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

-/+*.&%*)+:C*

!! EFG*'(:3%"('*H4%*4#II*3+*+:&*J%'(*(+*0%(*(+*K"+4*%.9/*+,*)+:LM*

!! -/.(*#'*/.&34.&%C*'+74.&%C*

!! -/.(*#'*."*#"(%&,.9%C*

!! -/)*3+*4%*"%%3*.*/.&34.&%5'+74.&%*#"(%&,.9%C*

!! -/+*/.'*4&#N%"*.*O&+0&.=*#"*.''%=JI)*I."0:.0%*J%,+&%C*

!! -&#N%"*.*=:IAP(/&%.3%3*O&+0&.=*J%,+&%C*

<:(:="*>?@>* 8"(&+3:9A+"* Q*



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

R5S.$.T*.''%=JI)T*."3*=.9/#"%*9+3%*

F*<:(:="*>?@>* 8"(&+3:9A+"*

if (x != 0) y = (y+z)/x;!

        cmpl  $0, -4(%ebp) 
        je  .L2 
        movl  -12(%ebp), %eax 
        movl  -8(%ebp), %edx 
        leal  (%edx, %eax), %eax 
        movl  %eax, %edx 
        sarl  $31, %edx 
        idivl  -4(%ebp) 
        movl  %eax, -8(%ebp) 
.L2: 

1000001101111100001001000001110000000000 
0111010000011000 
10001011010001000010010000010100 
10001011010001100010010100010100 
100011010000010000000010 
1000100111000010 
110000011111101000011111 
11110111011111000010010000011100 
10001001010001000010010000011000 

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

R5S.$.T*.''%=JI)T*."3*=.9/#"%*9+3%*

!! 1/%*(/&%%*O&+0&.=*,&.0=%"('*.&%*%U:#$.I%"(*

!! V+:W3*&.(/%&*4&#(%*RL**P*.*=+&%*/:=."P,&#%"3I)*I."0:.0%*

!! 1/%*/.&34.&%*I#K%'*J#(*'(&#"0'L**P*%$%&)(/#"0*#'*$+I(.0%'*

!! G=1'+0H=5,1'5,@*4)HI2,@'041'0H*)0668'+)H='@=24*14'*=0,'*=1',)+J14'2K'

J5*@'>1'>2)6B',11B'*2'41L41@1,*'*=1'H=040H*14@'5,'*=1'0@@1+J68'60,9)091'

X*<:(:="*>?@>* 8"(&+3:9A+"*

if (x != 0) y = (y+z)/x;!

        cmpl  $0, -4(%ebp) 
        je  .L2 
        movl  -12(%ebp), %eax 
        movl  -8(%ebp), %edx 
        leal  (%edx, %eax), %eax 
        movl  %eax, %edx 
        sarl  $31, %edx 
        idivl  -4(%ebp) 
        movl  %eax, -8(%ebp) 
.L2: 

1000001101111100001001000001110000000000 
0111010000011000 
10001011010001000010010000010100 
10001011010001100010010100010100 
100011010000010000000010 
1000100111000010 
110000011111101000011111 
11110111011111000010010000011100 
10001001010001000010010000011000 
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!"#$%&'#()*+,*-.'/#"0(+"*

2-56-*8"(%&,.9%;*1/%*2#'(+&#9.I*Y%&'O%9A$%*

!! 2.&34.&%*'(.&(%3*+:(*U:#(%*O&#=#A$%*

"! M04B>041'B1@59,@'>141'1NL1,@5E1'!'5,@*4)HI2,@'=0B'*2'J1'E148'@5+L61'

O'1P9P:'0'@5,961'5,@*4)HI2,'K24'0BB5,9'*>2'5,*1914@'

!! 6+74.&%*4.'*.I'+*$%&)*O&#=#A$%*

"! "2Q>041'L45+5IE1@'41R1H*1B'*=1'=04B>041'L41<8'H62@168'

Z*<:(:="*>?@>* 8"(&+3:9A+"*

Hardware 

Architecture Specification (Interface) 

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

2-56-*8"(%&,.9%;*<''%=JI%&'*

!! [#,%*4.'*=.3%*.*I+(*J%N%&*J)*.''%=JI%&'*

"! &'0@@1+J68'5,@*4)HI2,'S'&'+0H=5,1'5,@*4)HI2,:'J)*PPP'

"! B5T141,*'@8,*0NU'0@@1+J68'5,@*4)HI2,@'041'H=040H*14'@*45,9@:',2*'J5*'

@*45,9@:'0'62*'10@514'*2'410BV>45*1'J8'=)+0,@'

"! H0,')@1'@8+J265H',0+1@'

E*<:(:="*>?@>* 8"(&+3:9A+"*

Hardware 

User 

program 
in 

asm 

Assembler specification 

Assembler 



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

2-56-*8"(%&,.9%;*2#0/%&P[%$%I*[."0:.0%'*

!! 2#0/%&*I%$%I*+,*.J'(&.9A+";*

"! &'65,1'2K'0'=59=W61E16'60,9)091'5@'H2+L561B'5,*2'+0,8'X@2+1I+1@'E148'

+0,8Y'65,1@'2K'0@@1+J68'60,9)091'

\*<:(:="*>?@>* 8"(&+3:9A+"*

Hardware 

User 

program 

in C 

C language specification 

Assembler C 

compiler 

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

2-56-*8"(%&,.9%;*R+3%*5*R+=O#I%*5*]:"*1#=%'*

Hardware 

User 

program 
in C 

Assembler C 

compiler 

R+3%*1#=%* R+=O#I%*1#=%* ]:"*1#=%*

Note: The compiler and assembler are just programs, developed using 

          this same process. 

@?*<:(:="*>?@>* 8"(&+3:9A+"*

.exe file .c file 



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

^$%&$#%4*

!! R+:&'%*(/%=%';*J#0*."3*I#NI%*

!! _+:&*#=O+&(."(*&%.I#A%'*

!! 2+4*(/%*9+:&'%*`('*#"(+*(/%*R6a*9:&&#9:I:=*

!! [+0#'A9'*

@@*<:(:="*>?@>* 8"(&+3:9A+"*

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

1/%*b#0*1/%=%*

!! 12a*2<]c-<]a56^_1-<]a*8d1a]_<Ra*

!! 2+4*3+%'*(/%*/.&34.&%*H?'*."3*@'T*O&+9%''+&*%e%9:A"0*

#"'(&:9A+"'M*&%I.(%*(+*(/%*'+74.&%*HS.$.*O&+0&.='MC*

!! R+=O:A"0*#'*.J+:(*.J'(&.9A+"'*HJ:(*4%*9."f(*,+&0%(*&%.I#()M*

!! -/.(*.&%*(/%*.J'(&.9A+"'*(/.(*4%*:'%C*

!! -/.(*3+*V^!*"%%3*(+*K"+4*.J+:(*(/%=C*

"! Z=1,'B2'*=18'J410['B2>,'0,B'82)'=0E1'*2'L11['),B14'*=1'=22B\'

"! Z=0*'J)9@'H0,'*=18'H0)@1'0,B'=2>'B2'82)'],B'*=1+\'

!! b%9+=%*.*J%N%&*O&+0&.==%&*."3*J%0#"*(+*:"3%&'(."3*(/%*

#=O+&(."(*9+"9%O('*(/.(*/.$%*%$+I$%3*#"*J:#I3#"0*%$%&*=+&%*

9+=OI%e*9+=O:(%&*')'(%='*

@>*<:(:="*>?@>* 8"(&+3:9A+"*



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

[#NI%*1/%=%*@;*]%O&%'%"(.A+"*

!! <II*3#0#(.I*')'(%='*&%O&%'%"(*%$%&)(/#"0*.'*?'*."3*@'*

"! G=1'.'0,B'&'041'410668'*>2'B5T141,*'E26*091'40,91@'5,'*=1'161H*42,5H@'

!! a$%&)(/#"0*#"9I:3%';*

"! C)+J14@'O'5,*1914@'0,B'R20I,9'L25,*'

"! !=040H*14@'O'*=1'J)56B5,9'J62H[@'2K'@*45,9@'

"! ^,@*4)HI2,@'O'*=1'B541HIE1@'*2'*=1'!_`'*=0*'+0[1')L'0'L42940+'

"! _25,*14@'O'0BB41@@1@'2K'B0*0'2J71H*@'@*241B'0>08'5,'+1+248'

!! 1/%'%*%"9+3#"0'*.&%*'(+&%3*(/&+:0/+:(*.*9+=O:(%&*')'(%=*

"! ^,'4195@*14@:'H0H=1@:'+1+2451@:'B5@[@:'1*HP'

!! 1/%)*.II*"%%3*.33&%''%'*

"! ('>08'*2'],B'*=1+'

"! a5,B'0',1>'L60H1'*2'L)*'0',1>'5*1+''

"! b1H605+'*=1'L60H1'5,'+1+248'>=1,'B0*0',2'62,914',11B1B'

@D*<:(:="*>?@>* 8"(&+3:9A+"*

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

[#NI%*1/%=%*>;*1&."'I.A+"*

!! 1/%&%*#'*.*J#0*0.O*J%(4%%"*/+4*4%*(/#"K*.J+:(*O&+0&.='*."3*

3.(.*."3*(/%*?'*."3*@'*+,*9+=O:(%&'*

!! d%%3*I."0:.0%'*(+*3%'9&#J%*4/.(*4%*=%."*

!! [."0:.0%'*"%%3*(+*J%*(&."'I.(%3*+"%*'(%O*.(*.*A=%*

"! Z24BWJ8W>24B'

"! _=40@1'@*4)H*)41@'

"! /40++04'

!! -%*K"+4*S.$.*.'*.*O&+0&.==#"0*I."0:.0%*

"! M0E1'*2'>24['2)4'>08'B2>,'*2'*=1'.@'0,B'&@'2K'H2+L)*14@'

"! G48',2*'*2'62@1'0,8*=5,9'5,'*40,@60I2,c'

"! Z1d66'1,H2),*14'D0E0'J8*1WH2B1@:'!'60,9)091:'0@@1+J68'60,9)091:'0,B'

+0H=5,1'H2B1'XK24'*=1'efg'K0+568'2K'!_`'04H=5*1H*)41@Y'

@Q*<:(:="*>?@>* 8"(&+3:9A+"*



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

[#NI%*1/%=%*D;*R+"(&+I*_I+4*

!! 2+4*3+*9+=O:(%&'*+&9/%'(&.(%*(/%*=.")*(/#"0'*(/%)*.&%*

3+#"0*g*'%%=#"0I)*#"*O.&.II%I*

!! -/.(*3+*4%*/.$%*(+*K%%O*(&.9K*+,*4/%"*4%*9.II*.*=%(/+3T*

."3*(/%"*."+(/%&T*."3*(/%"*."+(/%&T*."3*'+*+"*

!! 2+4*3+*4%*K"+4*4/.(*(+*3+*:O+"*h&%(:&"i*

!! !'%&*O&+0&.='*."3*+O%&.A"0*')'(%='*

"! ;)6IL61')@14'L42940+@'

"! FL140I,9'@8@*1+'=0@'*2'24H=1@*40*1'*=1+'066''

"! #0H='91*@'0'@=041'2K'H2+L)I,9'H8H61@'

"! G=18'+08',11B'*2'@=041'@8@*1+'41@2)4H1@'X+1+248:'^VF:'B5@[@Y'

"! h516B5,9'0,B'*0[5,9'H2,*426'2K'*=1'L42H1@@24'

"! i26),*048'24'jJ8'K24H1k\'

@F*<:(:="*>?@>* 8"(&+3:9A+"*

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

R+:&'%*^:(9+=%'*

!! _+:"3.A+";*J.'#9'*+,*/#0/PI%$%I*O&+0&.==#"0*HS.$.M*

!! !"3%&'(."3#"0*+,*'+=%*+,*(/%*.J'(&.9A+"'*(/.(*%e#'(*

J%(4%%"*O&+0&.='*."3*(/%*/.&34.&%*(/%)*&:"*+"T*4/)*(/%)*

%e#'(T*."3*/+4*(/%)*J:#I3*:O+"*%.9/*+(/%&*

!! j"+4I%30%*+,*'+=%*+,*(/%*3%(.#I'*+,*:"3%&I)#"0*

#=OI%=%"(.A+"'*

!! b%9+=%*=+&%*%k%9A$%*O&+0&.==%&'*

"! ;241'1lH51,*'0*'],B5,9'0,B'165+5,0I,9'J)9@'

"! `,B14@*0,B'@2+1'2K'*=1'+0,8'K0H*24@'*=0*'5,R)1,H1'L42940+'

L14K24+0,H1'

"! a0H565*8'>5*='0'H2)L61'+241'2K'*=1'+0,8'60,9)091@'*=0*'>1')@1'*2'

B1@H45J1'L42940+@'0,B'B0*0'

!! Y&%O.&%*,+&*I.(%&*9I.''%'*#"*R6a*

@X*<:(:="*>?@>* 8"(&+3:9A+"*



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

]%.I#()*@;*8"('*l*8"(%0%&'*m*_I+.('*l*]%.I'*

!! ]%O&%'%"(.A+"'*.&%*`"#(%*

!! ae.=OI%*@;*8'*e>*n*?C*

"! a620*@U'h1@c'

"! ^,*@U'

"! 'm....'n'm....''WWo'&g........'

"! '%....'n'%....''WWo'\\'

!! ae.=OI%*>;*8'*He*G*)M*G*o**p**e*G*H)*G*oMC*

"! `,@59,1B'p'"59,1B'^,*@U'h1@c'

"! a620*@U ''

"! 'X&1-.'q'W&1-.Y'q'$P&m'WWo'$P&m'

"! '&1-.'q'XW&1-.'q'$P&mY'WWo'\\'

@Z*<:(:="*>?@>* 8"(&+3:9A+"*

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

R+3%*6%9:&#()*ae.=OI%*

!! 6#=#I.&*(+*9+3%*,+:"3*#"*_&%%b6cf'*#=OI%=%"(.A+"*+,*

0%(O%%&".=%*

!! 1/%&%*.&%*I%0#+"'*+,*'=.&(*O%+OI%*(&)#"0*(+*`"3*$:I"%&.J#I#A%'*

#"*O&+0&.='*

@E*

/* Kernel memory region holding user-accessible data */ 
#define KSIZE 1024 
char kbuf[KSIZE]; int len = KSIZE; 

/* Copy at most maxlen bytes from kernel region to user buffer */ 
int copy_from_kernel(void *user_dest, int maxlen) { 
    /* Byte count len is minimum of buffer size and maxlen */ 
    if (KSIZE > maxlen) len = maxlen;     
    memcpy(user_dest, kbuf, len); 
    return len; 
} 

<:(:="*>?@>* 8"(&+3:9A+"*



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

1)O#9.I*!'.0%*

@\*

/* Kernel memory region holding user-accessible data */ 
#define KSIZE 1024 
char kbuf[KSIZE]; int len = KSIZE; 

/* Copy at most maxlen bytes from kernel region to user buffer */ 
int copy_from_kernel(void *user_dest, int maxlen) { 
    /* Byte count len is minimum of buffer size and maxlen */ 
    if (KSIZE > maxlen) len = maxlen;  
    memcpy(user_dest, kbuf, len); 
    return len; 
} 

#define MSIZE 528 

void getstuff() { 
    char mybuf[MSIZE]; 
    copy_from_kernel(mybuf, MSIZE); 
    . . . 
} 

<:(:="*>?@>* 8"(&+3:9A+"*

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

q.I#9#+:'*!'.0%*

>?*

/* Kernel memory region holding user-accessible data */ 
#define KSIZE 1024 
char kbuf[KSIZE]; int len = KSIZE; 

/* Copy at most maxlen bytes from kernel region to user buffer */ 
int copy_from_kernel(void *user_dest, int maxlen) { 
    /* Byte count len is minimum of buffer size and maxlen */ 
    if (KSIZE > maxlen) len = maxlen; 
    memcpy(user_dest, kbuf, len); 
    return len; 
} 

#define MSIZE 528 

void getstuff() { 
    char mybuf[MSIZE]; 
    copy_from_kernel(mybuf, -MSIZE); 
    . . . 
} 

<:(:="*>?@>* 8"(&+3:9A+"*



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

]%.I#()*r>;*V+:f$%*B+(*(+*j"+4*<''%=JI)*

!! -/)C*b%9.:'%*4%*4."(*)+:*(+*':k%&C%*

>@*<:(:="*>?@>* 8"(&+3:9A+"*

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

]%.I#()*r>;*V+:f$%*B+(*(+*j"+4*<''%=JI)*

!! R/."9%'*.&%T*)+:fII*"%$%&*4&#(%*.*O&+0&.=*#"*.''%=JI)*9+3%*

"! !2+L5614@'041'+)H='J1<14'0,B'+241'L0I1,*'*=0,'82)'041'

!! b:(;*!"3%&'(."3#"0*.''%=JI)*#'*(/%*K%)*(+*(/%*=.9/#"%PI%$%I*

%e%9:A+"*=+3%I*

"! 31=0E524'2K'L42940+@'5,'L41@1,H1'2K'J)9@'

"! M59=W61E16'60,9)091'+2B16'J410[@'B2>,'

"! G),5,9'L42940+'L14K24+0,H1'

"! `,B14@*0,B'2LI+5r0I2,@'B2,1V,2*'B2,1'J8'*=1'H2+L5614'

"! `,B14@*0,B5,9'@2)4H1@'2K'L42940+'5,1lH51,H8'

"! ^+L61+1,I,9'@8@*1+'@2Q>041'

"! FL140I,9'@8@*1+@'+)@*'+0,091'L42H1@@'@*0*1'

"! !410I,9'V']9=I,9'+06>041'

"! Nfg'0@@1+J68'5@'*=1'60,9)091'2K'H=25H1'

"! `@1'@L1H506'),5*@'XI+14@:'^VF'H2WL42H1@@24@:'1*HPY'5,@5B1'L42H1@@24c'
>>*<:(:="*>?@>* 8"(&+3:9A+"*



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

<''%=JI)*R+3%*ae.=OI%*

!! 1#=%*6(.=O*R+:"(%&*

"! "L1H506'gmWJ5*'4195@*14'5,'^,*16WH2+L0IJ61'+0H=5,1@'

"! ^,H41+1,*1B'1E148'H62H['H8H61'

"! b10B'>5*='4B*@H'5,@*4)HI2,'

!! <OOI#9.A+"*

"! ;10@)41'I+1'X5,'H62H['H8H61@Y'41s)541B'J8'L42H1B)41'

>D*

double t; 
start_counter(); 
P(); 
t = get_counter(); 
printf("P required %f clock cycles\n", t); 

<:(:="*>?@>* 8"(&+3:9A+"*

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

R+3%*(+*]%.3*R+:"(%&*

!! -&#(%*'=.II*.=+:"(*+,*.''%=JI)*9+3%*:'#"0*BRRf'*.'=*,.9#I#()*

!! 8"'%&('*.''%=JI)*9+3%*#"(+*=.9/#"%*9+3%*0%"%&.(%3*J)*

9+=O#I%&*

>Q*

/* Set *hi and *lo (two 32-bit values) to the  
   high and low order bits of the cycle counter.   
*/ 

void access_counter(unsigned *hi, unsigned *lo) 
{ 
    asm("rdtsc; movl %%edx,%0; movl %%eax,%1"    

 : "=r" (*hi), "=r" (*lo) /* output    */ 
 :                        /* input     */ 
 : "%edx", "%eax");       /* clobbered */ 

} 

<:(:="*>?@>* 8"(&+3:9A+"*



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

]%.I#()*rD;*q%=+&)*q.N%&'*

!! a/=T*4/.(*#'*=%=+&)C*

>F*<:(:="*>?@>* 8"(&+3:9A+"*

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

]%.I#()*rD;*q%=+&)*q.N%&'*

!! q%=+&)*#'*"+(*:"J+:"3%3*
"! ^*'+)@*'J1'0662H0*1B'0,B'+0,091B'

"! ;0,8'0LL65H0I2,@'041'+1+248WB2+5,0*1B'

!! q%=+&)*&%,%&%"9#"0*J:0'*.&%*%'O%9#.II)*O%&"#9#+:'*
"! #T1H*@'041'B5@*0,*'5,'J2*='I+1'0,B'@L0H1'

!! q%=+&)*O%&,+&=."9%*#'*"+(*:"#,+&=*
"! !0H=1'0,B'E54*)06'+1+248'1T1H*@'H0,'9410*68'0T1H*'L42940+'

L14K24+0,H1'

"! (B0LI,9'L42940+'*2'H=040H*145@IH@'2K'+1+248'@8@*1+'H0,'610B'*2'
+0724'@L11B'5+L42E1+1,*@'

>X*<:(:="*>?@>* 8"(&+3:9A+"*



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

q%=+&)*]%,%&%"9#"0*b:0*ae.=OI%*

>Z*

double fun(int i) 
{ 
  volatile double d[1] = {3.14}; 
  volatile long int a[2]; 
  a[i] = 1073741824; /* Possibly out of bounds */ 
  return d[0]; 
} 

fun(0)  –>  3.14 
fun(1)  –>  3.14 
fun(2)  –>  3.1399998664856 
fun(3)  –>  2.00000061035156 
fun(4)  –>  3.14, then segmentation fault 

<:(:="*>?@>* 8"(&+3:9A+"*

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

q%=+&)*]%,%&%"9#"0*b:0*ae.=OI%*

>E*

double fun(int i) 
{ 
  volatile double d[1] = {3.14}; 
  volatile long int a[2]; 
  a[i] = 1073741824; /* Possibly out of bounds */ 
  return d[0]; 
} 

fun(0)  –>  3.14 
fun(1)  –>  3.14 
fun(2)  –>  3.1399998664856 
fun(3)  –>  2.00000061035156 
fun(4)  –>  3.14, then segmentation fault 

Saved State 

d7 … d4 

d3 … d0 

a[1] 

a[0] 0 

1 

2 

3 

4 

[+9.A+"*.99%''%3*J)*

fun(i) 

aeOI.".A+";*

<:(:="*>?@>* 8"(&+3:9A+"*



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

q%=+&)*]%,%&%"9#"0*a&&+&'*

!! R*H."3*RGGM*3+*"+(*O&+$#3%*.")*=%=+&)*O&+(%9A+"*

"! F)*'2K'J2),B@'04408'41K141,H1@'

"! ^,E065B'L25,*14'E06)1@'

"! (J)@1@'2K'+0662HVK411'

!! R."*I%.3*(+*".'()*J:0'*

"! Z=1*=14'24',2*'J)9'=0@'0,8'1T1H*'B1L1,B@'2,'@8@*1+'0,B'H2+L5614'

"! (HI2,'0*'0'B5@*0,H1'

"! !244)L*1B'2J71H*'6295H0668'),4160*1B'*2'2,1'J15,9'0HH1@@1B'

"! #T1H*'2K'J)9'+08'J1']4@*'2J@14E1B'62,9'0Q14'5*'5@'91,140*1B'

!! 2+4*9."*8*3%.I*4#(/*(/#'C*

"! _42940+'5,'D0E0'X24'!t:'24';A:'24'uY'

"! `,B14@*0,B'>=0*'L2@@5J61'5,*140HI2,@'+08'2HH)4'

"! `@1'24'B1E162L'*226@'*2'B1*1H*'41K141,H5,9'14424@'

>\*<:(:="*>?@>* 8"(&+3:9A+"*

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

q%=+&)*6)'(%=*Y%&,+&=."9%*ae.=OI%!

!! 2#%&.&9/#9.I*=%=+&)*+&0."#o.A+"*

!! Y%&,+&=."9%*3%O%"3'*+"*.99%''*O.N%&"'*

"! ^,H6)B5,9'=2>'L42940+'@*1L@'*=42)9='+)6IWB5+1,@52,06'04408'

D?*

void copyji(int src[2048][2048], 
            int dst[2048][2048]) 
{ 
  int i,j; 
  for (j = 0; j < 2048; j++) 
    for (i = 0; i < 2048; i++) 
      dst[i][j] = src[i][j]; 
} 

void copyij(int src[2048][2048], 
            int dst[2048][2048]) 
{ 
  int i,j; 
  for (i = 0; i < 2048; i++) 
    for (j = 0; j < 2048; j++) 
      dst[i][j] = src[i][j]; 
} 

>@*A=%'*'I+4%&*

HY%"A:=*QM*

<:(:="*>?@>* 8"(&+3:9A+"*
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]%.I#()*rQ;*Y%&,+&=."9%*#'"f(*9+:"A"0*+O'*

!! R."*)+:*(%II*/+4*,.'(*.*O&+0&.=*#'*s:'(*J)*I++K#"0*.(*(/%*

9+3%C*

D@*<:(:="*>?@>* 8"(&+3:9A+"*

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

]%.I#()*rQ;*Y%&,+&=."9%*#'"f(*9+:"A"0*+O'*

!! ae.9(*+O*9+:"(*3+%'*"+(*O&%3#9(*O%&,+&=."9%*

"! #0@568'@11'&.U&'L14K24+0,H1'40,91'B1L1,B5,9'2,'=2>'H2B1'5@'>45<1,'

"! ;)@*'2LI+5r1'0*'+)6IL61'61E16@U'069245*=+:'B0*0'41L41@1,*0I2,@:'

L42H1B)41@:'0,B'622L@'

!! q:'(*:"3%&'(."3*')'(%=*(+*+OA=#o%*O%&,+&=."9%*

"! M2>'L42940+@'041'H2+L561B'0,B'1N1H)*1B'

"! M2>'+1+248'@8@*1+'5@'2490,5r1B'

"! M2>'*2'+10@)41'L42940+'L14K24+0,H1'0,B'5B1,IK8'J2<61,1H[@'

"! M2>'*2'5+L42E1'L14K24+0,H1'>5*=2)*'B1@*4285,9'H2B1'+2B)6045*8'0,B'

91,14065*8'

D>*<:(:="*>?@>* 8"(&+3:9A+"*
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ae.=OI%*q.(&#e*q:IAOI#9.A+"*

!! "*0,B04B'B1@[*2L'H2+L)*14:'E1,B24'H2+L5614:')@5,9'2LI+5r0I2,'R09@'

!! 32*='5+L61+1,*0I2,@'=0E1'1N0H*68'*=1'@0+1'2L140I2,@'H2),*'X-,$Y'

DD*

160x Triple loop 

Best code (K. Goto) 

<:(:="*>?@>* 8"(&+3:9A+"*

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

qqq*YI+(;*<".I)'#'*

DQ*

Memory hierarchy and other optimizations: 20x 

Vector instructions: 4x 

Multiple threads: 4x 

!! b10@2,'K24'-.NU'J62H[5,9'24'I65,9:'622L'),42665,9:'04408'@H06045r0I2,:'

5,@*4)HI2,'@H=1B)65,9:'@104H='*2'],B'J1@*'H=25H1'

!! !"#$%&'(#))'*#+,)%#*')-,(().'(#))'/01/2'$3$4#'5,))#).'(#))'6/7'5,))#)'
<:(:="*>?@>* 8"(&+3:9A+"*
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R6aDF@f'*&+I%*#"*R6a*R:&&#9:I:=*

!! Y&%P&%U:#'#(%'*

"! &m-'0,B'&m$U'^,*42'_42940++5,9'^'0,B'^^'

!! ^"%*+,*X*9+&%*9+:&'%'*

"! $&&U'a2),B0I2,@'^'

"! $&-U'a2),B0I2,@'^^'

"! $$&U'"Z'?1@59,'0,B'^+L61+1,*0I2,'

"! $$-U'?0*0'(J@*40HI2,@'

"! $%&U'MZV"Z'^,*14K0H1'

"! $%-U'MZ'?1@59,'0,B'^+L61+1,*0I2,'

!! DF@*'%('*(/%*9+"(%e(*,+&*=.")*,+II+4P+"*9+:&'%'*

DF*<:(:="*>?@>* 8"(&+3:9A+"*

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

R6aDF@f'*OI.9%*#"*R6a*R:&&#9:I:=*

DX*

R6aDF@*

R6aQF@*

^O*6)'(%='*

R6aQ?@*

R+=O#I%&'*

R+"9:&&%"9)*

R6aDDD*

6)'(%='*Y&+0*

Y%&,+&=."9%*

R6aQEQ*

6%9:&#()*

R6aQXX*

a=J*6)'(%='*

R6*@QD*

8"(&+*Y&+0*88*

R6aDF>*

2-*c%'#0"*

R+=Ot*<&9/t*

R6aQX@*

d%(4+&K'*

q.9/#"%*

R+3%*

c#'(&#J:(%3*

6)'(%='*

R6aQZZ5QE@5Q\?5%(9t*

R.O'(+"%*."3*Y&+s%9(*R+:&'%'*

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

89:#*(;,9+'-*,9$,-(#)'(,9<,9+'

43*:=3*#'39:')>?=3*#'

ae%9:A+"**

q+3%I*

]%.IP1#=%*

R+"(&+I*

<:(:="*>?@>* 8"(&+3:9A+"*



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

R+:&'%*Y%&'O%9A$%*

!! q+'(*')'(%='*9+:&'%'*.&%*b:#I3%&PR%"(&#9*

"! !2+L)*14'(4H=5*1H*)41'

"! ?1@59,'L5L165,1B'L42H1@@24'5,'i145629'

"! FL140I,9'"8@*1+@'

"! ^+L61+1,*'60491'L24I2,@'2K'2L140I,9'@8@*1+'

"! !2+L5614@'

"! Z45*1'H2+L5614'K24'@5+L61'60,9)091'

"! C1*>24[5,9'

"! ^+L61+1,*'0,B'@5+)60*1',1*>24['L42*2H26@'

DZ*<:(:="*>?@>* 8"(&+3:9A+"*

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

R+:&'%*Y%&'O%9A$%*H9+"(f3M*

!! 1/#'*9+:&'%*#'*Y&+0&.==%&PR%"(&#9*

"! _)4L2@1'5@'*2'@=2>'=2>'@2Q>041'410668'>24[@'

"! 38'),B14@*0,B5,9'*=1'),B14685,9'@8@*1+:''

2,1'H0,'J1'+241'1T1HIE1'0@'0'L42940++14'

"! 31<14'B1J)995,9'

"! 31<14'J0@5@'K24'1E06)0I,9'L14K24+0,H1'

"! M2>'+)6IL61'0HIE5I1@'>24['5,'H2,H14*'X1P9P:'F"'0,B')@14'L42940+@Y'

"! C2*'7)@*'0'H2)4@1'K24'B1B5H0*1B'=0H[14@'

"! Z=0*'1E148'!"#'+0724',11B@'*2'[,2>'

"! _42E5B1'0'H2,*1N*'5,'>=5H='*2'L60H1'*=1'2*=14'!"#'H2)4@1@'82)d66'*0[1'

DE*<:(:="*>?@>* 8"(&+3:9A+"*



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

1%e(J++K'*

!! R+=O:(%&*6)'(%=';*<*Y&+0&.==%&f'*Y%&'O%9A$%T*>"3*a3#A+"*

"! b0,B06'#P'3480,*'0,B'?0E5B'bP'FdM066042,''

"! _41,IH1WM066:'-.&.'

"! =<LUVVH@0LLPH@PH+)P1B)'

"! G=5@'J22['410668'+0<14@'K24'*=1'H2)4@1c'

"! M2>'*2'@26E1'60J@'

"! _40HIH1'L42J61+@'*8L5H06'2K'1N0+'L42J61+@'

!! <*0++3*R*J++K*g*.")*4#II*3+*

"! !U'('b1K141,H1';0,)06'XM04J5@2,'0,B'"*1161Y'

"! G=1'!'_42940++5,9'A0,9)091'Xv14,59=0,'0,B'b5*H=51Y'

D\*<:(:="*>?@>* 8"(&+3:9A+"*

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

R+:&'%*R+=O+"%"('*

!! [%9(:&%'*HD?M*

"! M59=14W61E16'H2,H1L*@'O'^d66'0@@)+1'82)dE1'B2,1'*=1'410B5,9'5,'*=1'*1N*'

!! 6%9A+"'*H@?M*

"! (LL651B'H2,H1L*@:'5+L24*0,*'*226@'0,B'@[566@'K24'60J@:'H6045]H0I2,'2K'

61H*)41@:'1N0+'41E51>'0,B'L41L040I2,'

!! -&#N%"*.''#0"=%"('*HDPFM*

"! ;2@*68'L42J61+@'K42+'*1N*'*2'@265B5K8'),B14@*0,B5,9'

!! [.J'*HFM*

"! _42E5B1'5,WB1L*='),B14@*0,B5,9'XE50'L40HIH1Y'2K'0,'0@L1H*'2K'@8@*1+@'

!! ae.='*H=#3(%&=*G*`".IM*

"! G1@*'82)4'),B14@*0,B5,9'2K'H2,H1L*@'0,B'L45,H5L61@'

Q?*<:(:="*>?@>* 8"(&+3:9A+"*
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]%'+:&9%' **

!! R+:&'%*-%J*Y.0%*

"! =<LUVV>>>PH@1P>0@=5,9*2,P1B)V$%&'

"! !2L51@'2K'61H*)41@:'0@@59,+1,*@:'1N0+@'

!! R+:&'%*c#'9:''#+"*b+.&3*
"! v11L'5,'*2)H='2)*@5B1'2K'H60@@'O'=16L'10H='2*=14'

"! "*0T'>566'+2,5*24'0,B'H2,*45J)*1'

!! R+:&'%*q.#I#"0*[#'(*
"! A2>'*40lH'O'+2@*68'0,,2),H1+1,*@w'82)'041'06410B8'@)J@H45J1B'

!! 6(.k*aP=.#I*
"! G=5,9@'*=0*'041',2*'0LL42L450*1'K24'B5@H)@@52,'J204B'24'J1<14'2x5,1'

!! <"+")=+:'*_%%3J.9K*
"! (,8'H2++1,*@'0J2)*'0,8*=5,9'4160*1B'*2'*=1'H2)4@1'>=141'82)'>2)6B'

K116'J1<14',2*'0<0H=5,9'82)4',0+1'

Q@*<:(:="*>?@>* 8"(&+3:9A+"*

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

Y+I#9#%';*B&.3#"0*

!! ae.='*HQ?uM;*4%#0/(%3*@F5Q?*H=#3(%&=M*."3*>F5Q?*H`".IM*

!! -&#N%"*.''#0"=%"('*H>?uM;*4%#0/(%3*.99+&3#"0*(+*%k+&(*

"! Z1d66'*48'*2'+0[1'*=1@1'0J2)*'*=1'@0+1'

!! [.J'*.''#0"=%"('*HQ?uM;*4%#0/(%3*.99+&3#"0*(+*%k+&(*

"! G=1@1'>566'65[168'5,H410@1'5,'>159=*'0@'*=1's)04*14'L42941@@1@'

Q>*<:(:="*>?@>* 8"(&+3:9A+"*
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-%I9+=%*(+*R6aDF@L*

!! [%(f'*/.$%*,:"*

!! [%(f'*I%.&"*g*(+0%(/%&*

!! [%(f'*9+==:"#9.(%*

!! [%(f'*=.K%*(/#'*.*:'%,:I*9I.''*,+&*.II*+,*:'*

!! q.")*(/."K'*(+*(/%*=.")*#"'(&:9(+&'*4/+*/.$%*'/.&%3*(/%#&*

I%9(:&%*"+(%'*g*8*4#II*J%*J+&&+4#"0*I#J%&.II)*(/&+:0/*(/%*U(&*g*

(/%)*3%'%&$%*.II*(/%*9&%3#(T*(/%*%&&+&'*.&%*.II*=#"%*

"! !;`U''b0,B8'3480,*:'?0E5B'FdM066240,:'/419248'v1@B1,:';04[)@'_y@H=16'

"! M04E04BU';0<'Z16@='X,2>'0*'/22961W"10<61Y'

"! `ZU'A)5@'!1r1:'M06'_14[5,@:'D2=,'z0=2470,'

"! ^'06@2'*0)9=*'*=1'5,0)9)406'1B5I2,'2K'!"#'$%&'5,'"L45,9'-.&.'

QD*<:(:="*>?@>* 8"(&+3:9A+"*


