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int sum_array_rows(double a[16][16])
{
    int i, j;
    double sum = 0;

    for (i = 0; i < 16; i++)
        for (j = 0; j < 16; j++)
            sum += a[i][j];
    return sum;
}
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int sum_array_cols(double a[16][16])
{
    int i, j;
    double sum = 0;

    for (j = 0; i < 16; i++)
        for (i = 0; j < 16; j++)
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    return sum;
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int sum_array_rows(double a[16][16])
{
    int i, j;
    double sum = 0;

    for (i = 0; i < 16; i++)
        for (j = 0; j < 16; j++)
            sum += a[i][j];
    return sum;
}
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/* The test function */
void test(int elems, int stride) {
    int i, result = 0; 
    volatile int sink; 

    for (i = 0; i < elems; i += stride)
 result += data[i];
    sink = result; /* So compiler doesn't optimize away the loop */
}

/* Run test(elems, stride) and return read throughput (MB/s) */
double run(int size, int stride, double Mhz)
{
    double cycles;
    int elems = size / sizeof(int); 

    test(elems, stride);                     /* warm up the cache */
    cycles = fcyc2(test, elems, stride, 0);  /* call test(elems,stride) */
    return (size / stride) / (cycles / Mhz); /* convert cycles to MB/s */
}



Denison University

29

@$%&'%()*;&')651"+5
k51%.&!)*%&+K

GF&`[&ZE&&+Y#"#$%
GF&`[&ZE&3Y#"#$%

FIJ&`[&65+_%3&ZF&#"#$%
L'&65+_%3&ZG&#"#$%

-..&#"#$%,&)5Y#$+A

Denison University

30

@$%&'%()*;&')651"+5
k51%.&!)*%&+K

GF&`[&ZE&&+Y#"#$%
GF&`[&ZE&3Y#"#$%

FIJ&`[&65+_%3&ZF&#"#$%
L'&65+_%3&ZG&#"#$%

-..&#"#$%,&)5Y#$+A

7?1H%4'1=
4H"C"?'
?1#"?).3
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@$%&'%()*;&')651"+5
k51%.&!)*%&+K

GF&`[&ZE&&+Y#"#$%
GF&`[&ZE&3Y#"#$%

FIJ&`[&65+_%3&ZF&#"#$%
L'&65+_%3&ZG&#"#$%

-..&#"#$%,&)5Y#$+A

7?1H%4'1=
4H"C"?'
?1#"?).3

I),*%4'1=''
J%0H12"?
'?1#"?).3
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@)3";
! !"#$%&)*2"5+f"S)5&"53&)A%*"S)5
! Q%*0)*("5#%&+(A"#1&)0&#"#$%,

! 784(242-,5(2-/*+9B*
! O49,,9*CB*C(@--36(+-(B23,-A4(63919@(@-09@B+5
! f6B*C(G@-0=B*C(+-(B23,-A4(+423-,9@(@-09@B+5
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'+,,&O"1%&-5".;,+,&0)*&'"1*+W&'6.SA.;
! -,,6(%<

! ^B*4(6Be4(T(g$;(IGBC(4*-/C8(?-,(?-/,(UL#GB+(D-,.6J
! H9+,B[(.B24*6B-*(IaJ(B6(A4,5(@9,C4

! W33,-[B29+4(&Va(96(P:P
! !9084(B6(*-+(4A4*(GBC(4*-/C8(+-(8-@.(2/@13@4(,-D6

! -5".;,+,&'%1$)3<
! ^--=(9+(900466(39d4,*(-?(B**4,(@--3

A

k

i

B

k

j

C

i

j
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'"1*+W&'6.SA.+#"S)5&VW"(A.%
! e%,#*+AS)5<

! H/@13@5(a([(a(29+,B046
! QIaFJ(+-+9@(-34,91-*6
! a(,49.6(34,(6-/,04(

4@424*+
! a(A9@/46(6/224.(34,(

.461*91-*
! G/+(295(G4(9G@4(+-(
8-@.(B*(,4CB6+4,

/* ijk */
for (i=0; i<n; i++)  {
  for (j=0; j<n; j++) {
    sum = 0.0;
    for (k=0; k<n; k++) 
      sum += a[i][k] * b[k][j];
    c[i][j] = sum;
  }
} 

Variable sum
held in register
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Z";)61&)0&!&-**";,&+5&'%()*;&R*%4+%8T
! !&"**";,&"..)#"1%3&+5&*)8Y("l)*&)*3%*

! 4908(,-D(B*(0-*1C/-/6(242-,5(@-091-*6
! a1%AA+52&1$*)62$&#).6(5,&+5&)5%&*)8<

! for (i = 0; i < N; i++)
sum += a[0][i];

! 90046646(6/00466BA4(4@424*+6
! B?(G@-0=(6Be4(I;J(h(L(G5+46>(4[3@-B+(63919@(@-09@B+5

! 0-23/@6-,5(2B66(,9+4(T(L(G5+46(V(;
! a1%AA+52&1$*)62$&*)8,&+5&)5%&#).6(5<

! for (i = 0; i < n; i++)
sum += a[i][0];

! 90046646(.B6+9*+(4@424*+6
! *-(63919@(@-09@B+5i

! 0-23/@6-,5(2B66(,9+4(T(&(IB:4:(&PPjJ
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'"1*+W&'6.SA.+#"S)5&R+l>T

/* ijk */
for (i=0; i<n; i++)  {
  for (j=0; j<n; j++) {
    sum = 0.0;
    for (k=0; k<n; k++) 
      sum += a[i][k] * b[k][j];
    c[i][j] = sum;
  }
} 

W ; !
IB>kJ

Ik>NJ
IB>NJ

)**4,(@--3'

!-@/2*#
DB64

O-D#DB64 <B[4.

'+,,%,&A%*&+55%*&.))A&+1%*"S)5<
& & -& [& !
& & D9FI& E9D& D9D
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'"1*+W&'6.SA.+#"S)5&Rl+>T

/* jik */
for (j=0; j<n; j++) {
  for (i=0; i<n; i++) {
    sum = 0.0;
    for (k=0; k<n; k++)
      sum += a[i][k] * b[k][j];
    c[i][j] = sum
  }
}

W ; !
IB>kJ

Ik>NJ
IB>NJ

)**4,(@--3'

O-D#DB64 !-@/2*#
DB64

<B[4.

'+,,%,&A%*&+55%*&.))A&+1%*"S)5<
& & -& [& !
& & D9FI& E9D& D9D
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'"1*+W&'6.SA.+#"S)5&R>+lT

/* kij */
for (k=0; k<n; k++) {
  for (i=0; i<n; i++) {
    r = a[i][k];
    for (j=0; j<n; j++)
      c[i][j] += r * b[k][j];   
  }
}

W ; !
IB>kJ

IB>=J I=>kJ

)**4,(@--3'

O-D#DB64 O-D#DB64<B[4.

'+,,%,&A%*&+55%*&.))A&+1%*"S)5<
& & -& [& !
& & D9D& D9FI& D9FI
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'"1*+W&'6.SA.+#"S)5&R+>lT

/* ikj */
for (i=0; i<n; i++) {
  for (k=0; k<n; k++) {
    r = a[i][k];
    for (j=0; j<n; j++)
      c[i][j] += r * b[k][j];
  }
}

W ; !
IB>kJ

IB>=J I=>kJ

)**4,(@--3'

O-D#DB64 O-D#DB64<B[4.

'+,,%,&A%*&+55%*&.))A&+1%*"S)5<
& & -& [& !
& & D9D& D9FI& D9FI
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'"1*+W&'6.SA.+#"S)5&Rl>+T

/* jki */
for (j=0; j<n; j++) {
  for (k=0; k<n; k++) {
    r = b[k][j];
    for (i=0; i<n; i++)
      c[i][j] += a[i][k] * r;
  }
} 

W ; !

Ik>NJ
I=>NJ

)**4,(@--3'

Ik>=J

!-@/2*#
DB64

!-@/2*#
DB64

<B[4.

'+,,%,&A%*&+55%*&.))A&+1%*"S)5<
& & -& [& !
& & E9D& D9D& E9D
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'"1*+W&'6.SA.+#"S)5&R>l+T

/* kji */
for (k=0; k<n; k++) {
  for (j=0; j<n; j++) {
    r = b[k][j];
    for (i=0; i<n; i++)
      c[i][j] += a[i][k] * r;
  }
} 

W ; !

Ik>NJ
I=>NJ

)**4,(@--3'

Ik>=J

<B[4.!-@/2*#
DB64

!-@/2*#
DB64

'+,,%,&A%*&+55%*&.))A&+1%*"S)5<
& & -& [& !
& & E9D& D9D& E9D
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a6(("*;&)0&'"1*+W&'6.SA.+#"S)5

BN=(Il(NB=J'(
C.$(@-9.6>(P(6+-,46
m(2B6646VB+4,(T(DEBF

=BN(Il(B=NJ'(
C.$(@-9.6>(&(6+-,4
m(2B6646VB+4,(T(GEF

N=B(Il(=NBJ'(
C.$(@-9.6>(&(6+-,4
m(2B6646VB+4,(T(BEG

for (i=0; i<n; i++) {
  for (j=0; j<n; j++) {
   sum = 0.0;
   for (k=0; k<n; k++) 
     sum += a[i][k] * b[k][j];
   c[i][j] = sum;
 }
} 

for (k=0; k<n; k++) {
 for (i=0; i<n; i++) {
  r = a[i][k];
  for (j=0; j<n; j++)
   c[i][j] += r * b[k][j];   
 }
}

for (j=0; j<n; j++) {
 for (k=0; k<n; k++) {
   r = b[k][j];
   for (i=0; i<n; i++)
    c[i][j] += a[i][k] * r;
 }
}
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!)*%&+K&'"1*+W&'6.SA.;&Q%*0)*("5#%

N=B(V(=NB

BN=(V(NB=

=BN(V(B=N
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@)3";
! !"#$%&)*2"5+f"S)5&"53&)A%*"S)5
! Q%*0)*("5#%&+(A"#1&)0&#"#$%,

! 784(242-,5(2-/*+9B*
! O49,,9*CB*C(@--36(+-(B23,-A4(63919@(@-09@B+5
! f6B*C(G@-0=B*C(+-(B23,-A4(+423-,9@(@-09@B+5
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VW"(A.%<&'"1*+W&'6.SA.+#"S)5

a b

+

l

Y
c

A

c = (double *) calloc(sizeof(double), n*n);

/* Multiply n x n matrices a and b  */
void mmm(double *a, double *b, double *c, int n) {
    int i, j, k;
    for (i = 0; i < n; i++)
 for (j = 0; j < n; j++)
             for (k = 0; k < n; k++)
     c[i*n+j] += a[i*n + k]*b[k*n + j];
}
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!"#$%&'+,,&-5".;,+,
! -,,6(%<&

! H9+,B[(4@424*+6(9,4(.-/G@46
! !9084(G@-0=(T(%(.-/G@46
! !9084(6Be4(!(nn(*(I2/08(629@@4,(+89*(*J

! :+*,1&+1%*"S)5<
! *V%(E(*(T(]*V%(2B6646

! WF4,D9,.6(B*(09084'
I60842910J

YA

5

YA
Z+Q,*!
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!"#$%&'+,,&-5".;,+,
! -,,6(%<&

! H9+,B[(4@424*+6(9,4(.-/G@46
! !9084(G@-0=(T(%(.-/G@46
! !9084(6Be4(!(nn(*(I2/08(629@@4,(+89*(*J

! a%#)53&+1%*"S)5<
! WC9B*'

*V%(E(*(T(]*V%(2B6646

! @)1".&(+,,%,<
! ]*V%(k(*1(T(I]V%J(k(*F(

5

YA
Z+Q,*!
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[.)#>%3&'"1*+W&'6.SA.+#"S)5
c = (double *) calloc(sizeof(double), n*n);

/* Multiply n x n matrices a and b  */
void mmm(double *a, double *b, double *c, int n) {
    int i, j, k;
    for (i = 0; i < n; i+=B)
 for (j = 0; j < n; j+=B)
             for (k = 0; k < n; k+=B)
   /* B x B mini matrix multiplications */
                  for (i1 = i; i1 < i+B; i++)

                      for (j1 = j; j1 < j+B; j++)
                          for (k1 = k; k1 < k+B; k++)

                       c[i1*n+j1] += a[i1*n + k1]*b[k1*n + j1];
}

a b

+E

lE

Y
c

A
c

[

[.)#>&,+f%&[&W&[
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!"#$%&'+,,&-5".;,+,
! -,,6(%<&

! !9084(G@-0=(T(%(.-/G@46
! !9084(6Be4(!(nn(*(I2/08(629@@4,(+89*(*J
! 78,44(G@-0=6(((((((o+(B*+-(09084'(g;1(n(!

! :+*,1&R7.)#>T&+1%*"S)5<
! ;1V%(2B6646(?-,(4908(G@-0=
! $*V;(k(;1V%(T(*;VL

I-2Bp*C(29+,B[(0J

! WF4,D9,.6(B*(09084

YA

YA

[.)#>&,+f%&[&W&[

5b[&7.)#>,
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!"#$%&'+,,&-5".;,+,
! -,,6(%<&

! !9084(G@-0=(T(%(.-/G@46
! !9084(6Be4(!(nn(*(I2/08(629@@4,(+89*(*J
! 78,44(G@-0=6(((((((o+(B*+-(09084'(g;1(n(!

! a%#)53&R7.)#>T&+1%*"S)5<
! "924(96(o,6+(B+4,91-*
! $*V;(k(;1V%(T(*;VL

! @)1".&(+,,%,<
! *;VL(k(I*V;J1(T(*FVIL;J

YA

[.)#>&,+f%&[&W&[

5b[&7.)#>,
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a6(("*;
! \)&7.)#>+52<&RMbLT&n&5G
! [.)#>+52<&EbRH[T&n&5G

! a622%,1&."*2%,1&A),,+7.%&7.)#>&,+f%&[/&761&.+(+1&G[F&q&!r

! O%",)5&0)*&3*"("S#&3+]%*%5#%<
! H9+,B[(2/@13@B091-*(896(B*84,4*+(+423-,9@(@-09@B+5'

! )*3/+(.9+9'(g*1>(0-23/+91-*($*F

! KA4,5(9,,95(4@424*+6(/64.(QI*J(1246i
! ;/+(3,-C,92(896(+-(G4(D,Bd4*(3,-34,@5
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!)5#.63+52&X7,%*4"S)5,
! Q*)2*"((%*&#"5&)AS(+f%&0)*&#"#$%&A%*0)*("5#%

! R-D(.9+9(6+,/0+/,46(9,4(-,C9*Be4.
! R-D(.9+9(9,4(9004664.

! a46+4.(@--3(6+,/0+/,4
! ;@-0=B*C(B6(9(C4*4,9@(+408*BS/4

! -..&,;,1%(,&0"4)*&o#"#$%&0*+%53.;&#)3%p
! c4p*C(9G6-@/+4(-312/2(34,?-,29*04(B6(A4,5(3@9q-,2(6340Bo0

! !9084(6Be46>(@B*4(6Be46>(966-0B91AB146>(4+0:
! !9*(C4+(2-6+(-?(+84(9.A9*+9C4(DB+8(C4*4,B0(0-.4

! r443(D-,=B*C(64+(,496-*9G@5(629@@(I+423-,9@(@-09@B+5J
! f64(629@@(6+,B.46(I63919@(@-09@B+5J


