� */�
� � � � /*� Y0� */�
� � � � ADD_N_I16x8(Temp,� E0,� E4)�
� � � � SRA_I_I16x8(Temp,� Temp,� 5);�
� � � � STORE_A_I16x8((pDst� +� 0*8),� Temp);�
� � � � /*� Y7� */�
� � � � SUB_N_I16x8(Temp,� E0,� E4)�
� � � � SRA_I_I16x8(Temp,� Temp,� 5);�
� � � � STORE_A_I16x8((pDst� +� 7*8),� Temp);�
� � � � /*� Y1� */�
� � � � ADD_N_I16x8(Temp,� E1,� F5)�
� � � � SRA_I_I16x8(Temp,� Temp,� 5);�
� � � � STORE_A_I16x8((pDst� +� 1*8),� Temp);�
� � � � /*� Y6� */�
� � � � SUB_N_I16x8(Temp,� E1,� F5)�
� � � � SRA_I_I16x8(Temp,� Temp,� 5);�
� � � � STORE_A_I16x8((pDst� +� 6*8),� Temp);�
� � � � /*� Y2� */�
� � � � ADD_N_I16x8(Temp,� E2,� F6)�
� � � � SRA_I_I16x8(Temp,� Temp,� 5);�
� � � � STORE_A_I16x8((pDst� +� 2*8),� Temp);�
� � � � /*� Y5� */�
� � � � SUB_N_I16x8(Temp,� E2,� F6)�
� � � � SRA_I_I16x8(Temp,� Temp,� 5);�
� � � � STORE_A_I16x8((pDst� +� 5*8),� Temp);�
� � � � /*� Y3� */�
� � � � ADD_N_I16x8(Temp,� E3,� E7)�
� � � � SRA_I_I16x8(Temp,� Temp,� 5);�
� � � � STORE_A_I16x8((pDst� +� 3*8),� Temp);�
� � � � /*� Y4� */�
� � � � SUB_N_I16x8(Temp,� E3,� E7)�
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� � � � SRA_I_I16x8(Temp,� Temp,� 5);�
� � � � STORE_A_I16x8((pDst� +� 4*8),� Temp);�
�
� � � � END_OPTIMIZED();�
}�
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C . 2  1 6 x 1 6  L � -D i s t a n c e  

Shortcut p a ths  a re  s up p orte d  w he n  SH O R T C U T _ P A T H  i s  d e f i n e d .  

/*************************************************************�
*� l1_dist_mmm.c�
*�
*� � � Implementation� of� L1-Distance� of� 16x16� blocks,�
*� � � with� and� without� interpolation,� using� Multi-Media� Macro� libraries.� �
*�
*� � � This� file� is� intended� to� be� compiled� for� any� of� the� following�
*� � � target� architectures:�
*� � � � � � � -� Intel� MMX� and� SSE�
*� � � � � � � -� TriMedia� TM1300�
*� � � � � � � -� AltiVec�
*�
*� � � This� program,� and� Multi-Media� Macro� libraries� were� developed� �
*� � � by� Juan� Carlos� Rojas� as� part� of� his� PhD� research� at� �
*� � � Northeastern� University.�
*� � � � � � � � � � �
**************************************************************/�
�
#ifdef� SSE2�
� � � � #include� "mmm_sse2.h"�
#endif�
#ifdef� SSE�
� � � � #include� "mmm_sse.h"�
#endif�
#ifdef� TRIMEDIA�
� � � � #include� "mmm_tm.h"�
#endif�
#ifdef� ALTIVEC�
� � � � #include� "mmm_altivec.h"�
#endif�
�
/*� Use� the� following� define� to� support� shortcut� paths.� */�
/*#define� SHORTCUT_PATH� */�
�
/*************************************************************�
*� L1Dist16x16�
*�
*� Inputs:�
*� � � pRef,� pIn� � � � -� Addresses� of� input� blocks�
*� � � RowPitch� � � � � -� Distance� (in� bytes)� of� vertically� adjacent� pixels�
*� � � Limit� � � � � � � � -� Stop� if� sum� exceeds� this� value�
*�
*� Output:�
*� � � Sum� � � � � � � � � � -� Accumulated� SAD� for� this� block�
*�
*� Description:�
*� � � Computes� the� L1-Distance� (sum� of� absolute� differences)� between� two� 16*16� �
*� � � blocks� of� 8-bit� unsigned� integers.� Block� pIn� is� assumed� to�
*� � � be� aligned� to� 16-byte� boundaries,� pRef� may� not� be.�
*�
**************************************************************/�
�
#define� SAD_ROW(dst,� pRef,� pIn,� index)� � � � � � � \�
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� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � \�
� � � � /*� Load� next� row� of� each� input� array� */� � \�
� � � � LOAD_U_U8x16(R1,� pRef,� index)� � � � � � � � � � � � \�
� � � � LOAD_A_U8x16(I,� pI)� � � � � � � � � � � � � � � � � � � � � � \�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � \�
� � � � /*� Accumulate� SAD� of� this� row� */� � � � � � � � � \�
� � � � SAD2_ADD_M_U8x16(dst,� R1,� I,� dst)�
�
�
UINT32� L1Dist16x16(UINT8� *pRef,� UINT8� *pIn,� int� RowPitch,� int� Limit)�
{�
� � � � DECLARE_U8x16(R1)� � � /*� Holds� one� row� of� reference� block� */�
� � � � DECLARE_U8x16(I)� � � � /*� Holds� one� row� of� input� block� */�
�
� � � � DECLARE_U32x4(Sad)� � /*� Vector� with� two� partial� sums� */�
� � � � UINT32� Sum;� � � � � � � � � /*� Integer� result� */�
�
� � � � CLEAR_U32x4(Sad)�
�
� � � � PREPARE_LOAD_ALIGNMENT(1,� pRef)�
�
� � � � SAD_ROW(Sad,� pRef� +� 0*RowPitch,� pIn� +� 0*RowPitch,� 1)�
� � � � SAD_ROW(Sad,� pRef� +� 1*RowPitch,� pIn� +� 1*RowPitch,� 1)�
� � � � SAD_ROW(Sad,� pRef� +� 2*RowPitch,� pIn� +� 2*RowPitch,� 1)�
� � � � SAD_ROW(Sad,� pRef� +� 3*RowPitch,� pIn� +� 3*RowPitch,� 1)�
� � � � SAD_ROW(Sad,� pRef� +� 4*RowPitch,� pIn� +� 4*RowPitch,� 1)�
� � � � SAD_ROW(Sad,� pRef� +� 5*RowPitch,� pIn� +� 5*RowPitch,� 1)�
� � � � SAD_ROW(Sad,� pRef� +� 6*RowPitch,� pIn� +� 6*RowPitch,� 1)�
� � � � SAD_ROW(Sad,� pRef� +� 7*RowPitch,� pIn� +� 7*RowPitch,� 1)�
�
#ifdef� SHORTCUT_PATH�
� � � � SUM2_U32x4(Sum,� Sad)�
� � � � if� (Sum� >� Limit)� {�
� � � � � � � � END_OPTIMIZED()�
� � � � � � � � return� Sum;�
� � � � }�
#endif�
�
� � � � SAD_ROW(Sad,� pRef� +� 8*RowPitch,� pIn� +� 8*RowPitch,� 1)�
� � � � SAD_ROW(Sad,� pRef� +� 9*RowPitch,� pIn� +� 9*RowPitch,� 1)�
� � � � SAD_ROW(Sad,� pRef� +10*RowPitch,� pIn� +10*RowPitch,� 1)�
� � � � SAD_ROW(Sad,� pRef� +11*RowPitch,� pIn� +11*RowPitch,� 1)�
� � � � SAD_ROW(Sad,� pRef� +12*RowPitch,� pIn� +12*RowPitch,� 1)�
� � � � SAD_ROW(Sad,� pRef� +13*RowPitch,� pIn� +13*RowPitch,� 1)�
� � � � SAD_ROW(Sad,� pRef� +14*RowPitch,� pIn� +14*RowPitch,� 1)�
� � � � SAD_ROW(Sad,� pRef� +15*RowPitch,� pIn� +15*RowPitch,� 1)�
�
� � � � /*� Add� partial� sums*/�
� � � � SUM2_U32x4(Sum,� Sad)�
�
� � � � END_OPTIMIZED()�
�
� � � � return� Sum;�
}�



1 49  

C . 3  1 6 x 1 6  L � -D i s t a n c e  w i t h  I n t e r p o l a t i o n  

/*************************************************************�
*� L1Dist16x16_InterpXY�
*�
*� Inputs:�
*� � � pRef,� pIn� � � � -� Addresses� of� input� blocks�
*� � � RowPitch� � � � � -� Distance� (in� bytes)� of� vertically� adjacent� pixels�
*� � � Limit� � � � � � � � -� Stop� if� sum� exceeds� this� value�
*�
*� Output:�
*� � � Sum� � � � � � � � � � -� Accumulated� SAD� for� this� block�
*�
*� Description:�
*� � � Performs� half-pixel� horizontal� and� vertical� interpolation� of� pRef,� �
*� � � a� 16x16� block� of� 8-bit� unsigned� integers,� and� computes� the� L1-Distance�
*� � � (sum� of� absolute� differences)� between� it� and� pIn,� �
*� � � another� block� of� the� same� size.� � �
*� � � Block� pIn� is� assumed� to� be� word-aligned,� pRef� may� not� be.�
*�
**************************************************************/�
�
#define� SAD_INTERP_ROW(dst,� pRef,� pIn,� index1,� index2)� � � \�
� � � � COPY_U8x16(R1,� R2)� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � \�
� � � � LOAD_ADJ_U8x16(R2,� R3,� pRef,� index1,� index2)� � � � � � � � � \�
� � � � AVG_U8x16(R2,� R2,� R3)� /*� Interpolate� horizontally� */� \�
� � � � AVG_U8x16(R1,� R1,� R2)� /*� Interpolate� vertically� */� � � \�
� � � � LOAD_A_U8x16(I,� pIn)� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � \�
� � � � SAD2_ADD_M_U8x16(dst,� R1,� I,� dst)�
�
�
int� L1Dist16x16_InterpXY(UINT8� *pRef,� UINT8� *pIn,� int� RowPitch,� int� Limit)�
{�
� � � � DECLARE_U8x16(R1)� � � /*� Holds� one� row� of� reference� block� */�
� � � � DECLARE_U8x16(R2)� � � �
� � � � DECLARE_U8x16(R3)� � � �
� � � � DECLARE_U8x16(B)� � � � /*� Holds� one� row� of� input� block� */�
�
� � � � DECLARE_U32x4(Sad)� � /*� Vector� with� two� partial� sums� */�
� � � � UINT32� Sum;� � � � � � � � � /*� Integer� result� */�
�
� � � � CLEAR_U32x4(Sad)�
�
� � � � PREPARE_LOAD_ALIGNMENT(1,� pRef)�
� � � � PREPARE_LOAD_ALIGNMENT(2,� pRef+1)�
� � � � �
� � � � /*� Load� first� row� */�
� � � � LOAD_ADJ_U8x16(R2,� R3,� pRef,� 1,� 2)�
�
� � � � /*� Interpolate� horizontally� */�
� � � � AVG_U8x16(R2,� R2,� R3)�
�
� � � � SAD_INTERP_ROW(Sad,� pRef� +� 1*RowPitch,� pIn� +� 0*RowPitch,� 1,� 2)�
� � � � SAD_INTERP_ROW(Sad,� pRef� +� 2*RowPitch,� pIn� +� 1*RowPitch,� 1,� 2)�
� � � � SAD_INTERP_ROW(Sad,� pRef� +� 3*RowPitch,� pIn� +� 2*RowPitch,� 1,� 2)�
� � � � SAD_INTERP_ROW(Sad,� pRef� +� 4*RowPitch,� pIn� +� 3*RowPitch,� 1,� 2)�
� � � � SAD_INTERP_ROW(Sad,� pRef� +� 5*RowPitch,� pIn� +� 4*RowPitch,� 1,� 2)�
� � � � SAD_INTERP_ROW(Sad,� pRef� +� 6*RowPitch,� pIn� +� 5*RowPitch,� 1,� 2)�
� � � � SAD_INTERP_ROW(Sad,� pRef� +� 7*RowPitch,� pIn� +� 6*RowPitch,� 1,� 2)�
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�
#ifdef� SHORTCUT_PATH�
� � � � SUM2_U32x4(Sum,� Sad)�
� � � � if� (Sum� >� Limit)� {�
� � � � � � � � END_OPTIMIZED()�
� � � � � � � � return� Sum;�
� � � � }�
#endif�
� � � � �
� � � � SAD_INTERP_ROW(Sad,� pRef� +� 8*RowPitch,� pIn� +� 7*RowPitch,� 1,� 2)�
� � � � SAD_INTERP_ROW(Sad,� pRef� +� 9*RowPitch,� pIn� +� 8*RowPitch,� 1,� 2)�
� � � � SAD_INTERP_ROW(Sad,� pRef� +10*RowPitch,� pIn� +� 9*RowPitch,� 1,� 2)�
� � � � SAD_INTERP_ROW(Sad,� pRef� +11*RowPitch,� pIn� +10*RowPitch,� 1,� 2)�
� � � � SAD_INTERP_ROW(Sad,� pRef� +12*RowPitch,� pIn� +11*RowPitch,� 1,� 2)�
� � � � SAD_INTERP_ROW(Sad,� pRef� +13*RowPitch,� pIn� +12*RowPitch,� 1,� 2)�
� � � � SAD_INTERP_ROW(Sad,� pRef� +14*RowPitch,� pIn� +13*RowPitch,� 1,� 2)�
� � � � SAD_INTERP_ROW(Sad,� pRef� +15*RowPitch,� pIn� +14*RowPitch,� 1,� 2)�
� � � � SAD_INTERP_ROW(Sad,� pRef� +16*RowPitch,� pIn� +15*RowPitch,� 1,� 2)�
�
� � � � /*� Add� partial� sums*/�
� � � � SUM2_U32x4(Sum,� Sad)�
�
� � � � END_OPTIMIZED()�
�
� � � � return� Sum;�
}�
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