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=>*?.&9/*=@A=*

At UW since ’88 
PhD at UC Berkeley 

MS at Stanford 

BS at NYU Poly 

Research trajectory: 
Integrated circuits ! 

Computer-aided design ! 

Reconfigurable hardware ! 

Embedded systems ! 

Networked sensors !"

Ubiquitous computing ! 

Mobile devices ! 

Applications in developing world 

8"(&+3:9B+"* =*



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

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

!! E@F*'(:3%"('*G4%*4#HH*3+*+:&*I%'(*(+*0%(*(+*J"+4*%.9/*+,*)+:KL*

!! -/.(*#'*/.&34.&%D*6+74.&%D*

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

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

!! -/+*/.'*4&#M%"*.*N&+0&.O*#"*.''%OIH)*H."0:.0%*I%,+&%D*

!! -&#M%"*.*O:HBP(/&%.3%3*N&+0&.O*I%,+&%D*

=>*?.&9/*=@A=* 8"(&+3:9B+"* Q*

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

R5S.$.T*.''%OIH)T*."3*O.9/#"%*9+3%*

U*=>*?.&9/*=@A=* 8"(&+3:9B+"*

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*.''%OIH)T*."3*O.9/#"%*9+3%*

!! 1/%*(/&%%*N&+0&.O*,&.0O%"('*.&%*%V:#$.H%"(*

!! W+:X3*&.(/%&*4&#(%*RK**P*.*O+&%*/:O."P,&#%"3H)*H."0:.0%*

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

!! >82'?738*+2'*+/0)43C;+/'7)2'73047==A'?438'/8;)02)'087+'*D'E2'@4/0'

4/2F'082'G*0/';D'082'387)7302)/';D'082'7//2?G=A'=7+,47,2'

Y*=>*?.&9/*=@A=* 8"(&+3:9B+"*

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(+"*

2-56-*8"(%&,.9%;*1/%*2#'(+&#9.H*Z%&'N%9B$%*

!! 2.&34.&%*'(.&(%3*+:(*V:#(%*N&#O#B$%*

"! H7)FE7)2'F2/*,+/'E2)2'2I(2+/*J2'!'*+/0)43C;+/'87F'0;'G2'J2)A'/*?(=2'

K'2L,L5'7'/*+,=2'*+/0)43C;+'D;)'7FF*+,'0E;'*+02,2)/'

!! 6+74.&%*4.'*.H'+*$%&)*N&#O#B$%*

"! ";ME7)2'()*?*CJ2/')2N2302F'082'87)FE7)2'()2OA'3=;/2=A'

>*=>*?.&9/*=@A=* 8"(&+3:9B+"*

Hardware 

Architecture Specification (Interface) 



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

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

!! [#,%*4.'*O.3%*.*H+(*I%M%&*I)*.''%OIH%&'*

"! &'7//2?G=A'*+/0)43C;+'P'&'?738*+2'*+/0)43C;+5'G40LLL'

"! F*Q2)2+0'/A+07IR'7//2?G=A'*+/0)43C;+/'7)2'387)7302)'/0)*+,/5'+;0'G*0'

/0)*+,/5'7'=;0'27/*2)'0;')27FSE)*02'GA'84?7+/'

\*=>*?.&9/*=@A=* 8"(&+3:9B+"*

Hardware 

User 

program 
in 

asm 

Assembler specification 

Assembler 

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

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

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

"! &'H11'=*+2'*/'3;?(*=2F'*+0;'?7+A'T?7+AU'7//2?G=2)'=*+2/'

E*=>*?.&9/*=@A=* 8"(&+3:9B+"*

Hardware 

User 

program 

in C 

C language specification 

Assembler C 

compiler 



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

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

Hardware 

User 

program 
in C 

Assembler C 

compiler 

R+3%*1#O%* R+ON#H%*1#O%* ]:"*1#O%*

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

          this same process. 

*̂=>*?.&9/*=@A=* 8"(&+3:9B+"*

.exe file .c file 

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

_$%&$#%4*

!! R+:&'%*(/%O%';*I#0*."3*H#MH%*

!! `+:&*#ON+&(."(*&%.H#B%'*

!! 2+4*(/%*9+:&'%*a('*#"(+*(/%*R6b*9:&&#9:H:O*

!! [+0#'B9'*

A@*=>*?.&9/*=@A=* 8"(&+3:9B+"*



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

1/%*c#0*1/%O%*

!! 12b*2<]d-<]b56_`1-<]b*8e1b]`<Rb*

!! 2+4*3+%'*(/%*/.&34.&%*G@'*."3*A'T*N&+9%''+&*%f%9:B"0*

#"'(&:9B+"'L*&%H.(%*(+*(/%*'+74.&%*GS.$.*N&+0&.O'LD*

!! R+ON:B"0*#'*.I+:(*.I'(&.9B+"'*GI:(*4%*9."g(*,+&0%(*&%.H#()L*

!! -/.(*.&%*(/%*.I'(&.9B+"'*(/.(*4%*:'%D*

!! -/.(*3+*W_!*"%%3*(+*J"+4*.I+:(*(/%OD*

"! B82+'F;'082A'G)27V'F;E+'7+F'A;4'87J2'0;'(22V'4+F2)'082'8;;FW'

"! B870'G4,/'37+'082A'374/2'7+F'8;E'F;'A;4'X+F'082?W'

!! c%9+O%*.*I%M%&*N&+0&.OO%&*."3*I%0#"*(+*:"3%&'(."3*(/%*

#ON+&(."(*9+"9%N('*(/.(*/.$%*%$+H$%3*#"*I:#H3#"0*%$%&*O+&%*

9+ONH%f*9+ON:(%&*')'(%O'*

AA*=>*?.&9/*=@A=* 8"(&+3:9B+"*

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

[#MH%*1/%O%*A;*]%N&%'%"(.B+"*

!! <HH*3#0#(.H*')'(%O'*&%N&%'%"(*%$%&)(/#"0*.'*@'*."3*A'*

"! >82'.'7+F'&'7)2')27==A'0E;'F*Q2)2+0'J;=07,2')7+,2/'*+'082'2=230);+*3/'

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

"! Y4?G2)/'K'*+02,2)/'7+F'N;7C+,'(;*+0'

"! !87)7302)/'K'082'G4*=F*+,'G=;3V/';D'/0)*+,/'

"! Z+/0)43C;+/'K'082'F*)23CJ2/'0;'082'![\'0870'?7V2'4('7'();,)7?'

"! [;*+02)/'K'7FF)2//2/';D'F707';G@230/'/0;)2F'7E7A'*+'?2?;)A'

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

"! Z+')2,*/02)/5'37382/5'?2?;)*2/5'F*/V/5'203L'

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

"! ]'E7A'0;'X+F'082?'

"! ^*+F'7'+2E'(=732'0;'(40'7'+2E'*02?''

"! _23=7*?'082'(=732'*+'?2?;)A'E82+'F707'+;'=;+,2)'+22F2F'

A=*=>*?.&9/*=@A=* 8"(&+3:9B+"*



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

[#MH%*1/%O%*=;*1&."'H.B+"*

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

3.(.*."3*(/%*@'*."3*A'*+,*9+ON:(%&'*

!! e%%3*H."0:.0%'*(+*3%'9&#I%*4/.(*4%*O%."*

!! [."0:.0%'*"%%3*(+*I%*(&."'H.(%3*+"%*'(%N*.(*.*BO%*

"! B;)F`GA`E;)F'

"! [8)7/2'/0)4304)2/'

"! :)7??7)'

!! -%*J"+4*S.$.*.'*.*N&+0&.OO#"0*H."0:.0%*

"! H7J2'0;'E;)V';4)'E7A'F;E+'0;'082'./'7+F'&/';D'3;?(402)/'

"! >)A'+;0'0;'=;/2'7+A08*+,'*+'0)7+/=7C;+a'

"! B2b=='2+3;4+02)'c7J7'GA02`3;F2/5'!'=7+,47,25'7//2?G=A'=7+,47,25'7+F'

?738*+2'3;F2'TD;)'082'de9'D7?*=A';D'![\'7)38*02304)2/U'

AQ*=>*?.&9/*=@A=* 8"(&+3:9B+"*

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

[#MH%*1/%O%*Q;*R+"(&+H*`H+4*

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

3+#"0*h*'%%O#"0H)*#"*N.&.HH%H*

!! -/.(*3+*4%*/.$%*(+*J%%N*(&.9J*+,*4/%"*4%*9.HH*.*O%(/+3T*

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

!! 2+4*3+*4%*J"+4*4/.(*(+*3+*:N+"*i&%(:&"j*

!! !'%&*N&+0&.O'*."3*+N%&.B"0*')'(%O'*

"! 64=C(=2'4/2)'();,)7?/'

"! f(2)7C+,'/A/02?'87/'0;';)382/0)702'082?'7==''

"! #738',20/'7'/87)2';D'3;?(4C+,'3A3=2/'

"! >82A'?7A'+22F'0;'/87)2'/A/02?')2/;4)32/'T?2?;)A5'ZSf5'F*/V/U'

"! g*2=F*+,'7+F'07V*+,'3;+0);=';D'082'();32//;)'

"! h;=4+07)A';)'iGA'D;)32jW'

AU*=>*?.&9/*=@A=* 8"(&+3:9B+"*



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

R+:&'%*_:(9+O%'*

!! `+:"3.B+";*I.'#9'*+,*/#0/PH%$%H*N&+0&.OO#"0*GS.$.L*

!! !"3%&'(."3#"0*+,*'+O%*+,*(/%*.I'(&.9B+"'*(/.(*%f#'(*

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

%f#'(T*."3*/+4*(/%)*I:#H3*:N+"*%.9/*+(/%&*

!! k"+4H%30%*+,*'+O%*+,*(/%*3%(.#H'*+,*:"3%&H)#"0*

#ONH%O%"(.B+"'*

!! c%9+O%*O+&%*%l%9B$%*N&+0&.OO%&'*

"! 6;)2'2k3*2+0'70'X+F*+,'7+F'2=*?*+7C+,'G4,/'

"! \+F2)/07+F'/;?2';D'082'?7+A'D730;)/'0870'*+N42+32'();,)7?'

(2)D;)?7+32'

"! ^73*=*0A'E*08'7'3;4(=2'?;)2';D'082'?7+A'=7+,47,2/'0870'E2'4/2'0;'

F2/3)*G2'();,)7?/'7+F'F707'

!! Z&%N.&%*,+&*H.(%&*9H.''%'*#"*R6b*

AY*=>*?.&9/*=@A=* 8"(&+3:9B+"*

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

]%.H#()*A;*8"('*m*8"(%0%&'*n*`H+.('*m*]%.H'*

!! ]%N&%'%"(.B+"'*.&%*a"#(%*

!! bf.ONH%*A;*8'*f=*o*@D*

"! ^=;70/R'g2/a'

"! Z+0/R'

"! 'l....'m'l....''``n'&9........'

"! '%....'m'%....''``n'WW'

!! bf.ONH%*=;*8'*Gf*F*)L*F*p**q**f*F*G)*F*pLD*

"! \+/*,+2F'o'"*,+2F'Z+0/R'g2/a'

"! ^=;70/R ''

"! 'T&2-.'p'`&2-.U'p'$L&l'``n'$L&l'

"! '&2-.'p'T`&2-.'p'$L&lU'``n'WW'

A>*=>*?.&9/*=@A=* 8"(&+3:9B+"*



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

R+3%*6%9:&#()*bf.ONH%*

!! 6#O#H.&*(+*9+3%*,+:"3*#"*`&%%c6dg'*#ONH%O%"(.B+"*+,*

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

!! 1/%&%*.&%*H%0#+"'*+,*'O.&(*N%+NH%*(&)#"0*(+*a"3*$:H"%&.I#H#B%'*

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

A\*

/* 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; 
} 

=>*?.&9/*=@A=* 8"(&+3:9B+"*

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

1)N#9.H*!'.0%*

AE*

/* 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); 
    printf(“%s\n”, mybuf); 
} 

=>*?.&9/*=@A=* 8"(&+3:9B+"*



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

?.H#9#+:'*!'.0%*

A *̂

/* 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); 
    . . . 
} 

=>*?.&9/*=@A=* 8"(&+3:9B+"*

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

]%.H#()*r=;*W+:g$%*C+(*(+*k"+4*<''%OIH)*

!! -/)D*c%9.:'%*4%*4."(*)+:*(+*':l%&D%*

=@*=>*?.&9/*=@A=* 8"(&+3:9B+"*



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

]%.H#()*r=;*W+:g$%*C+(*(+*k"+4*<''%OIH)*

!! R/."9%'*.&%T*)+:gHH*"%$%&*4&#(%*.*N&+0&.O*#"*.''%OIH)*9+3%*

"! !;?(*=2)/'7)2'?438'G2O2)'7+F'?;)2'(7C2+0'087+'A;4'7)2'

!! c:(;*!"3%&'(."3#"0*.''%OIH)*#'*(/%*J%)*(+*(/%*O.9/#"%PH%$%H*

%f%9:B+"*O+3%H*

"! <287J*;)';D'();,)7?/'*+'()2/2+32';D'G4,/'

"! H*,8`=2J2='=7+,47,2'?;F2='G)27V/'F;E+'

"! >4+*+,'();,)7?'(2)D;)?7+32'

"! \+F2)/07+F';(C?*q7C;+/'F;+2S+;0'F;+2'GA'082'3;?(*=2)'

"! \+F2)/07+F*+,'/;4)32/';D'();,)7?'*+2k3*2+3A'

"! Z?(=2?2+C+,'/A/02?'/;ME7)2'

"! f(2)7C+,'/A/02?/'?4/0'?7+7,2'();32//'/0702'

"! !)27C+,'S'X,8C+,'?7=E7)2'

"! Ie9'7//2?G=A'*/'082'=7+,47,2';D'38;*32'

"! \/2'/(23*7='08*+,22/'TC?2)/5'ZSf'3;`();32//;)/5'203LU'*+/*F2'();32//;)a'
=A*=>*?.&9/*=@A=* 8"(&+3:9B+"*

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

<''%OIH)*R+3%*bf.ONH%*

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

"! "(23*7='9l`G*0')2,*/02)'*+'Z+02=`3;?(7CG=2'?738*+2/'

"! Z+3)2?2+02F'2J2)A'3=;3V'3A3=2'

"! _27F'E*08')F0/3'*+/0)43C;+'

!! <NNH#9.B+"*

"! 627/4)2'C?2'T*+'3=;3V'3A3=2/U')2r4*)2F'GA'();32F4)2'

==*

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

=>*?.&9/*=@A=* 8"(&+3:9B+"*



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

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

!! -&#(%*'O.HH*.O+:"(*+,*.''%OIH)*9+3%*:'#"0*CRRg'*.'O*,.9#H#()*

!! 8"'%&('*.''%OIH)*9+3%*#"(+*O.9/#"%*9+3%*0%"%&.(%3*I)*

9+ON#H%&*

=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 */ 

} 

=>*?.&9/*=@A=* 8"(&+3:9B+"*

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

]%.H#()*rQ;*?%O+&)*?.M%&'*

!! b/OT*4/.(*#'*O%O+&)D*

=U*=>*?.&9/*=@A=* 8"(&+3:9B+"*



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

]%.H#()*rQ;*?%O+&)*?.M%&'*

!! ?%O+&)*#'*"+(*:"I+:"3%3*
"! Z0'?4/0'G2'7==;3702F'7+F'?7+7,2F'

"! 67+A'7((=*37C;+/'7)2'?2?;)A`F;?*+702F'

!! ?%O+&)*&%,%&%"9#"0*I:0'*.&%*%'N%9#.HH)*N%&"#9#+:'*
"! #Q230/'7)2'F*/07+0'*+'G;08'C?2'7+F'/(732'

!! ?%O+&)*N%&,+&O."9%*#'*"+(*:"#,+&O*
"! !7382'7+F'J*)047='?2?;)A'2Q230/'37+',)270=A'7Q230'();,)7?'

(2)D;)?7+32'

"! ]F7(C+,'();,)7?'0;'387)7302)*/C3/';D'?2?;)A'/A/02?'37+'=27F'0;'
?7@;)'/(22F'*?();J2?2+0/'

=Y*=>*?.&9/*=@A=* 8"(&+3:9B+"*

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

?%O+&)*]%,%&%"9#"0*c:0*bf.ONH%*

=>*

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 

=>*?.&9/*=@A=* 8"(&+3:9B+"*
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?%O+&)*]%,%&%"9#"0*c:0*bf.ONH%*

=\*

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.B+"*.99%''%3*I)*

fun(i) 

bfNH.".B+";*

=>*?.&9/*=@A=* 8"(&+3:9B+"*

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

?%O+&)*]%,%&%"9#"0*b&&+&'*

!! R*G."3*RFFL*3+*"+(*N&+$#3%*.")*O%O+&)*N&+(%9B+"*

"! f40';D'G;4+F/'7))7A')2D2)2+32/'

"! Z+J7=*F'(;*+02)'J7=42/'

"! ]G4/2/';D'?7==;3SD)22'

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

"! B82082)';)'+;0'G4,'87/'7+A'2Q230'F2(2+F/';+'/A/02?'7+F'3;?(*=2)'

"! ]3C;+'70'7'F*/07+32'

"! !;))4(02F';G@230'=;,*37==A'4+)2=702F'0;';+2'G2*+,'7332//2F'

"! #Q230';D'G4,'?7A'G2'X)/0';G/2)J2F'=;+,'7M2)'*0'*/',2+2)702F'

!! 2+4*9."*8*3%.H*4#(/*(/#'D*

"! [);,)7?'*+'c7J7'T;)'!s5';)'615';)'tU'

"! \+F2)/07+F'E870'(;//*G=2'*+02)73C;+/'?7A';334)'

"! \/2';)'F2J2=;('0;;=/'0;'F20230')2D2)2+3*+,'2));)/'

=E*=>*?.&9/*=@A=* 8"(&+3:9B+"*



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

?%O+&)*6)'(%O*Z%&,+&O."9%*bf.ONH%!

!! 2#%&.&9/#9.H*O%O+&)*+&0."#p.B+"*

!! Z%&,+&O."9%*3%N%"3'*+"*.99%''*N.M%&"'*

"! Z+3=4F*+,'8;E'();,)7?'/02(/'08);4,8'?4=C`F*?2+/*;+7='7))7A'

= *̂

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*BO%'*'H+4%&*

GZ%"B:O*UL*

=>*?.&9/*=@A=* 8"(&+3:9B+"*

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

]%.H#()*rU;*Z%&,+&O."9%*#'"g(*9+:"B"0*+N'*

!! R."*)+:*(%HH*/+4*,.'(*.*N&+0&.O*#'*s:'(*I)*H++J#"0*.(*(/%*

9+3%D*

Q@*=>*?.&9/*=@A=* 8"(&+3:9B+"*
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]%.H#()*rU;*Z%&,+&O."9%*#'"g(*9+:"B"0*+N'*

!! bf.9(*+N*9+:"(*3+%'*"+(*N&%3#9(*N%&,+&O."9%*

"! #7/*=A'/22'&.R&'(2)D;)?7+32')7+,2'F2(2+F*+,';+'8;E'3;F2'*/'E)*O2+'

"! 64/0';(C?*q2'70'?4=C(=2'=2J2=/R'7=,;)*08?5'F707')2()2/2+07C;+/5'

();32F4)2/5'7+F'=;;(/'

!! ?:'(*:"3%&'(."3*')'(%O*(+*+NBO#p%*N%&,+&O."9%*

"! H;E'();,)7?/'7)2'3;?(*=2F'7+F'2I23402F'

"! H;E'?2?;)A'/A/02?'*/';),7+*q2F'

"! H;E'0;'?27/4)2'();,)7?'(2)D;)?7+32'7+F'*F2+CDA'G;O=2+23V/'

"! H;E'0;'*?();J2'(2)D;)?7+32'E*08;40'F2/0);A*+,'3;F2'?;F4=7)*0A'7+F'

,2+2)7=*0A'

QA*=>*?.&9/*=@A=* 8"(&+3:9B+"*

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

bf.ONH%*?.(&#f*?:HBNH#9.B+"*

!! "07+F7)F'F2/V0;('3;?(402)5'J2+F;)'3;?(*=2)5'4/*+,';(C?*q7C;+'N7,/'

!! <;08'*?(=2?2+07C;+/'87J2'2I730=A'082'/7?2';(2)7C;+/'3;4+0'T-+$U'

Q=*

160x Triple loop 

Best code (K. Goto) 

=>*?.&9/*=@A=* 8"(&+3:9B+"*
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???*ZH+(;*<".H)'#'*

QQ*

Memory hierarchy and other optimizations: 20x 

Vector instructions: 4x 

Multiple threads: 4x 

!! _27/;+'D;)'-.IR'G=;3V*+,';)'C=*+,5'=;;('4+);==*+,5'7))7A'/37=7)*q7C;+5'

*+/0)43C;+'/382F4=*+,5'/27)38'0;'X+F'G2/0'38;*32'

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

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

R6bQYAg'*&+H%*#"*"%4*R6b*R:&&#9:H:O*

!! Z&%P&%V:#'#(%'*

"! &l-'7+F'&l$R'Z+0);'[);,)7??*+,'Z'7+F'ZZ'

!! _"%*+,*>*9+&%*9+:&'%'*

"! $&&R'^;4+F7C;+/'Z'

"! $&-R'^;4+F7C;+/'ZZ'

"! $$&R'"B'u2/*,+'7+F'Z?(=2?2+07C;+'

"! $$-R'u707']G/0)73C;+/'

"! $%&R'HBS"B'Z+02)D732'

"! $%-R'HB'u2/*,+'7+F'Z?(=2?2+07C;+'

!! QYA*'%('*(/%*9+"(%f(*,+&*O.")*,+HH+4P+"*9+:&'%'*

QU*=>*?.&9/*=@A=* 8"(&+3:9B+"*



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

R6bQYAg'*NH.9%*#"*"%4*R6b*R:&&#9:H:O*

QY*

R6bQYA*

R6bUYA*

_N*6)'(%O'*

R6bU@A*

R+ON#H%&'*

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

R6bQQQ*

6)'(%O'*Z&+0*

Z%&,+&O."9%*

R6bUEU*

6%9:&#()*

R6bU>>*

bOI*6)'(%O'*

R6*AUQ*

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

R6bQY=*

2-*d%'#0"*

R+ONt*<&9/t*

R6bU>A*

e%(4+&J'*

?.9/#"%*

R+3%*

d#'(&#I:(%3*

6)'(%O'*

R6bU\\5UEA5U^@5%(9t*

R.N'(+"%*."3*Z&+s%9(*R+:&'%'*

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

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

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

bf%9:B+"**

?+3%H*

]%.HP1#O%*

R+"(&+H*

=>*?.&9/*=@A=* 8"(&+3:9B+"*

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

R+:&'%*Z%&'N%9B$%*

!! ?+'(*')'(%O'*9+:&'%'*.&%*c:#H3%&PR%"(&#9*

"! !;?(402)'])38*02304)2'

"! u2/*,+'(*(2=*+2F'();32//;)'*+'h2)*=;,'

"! f(2)7C+,'"A/02?/'

"! Z?(=2?2+0'=7),2'(;)C;+/';D';(2)7C+,'/A/02?'

"! !;?(*=2)/'

"! B)*02'3;?(*=2)'D;)'/*?(=2'=7+,47,2'

"! Y20E;)V*+,'

"! Z?(=2?2+0'7+F'/*?4=702'+20E;)V'();0;3;=/'

Q>*=>*?.&9/*=@A=* 8"(&+3:9B+"*



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

R+:&'%*Z%&'N%9B$%*G9+"(g3L*

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

"! [4)(;/2'*/'0;'/8;E'8;E'/;ME7)2')27==A'E;)V/'

"! <A'4+F2)/07+F*+,'082'4+F2)=A*+,'/A/02?5''

;+2'37+'G2'?;)2'2Q23CJ2'7/'7'();,)7??2)'

"! <2O2)'F2G4,,*+,'

"! <2O2)'G7/*/'D;)'2J7=47C+,'(2)D;)?7+32'

"! H;E'?4=C(=2'73CJ*C2/'E;)V'*+'3;+32)0'T2L,L5'f"'7+F'4/2)'();,)7?/U'

"! Y;0'@4/0'7'3;4)/2'D;)'F2F*3702F'873V2)/'

"! B870'2J2)A'!"#'?7@;)'+22F/'0;'V+;E'

"! [);J*F2'7'3;+02I0'*+'E8*38'0;'(=732'082';082)'!"#'3;4)/2/'A;4b=='07V2'

Q\*=>*?.&9/*=@A=* 8"(&+3:9B+"*

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

1%f(I++J'*

!! R+ON:(%&*6)'(%O';*<*Z&+0&.OO%&g'*Z%&'N%9B$%T*="3*b3#B+"*

"! _7+F7='#L'<)A7+0'7+F'u7J*F'_L'fbH7==7);+''

"! [)2+C32`H7==5'-.&.'

"! 8O(RSS3/7((L3/L3?4L2F4'

"! >8*/'G;;V')27==A'?7O2)/'D;)'082'3;4)/2a'

"! H;E'0;'/;=J2'=7G/'

"! [)73C32'();G=2?/'0A(*37=';D'2I7?'();G=2?/'

!! <*0++3*R*I++J*h*.")*4#HH*3+*

"! !R']'_2D2)2+32'67+47='TH7)G*/;+'7+F'"022=2U'

"! >82'!'[);,)7??*+,'17+,47,2'Tv2)+*,87+'7+F'_*038*2U'

QE*=>*?.&9/*=@A=* 8"(&+3:9B+"*
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R+:&'%*R+ON+"%"('*

!! [%9(:&%'*G=EL*

"! H*,82)`=2J2='3;+32(0/'K'Zb=='7//4?2'A;4bJ2'F;+2'082')27F*+,'*+'082'02I0'

!! 6%9B+"'*GA@L*

"! ]((=*2F'3;+32(0/5'*?(;)07+0'0;;=/'7+F'/V*==/'D;)'=7G/5'3=7)*X37C;+';D'

=2304)2/5'2I7?')2J*2E'7+F'()2(7)7C;+'

!! -&#M%"*.''#0"O%"('*GUL*

"! 6;/0=A'();G=2?/'D);?'02I0'0;'/;=*F*DA'4+F2)/07+F*+,'

!! [.I'*GYL*

"! [);J*F2'*+`F2(08'4+F2)/07+F*+,'TJ*7'()73C32U';D'7+'7/(230';D'/A/02?/'

!! bf.O'*GO#3(%&O*F*a".HL*

"! >2/0'A;4)'4+F2)/07+F*+,';D'3;+32(0/'7+F'()*+3*(=2/'

Q *̂=>*?.&9/*=@A=* 8"(&+3:9B+"*

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

]%'+:&9%' **

!! R+:&'%*-%I*Z.0%*

"! 8O(RSSEEEL3/2LE7/8*+,0;+L2F4S$%&'

"! !;(*2/';D'=2304)2/5'7//*,+?2+0/5'2I7?/'

!! R+:&'%*d#'9:''#+"*c+.&3*
"! v22('*+'0;438';40/*F2';D'3=7//'K'82=('2738';082)'

"! "07Q'E*=='?;+*0;)'7+F'3;+0)*G402'

!! R+:&'%*?.#H#"0*[#'(*
"! 1;E'0)7k3'K'?;/0=A'7++;4+32?2+0/w'A;4'7)2'7=)27FA'/4G/3)*G2F'

!! 6(.l*bPO.#H*
"! >8*+,/'0870'7)2'+;0'7(();()*702'D;)'F*/34//*;+'G;7)F';)'G2O2)';x*+2'

!! <"+")O+:'*`%%3I.9J*
"! ]+A'3;??2+0/'7G;40'7+A08*+,')2=702F'0;'082'3;4)/2'E82)2'A;4'E;4=F'

D22='G2O2)'+;0'7O738*+,'A;4)'+7?2'

U@*=>*?.&9/*=@A=* 8"(&+3:9B+"*



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

Z+H#9#%';*C&.3#"0*

!! bf.O'*GU@uL;*4%#0/(%3*AY5U@*GO#3(%&OL*."3*=Y5U@*Ga".HL*

!! -&#M%"*.''#0"O%"('*G=@uL;*4%#0/(%3*.99+&3#"0*(+*%l+&(*

"! B2b=='0)A'0;'?7V2'082/2'7G;40'082'/7?2'

!! [.I'*.''#0"O%"('*GU@uL;*4%#0/(%3*.99+&3#"0*(+*%l+&(*

"! >82/2'E*=='=*V2=A'*+3)27/2'*+'E2*,80'7/'082'r47)02)'();,)2//2/'

UA*=>*?.&9/*=@A=* 8"(&+3:9B+"*

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

-%H9+O%*(+*R6bQYAK*

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

!! [%(g'*H%.&"*h*(+0%(/%&*

!! [%(g'*9+OO:"#9.(%*

!! [%(g'*O.J%*(/#'*.*:'%,:H*9H.''*,+&*.HH*+,*:'*

!! ?.")*(/."J'*(+*(/%*O.")*#"'(&:9(+&'*4/+*/.$%*'/.&%3*(/%#&*

H%9(:&%*"+(%'*h*8*4#HH*I%*I+&&+4#"0*H#I%&.HH)*(/&+:0/*(/%*V(&*h*

(/%)*3%'%&$%*.HH*(/%*9&%3#(T*(/%*%&&+&'*.&%*.HH*O#"%*

"! !6\R''_7+FA'<)A7+05'u7J*F'fbH7==;)7+5':)2,;)A'v2/F2+5'67)V4/'[y/382='

"! H7)J7)FR'67O'B2=/8'T+;E'70':;;,=2`"27O=2U'

"! \BR'14*/'!2q25'H7='[2)V*+/5'c;8+'z78;)@7+'

"! Z'7=/;'074,80'082'Z+74,4)7='2F*C;+';D'!"#'$%&'*+'"()*+,'-.&.'

U=*=>*?.&9/*=@A=* 8"(&+3:9B+"*


