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Memory hierarchy and other optimizations: 20x 

Vector instructions: 4x 

Multiple threads: 4x 
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[=<B*F)FD%'*

!  8+&%*A*^@+H*A_MM*WR7*

double a[4][4]; 
double b[4][4]; 
double c[4][4]; # set to zero 

/* Multiply 4 x 4 matrices a and b  */ 
void mmm(double *a, double *b, double *c, int n) { 
    int i, j, k; 
    for (i = 0; i < 4; i++) 

 for (j = 0; j < 4; j++) 
             for (k = 0; k < 4; k++) 

          c[i*4+j] += a[i*4 + k]*b[k*4 + j]; 
} 
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/* data structure for vectors */ 
typedef struct{ 

 int len; 
 double *data; 

} vec; 

/* retrieve vector element and store at val */ 
int get_vec_element(vec *v, int idx, double *val) 
{ 

 if (idx < 0 || idx >= v->len) 
  return 0; 
 *val = v->data[idx]; 
 return 1; 

} 

len 
data 

0 1 len-1 
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:C.45D%N*9@44#"0*g%F(+&*:D%4%"('*

/* sum elements of vector */ 
double sum_elements(vec *v, double *res)  
{ 
  int i; 
  n = v->len; 
  *res = 0.0; 
  double val; 

  for (i = 0; i < n; i++) { 
    get_vec_element(v, i, &val); 

  *res += val; 
  } 
  return res; 
} 

double get_vec_element(vec *v, int idx,  
                                double *val) 
{ 
  if (idx < 0 || idx >= v->len) 

 return 0; 
  *val = v->data[idx]; 
  return 1; 
} 

U$%&/%.2*,+&*%$%&)*,5*hN*
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/* sum elements of vector */ 
double sum_elements(vec *v, double *res)  
{ 
  int i; 
  n = v->len; 
  *res = 0.0; 
  double *data = get_vec_start(v); 

  for (i = 0; i < n; i++) 
  *res += data[i]; 

  return res; 
} 

/* sum elements of vector */ 
double sum_elements(vec *v, double *res)  
{ 
  int i; 
  n = v->len; 
  *res = 0.0; 
  double val; 

  for (i = 0; i < n; i++) { 
    get_vec_element(v, i, &val); 

  *res += val; 
  } 
  return res; 
} 
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!  ?Q'(&.F(*2.(.*()5%'*F."*%.'#D)*D%.2*(+*#"%aF#%"F#%'*

!  Z,*-22/)-%$&1"1)&'),*0".9-,6)'*#".&+-2)2&:.-./)9*'+4$',)

!  -.(F/*)+@&*#""%&4+'(*D++5V*

!  W%(*.*,%%D*,+&*+$%&/%.2*$%&'@'*.F(@.D*F+45@(.6+"*Q%#"0*

5%&,+&4%2*
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void set_row(double *a, double *b, 
   long i, long n) 
{ 
    long j; 
    for (j = 0; j < n; j++) 

 a[n*i+j] = b[j]; 
} 

8+2%*E+6+"*

!  O%2@F%*,&%j@%"F)*Z#(/*Z/#F/*F+45@(.6+"*#'*5%&,+&4%2*

!  [9)&6)N&22)-2N-/,)0.$1*+"),-#").",*26)

!  O,0"+&-22/)#$%&'()+$1")$*6)$9)2$$0)

!  9+4%64%'*.D'+*F.DD%2*5&%>F+45@(.6+"*

    int j; 
    int ni = n*i; 
    for (j = 0; j < n; j++) 

 a[ni+j] = b[j]; 

void copy_row(double *a, double *b, 
   int i, int n) 
{ 
    int j; 
    for (j = 0; j < n; j++) 

 a[n*i+j] = b[j]; 
} 
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8+45#D%&>W%"%&.(%2*8+2%*E+6+"*

copy_row: 
 xorl  %r8d, %r8d           #  j = 0 
 cmpq  %rcx, %r8            #  j:n 
 jge  .L7                  #  if >= goto done 
 movq  %rcx, %rax           #  n 
 imulq  %rdx, %rax      #  n*i outside of inner loop 
 leaq  (%rdi,%rax,8), %rdx  #  rowp = A + n*i*8 

.L5:                                  # loop: 
 movq  (%rsi,%r8,8), %rax   #  t = b[j] 
 incq  %r8                  #  j++ 
 movq  %rax, (%rdx)         #  *rowp = t 
 addq  $8, %rdx             #  rowp++ 
 cmpq  %rcx, %r8            #  j:n 
 jl  .L5                  #  if < goto loop 

.L7:                                  # done: 
 rep ; ret                     #  return 

    int j; 
    int ni = n*i; 
    double *rowp = a+ni; 
    for (j = 0; j < n; j++) 

 {*rowp = b[j]; rowp++;} 

void copy_row(double *a, double *b, 
   int i, int n) 
{ 
    int j; 
    for (j = 0; j < n; j++) 

 a[n*i+j] = b[j]; 
} 

89:;<=*>*?@(@4"*AB=B* =<*
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!  O%5D.F%*F+'(D)*+5%&.6+"*Z#(/*'#45D%&*+"%*

!  :C.45D%N*9/#kl.22*#"'(%.2*+,*4@D65D)*+&*2#$#2%*

16*x  \  x << 4 
!  K"0"'1,)$')+$,6)$9)#*2402/)$.)1&%&1")&',6.*+4$')

!  <')@"'4*#)[]G)&'6"(".)#*2402/)."^*&.",)CD)3@Z)+/+2",)

!  :C.45D%N*O%F+0"#7%*'%j@%"F%*+,*5&+2@F('*

for (i = 0; i < n; i++) 
  for (j = 0; j < n; j++) 
    a[n*i + j] = b[j]; 

int ni = 0; 
for (i = 0; i < n; i++) { 
  for (j = 0; j < n; j++) 
    a[ni + j] = b[j]; 
  ni += n; 
} 
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9/.&%*8+44+"*9@Q%C5&%''#+"'*

!  O%@'%*5+&6+"'*+,*%C5&%''#+"'*

!  8+45#D%&'*+k%"*"+(*$%&)*'+5/#'6F.(%2*#"*%C5D+#6"0*

.&#(/4%6F*5&+5%&6%'*

/* Sum neighbors of i,j */ 
up =    val[(i-1)*n + j  ]; 
down =  val[(i+1)*n + j  ]; 
left =  val[i*n     + j-1]; 
right = val[i*n     + j+1]; 
sum = up + down + left + right; 

int inj = i*n + j; 
up =    val[inj - n]; 
down =  val[inj + n]; 
left =  val[inj - 1]; 
right = val[inj + 1]; 
sum = up + down + left + right; 

L%923$'8%&M*<%C&N?FM*<%C&O?FM*% ?%923$8%&M*%

leaq   1(%rsi), %rax  # i+1 
leaq   -1(%rsi), %r8  # i-1 
imulq  %rcx, %rsi     # i*n 
imulq  %rcx, %rax     # (i+1)*n 
imulq  %rcx, %r8      # (i-1)*n 
addq   %rdx, %rsi     # i*n+j 
addq   %rdx, %rax     # (i+1)*n+j 
addq   %rdx, %r8      # (i-1)*n+j 

imulq  %rcx, %rsi  # i*n 
addq  %rdx, %rsi  # i*n+j 
movq  %rsi, %rax  # i*n+j 
subq  %rcx, %rax  # i*n+j-n 
leaq  (%rsi,%rcx), %rcx # i*n+j+n 

89:;<=*>*?@(@4"*AB=B* = *̀
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void lower(char *s) 
{ 
  int i; 
  for (i = 0; i < strlen(s); i++) 
    if (s[i] >= 'A' && s[i] <= 'Z') 
      s[i] -= ('A' - 'a'); 
} 

U564#7.6+"*JD+FG%&N*3&+F%2@&%*8.DD'*

!  3&+F%2@&%*(+*F+"$%&(*'(&#"0*(+*D+Z%&*F.'%*
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!  1#4%*j@.2&@5D%'*Z/%"*2+@QD%*'(&#"0*D%"0(/*

!  m@.2&.6F*5%&,+&4."F%*

83!*9%F+"2'*

9(&#"0*e%"0(/*
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-/)*#'*1/.(n*

!  9(&#"0*D%"0(/*#'*F.DD%2*#"*%$%&)*#(%&.6+"V*

!  J'1)strlen)&,)<B'FG),$)lower)&,)<B'_F)

void lower(char *s) 
{ 
  int i; 
  for (i = 0; i < strlen(s); i++) 
    if (s[i] >= 'A' && s[i] <= 'Z') 
      s[i] -= ('A' - 'a'); 
} 

/* A version of strlen */ 
size_t strlen(char *s) 
{ 
    size_t length = 0; 
    while (*s != '\0') { 

 s++;  
 length++; 

    } 
    return length; 
} 
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!  E+$%*F.DD*(+*strlen*+@('#2%*+,*D++5*
!  9#"F%*&%'@D(*2+%'*"+(*F/."0%*,&+4*+"%*#(%&.6+"*(+*."+(/%&*

!  p+&4*+,*F+2%*4+6+"l5&%F+45@(.6+"*

void lower(char *s) 
{ 
  int i; 
  int len = strlen(s); 
  for (i = 0; i < len; i++) 
    if (s[i] >= 'A' && s[i] <= 'Z') 
      s[i] -= ('A' - 'a'); 
} 

void lower(char *s) 
{ 
  int i; 
  for (i = 0; i < strlen(s); i++) 
    if (s[i] >= 'A' && s[i] <= 'Z') 
      s[i] -= ('A' - 'a'); 
} 

89:;<=*>*?@(@4"*AB=B* A=*
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3%&,+&4."F%*
!  e+Z%&AN*1#4%*2+@QD%'*Z/%"*2+@QD%*'(&#"0*D%"0(/*

!  e#"%.&*5%&,+&4."F%*

83!*9%F+"2'*

9(&#"0*e%"0(/*

89:;<=*>*?@(@4"*AB=B* AA*
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U564#7.6+"*JD+FG%&N*3&+F%2@&%*8.DD'*
!  -/)*F+@D2"q(*F+45#D%&*4+$%*strlen*+@(*+,**#""%&*D++5n*

!  @.$+"1*.")#-/)8-%"),&1")"T"+6,)

!  `*'+4$')#-/)'$6)."6*.'),-#")%-2*")9$.)(&%"')-.(*#"'6,)

!  3$*21)1"0"'1)$')$68".)0-.6,)$9)(2$:-2),6-6")

!  @.$+"1*.")lower)+$*21)&'6".-+6)N&68)strlen*

!  8+45#D%&*@'@.DD)*(&%.('*5&+F%2@&%*F.DD*.'*.*QD.FG*Q+C*(/.(*F.""+(*

Q%*.".D)7%2*

!  3$',"^*"'+"?)+$',".%-4%")&')$04#&=-4$',)

!  O%4%2#%'N*

!  ['2&'")68")9*'+4$')&9)0$,,&:2")
!  K$)/$*.)$N')+$1")#$4$')

int lencnt = 0; 
size_t strlen(char *s) 
{ 
    size_t length = 0; 
    while (*s != '\0') { 

 s++; length++; 
    } 
    lencnt += length; 
    return length; 
} 

89:;<=*>*?@(@4"*AB=B* A;*
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U564#7.6+"*JD+FG%&N*E%4+&)*?D#.'#"0*

!  (Z#22D%=*.55%.&'*(+*Q%*D%''*%aF#%"(*

!  a)#"#$./)."9"."'+",?)6N$)."-1,)"-+8)$9)b/0)-'1)b;0G)6N$)N.&6",)$9)b;0)

!  (Z#22D%A*.55%.&'*(+*Q%*4+&%*%aF#%"(**

!  c)#"#$./)."9"."'+",?)."-1)b/0G)."-1)b;0G)N.&6")b;0)

!  8."*.*F+45#D%&*F+4%*@5*Z#(/*(Z#22D%A*#,*0#$%"*(Z#22D%=n*

// add twice the value stored at yp to the value stored at xp 

void twiddle1(int *xp, int *yp)  
{ 
    *xp += *yp; 
    *xp += *yp; 
} 

void twiddle2(int *xp, int *yp)  
{ 
    *xp += 2*(*yp); 
} 

89:;<=*>*?@(@4"*AB=B* AT*



!"#$%&'#()*+,*-.'/#"0(+"*

U564#7.6+"*JD+FG%&N*E%4+&)*?D#.'#"0*

!  J@(*Z/.(*#,*C5*XX*)5n*

!  6N&112"C)^*-1.*02",)%-2*")-6);0)
!  6N&112"_)6.&02",)%-2*")-6);0)

!  J%F.@'%*+,*(/#'*r.D#.'#"0qH*F+45#D%&*2+%'*"+(*+564#7%*(Z#22D%=*

!  U$*21)2"-1)6$)1&T"."'6).",*26)

!  J,,*#")6N&112"C)&,)0.$(.-##".d,)&'6"'6)

// add twice the value stored at yp to the value stored at xp 
// *xp = *xp + 2 * *yp; 

void twiddle1(int *xp, int *yp)  
{ 
    *xp += *yp; 
    *xp += *yp; 
} 

void twiddle2(int *xp, int *yp)  
{ 
    *xp += 2*(*yp); 
} 
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!  -/.(*#'*(/%*&%(@&"*$.D@%n*

!  1Z+*F.'%'N*

!  ^)-'1)0)-.")1&T"."'6)-11.",,",)
!  ^)-'1)0)-.")-2&-,",)9$.)68"),-#")-11.",,)

x = 1000;    
y = 3000; 
*q = y; 
*p = x; 
return *q; 
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(+*(/%*'.4%*D+F.6+"*

!  8."*/.55%"*%.'#D)*#"*8*

!  7&'+")-22$N"1)6$)1$)-11.",,)-.&68#"4+)

!  K&."+6)-++",,)6$),6$.-("),6.*+6*.",)
!  R.&2*(+*.".D)7%*X*F+45#D%&*F.""+(*P0@&%*#(*+@(*

!  M"'+")68")+$#0&2".)&,)+$',".%-4%"))
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?*9+D@6+"*(+*?D#.'#"0*

!  ?55D)*.*5&+0&.44#"0*'()D%*F+"'#'(%"(D)*

!  3$0/)%-2*",)9$.)#"#$./)%-.&-:2",)&'6$)2$+-2)%-.&-:2",)

!  e8"')-,,&(')2$+-2)%-.&-:2",)6$)f'-2)1",4'-4$',)
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x = 1000;    
y = 3000; 
*q = y; 
*p = x; 
return *q; 

x = 1000;    
y = 3000; 
temp1 = y; 
temp2 = x; 
*q = temp1; 
*p = temp2; 
return temp1; 
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."2*5&+0&.4*'(&@F(@&%*

!  3".6-&')$04#&=-4$',)-.")0."P/)"-,/)-'1)'$6)6$$)#",,/G),$)1$)68"#)g)

"I(G)#$%"),6.2"'B,F)$*6,&1")68")2$$0)

!  h*6)&6d,)'$6)-2N-/,)68-6),&#02"H)

!  -+&(/*2+#"0*Z/%"*#(*.F(@.DD)*Q@)'*)+@*'+4%(/#"0*

!  Z,")0.$f2&'()6$$2,)6$)f'1)$*6)N8".")68")+$1")&,),0"'1&'()&6,)4#")

B&6d,)$S"')'$6)N8".")/$*)68&'>iF)

BJ2-,G)N")0.$:-:2/)N$'d6),"")(0.$9)-'1)$68".)6$$2,)&')68&,)+$*.,"F)

* *b3&%4.(@&%*+564#7.6+"*#'*(/%*&++(*+,*.DD*%$#Dc*

) ) ) ) ) ) ) )K$'-21)j'*68)
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