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Cache
¢ Defini9on:	
  Computer	
  memory	
  with	
  short	
  access	
  9me	
  used	
  
for	
  the	
  storage	
  of	
  frequently	
  or	
  recently	
  used	
  instruc9ons	
  or	
  
data
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Cache	
  Performance	
  Metrics
¢ Miss	
  Rate	
  

§ FracPon	
  of	
  memory	
  references	
  not	
  found	
  in	
  cache	
  (misses	
  /	
  accesses) 
=	
  1	
  –	
  hit	
  rate	
  

§ Typical	
  numbers	
  (in	
  percentages):	
  
§ 3-­‐10%	
  for	
  L1	
  
§ can	
  be	
  quite	
  small	
  (e.g.,	
  <	
  1%)	
  for	
  L2,	
  depending	
  on	
  size,	
  etc.	
  

¢ Hit	
  Time	
  
§ Time	
  to	
  deliver	
  a	
  line	
  in	
  the	
  cache	
  to	
  the	
  processor	
  

§ includes	
  Pme	
  to	
  determine	
  whether	
  the	
  line	
  is	
  in	
  the	
  cache	
  
§ Typical	
  numbers:	
  

§ 1-­‐2	
  clock	
  cycle	
  for	
  L1	
  
§ 5-­‐20	
  clock	
  cycles	
  for	
  L2	
  

¢ Miss	
  Penalty	
  
§ AddiPonal	
  Pme	
  required	
  because	
  of	
  a	
  miss	
  

§ typically	
  50-­‐200	
  cycles	
  for	
  main	
  memory	
  (Trend:	
  increasing!)
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Example:	
  Locality?
sum = 0; 

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

return sum;
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  cycle	
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  repeatedly	
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  in	
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¢ Being	
  able	
  to	
  assess	
  the	
  locality	
  of	
  code	
  is	
  a	
  crucial	
  skill	
  for	
  a	
  
programmer

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

return sum;



Locality	
  Example	
  #1

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; 

}



Carnegie Mellon

Multidimensional-(Nested)-Arrays
� Declaration

T A[R][C]#
� 2D#array#of#data#type#T

� R rows,#C columns

� Type#T element#requires#K bytes

� Array-Size
� R *#C%*#K%bytes

� Arrangement
� Row;Major#Ordering

A[0][0] A[0][C&1]

A[R&1][0]

� � �

� � � A[R&1][C&1]

�
�
�

�
�
�

int A[R][C],

� � �
A

[0]
[0]

A
[0]
[C&1]

� � �
A

[1]
[0]

A
[1]
[C&1]

� � �
A

[R&1]
[0]

A
[R&1]
[C&1]

�� � �

4*R*C Bytes

A[i][j] is element of type T, 
which requires K bytes 

Address: 
 A + i*(C*K) + j* K  
= A + (i*C+j) * K



Locality	
  Example	
  #1
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; 

}

a + (i*N+j) * sizeof(int) = a + 4(i*N+j) : N=4,M=4

A[i][j] is element of type T, 
which requires K bytes 

Address: 
 A + i*(C*K) + j* K  
= A + (i*C+j) * K

x a x a
0 0 8 32
1 4 9 36
2 8 10 40
3 12 11 44
4 16 12 48
5 20 13 52
6 24 14 56
7 28 15 60



Locality	
  Example	
  #2

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; 

}



a + (i*N+j) * sizeof(int) = a + 4(i*N+j) : N=4,M=4

A[i][j] is element of type T, 
which requires K bytes 

Address: 
 A + i*(C*K) + j* K  
= A + (i*C+j) * K

x a x a
0 0 8 8
1 16 9 24
2 32 10 40
3 48 11 56
4 4 12 12
5 20 13 28
6 36 14 44
7 52 15 60

Locality	
  Example	
  #2
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; 

}



Which	
  one	
  do	
  you	
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Memory	
  Hierarchies
¢ Some	
  fundamental	
  and	
  enduring	
  proper9es	
  of	
  hardware	
  and	
  
so]ware	
  systems:	
  
§ Faster	
  storage	
  technologies	
  almost	
  always	
  cost	
  more	
  per	
  byte	
  and	
  have	
  
lower	
  capacity	
  

§ The	
  gaps	
  between	
  memory	
  technology	
  speeds	
  are	
  widening	
  
§ True	
  of	
  registers	
  ↔	
  DRAM,	
  DRAM	
  ↔	
  disk,	
  etc.	
  

§ Well-­‐wrieen	
  programs	
  tend	
  to	
  exhibit	
  good	
  locality	
  

¢ These	
  proper9es	
  complement	
  each	
  other	
  beau9fully	
  

¢ They	
  suggest	
  an	
  approach	
  for	
  organizing	
  memory	
  and	
  storage	
  
systems	
  known	
  as	
  a	
  memory	
  hierarchy



An	
  Example	
  Memory	
  Hierarchy

registers

on-­‐chip	
  L1 
cache	
  (SRAM)

main	
  memory 
(DRAM)

local	
  secondary	
  storage 
(local	
  disks)

Larger,	
  	
   
slower,	
   
cheaper	
   
per	
  byte

remote	
  secondary	
  storage 
(tapes,	
  distributed	
  file	
  systems,	
  Web	
  servers)

Local	
  disks	
  hold	
  files	
  retrieved	
  
from	
  disks	
  on	
  remote	
  network	
  

servers

Main	
  memory	
  holds	
  disk	
  blocks	
  
retrieved	
  from	
  local	
  disks

off-­‐chip	
  L2 
cache	
  (SRAM)

L1	
  cache	
  holds	
  cache	
  lines	
  retrieved	
  from	
  L2	
  
cache

CPU	
  registers	
  hold	
  words	
  retrieved	
  from  
	
  L1	
  cache

L2	
  cache	
  holds	
  cache	
  lines	
  retrieved	
  from	
  
main	
  memory

L0:

L1:

L2:

L3:

L4:

L5:

Smaller, 
faster, 
costlier 
per	
  byte



Examples	
  of	
  Caching	
  in	
  the	
  Hierarchy

Hardware0On-­‐Chip	
  TLBAddress	
  translaPonsTLB

Web	
  browser10,000,000Local	
  diskWeb	
  pagesBrowser	
  cache

Web	
  cache

Network	
  buffer	
  cache

Buffer	
  cache

Virtual	
  Memory

L2	
  cache

L1	
  cache

Registers

Cache	
  Type

Web	
  pages

Parts	
  of	
  files

Parts	
  of	
  files

4-­‐KB	
  page

64-­‐bytes	
  block

64-­‐bytes	
  block

4-­‐byte	
  words

What	
  is	
  Cached?

Web	
  proxy	
  
server

1,000,000,000Remote	
  server	
  disks

OS100Main	
  memory

Hardware1On-­‐Chip	
  L1

Hardware10Off-­‐Chip	
  L2

AFS/NFS	
  client10,000,000Local	
  disk

Hardware+OS100Main	
  memory

Compiler0	
  CPU	
  core

Managed	
  ByLatency	
  (cycles)Where	
  is	
  it	
  Cached?



Memory	
  Hierarchy:	
  Core	
  2	
  Duo

Disk

Main	
  
Memory

L2	
  unified	
  
cache

L1	
   
I-­‐cache

L1	
   
D-­‐cache

CPU Reg

2	
  B/cycle8	
  B/cycle16	
  B/cycle 1	
  B/30	
  cyclesThroughput:
Latency: 100	
  cycles14	
  cycles3	
  cycles millions

~4	
  MB

32	
  KB

~4	
  GB ~500	
  GB

Not	
  drawn	
  to	
  scale	
  
L1/L2	
  cache:	
  64	
  B	
  blocks



CACHE ORGANIZATION



General	
  Cache	
  Organiza9on	
  (S,	
  E,	
  B)
E	
  =	
  2e	
  lines	
  per	
  set

S	
  =	
  2s	
  sets

set

line



General	
  Cache	
  Organiza9on	
  (S,	
  E,	
  B)
E	
  =	
  2e	
  lines	
  per	
  set

S	
  =	
  2s	
  sets

set

line

0 1 2 B-­‐1tagv

valid	
  bit
B	
  =	
  2b	
  bytes	
  per	
  cache	
  block	
  (the	
  data)



General	
  Cache	
  Organiza9on	
  (S,	
  E,	
  B)
E	
  =	
  2e	
  lines	
  per	
  set

S	
  =	
  2s	
  sets

set

line

0 1 2 B-­‐1tagv

valid	
  bit
B	
  =	
  2b	
  bytes	
  per	
  cache	
  block	
  (the	
  data)

Cache	
  size: 
S	
  x	
  E	
  x	
  B	
  data	
  bytes



Cache	
  Read
E	
  =	
  2e	
  lines	
  per	
  set

S	
  =	
  2s	
  sets

t	
  bits s	
  bits b	
  bits

Address	
  of	
  word:

tag set 
index

block 
offset



Cache	
  Read
E	
  =	
  2e	
  lines	
  per	
  set

S	
  =	
  2s	
  sets

t	
  bits s	
  bits b	
  bits

Address	
  of	
  word:

tag set 
index

block 
offset

• Locate	
  set



Cache	
  Read
E	
  =	
  2e	
  lines	
  per	
  set

S	
  =	
  2s	
  sets

0 1 2 B-­‐1tagv

valid	
  bit
B	
  =	
  2b	
  bytes	
  per	
  cache	
  block	
  (the	
  data)

t	
  bits s	
  bits b	
  bits

Address	
  of	
  word:

tag set 
index

block 
offset

• Locate	
  set
• Check	
  if	
  any	
  line	
  in	
  set 

has	
  matching	
  tag
• Yes	
  +	
  line	
  valid:	
  hit



Cache	
  Read
E	
  =	
  2e	
  lines	
  per	
  set

S	
  =	
  2s	
  sets

0 1 2 B-­‐1tagv

valid	
  bit
B	
  =	
  2b	
  bytes	
  per	
  cache	
  block	
  (the	
  data)

t	
  bits s	
  bits b	
  bits

Address	
  of	
  word:

tag set 
index

block 
offset

data	
  begins	
  at	
  this	
  offset

• Locate	
  set
• Check	
  if	
  any	
  line	
  in	
  set 

has	
  matching	
  tag
• Yes	
  +	
  line	
  valid:	
  hit
• Locate	
  data	
  star,ng 

at	
  offset



Example:	
  Direct	
  Mapped	
  Cache	
  (E	
  =	
  1)

S	
  =	
  2s	
  sets

Direct	
  mapped:	
  One	
  line	
  per	
  set 
Assume:	
  cache	
  block	
  size	
  8	
  bytes

t	
  bits 0…01 100

Address	
  of	
  int:

0 1 2 7tagv 3 654

0 1 2 7tagv 3 654

0 1 2 7tagv 3 654

0 1 2 7tagv 3 654



Example:	
  Direct	
  Mapped	
  Cache	
  (E	
  =	
  1)

S	
  =	
  2s	
  sets

Direct	
  mapped:	
  One	
  line	
  per	
  set 
Assume:	
  cache	
  block	
  size	
  8	
  bytes

t	
  bits 0…01 100

Address	
  of	
  int:

0 1 2 7tagv 3 654

0 1 2 7tagv 3 654

0 1 2 7tagv 3 654

0 1 2 7tagv 3 654

find	
  set



Example:	
  Direct	
  Mapped	
  Cache	
  (E	
  =	
  1)
Direct	
  mapped:	
  One	
  line	
  per	
  set 
Assume:	
  cache	
  block	
  size	
  8	
  bytes

t	
  bits 0…01 100

Address	
  of	
  int:

0 1 2 7tagv 3 654



Example:	
  Direct	
  Mapped	
  Cache	
  (E	
  =	
  1)
Direct	
  mapped:	
  One	
  line	
  per	
  set 
Assume:	
  cache	
  block	
  size	
  8	
  bytes

t	
  bits 0…01 100

Address	
  of	
  int:

0 1 2 7tagv 3 654

match:	
  assume	
  yes	
  =	
  hitvalid?	
  +

tag



Example:	
  Direct	
  Mapped	
  Cache	
  (E	
  =	
  1)
Direct	
  mapped:	
  One	
  line	
  per	
  set 
Assume:	
  cache	
  block	
  size	
  8	
  bytes

t	
  bits 0…01 100

Address	
  of	
  int:

0 1 2 7tagv 3 654

match:	
  assume	
  yes	
  =	
  hitvalid?	
  +

block	
  offset

tag



Example:	
  Direct	
  Mapped	
  Cache	
  (E	
  =	
  1)
Direct	
  mapped:	
  One	
  line	
  per	
  set 
Assume:	
  cache	
  block	
  size	
  8	
  bytes

t	
  bits 0…01 100

Address	
  of	
  int:

0 1 2 7tagv 3 654

match:	
  assume	
  yes	
  =	
  hitvalid?	
  +

int	
  (4	
  Bytes)	
  is	
  here

block	
  offset

No	
  match:	
  old	
  line	
  is	
  evicted	
  and	
  replaced



E-­‐way	
  Set	
  Associa9ve	
  Cache	
  (Here:	
  E	
  =	
  2)
E	
  =	
  2:	
  Two	
  lines	
  per	
  set 

Assume:	
  cache	
  block	
  size	
  8	
  bytes
t	
  bits 0…01 100

Address	
  of	
  short	
  int:

0 1 2 7tagv 3 654 0 1 2 7tagv 3 654

0 1 2 7tagv 3 654 0 1 2 7tagv 3 654

0 1 2 7tagv 3 654 0 1 2 7tagv 3 654

0 1 2 7tagv 3 654 0 1 2 7tagv 3 654



E-­‐way	
  Set	
  Associa9ve	
  Cache	
  (Here:	
  E	
  =	
  2)
E	
  =	
  2:	
  Two	
  lines	
  per	
  set 

Assume:	
  cache	
  block	
  size	
  8	
  bytes
t	
  bits 0…01 100

Address	
  of	
  short	
  int:

find	
  set

0 1 2 7tagv 3 654 0 1 2 7tagv 3 654

0 1 2 7tagv 3 654 0 1 2 7tagv 3 654

0 1 2 7tagv 3 654 0 1 2 7tagv 3 654

0 1 2 7tagv 3 654 0 1 2 7tagv 3 654



E-­‐way	
  Set	
  Associa9ve	
  Cache	
  (Here:	
  E	
  =	
  2)
E	
  =	
  2:	
  Two	
  lines	
  per	
  set 

Assume:	
  cache	
  block	
  size	
  8	
  bytes
t	
  bits 0…01 100

Address	
  of	
  short	
  int:

0 1 2 7tagv 3 654 0 1 2 7tagv 3 654



E-­‐way	
  Set	
  Associa9ve	
  Cache	
  (Here:	
  E	
  =	
  2)
E	
  =	
  2:	
  Two	
  lines	
  per	
  set 

Assume:	
  cache	
  block	
  size	
  8	
  bytes
t	
  bits 0…01 100

Address	
  of	
  short	
  int:

compare	
  both

0 1 2 7tagv 3 654 0 1 2 7tagv 3 654



E-­‐way	
  Set	
  Associa9ve	
  Cache	
  (Here:	
  E	
  =	
  2)
E	
  =	
  2:	
  Two	
  lines	
  per	
  set 

Assume:	
  cache	
  block	
  size	
  8	
  bytes
t	
  bits 0…01 100

Address	
  of	
  short	
  int:

compare	
  both

valid?	
  +	
   match:	
  yes	
  =	
  hit

0 1 2 7tagv 3 654 0 1 2 7tagv 3 654tag



E-­‐way	
  Set	
  Associa9ve	
  Cache	
  (Here:	
  E	
  =	
  2)
E	
  =	
  2:	
  Two	
  lines	
  per	
  set 

Assume:	
  cache	
  block	
  size	
  8	
  bytes
t	
  bits 0…01 100

Address	
  of	
  short	
  int:

compare	
  both

valid?	
  +	
   match:	
  yes	
  =	
  hit

block	
  offset

0 1 2 7tagv 3 654 0 1 2 7tagv 3 654tag



E-­‐way	
  Set	
  Associa9ve	
  Cache	
  (Here:	
  E	
  =	
  2)
E	
  =	
  2:	
  Two	
  lines	
  per	
  set 

Assume:	
  cache	
  block	
  size	
  8	
  bytes

t	
  bits 0…01 100

Address	
  of	
  short	
  int:

match	
  both

valid?	
  +	
   match:	
  yes	
  =	
  hit

short	
  int	
  (2	
  Bytes)	
  is	
  here

No	
  match:	
   
• One	
  line	
  in	
  set	
  is	
  selected	
  for	
  evicPon	
  and	
  replacement 
• Replacement	
  policies:	
  random,	
  least	
  recently	
  used	
  (LRU),	
  …

block	
  offset0 1 2 7tagv 3 654 0 1 2 7tagv 3 654tag 4 5



What	
  about	
  writes?
¢ Mul9ple	
  copies	
  of	
  data	
  exist:	
  

§ L1,	
  L2,	
  Main	
  Memory,	
  Disk
¢ What	
  to	
  do	
  one	
  a	
  write-­‐hit?	
  

§ Write-­‐through	
  (write	
  immediately	
  to	
  memory)	
  
§ Write-­‐back	
  (defer	
  write	
  to	
  memory	
  unPl	
  replacement	
  of	
  line)	
  

§ Need	
  a	
  dirty	
  bit	
  (line	
  different	
  from	
  memory	
  or	
  not)



What	
  about	
  writes?
¢ Mul9ple	
  copies	
  of	
  data	
  exist:	
  

§ L1,	
  L2,	
  Main	
  Memory,	
  Disk
¢ What	
  to	
  do	
  one	
  a	
  write-­‐hit?	
  

§ Write-­‐through	
  (write	
  immediately	
  to	
  memory)	
  
§ Write-­‐back	
  (defer	
  write	
  to	
  memory	
  unPl	
  replacement	
  of	
  line)	
  

§ Need	
  a	
  dirty	
  bit	
  (line	
  different	
  from	
  memory	
  or	
  not)
¢ What	
  to	
  do	
  on	
  a	
  write-­‐miss?	
  

§ Write-­‐allocate	
  (load	
  into	
  cache,	
  update	
  line	
  in	
  cache)	
  
§ Good	
  if	
  more	
  writes	
  to	
  the	
  locaPon	
  follow	
  

§ No-­‐write-­‐allocate	
  (writes	
  immediately	
  to	
  memory)



What	
  about	
  writes?
¢ Mul9ple	
  copies	
  of	
  data	
  exist:	
  

§ L1,	
  L2,	
  Main	
  Memory,	
  Disk
¢ What	
  to	
  do	
  one	
  a	
  write-­‐hit?	
  

§ Write-­‐through	
  (write	
  immediately	
  to	
  memory)	
  
§ Write-­‐back	
  (defer	
  write	
  to	
  memory	
  unPl	
  replacement	
  of	
  line)	
  

§ Need	
  a	
  dirty	
  bit	
  (line	
  different	
  from	
  memory	
  or	
  not)
¢ What	
  to	
  do	
  on	
  a	
  write-­‐miss?	
  

§ Write-­‐allocate	
  (load	
  into	
  cache,	
  update	
  line	
  in	
  cache)	
  
§ Good	
  if	
  more	
  writes	
  to	
  the	
  locaPon	
  follow	
  

§ No-­‐write-­‐allocate	
  (writes	
  immediately	
  to	
  memory)
¢ Typical	
  

§ Write-­‐through	
  +	
  No-­‐write-­‐allocate	
  
§ Write-­‐back	
  +	
  Write-­‐allocate



So]ware	
  Caches	
  are	
  More	
  Flexible
¢ Examples	
  

§ File	
  system	
  buffer	
  caches,	
  web	
  browser	
  caches,	
  etc.	
  

¢ Some	
  design	
  differences	
  
§ Almost	
  always	
  fully	
  associaPve	
  

§ so,	
  no	
  placement	
  restricPons	
  
§ index	
  structures	
  like	
  hash	
  tables	
  are	
  common	
  

§ Oren	
  use	
  complex	
  replacement	
  policies	
  
§ misses	
  are	
  very	
  expensive	
  when	
  disk	
  or	
  network	
  involved	
  
§ worth	
  thousands	
  of	
  cycles	
  to	
  avoid	
  them	
  

§ Not	
  necessarily	
  constrained	
  to	
  single	
  “block”	
  transfers	
  
§ may	
  fetch	
  or	
  write-­‐back	
  in	
  larger	
  units,	
  opportunisPcally



CACHE OPTIMIZATIONS



Op9miza9ons	
  for	
  the	
  Memory	
  Hierarchy



Op9miza9ons	
  for	
  the	
  Memory	
  Hierarchy
¢ Write	
  code	
  that	
  has	
  locality	
  

§ SpaPal:	
  access	
  data	
  conPguously	
  
§ Temporal:	
  make	
  sure	
  access	
  to	
  the	
  same	
  data	
  is	
  not	
  too	
  far	
  apart	
  in	
  Pme



Op9miza9ons	
  for	
  the	
  Memory	
  Hierarchy
¢ Write	
  code	
  that	
  has	
  locality	
  

§ SpaPal:	
  access	
  data	
  conPguously	
  
§ Temporal:	
  make	
  sure	
  access	
  to	
  the	
  same	
  data	
  is	
  not	
  too	
  far	
  apart	
  in	
  Pme

¢ How	
  to	
  achieve?	
  
§ Proper	
  choice	
  of	
  algorithm	
  
§ Loop	
  transformaPons	
  



Op9miza9ons	
  for	
  the	
  Memory	
  Hierarchy
¢ Write	
  code	
  that	
  has	
  locality	
  

§ SpaPal:	
  access	
  data	
  conPguously	
  
§ Temporal:	
  make	
  sure	
  access	
  to	
  the	
  same	
  data	
  is	
  not	
  too	
  far	
  apart	
  in	
  Pme

¢ How	
  to	
  achieve?	
  
§ Proper	
  choice	
  of	
  algorithm	
  
§ Loop	
  transformaPons	
  

¢ Cache	
  versus	
  register	
  level	
  op9miza9on:	
  
§ In	
  both	
  cases	
  locality	
  desirable	
  
§ Register	
  space	
  much	
  smaller	
  +	
  requires	
  scalar	
  replacement	
  to	
  exploit	
  
temporal	
  locality	
  

§ Register	
  level	
  opPmizaPons	
  include	
  exhibiPng	
  instrucPon	
  level	
  
parallelism	
  (conflicts	
  with	
  locality)



Example:	
  Matrix	
  Mul9plica9on

a b

i

j

*
c

=

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]; 
}



Cache	
  Miss	
  Analysis

*=

n



Cache	
  Miss	
  Analysis
¢ Assume:	
  	
  

§ Matrix	
  elements	
  are	
  doubles	
  
§ Cache	
  block	
  =	
  8	
  doubles	
  
§ Cache	
  size	
  C	
  <<	
  n	
  (much	
  smaller	
  than	
  n)

*=

n



Cache	
  Miss	
  Analysis
¢ Assume:	
  	
  

§ Matrix	
  elements	
  are	
  doubles	
  
§ Cache	
  block	
  =	
  8	
  doubles	
  
§ Cache	
  size	
  C	
  <<	
  n	
  (much	
  smaller	
  than	
  n)

*=

n



Cache	
  Miss	
  Analysis
¢ Assume:	
  	
  

§ Matrix	
  elements	
  are	
  doubles	
  
§ Cache	
  block	
  =	
  8	
  doubles	
  
§ Cache	
  size	
  C	
  <<	
  n	
  (much	
  smaller	
  than	
  n)

¢ First	
  itera9on:	
  
§ n/8	
  +	
  n	
  =	
  9n/8	
  misses	
  

§ Arerwards	
  in	
  cache: 
(schemaPc)

*=

n

*=
8	
  wide



Cache	
  Miss	
  Analysis

n

*=
8	
  wide



Cache	
  Miss	
  Analysis
¢ Assume:	
  	
  

§ Matrix	
  elements	
  are	
  doubles	
  
§ Cache	
  block	
  =	
  8	
  doubles	
  
§ Cache	
  size	
  C	
  <<	
  n	
  (much	
  smaller	
  than	
  n)

n

*=
8	
  wide



Cache	
  Miss	
  Analysis
¢ Assume:	
  	
  

§ Matrix	
  elements	
  are	
  doubles	
  
§ Cache	
  block	
  =	
  8	
  doubles	
  
§ Cache	
  size	
  C	
  <<	
  n	
  (much	
  smaller	
  than	
  n)

n

*=
8	
  wide



Cache	
  Miss	
  Analysis
¢ Assume:	
  	
  

§ Matrix	
  elements	
  are	
  doubles	
  
§ Cache	
  block	
  =	
  8	
  doubles	
  
§ Cache	
  size	
  C	
  <<	
  n	
  (much	
  smaller	
  than	
  n)

¢ Second	
  itera9on:	
  
§ Again: 
n/8	
  +	
  n	
  =	
  9n/8	
  misses	
  

n

*=
8	
  wide



Cache	
  Miss	
  Analysis
¢ Assume:	
  	
  

§ Matrix	
  elements	
  are	
  doubles	
  
§ Cache	
  block	
  =	
  8	
  doubles	
  
§ Cache	
  size	
  C	
  <<	
  n	
  (much	
  smaller	
  than	
  n)

¢ Second	
  itera9on:	
  
§ Again: 
n/8	
  +	
  n	
  =	
  9n/8	
  misses	
  

¢ Total	
  misses:	
  
§ 9n/8	
  *	
  n2	
  =	
  (9/8)	
  *	
  n3	
  

n

*=
8	
  wide



Blocked	
  Matrix	
  Mul9plica9on
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

i1

j1

*
c

=
c

+

Block	
  size	
  B	
  x	
  B



Cache	
  Miss	
  Analysis

*=

Block	
  size	
  B	
  x	
  B

n/B	
  blocks



Cache	
  Miss	
  Analysis
¢ Assume:	
  	
  

§ Cache	
  block	
  =	
  8	
  doubles	
  
§ Cache	
  size	
  C	
  <<	
  n	
  (much	
  smaller	
  than	
  n)	
  
§ Three	
  blocks	
  	
  	
  	
  	
  	
  	
  fit	
  into	
  cache:	
  3B2	
  <	
  C

*=

Block	
  size	
  B	
  x	
  B

n/B	
  blocks



Cache	
  Miss	
  Analysis
¢ Assume:	
  	
  

§ Cache	
  block	
  =	
  8	
  doubles	
  
§ Cache	
  size	
  C	
  <<	
  n	
  (much	
  smaller	
  than	
  n)	
  
§ Three	
  blocks	
  	
  	
  	
  	
  	
  	
  fit	
  into	
  cache:	
  3B2	
  <	
  C

*=

Block	
  size	
  B	
  x	
  B

n/B	
  blocks



Cache	
  Miss	
  Analysis
¢ Assume:	
  	
  

§ Cache	
  block	
  =	
  8	
  doubles	
  
§ Cache	
  size	
  C	
  <<	
  n	
  (much	
  smaller	
  than	
  n)	
  
§ Three	
  blocks	
  	
  	
  	
  	
  	
  	
  fit	
  into	
  cache:	
  3B2	
  <	
  C

¢ First	
  (block)	
  itera9on:	
  
§ B2/8	
  misses	
  for	
  each	
  block	
  
§ 2n/B	
  *	
  B2/8	
  =	
  nB/4 
(omiung	
  matrix	
  c)	
  

§ Arerwards	
  in	
  cache 
(schemaPc)

*=

*=

Block	
  size	
  B	
  x	
  B

n/B	
  blocks



Cache	
  Miss	
  Analysis

*=

Block	
  size	
  B	
  x	
  B

n/B	
  blocks



Cache	
  Miss	
  Analysis
¢ Assume:	
  	
  

§ Cache	
  block	
  =	
  8	
  doubles	
  
§ Cache	
  size	
  C	
  <<	
  n	
  (much	
  smaller	
  than	
  n)	
  
§ Three	
  blocks	
  	
  	
  	
  	
  	
  	
  fit	
  into	
  cache:	
  3B2	
  <	
  C

*=

Block	
  size	
  B	
  x	
  B

n/B	
  blocks



Cache	
  Miss	
  Analysis
¢ Assume:	
  	
  

§ Cache	
  block	
  =	
  8	
  doubles	
  
§ Cache	
  size	
  C	
  <<	
  n	
  (much	
  smaller	
  than	
  n)	
  
§ Three	
  blocks	
  	
  	
  	
  	
  	
  	
  fit	
  into	
  cache:	
  3B2	
  <	
  C

*=

Block	
  size	
  B	
  x	
  B

n/B	
  blocks



Cache	
  Miss	
  Analysis
¢ Assume:	
  	
  

§ Cache	
  block	
  =	
  8	
  doubles	
  
§ Cache	
  size	
  C	
  <<	
  n	
  (much	
  smaller	
  than	
  n)	
  
§ Three	
  blocks	
  	
  	
  	
  	
  	
  	
  fit	
  into	
  cache:	
  3B2	
  <	
  C

¢ Second	
  (block)	
  itera9on:	
  
§ Same	
  as	
  first	
  iteraPon	
  
§ 2n/B	
  *	
  B2/8	
  =	
  nB/4	
  

*=

Block	
  size	
  B	
  x	
  B

n/B	
  blocks



Cache	
  Miss	
  Analysis
¢ Assume:	
  	
  

§ Cache	
  block	
  =	
  8	
  doubles	
  
§ Cache	
  size	
  C	
  <<	
  n	
  (much	
  smaller	
  than	
  n)	
  
§ Three	
  blocks	
  	
  	
  	
  	
  	
  	
  fit	
  into	
  cache:	
  3B2	
  <	
  C

¢ Second	
  (block)	
  itera9on:	
  
§ Same	
  as	
  first	
  iteraPon	
  
§ 2n/B	
  *	
  B2/8	
  =	
  nB/4	
  

¢ Total	
  misses:	
  
§ nB/4	
  *	
  (n/B)2	
  =	
  n3/(4B)

*=

Block	
  size	
  B	
  x	
  B

n/B	
  blocks



Summary
¢ No	
  blocking:	
  (9/8)	
  *	
  n3

¢ Blocking:	
  1/(4B)	
  *	
  n3



Summary
¢ No	
  blocking:	
  (9/8)	
  *	
  n3

¢ Blocking:	
  1/(4B)	
  *	
  n3

¢ Suggest	
  largest	
  possible	
  block	
  size	
  B,	
  but	
  limit	
  3B2	
  <	
  C! 
(can	
  possibly	
  be	
  relaxed	
  a	
  bit,	
  but	
  there	
  is	
  a	
  limit	
  for	
  B)



Summary
¢ No	
  blocking:	
  (9/8)	
  *	
  n3

¢ Blocking:	
  1/(4B)	
  *	
  n3

¢ Suggest	
  largest	
  possible	
  block	
  size	
  B,	
  but	
  limit	
  3B2	
  <	
  C! 
(can	
  possibly	
  be	
  relaxed	
  a	
  bit,	
  but	
  there	
  is	
  a	
  limit	
  for	
  B)



Summary
¢ No	
  blocking:	
  (9/8)	
  *	
  n3

¢ Blocking:	
  1/(4B)	
  *	
  n3

¢ Suggest	
  largest	
  possible	
  block	
  size	
  B,	
  but	
  limit	
  3B2	
  <	
  C! 
(can	
  possibly	
  be	
  relaxed	
  a	
  bit,	
  but	
  there	
  is	
  a	
  limit	
  for	
  B)

¢ Reason	
  for	
  drama9c	
  difference:	
  
§ Matrix	
  mulPplicaPon	
  has	
  inherent	
  temporal	
  locality:	
  

§ Input	
  data:	
  3n2,	
  computaPon	
  2n3	
  
§ Every	
  array	
  elements	
  used	
  O(n)	
  Pmes!	
  

§ But	
  program	
  has	
  to	
  be	
  wrieen	
  properly





Locality	
  Example	
  #3
int sum_array_3d(int a[M][N][N]) 

{ 
    int i, j, k, sum = 0; 

    for (i = 0; i < M; i++) 
        for (j = 0; j < N; j++) 

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

    return sum; 
}

¢ How	
  can	
  it	
  be	
  fixed?
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        for (j = 0; j < 16; j++) 

            sum += a[i][j]; 
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    return sum; 

}
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