Cache-Friendly Code

Jinyang Li

based on the slides of Tiger Wang
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Step 1. Address Translation

TLB Miss
a[0]++ — <€
incq (%rax)
|VA PA
[\ Cache Miss
Cache line
Word
(8 bytes) (64 bytes)
CPU Chip

Level

Level 1

Page

Level 2L evel 3

table




Step 1. Address Translation

a[0]++
incq (%rax)
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TLB Miss
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Step 1.1 Check TLB
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Step 1.1 Check TLB

Step 1.1.1 calculate the set index in TLB

a[0]++
incq (%rax)

VA

TLB

- set

PA

e.g, TLB has 1024 sets
4 way associative

_ 63 31 1211 0

Page
offset

Index the setin TLB

Tag




Step 1.1 Check TLB

Step 1.1.2 find the buffered mapping

a[0]++
incq (%rax)

VA

TLB

- set

PA

63

in the set by comparing tag

e.g, TLB has 1024 sets
4 way associative

31 1211

VA Tag

0

compare the tags

Page
offset




Step 1.1 Check TLB

Step 1.1.3 caculate the physical address

a[0]++
incq (%rax)

VA

TLB

- set

PA

VA

63

n TLB hit

e.g, TLB has 1024 sets

4 way associative
31 1211 0

Page
Tag - offset

compare the tags

if entry e is present at index va[12:31] an:
e.tag==va[32:63], then PAis equal to
e.PPN + va[0:11]



Step 1.2 Walk Page Table on TLB

a[0]++
incq (%rax)

VA

Miss
Step 1.2.1 find PPN by walking
the page table with VA
TLB
e.g, 4 level page table
set 68 48 47 3938 3029 2120 12 11 0
ReSSV | Looff | L1 off | L2 off | L3off | 5398
PA CR3
Root
v Addr
Level 0
Level 1

Level 2 Level 3




Step 1.2 Walk Through Page Table
on TLB Miss

Step 1.2.2 Buffer the VPN->PPN

a[0]++
incq (%rax)

VA

TLB

set

mapping in TLB
GL

PA

48 47 3938 3029 2120 12 11 0

Reserv Page

od LO off | L1 off | L2 off | L3 off Offset

CR3

Root

Addr

Level 0
Level 1

Level 2 Level 3




Step 1.2 Walk Through Page Table
on TLB Miss

Step 1.2.3 Caculate the physical address

a[0]++
incq (%rax)

VA

PA = PPN + page_offset

TLB
set 6 48 47 3938 3029 2120 12 11 0
[ Reserv Page
od LO off | L1 off | L2 off | L3 off Offset
PA CR3
Root
Addr

Level 0

Level 1
Level 2 Level 3



Exercise

32 bit address, 2 level page table, 4K page size

31 22 21 12 11 0

Page

LO offset L1 offset Offset

Level 0

Level 1

Given each page entry is 4-byte in size,
how many entries per 4KB page?

4KB/4B = 2710 entries



Step 2. Fetch Data

a[0]++ -

incq (%rax)
|VA

Word
(8 bytes)

CPU Chip

Cache Miss

Cache line
(64 bytes)




Step 2.1 Fetch Data
from CPU Cache

Step 2.1.1 caculcate the set index

e.g, CPU Cache, 4-way,
64 sets, 64 bytes cache line,
a[0]++ 5 virtual index physical tag,

incq (%rax) 63 . . 0

Cache line

VA PA VA offset

Index the set in CPU Gache




Step 2.1 Fetch Data
from CPU Cache

Step 2.1.2 find the buffered cache line

by comparing the tag in PA
e.g, CPU Cache, 4 ways,
64 sets, 64 bytes cache line,

a[0]++ , : . .
incq (%rax) virtual index physical tag,
63 11 6 5 0
Cache line
VA PA VA [ oot ] cache
63 6 5 0
Cache line

PA Cache IIlne tag offset




Step 2.1 Fetch Data
from CPU Cache

Step 2.1.3 on cache hit, find the data

in the cache line using last 6 bits

e.g, CPU Cache, 4 ways,
64 sets, 64 bytes cache line,

?[O]""; virtual index physical tag,
incq (%rax)
63 11 6 5 0
Cache line
YA - offset
63 6 5 0
: Cache line
A PA Cache line tag offset




Step 2.2 Fetch Data
from Memory on Cache Miss

Step 2.2.1 on cache miss, load 64 bytes

data from (PA&(~0x3f))
e.g, CPU Cache, 4 ways,
64 sets, 64 bytes cache line,
alO]++ irtual index physical t
) Yorax) virtual index physical tag,
incq (% 63 6 5 0
VA pA L e 00 0000
A pA 64 bytes from
PA&(~0x3f) |  ......
Word Data
(8 bytes)




Writing Cache-Friendly Code

Why?
— Programs with lower cache miss rates typically run

faster

» Miss rate: fraction of memory references not found in cache
(misses/references)

 Typical numbers: 3-10% for L1, can be quite small (<1%) for
L2, depending on size



How to write cache friendly code?

Memory access pattern

Memory layout



Simple example: sum of 2D array

int64 sumarrayrows(int64** a, int r, int c) int64 sumarraycols(inté64** a, int r, int c)

{ {
int i, j = o; int i, J = ©;
int64 sum = © int64 sum = 0;
for (int i =0 ; i < r; i++) for (int j =0 ; j < c; j++)
for (int j =0 ; j < c; j++) for (int i =0 ; i < r; i++)

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

sum += a[i][7j];
return sum ;

Which implementation is more cache friendly?




Simple Example

int64 sumarrayrows(int64#* a, int r, int c) int64 sumarraycols(inté4+** a, int r, int c)

{ {
int i, j = 0; int i, j = 0;
int64 sum = © int64 sum = 0;
for (int i =0 ; i < r; i++) for (int j =0 ; j < c; j++)
for (int j =0 ; j < c; j++) for (int i =0 ; i < r; i++)

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

sum += a[i][3j];
return sum ;

How many cache misses?

Example:
« CPU Cache: 2-way associative, 2 sets, 64 bytes cache line

» Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned
» local variables: i, j, sum are stored in the registers



a[d][7]

a[3][1]

a[5][0]

a[4][7]

a[4][1]

a[4][0]

a[3][/]

a[3][1]

a[3][0]

a[2][7]

a[2][1]

a[2][0]

a[1][7]

a[1][1]

Simple Example

Example:

« CPU Cache: 2-way associative, 2 sets, 64 bytes cache line
* Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned

« local variables: i, j, sum are stored in the registers

for (int j = 0 ; j < c; j++)
for (int 1 =0 ; i < r; i++)
sum += a[i][j];

a[1][0]

a[0][7]

a[0][1]

a[0][0]

Memory

CPU Cache



a[d][7]

a[3][1]
a[5][0]
a[4][7]

a[4][1]
a[4][0]
a[3][/]

a[3][1]
a[3][0]
a[2][7]

a[2][1]
a[2][0]
a[1][7]

Simple Example

Example:

« CPU Cache: 2-way associative, 2 sets, 64 bytes cache line
* Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned

* local variables: i, j, sum are stored in the registers

for (int j =0 ; j < c; j++) i:0, j:0
for (int 1 =0 ; i < r; i++)
sum += a[i][j];

Miss

a[1][1]
a[1][0]

—Ew

Memory

Set 0 3[0][0], a[0][1] ... a[0][7] _

CPU Cache



a[s][7]

a[5][1] i

= Simple Example

a[4][7]

a[:]E1] Example: |

al4][0] « CPU Cache: 2-way associative, 2 sets, 64 bytes cache line

B[] » Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned
* local variables: i, j, sum are stored in the registers

a[3][1]

a[3][0]

a[2][7] for (int j =0 ; j < c; Jj++) i:1, j:0
- for (int 1 =0 ; 1 < r; i++)

el sum += a[1][j];

a[2][0]

SetO|| aojo] afO)1)..af07y 4 |
set1 arfolatt. a0

=
]

Memory Miss

CPU Cache



a[5][7]

a[5][1] i

= Simple Example

a[4][7]

a[4][1] Example:

al4][0] - CPU Cache: 2-way associative, 2 sets, 64 bytes cache line

a[3][7] * Array: infc64 a[61[8j; address of a[O][O] is 64-byte-a|igned
« local variables: i, j, sum are stored in the registers

a[3][1]

a[3][0]

a[2][7] for (int j =0 ; j < c; Jj++) i:2, j:0
- for (int 1 =0 ; 1 < r; i++)

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

a[2][0] —

Set 01 4[0][0], a[0][1] ... a[0][7] a[2][0], a[2][1] ... a[2][7]
set1 arfolatt. a0

CPU Cache

Memory



a[d][7]

L Simple Example

a[4][7]

Example:

a[4][1] « CPU Cache: 2-way associative, 2 sets, 64 bytes cache line
a[4][0] * Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned

» local variables: i, j, sum are stored in the registers

al2][7] for (int j = @ ;5 J < ¢; J++) 1:3, 3:@

. for (int i = @ ; i < r; i++)

a[2][1] sum += a[i][j]; Miss
a[2][0]

Set 01 4[0][0], a[0][1] ... a[0][7] a[2][0], a[2][1] ... a[2][7]
Set1| a[1][0], a[1][1] ... a[1][7] a[3][0], a[3][1] ... a[3][7]

CPU Cache

Memory



a[d][7]

a[3][1]
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a[2][7]

a[2][1]
a[2][0]

Simple Example

Example:
« CPU Cache: 2-way associative, 2 sets, 64 bytes cache line

* Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned
» local variables: i, j, sum are stored in the registers

for (int j =0 ; j < c; j++) i:4, j:0
for (int 1 =0 ; i < r; i++)

Miss sum += a[i][]];

Memory

8t a[4][0], a[4][1] ... a[4][7] a[2][0], a[2][1] ... a[2][7]

Set1| a[1][0], a[1][1] ... a[1][7] a[3][0], a[3][1] ... a[3][7]

CPU Cache
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a[2][7]

a[2][1]
a[2][0]

Memory

Simple Example

Example:
« CPU Cache: 2-way associative, 2 sets, 64 bytes cache line

» Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned
» local variables: i, j, sum are stored in the registers

for (int j =0 ; j < c; j++) i:5, j:0
for (int 1 =0 ; i < r; i++)
sum += a[i][j];

Miss

Set 0 a[4][0], a[4][1] ... a[4][7] a[2][0], a[2][1] ... a[2][7]

st—P| a[5][0], a[5][1] .. a[5][7] a[3][0], a[3][1] ... a[3][7]

CPU Cache




a[2][7]

a[2][1]
a[2][0]

Simple Example

Example:

CPU Cache: 2-way associative, 2 sets, 64 bytes cache line

* Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned

local variables: i, j, sum are stored in the registers

=

for (int j =0 ; j < c; j++) i:0, j:
for (int 1 =0 ; i < r; i++)
sum += a[i][]];

Miss

11

Memory

Set 0| a[4][0], a[4][1] ... a[4][7] a[0][0], a[0][1] ... a[0][7]
Set 1| a[5][0], a[5][1] ... a[5][7] a[3][0], a[3][1] ... a[3][7]

CPU Cache




a[2][7]

a[2][1]
a[2][0]
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Simple Example

Example:

CPU Cache: 2-way associative, 2 sets, 64 bytes cache line
Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned
local variables: i, j, sum are stored in the registers

for (int j =0 ; j < c; j++) i:1, j:1
for (int 1 =0 ; 1 < r; i++)
sum += a[i][j];

Set 0| a[4][0], a[4][1] ... a[4][7] a[0][0], a[0][1] ... a[0][7]
Set 1| a[5][0], a[5][1] ... a[5][7] a[1][0], a[1][1] ... a[1][7]

Memory

Miss CPU Cache




a[2][7]

Simple Example

Example:

CPU Cache: 2-way associative, 2 sets, 64 bytes cache line
Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned
local variables: i, j, sum are stored in the registers

for (int j =0 ; j < c; j++) i:2, j:1
for (int 1 =0 ; 1 < r; i++)

a[2][1]
a[2][0]

L

Memory

Miss sum += a[i][j]3

Set 0 a[2][0], a[2][1] ... a[2][7] a[0][0], a[0][1] ... a[0][7]
Set1| a[5][0], a[5][1] ... a[5][7] a[1][0], a[1][1] ... a[1][7]

CPU Cache
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a[2][1]
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Simple Example

Example:

» CPU Cache: 2-way associative, 2 sets, 64 bytes cache line
» Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned

* local variables: i, j, sum are stored in the registers

for (int j =0 ; j < c; j++) i:3, j:1
for (int 1 =0 ; 1 < r; i++)
sum += a[i][j];

Miss

Set 0 a[2][0], a[2][1] ... a[2][7] a[0][0], a[0][1] ... a[0][7]
Set1| a[3][0], a[3][1] ... a[3][7] a[1][0], a[1][1] ... a[1][7]

Memory

CPU Cache



Simple Example

Example:
« CPU Cache: 2-way associative, 2 sets, 64 b)Ees cache line

* Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned

» local variables: i, j, sum are stored in the registers

a[2][7] for (int j =0 ; j < c; j++) 1:4, 3:1
. for (int i = @ ; i < r; i++)

a[2]1] sum += a[i][j];

a[2][0]

Miss

Set 0 a[2][0], a[2][1] ... a[2][7] a[4][0], a[4][1] ... a[4][7]
Set1| a[3][0], a[3][1] ... a[3][7] a[1][0], a[1][1] ... a[1][7]

CPU Cache

Memory



T

a[2][7]

a[2][1]
a[2][0]

Memory

Example:

« CPU Cache: 2-way associative, 2 sets, 64 bytes cache line
* Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned

» local variables: i, j, sum are stored in the registers

for (int j =0 ; j < c; j++) i:5, j:1

for (int 1 =0 ; 1 < r; i++)
sum += a[i][j];

Miss

Set 0 a[2][0], a[2][1] ... a[2][7] a[4][0], a[4][1] ... a[4][7]
Set1| a[3][0], a[3][1] ... a[3][7] a[5][0], a[5][1] ... a[5][7]

CPU Cache



a[d][7]

a[3][1]

a[5][0]

a[4][7]

a[4][1]

a[4][0]

a[3][/]

a[3][1]

a[3][0]

a[2][7]

a[2][1]

a[2][0]

a[1][7]

a[1][1]

a[1][0]

a[0][7]

a[0][1]

a[0][0]

Memory

Simple Example

Example:

« CPU Cache: 2-way associative, 2 sets, 64 bytes cache line
* Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned

» local variables: i, j, sum are stored in the registers

for (int 1 =0 ; 1 < r; i++)
for (int j =0 ; j < c; j++)
sum += al[i][j];

CPU Cache



a[5][7]
a[5][1] i
T Simple Example
a[4][7]
Example:
a[4][1] CPU Cache — 2 ways, 2 sets, 64 bytes cache
a[4][0] line
a[3][7] Array — int64 a[6][8]
['3']E1] The address of a[0][0] is cache line alignment
a
a[3][0]
al2][7] for (int i =0 ; i < r; i++) i:0, j:0
e for (int j =0 ; j < c; j++)
a[2][1] sum += a[i][j];
a[2][0]
a[1][7] Miss
a[1][1]

= =N

" CPU Cache
emory
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a[4][7]

a[4][1]
a[4][0]
a[3][/]

a[3][1]
a[3][0]
a[2][7]

a[2][1]
a[2][0]
a[1][7]

a[1][1]
a[1][0]

Simple Example

Example:

« CPU Cache: 2-way associative, 2 sets, 64 bytes cache line
* Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned

* local variables: i, j, sum are stored in the registers

for (int 1 =0 ; 1 < r; i++) i:0, j:1
for (int j =0 ; j < c; j++)
sum += a[i][j];

Hit

Set 0 3[0][0], a[0][1] ... a[0][7] _

-

Memory

CPU Cache



a[d][7]

L Simple Example

al4][7]
Example:
a[4][1] « CPU Cache: 2-way associative, 2 sets, 64 bytes cache line
a[4][0] * Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned
a[3][7] » local variables: i, j, sum are stored in the registers
a[3][1]
a[3][0]
a[2][7] for (int 1 =0 ; i < r; i++) i:e, j:7
- for (int j =0 ; j < c; j++)
a2} sum += a[i][31;
a[2][0]

a[1][7] all

a[1][1]

a[1][0] setof aoyo afoyt...al0y f
—[ a0 —

" CPU Cache
emory



a[5][7]
a[5][1] i
T Simple Example
a[4][7]

Example:
a[4][1] CPU Cache — 2 ways, 2 sets, 64 bytes cache
a[4][0] line
a[3][7] Array — int64 a[6][8]

['3']E1] The address of a[0][0] is cache line alignment
a
a[3][0]
a[2][7] for (int 1 =0 ; i < r; i++) i:1, j:0

for (int j =0 ; j < c; j++)

a[2][1] sum += a[i][j];
a[2][0]

SetO|| aojo] afO)1)..af07y 4 |
set1 arfolatt. a0

=
]

Memory Miss

CPU Cache



a[d][7]

a[5][1] i

L Simple Example

al4][7]

Example:

al4ll1] « CPU Cache: 2-way associative, 2 sets, 64 bytes cache line
al41[o] - Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned
al3]l7l « local variables: i, j, sum are stored in the registers

a3][1]

a[3][0]

al2][7] for (int i =0 ; i < r; i++) i:1, j:1
for (int j =0 ; j < c; j++)

a[2][1] sum += a[i][j];

a[2][0]

set1| agyolaftil..amm

[ |
' Set 0 3[0][0], a[0][1] ... a[0][7] _

Vemory o CPU Cache



a[d][7]

ol Simple Example

a[4][7]
a[4][1] Example:
a[4][0]  CPU Cache: 2-way associative, 2 sets, 64 bytes cache line

a[3][/] » Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned
« local variables: i, j, sum are stored in the registers

a[3][1]

a[3][0]

a[2][7] for (int 1 =0 ; i < r; i++) i1, j:7
for (int j =0 ; j < c; j++)

a2l sum += a[i][j1;

a[2][0]

Set 0 3[0][0], a[0][1] ... a[0][7] _

Memory Hit

set1| agyolaftil..amm
]

CPU Cache




a[5][7]
a[5][1]
ool Simple Example
a[4][7]
Example:
a[4][1] « CPU Cache: 2-way associative, 2 sets, 64 bytes cache line
a[4][0] * Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned
a[3][7] « local variables: i, j, sum are stored in the registers
a[3][1]
a[3][0]
a[2][7] for (int 1 =0 ; i < r; i++) i:2, j:0
for (int j =0 ; j < c; j++)
a[2][1] sum += a[i][j];
al21l9] Miss

Set 01 4[0][0], a[0][1] ... a[0][7] a[2][0], a[2][1] ... a[2][7]
set1 arfolatt. a0

CPU Cache

Memory



a[d][7]

a[3][1]

a[5][0]

a[4][7]

a[4][1]

a[4][0]

a[3][/]

a[3][1]

a[3][0]

a[2][7]

a[2](1]

Simple Example

Example:

« CPU Cache: 2-way associative, 2 sets, 64 bytes cache line
« Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned

» local variables: i, j, sum are stored in the registers

for (int 1 =0 ; 1 < r; i++) i:2, j:1
for (int j =0 ; j < c; j++)

rrrrrr

a[2][0]

Memory

sum += dLL]L]],

Set 01 4[0][0], a[0][1] ... a[0][7] a[2][0], a[2][1] ... a[2][7]
set1 arfolatt. a0

CPU Cache



a[d][7]

a[5][1] m

= Simple Example

a[4][7]

Example:

a[4][1] - CPU Cache: 2-way associative, 2 sets, 64 bytes cache line
a[4][0] * Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned
a[3][7] » local variables: i, j, sum are stored in the registers

a[3][1]

a[3][0]

a[2][7] for (dnt i =0 5 i < s Jdh) i:2, j:7
Hit for (int j =0 ; j < c; j++)

a2l sum += a[i][j1;

a[2][0]

Memory

Set 01 4[0][0], a[0][1] ... a[0][7] a[2][0], a[2][1] ... a[2][7]
set1 arfolatt. a0

CPU Cache



a[d][7]

1 Simple Example

a[4][7]
8[1]E1] Example:
al4][0] « CPU Cache: 2-way associative, 2 sets, 64 bytes cache line

» Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned
» local variables: i, j, sum are stored in the registers

212171 for (int i = 0 ; 1 < r; i++) i:3, j:o

for (int j =0 ; j < c; j++)

a[2][1] sum += a[i][j]; Miss
a[2][0]

Set 01 4[0][0], a[0][1] ... a[0][7] a[2][0], a[2][1] ... a[2][7]
Set1| a[1][0], a[1][1] ... a[1][7] a[3][0], a[3][1] ... a[3][7]

CPU Cache

Memory



a[d][7]

e Simple Example

a[4][7]

Example:

a[4][1] « CPU Cache: 2-way associative, 2 sets, 64 bytes cache line
a[4][0] * Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned

» local variables: i, j, sum are stored in the registers

a[2][7] for (int i =0 ; i < r; i++) 1:3, J:1
for (int j =0 ; j < c; j++)

a2][1] sum += a[i][]]; Hit
a[2][0]

Set 01 4[0][0], a[0][1] ... a[0][7] a[2][0], a[2][1] ... a[2][7]
Set1| a[1][0], a[1][1] ... a[1][7] a[3][0], a[3][1] ... a[3][7]

CPU Cache

Memory



a[d][7]

L Simple Example

a[4][7]

Example:
al4ll1] « CPU Cache: 2-way associative, 2 sets, 64 bytes cache line
al41[0] « Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned

* local variables: 1, J, sum are stored In the registers

a[2][7] for (int i =0 ; i < r; i++) 1:3, J:7
for (int j =0 ; j < c; j++)

a2][1] sum += a[i][]]; Hit
a[2][0]

Set 01 4[0][0], a[0][1] ... a[0][7] a[2][0], a[2][1] ... a[2][7]
Set1| a[1][0], a[1][1] ... a[1][7] a[3][0], a[3][1] ... a[3][7]

CPU Cache

Memory



a[d][7]

= Simple Example

a[5][0]

Example:

« CPU Cache: 2-way associative, 2 sets, 64 bytes cache line
» Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned

* local variables: i, j, sum are stored in the registers

11

a[2][7] for (int 1 =0 ; i < r; i++) i:4, j:0
for (int j =0 ; j < c; j++)

alall] Miss sum += a[i][j];

a[2][0]

ot 5[4][0], a[4][1] ... a[4][7] a[2][0], a[2][1] ... a[2][7]
Set1| a[1][0], a[1][1] ... a[1][7] a[3][0], a[3][1] ... a[3][7]

" CPU Cache
emory



a[d][7]

a[3][1]
a[5][0]

11

a[2][7]

a[2][1]
a[2][0]

Memory

Simple Example

Example:

« CPU Cache: 2-way associative, 2 sets, 64 bytes cache line
« Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned

* local variables: i, j, sum are stored in the registers

for (int 1 =0 ; 1 < r; i++) i:4, j:1
for (int j =0 ; j < c; j++)
Hit sum += a[i][j];

8t a[4][0], a[4][1] ... a[4][7] a[2][0], a[2][1] ... a[2][7]

Set1| a[1][0], a[1][1] ... a[1][7] a[3][0], a[3][1] ... a[3][7]

CPU Cache



a[d][7]

a[3][1]
a[5][0]

11

a[2][7]

a[2][1]
a[2][0]

Simple Example

Example:
« CPU Cache: 2-way associative, 2 sets, 64 bytes cache line

* Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned
» local variables: i, j, sum are stored in the registers

for (int 1 =0 ; 1 < r; i++) i:d, j:7
for (int j =0 ; j < c; j++)
Hit sum += a[i][j];

8t a[4][0], a[4][1] ... a[4][7] a[2][0], a[2][1] ... a[2][7]

Memory

Set1| a[1][0], a[1][1] ... a[1][7] a[3][0], a[3][1] ... a[3][7]

CPU Cache



111

a[2][7]

a[2][1]
a[2][0]

Memory

Simple Example

Example:
« CPU Cache: 2-way associative, 2 sets, 64 bytes cache line

« Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned
» local variables: i, j, sum are stored in the registers

for (int 1 =0 ; 1 < r; i++) i:5, j:0
for (int j =0 ; j < c; Jj++)
sum += a[i][j];

Miss

Set 0 a[4][0], a[4][1] ... a[4][7] a[2][0], a[2][1] ... a[2][7]

st—P| a[5][0], a[5][1] .. a[5][7] a[3][0], a[3][1] ... a[3][7]

CPU Cache



|

a[2][7]

a[2][1]
a[2][0]

Memory

Simple Example

Example:
« CPU Cache: 2-way associative, 2 sets, 64 bytes cache line

* Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned
» local variables: i, j, sum are stored in the registers

for (int 1 =0 ; 1 < r; i++) i:5, j:1
for (int j =0 ; j < c; j++)
sum += a[i][j];

Hit

Set 0 a[4][0], a[4][1] ... a[4][7] a[2][0], a[2][1] ... a[2][7]

et a[5][0], a[5][1] ... a[5][7] a[3][0], a[3](1] ... a[3][]

CPU Cache



|

a[2][7]

a[2][1]
a[2][0]

Simple Example

Example:

« CPU Cache: 2-way associative, 2 sets, 64 bytes cache line
* Array: int64 a[6][8]; address of a[0][0] is 64-byte-aligned

» local variables: i, j, sum are stored in the registers

for (int 1 =0 ; 1 < r; i++) i:5, j:7
for (int j =0 ; j < c; j++)
sum += a[i][j];

Hit

Set 0 a[4][0], a[4][1] ... a[4][7] a[2][0], a[2][1] ... a[2][7]

Memory

etP1  a[5][0], a[5][1] ... a[5][7] a[3][0], a[3](1] ... a[3][]

CPU Cache




Matrix Multiplication (ijk)

Cache: 2-way, 2 sets, 64B cacheline C=A=*xB > C[i,j] = A[i:] * B[:j]
Matrix A, B, C: double[8][8]
15t elements of AB,C, are 64B-aligned  for (int i=0; i < N; i++) {

for (int j=0; j < N; j++) {

for (int k=0; k < N; k++)

C[i][J] += A[i][k] * B[k][]];
}
}




Matrix Multiplication

Cache: 2-way, 2 sets, 64B cacheline

Matrix A, B, C: double[8][8]

1st elements of A,B,C, are 64B-aligned

for (int 1=0; i < N; i++) {
for (int j=0; j < N; j++) {
for (int k=0; k < N; k++)
C[i][3]1 += A[i]l[k] * B[k][3];
}
}

MM —ijk

Which one is cache friendly?
Which one is worst?

for (int 1=0; i < N; i++) {
for (int k=0; k < N; k++) {
for (int j=0; j < N; j++)
C[i][J] += A[i]l[k] * B[kI[31;

MM —ikj

for (int k=0; k < N; k++) {
for (int j=0; j < N; j++) {
for (int i1=0; i < N; i++)
C[i][3] += A[i]l[k] * B[k][3];

MM—Kkji



Matrix Multiplication (ijk)

Cache: 2-way, 2 sets, 64B cacheline C=A*B > C[i,j] = A[i:] * B[:j]
Matrix A, B, C: double[8][8]

0t ice: i < N: i
1st elements of A,B,C, are 64B-aligned for (int i=6; 1 < N; i++) {

for (int j=0; j < N; j++) {
for (int k=0; k < N; k++)
C[1][J] += A[1][k] * B[k][J];
}
}




Matrix Multiplication (ijk)

Cache: 2-way, 2 sets, 64B cacheline C=A*B > C[i,j] = A[i:] * B[:j]
Matrix A, B, C: double[8][8]

0t ice: i < N: i
1st elements of A,B,C, are 64B-aligned for (int i=6; 1 < N; i++) {

for (int j=0; j < N; j++) {
for (int k=0; k < N; k++)
C[i][J] += A[i][k] * B[k][J];




Matrix Multiplication (ijk)

Cache: 2-way, 2 sets, 64B cacheline C=A*B > C[i,j] = A[i:] * B[:j]
Matrix A, B, C: double[8][8]

0t ice: i < N: i
1st elements of A,B,C, are 64B-aligned for (int i=6; 1 < N; i++) {

for (int j=0; j < N; j++) {
for (int k=0; k < N; k++)
C[i][J] += A[i][k] * B[k][J];

1 miss 8 misses



Matrix Multiplication (ikj)

Cache: 2-way, 2 sets, 64B cacheline C=Ax*B > (C[i:] += A[i,k] * B[k:]
Matrix A, B, C: double[8][8] (k in [0, N))
1%t elements of A,B,C, are 64B-aligned  ¢51 (int i=0; i < N; i++) {
for (int k=0; k < N; k++) {
for (int j=0; j < N; Jj++)
C[i][3] += A[i][k] * B[Kk][3];




Matrix Multiplication (ikj)

Cache: 2-way, 2 sets, 64B cacheline C=Ax*B > (C[i:] += A[i,k] * B[k:]
Matrix A, B, C: double[8][8] (k in [0, N))
1%t elements of A,B,C, are 64B-aligned  ¢51 (int i=0; i < N; i++) {
for (int k=0; k < N; k++) {
for (int j=0; j < N; Jj++)
C[i][3] += A[i][k] * B[Kk][3];

1 miss 1 miss



Matrix Multiplication (kji)

Cache: 2-way, 2 sets, 64B cacheline C=A%*B > (C[i:] += A[i,k] * B[k:]

Matrix A, B, C: double[8][8] (k in [0, N))
1st elements of A,B,C, are 64B-aligned  tor (int k=0; k < N; k++) {
for (int j=0; j < N; j++) {
for (int 1=0; i < N; i++)

C[i][3] += A[i][k] * B[k][]];

I
*




Matrix Multiplication (kji)

Cache: 2-way, 2 sets, 64B cacheline C=A%*B > (C[:j] += A[:k] * B[k:j]
Matrix A, B, C: double[8][8] k in [k, N)
1st elements of A,B,C, are 64B-aligned  for (int k=0; k < N; k++) {
for (int j=0; j < N; j++) {
for (int 1=0; i < N; i++)
C[i][3] += A[i][k] * B[k][]];

I
*

8 misses 8 misses



Memory Layout

typedef struct { typedef struct {
char g; int64 _t id;
int64_t id; int64_t idi1; for(int i = @ ; i < N; i++) {
char gi; inte4_t id2; a[i].id = i;
int64 t idi; char g; :E“jé - ig
char g2; char gi; a[il.g2 = 'y';,
inte4 t id2; char g2; a[i].gl = 'e';
a[i].g = 's’;

} info; } info;



Memory Layout

typedef struct { typedef struct {
char g; int64_t id;
lnt64_t ld; int64_t idl; -FOr\(j_nt i=20 ; i« N; j_++) {
char gi; int64_t id2; a[i].id = i;
. . qa. . a[i].id1 = i+1;
inte4 t idi; char g; a[i].id2 = 42,
char g2; char gl; a[il.g2 = 'y';
int64_t id2; char g2; al[i].gl = 'e';
a[i].g = 's’;
. }
} info; } info;
16 bytes

32 bytes
|




Memory Layout

typedef struct { for(int 1 =0 ; i < N; i++) {
a[i].id = i;
al[i].idl = i+1;

char g;
har & ali].id2 = i+2;
int64_t id; ali].g2 = 'y';
char gi; af[i].gl = 'e’;
int64 t idi; , a[il.g = 's’;
char g2;
inté4_t id2; CPU Cache - 2 ways, 2 sets, 64 bytes cache line
Array — info a[2]
} info; The address of a[0] is cache line alignment

16 bytes
']

access a[0]

CPU Cache




Memory Layout

typedef struct { for(int 1 =0 ; i < N; i++) {
a[i].id = i;
al[i].idl = i+1;

char g; Lo .
) ) a[i].id2 = i+2;
int64_t id; ali].g2 = 'y';
char gi; af[i].gl = 'e’;
int64 t idi; , a[il.g = 's’;
char g2;
inté4_t id2; CPU Cache - 2 ways, 2 sets, 64 bytes cache line
Array — info a[2]
} info; The address of a[0] is cache line alignment

16 bytes
']

access a[1]

CPU Cache




typedef struct {

int64 t id;
inte4 t idi;
int64_t id2;
char g;
char gi;
char g2;

} info;

Memory Layout

for(int 1 =0 ; i < N; i++) {

}

al[i].
al[i].
al[i].
a[i].
a[i].

al[i].

id = i;
idl = i+1;
id2 = i+2;
g2 ="'y’';
gl = 'e’;
g="s";

CPU Cache - 2 ways, 2 sets, 64 bytes cache line
Array — info a[2]
The address of a[0] is cache line alignment

32 bytes

access a[0]

id

idl

id2

Seto -

CPU Cache



typedef struct {

int64 t id;
inte4 t idi;
int64_t id2;
char g;
char gi;
char g2;

} info;

Memory Layout

for(int 1 =0 ; i < N; i++) {

}

al[i].
al[i].
al[i].
a[i].
a[i].

al[i].

id = i;
idl = i+1;
id2 = i+2;
g2 ="'y’';
gl = 'e’;
g="s";

CPU Cache - 2 ways, 2 sets, 64 bytes cache line
Array — info a[2]
The address of a[0] is cache line alignment

32 bytes

access a[1]

id

idl

id2

Seto -

CPU Cache



