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Writing Cache Friendly Code


Slides derived from those by Randy Bryant
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Writing Cache Friendly Code


int sum_array_rows(int a[M][N]) 
{ 
  int i, j, sum = 0; 

  for (i = 0; i < M; i++) 
     for (j = 0; j < N; j++) 
        sum += a[i][j]; 
  return sum; 
} 

int sum_array_cols(int a[M][N]) 
{ 
  int i, j, sum = 0; 

  for (j = 0; j < N; j++) 
     for (i = 0; i < M; i++) 
        sum += a[i][j]; 
  return sum; 
} 

Miss rate =  Miss rate =  1/4 = 25% 100% 
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Layout of C Arrays in Memory
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Layout of C Arrays in Memory
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Matrix Multiplication Example


/* 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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Miss Rate Analysis for Matrix Multiply
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Matrix Multiplication (ijk)


/* 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; 
  } 
}  

A B C 
(i,*) 

(*,j) 
(i,j) 

Inner loop: 

Column- 
wise 

Row-wise Fixed 

Misses per Inner Loop Iteration:


 
A
B 
C


 
0.25 
1.0 
0.0
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Matrix Multiplication (jik)


/* 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 
  } 
} 

A B C 
(i,*) 

(*,j) 
(i,j) 

Inner loop: 

Row-wise Column- 
wise 

Fixed 

Misses per Inner Loop Iteration:


 
A
B 
C


 
0.25 
1.0
0.0
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Matrix Multiplication (kij)


/* 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];    
  } 
} 

A B C 
(i,*) 

(i,k) (k,*) 

Inner loop: 

Row-wise Row-wise Fixed 

Misses per Inner Loop Iteration:


 
A
B 
C


 
0.0
0.25 
0.25
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Matrix Multiplication (ikj)


/* 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]; 
  } 
} 

A B C 
(i,*) 

(i,k) (k,*) 

Inner loop: 

Row-wise Row-wise Fixed 

Misses per Inner Loop Iteration:


 
A
B 
C


 
0.0
0.25 
0.25
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Matrix Multiplication (jki)


/* 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; 
  } 
}   

A B C 

(*,j) 
(k,j) 

Inner loop: 

(*,k) 

Column - 
wise 

Column- 
wise 

Fixed 

Misses per Inner Loop Iteration:


 
A
B 
C


 
1.0
0.0 
1.0
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Matrix Multiplication (kji)


/* 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; 
  } 
}   

A B C 

(*,j) 
(k,j) 

Inner loop: 

(*,k) 

Fixed Column- 
wise 

Column- 
wise 

Misses per Inner Loop Iteration:


 
A
B 
C


 
1.0
0.0 
1.0




– 13 –


Summary of Matrix Multiplication


ijk (& jik):  
•  2 loads, 0 stores 
•  misses/iter = 1.25 

kij (& ikj):  
•  2 loads, 1 store 
•  misses/iter = 0.5 

jki (& kji):  
•  2 loads, 1 store 
•  misses/iter = 2.0 

 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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Pentium Matrix Multiply Performance


kji & jki 

kij & ikj 

jik & ijk 
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Improving Temporal Locality by 
Blocking


C11  =  A11B11 + A12B21           C12  =  A11B12 + A12B22 

C21  =  A21B11 + A22B21           C22  =  A21B12 + A22B22 

A11   A12 

A21   A22 

B11   B12 

B21   B22 
X =  

C11   C12 

C21   C22 

Key idea: Sub-blocks (i.e., Axy) can be treated just like 
scalars. 
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Blocked Matrix Multiply (bijk)

for (jj=0; jj<n; jj+=bsize) { 

  for (i=0; i<n; i++) 
    for (j=jj; j < min(jj+bsize,n); j++) 
      c[i][j] = 0.0; 

  for (kk=0; kk<n; kk+=bsize) {  
    for (i=0; i<n; i++) { 
      for (j=jj; j < min(jj+bsize,n); j++) {  
        sum = 0.0 
        for (k=kk; k < min(kk+bsize,n); k++) { 
          sum += a[i][k] * b[k][j]; 
        } 
        c[i][j] += sum; 
      } 
    } 
  } 
} 
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Blocked Matrix Multiply Analysis

  Innermost loop pair multiplies a 1 X bsize sliver of A by a bsize 

X bsize block of B and accumulates into 1 X bsize sliver of C

  Loop over i steps through n row slivers of A & C, using same B


A B C 

block reused n 
times in succession 

row sliver accessed 
bsize times 

Update successive 
elements of sliver 

i i 
kk 

kk jj jj 

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

Innermost 
Loop Pair 
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Pentium Blocked Matrix  
Multiply Performance
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Concluding Observations



