


last time

branch prediction

instead of stalling, do something
if that something is wrong, undo it

squashing (undoing) instructions

if instruction hasn’t done too much, just clear pipeline registers
more complicated if it's changed other things

implementing stalling and squashing

keep insturction in Y: sta'l'l_Y write disable for xY registers
send NOP to Y: bubble_Y reset for xY registers

using icodes, etc. in pipeline to set stall/bubble_Y



recall: data/instruction memory

model in CPU: one cycle per access

but earlier — had to talk to memory on different chip
can't do that in one cycle

solution: keep copies of part of memory (“cache”)

copy can be accessed quickly
hope: almost always use copy?
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2004 CPU
/\Registers

=
ing Point Unit

‘DDR Hcﬁ1nry Inte H;zce

Clock Generator

age: approx 2004 AMD press image of Opteron die;
approx register location via chip-architect.org (Hans de Vries)



2004 CPU
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approx register location via chip-architect.org (Hans de Vries)
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Registers
— L1 cache
JFloalbrgnt Uni nEEnEnEnane L2 cache

Clock Generator

age: approx 2004 AMD press image of Opteron die;
approx register location via chip-architect.org (Hans de Vries)



2004 CPU
Registers
L1 cache
L2 cache
L3 cache

ing' Paint Unit

=-DDR Memory Interface ————————

Clock Generator

age: approx 2004 AMD press image of Opteron die;
approx register location via chip-architect.org (Hans de Vries)
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cache: real memory

address — — value
Data Memory

AKA

: e L1 Data Cache
input (if writing) — — ready?

write enable —*




cache: real memory

address —

input (if writing) —
write enable —*

Data Memory
AKA
L1 Data Cache

— value

— ready?

<“---

L2 Cache



the place of cache
read OxXABCD?

read O©x12347

Y

CPU

<
<«

OxABCD is 1000

Cache

read OxXABCD?

Y

0x1234 is 4000

<
<«

OxABCD is 1000

RAM
or
another
cache




memory hierarchy goals

performance of the fastest (smallest) memory
hide 100x latency difference? 99+% hit (= value found in cache) rate

capacity of the largest (slowest) memory



memory hierarchy assumptions

temporal locality
“if a value is accessed now, it will be accessed again soon”

caches should keep recently accessed values

spatial locality
“if a value is accessed now, adjacent values will be accessed soon”

caches should store adjacent values at the same time

natural properties of programs — think about loops



locality examples

double computeMean(int length, double *values) {
double total = 0.0;
for (int i = 0; i < length; ++i) {
total += values[i];

}
return total / length;

}

temporal locality: machine code of the loop
spatial locality: machine code of most consecutive instructions
temporal locality: total, i, length accessed repeatedly

spatial locality: values[i+1] accessed after values|[i]



building a (direct-mapped) cache

Cache Memory

value addresses bytes

00 00 00000-0006001 00 11

00 00 00010-00011 22 33

00 00 00100-00101 55 55

00 00 00110-00111 66 77
01000-01001 88 99

cache block: 2 bytes 01010-01011 AA BB
01100-601101 [CC DD

01110-01111 EE FF

10000-10001 FO F1



building a (direct-mapped) cache
read byte at 010117

Cache Memory

value addresses bytes

00 00 00000-0006001 00 11

00 00 00010-00011 22 33

00 00 00100-00101 55 55

00 00 00110-00111 66 77
01000-01001 88 99

cache block: 2 bytes 01010-01011 AA BB
01100-601101 [CC DD

01110-01111 EE FF

10000-10001 FO F1



building a (direct-mapped) cache

read byte at 010117

exactly one place for each address
spread out what can go in a block

Cache Memory
index value addresses bytes
00 00 00 --+00000-00001 00O 11
01 00 00 \-—+00010 00011 22 33
10 00 00 - -+00100-00101 55 55
11 00 00 e»\—»oouo 00111 |66 77

cache block: 2 bytes
direct-mapped

21\ '01000-01001 88 99
\.'91010-01011 AA BB
*%01100-01101 [CC DD
91110-01111 [EE FF
10000-10001 [FO F1

10



building a (direct-mapped) cache

read byte at 010117

Cache

index
00
01
10
11

exactly one place for each address
spread out what can go in a block

Memory
value addresses bytes
00 00 p--+00000-00001 |00 11
00 00 <\*"*00(3)1(9 00011 22 33
00 00 p»--+00100-00101 55 55
00 00 f**\\*\*OOllO 00111 66 77

cache block: 2 bytes

direct-mapped

210 '01000-01001 88 99
\,'01010-01011 AA BB
,'91100-01101 (CC DD
'91110-01111 EE FF
10000-10001 [FO F1

10



building a (direct-mapped) cache

read byte at 010117

Cache

index
00
01
10
11

exactly one place for each address
spread out what can go in a block

Memory
value addresses bytes
00 00 p--+-00000-00001 |00 11
00 00 »--+00010-00011 22 33

cache block: 2 bytes

direct-mapped

00 00 - ~00100-00101 55 55
00 00 E\—‘\—\+00110-00111 66 77

\\'91000-01001 88 99
\.'91010-01011 AA BB
*%01100-01101 [CC DD
91110-01111 [EE FF
10000-10001 [FO F1

10



building a (direct-mapped) cache
read byte at 010117

Cache Memory
index valid value addresses bytes
00 0 1 00 00 L s this even a value? +1
01 60— 00 UUUIU-UUUIll ZZ 33
10 O | need extra bit to know P—00101 55 55
11 0 (VAVERVAV] vurI0-00111 66 77

cache block: 2 bytes
direct-mapped

01000-016001 88 99
01010-0106011 AA BB
01100-01101 CC DD
01110-01111 EE FF
10000-160001 FO F1

10



building a (direct-mapped) cache

read byte at 010117

invalid, fetch
Cache

index valid

00 0

01 1

10 (0]

11 (0]

value

00 00

AA BB

00 00

00 00

cache block: 2 bytes
direct-mapped

Memory

addresses

00000-00001
00010-0060011
00100-00101
00110-00111
01000-01001
01010-01011
01100-01101
01110-01111
10000-10001

bytes

00 11

22 33

55 55

66 77

88 99

AA BB

CC DD

EE FF

FO F1

10



building a (direct-mapped) cache
read byte at 010117
invalid, fetch

“/Iﬂmf\r\l
Cache value from 01010 or 000107

index valid tag value S Uytes
00 0 00 |00 00 /; 0000O-0006001 00 11
01 1 01 | AABB 00010-00011 22 33
10 0 ON 00 00 00100-00101 55 55
11 (0] need tag to knOW 00110-00111 6 77
01000-01001 |88 99
cache block: 2 bytes 01010-01011 AA BB
direct-mapped 01100-01101 [CC DD

©1110-01111 EE FF

10000-10001 FO F1




building a (direct-mapped) cache

read byte at 010117

invalid, fetch

Cache
index valid tag value
00 0 00 | 00 60
01 1 01 | AABB
10 (0] 00 | 00 00
11 (0] 00 | 00 00

cache block: 2 bytes
direct-mapped

Memory

addresses

00000-00001
00010-0060011
00100-00101
00110-00111
01000-01001
01010-01011
01100-01101
01110-01111
10000-10001

bytes

00 11

22 33

55 55

66 77

88 99

AA BB

CC DD

EE FF

FO F1

10



cache operation (read)

Gbl%l@?)#%(?‘
E valid tag data
1 10 00 11 22 33
index
R B4 B5 B6 B7

11



cache operation (read)

0b1110010
E valid tag data
1 10 00 11 22 33
index
tag E
---l 11 B4 B5 B6 B7
'

AND

Yy

is hit? (1)

11



cache operation (read)

0b1116010

l@:— offset

valid tag data
1 10 00 11 22 33
1 11 B4 B5 B6 B7
é L =) data (B6)
> AND is hit? (1)

11



terminology

row = set
preview: change how much is in a row

12



Tag-Index-Offset (T10)

address 001111 (stores value OxFF)

cache tag index offset

2 byte blocks, 4 sets

2 byte blocks, 8 sets

4 byte blocks, 2 sets

2 byte blocks, 4 sets 2 byte blocks, 8 sets
index valid tag value index valid tag value
00 1 000 00 11 000 1 00 00 11
01 1 001 AA BB 001 1 01 F1F2
10 0 — S — 010 0 — E—
11 1 001 EE FF 011 0 — —
4 byte blocks, 2 sets 100 © — —

. ) 101 1 00 AA BB
index valid tag value
0 1 000 00 11 22 33 116 © — —
1 1 001 CC DD EE FF 111 1 90 EEFF

13



Tag-Index-Offset (T10)

address 001111 (stores value OxFF)

cache tag index offset

2 byte blocks, 4 sets 1

2 byte blocks, 8 sets 1

4 byte blocks, 2 sets

2 byte blocks, 4 sets 2 byte blocks, 8 sets
index valid tag value ind sealid tac salue
00 1 000 00 11 9 — 9l bytes in block 011
01 1 001 AA BB . . F1 F2
10 I S —— 1 bit to say which byte [=—
11 1 001 EE FF 011 0 == R
4 byte blocks, 2 sets 100 © — —

. ) 101 1 00 AA BB
index valid tag value
0 1 000 00 11 22 33 116 © — —
1 1 001 CC DD EE FF 111 1 90 EEFF

13



Tag-Index-Offset (T10)

address 001111 (stores value OxFF)
cache

tag

index offset

index
00
01
10
11

index
[0]

2 byte blocks, 4 sets 1
2 byte blocks, 8 sets 1
4 byte blocks, 2 sets 11
2 byte blocks, 4 sets 2 byte blocks, 8 sets
valid tag value index valid tag value
1 000 00 11 000 1 00 00 11
1 001 AA BB 001 1 01 F1F2
214 = 2° bytes in block T
A byt 2 bits to say which byte | [0 [ — | ——
vali dy s Ve p— 1 00 AA BB
1 000 00 11 22 33 116 © — —
1 001 CC DD EE FF 111 1 90 EEFF

1

13



Tag-Index-Offset (T10)

address 001111 (stores value OxFF)

cache tag index offset

2 byte blocks, 4 sets 11 1

2 byte blocks, 8 sets 1

4 byte blocks, 2 sets 1 11

2 byte blocks, 4 sets 2 byte blocks, 8 sets
index valid tag value index valid tag value
00 1 000 00 11 ana [ 1+ | aa 00 11
01 1 001 | AABB 22 — 4 sets F1F2
10 0 — S — ) ) E—
11 1 001 EE FF 2 bits to index set [ -
4 byte blocks, 2 sets 100 © — —

. ) 101 1 00 AA BB
index valid tag value
0 1 000 00 11 22 33 116 © — —
1 1 001 CC DD EE FF 111 1 90 EEFF

13



Tag-Index-Offset (T10)

address ©01111 (stores value OxFF)
index offset

cache

tag

index
00
01
10
11

index
[0]

2 byte blocks, 4 sets 11
2 byte blocks, 8 sets 111
4 byte blocks, 2 sets 1
2 byte blocks, 4 sets
valid tag value index
1 000 00 11 (000
1 001 | AABB 001
0 — I 010
123 = 8 sets o
il 3 bits to index set 101
1 000 00 11 22 33 116
1 001 CC DD EE FF \ 111

1

1

1

11

2 byte blocks, 8 sets

valid tag value

1 00 00 11
1 01 F1F2
0 — —_———
0 — —_———
0 R —_
1 00 AA BB
0 — —_— ——
1 00 EE FF

13



Tag-Index-Offset (T10)

address 001111 (stores value OxFF)

cache tag index offset

2 byte blocks, 4 sets 11 1

2 byte blocks, 8 sets 111 1

4 byte blocks, 2 sets 1 11

2 byte blocks, 4 sets 2 byte blocks, 8 sets
index valid tag value index valid tag value
00 1 000 00 11 000 1 00 00 11
01 1 001 AA BB 001 1 01 F1F2
10 ) — — 010 0 — —
11 1 001 EE FF 0 -
128 = 2 sets -
4 byte blocks, 2 sets ; )

index valid tag value 11 1 blt to |ndex set [EB
0 1 000 00 11 22 33 - = _
1 1 001 CC DD EE FF e [ 1 90 EEFF

13



Tag-Index-Offset (T10)

address 001111 (stores value OxFF)

cache tag index offset
2 byte blocks, 4 sets 001 11 1
2 byte blocks, 8 sets 00 111 1
4 byte blocks, 2 sets 001 1 11
tag — whatever is left over 2 byte blocks, 8 sets
index valid tag value
00 1 000 00 11 000 1 00 00 11
01 1 001 AA BB 001 1 01 F1F2
10 0 - -— - 010 0 - -— -
11 1 001 EE FF 011 0 —= -— -
4 byte blocks, 2 sets 100 © — —
. . 101 1 00 AA BB
index valid tag value
0 1 000 00 11 22 33 116 © — —
1 1 001 CC DD EE FF 111 1 00 EE FF

13



Tag-Index-Offset formulas (direct-mapped

only)
m memory addreses bits (Y86-64: 64)
S=2° number of sets
s (set) index bits
B=2" block size
b (block) offset bits

t=m—(s+b) tag bits
C=BxS cache size (if direct-mapped)



TI10: exercise
64-byte blocks, 128 set cache
stores 64 x 128 = 8192 bytes (of data)

if addresses 32-bits, then how many tag/index/offset bits?

which bytes are stored in the same block as byte from 0x10377

A. byte from 0x1011
B. byte from 6x1021
C. byte from 0x1035
D. byte from 0x1041

15



example access pattern (1)
2 byte blocks, 4 sets

address (hex)

result |

00000000 (00)

00000001 (01)

01100011 (63)

01100001 (61)

01100010 (62)

00000000 (00)

01100100 (64)

index

00

01

10

11

valid

tag

value

0

0

16



example access pattern (1)

2 byte blocks, 4 sets

address (hex) |result | index |valid| tag value

00000000 (00)
00000001 (01)
01100011 (63)
01100001 (61)
01100010 (62)
00000000 (00)
01100100 (64)

m = & bit addresses
S =4 = 2° sets
s = 2 (set) index bits

00 0
01 0
10 0
11 0

B = 2 = 2° byte block size
= 1 (block) offset bits
t=m— (s+b) =5 tag bits

16



example access pattern (1)
2 byte blocks, 4 sets

address (hex) |result | index |valid| tag value
00000000 (00) 00 0
00000001 (01)
01100011 (63) 01 0
01100001 (61)
01100010 (62)
10 0
00000000 (00)
01100100 (64)
. 11 0]
tag indexoffset
m = 8 bit addresses B = 2 = 2° byte block size
S =4 = 2% sets =1 (block) offset bits

s = 2 (set) index bits t =m — (s +b) =5 tag bits

16



example access pattern (1)
2 byte blocks, 4 sets

address (hex) result index |valid| tag value
00000000 (00) |miss 00 . | 00000 | MEM[0%00]
00000001 (01) mem[Ox01]
01100011 (63) o1 0
01100001 (61)
01100010 (62)
10 0
00000000 (00)
01100100 (64)
- 11 0]
tag indexoffset
m = 8 bit addresses B = 2 = 2° byte block size
S =4 =2 sets =1 (block) offset bits

s = 2 (set) index bits t =m — (s +b) =5 tag bits



example access pattern (1)
2 byte blocks, 4 sets

tag indexoffset

m = & bit addresses

S =4 = 2% sets

s = 2 (set) index bits

address (hex) result index
00000000 (00) |miss
; 00

00000001 (01) hit
01100011 (63)

01
01100001 (61)
01100010 (62)

10
00000000 (00)
01100100 (64) 11

B = 2 = 2° byte block size

valid| tag value
R
0
0
0

= 1 (block) offset bits
t=m— (s+b) =5 tag bits

16



example access pattern (1)
2 byte blocks, 4 sets

address (hex) result index |valid| tag value
00000000 (00) |miss mem[Ox00]
00 1 (00000
00000001 (01) |hit mem[Ox01]
01100011 (63) |miss o1 1 |o1100 |MeMmLOX62]
01100001 (61) mem[Ox63]
01100010 (62)
10 0
00000000 (00)
01100100 (64)
. 11 0]
tag indexoffset
m = 8 bit addresses B = 2 = 2° byte block size
S =4 =2 sets b =1 (block) offset bits

s = 2 (set) index bits t =m — (s +b) =5 tag bits



example access pattern (1)
2 byte blocks, 4 sets

address (hex) result index |valid| tag value
00000000 (00) |miss mem[0x60 ]
00 1 (01100
00000001 (01) |hit mem[Ox61]
01100011 (63) |miss mem[Ox62]
01 1 (01100
01100001 (61) miss mem[Ox63]
01100010 (62) 10 0
00000000 (00)
01100100 (64)
. 11 0]
tag indexoffset
m = 8 bit addresses B = 2 = 2° byte block size
S =4 =2 sets b =1 (block) offset bits

s = 2 (set) index bits t =m — (s +b) =5 tag bits



example access pattern (1)
2 byte blocks, 4 sets

address (hex) result index |valid| tag value
00000000 (00) |miss mem[Ox60]
00 1 |01100
00000001 (01) hit mem[Ox61]
01100011 (63) |miss mem[Ox62]
01 1 |01100
01100001 (61) |miss mem[Ox63]
01100010 (62) hit
10 0
00000000 (00)
01100100 (64)
- 11 0]
tag indexoffset
m = 8 bit addresses B = 2 = 2° byte block size
S =4 =2 sets b =1 (block) offset bits

s = 2 (set) index bits t =m — (s +b) =5 tag bits



example access pattern (1)
2 byte blocks, 4 sets

address (hex) result index |valid| tag value
00000000 (00) |miss mem[0x00 ]
00 1 (00000
00000001 (01) |hit mem[Ox01]
01100011 (63) |miss mem[Ox62]
01 1 (01100
01100001 (61) |miss mem[Ox63]
01100010 (62) |hit 10 0
00000000 (00) |miss
01100100 (64)
. 11 0]
tag indexoffset
m = 8 bit addresses B = 2 = 2° byte block size
S =4 =2 sets b =1 (block) offset bits

s = 2 (set) index bits t =m — (s +b) =5 tag bits



example access pattern (1)

address (hex) result

index

00000000 (00) |miss

00000001 (01) |hit

00

01100011 (63) |miss

01

01100001 (61) |miss

01100010 (62) |hit

10

00000000 (00) |miss

01100100 (64) |miss

tag indexoffset

m = & bit addresses
S =4 = 2% sets
s = 2 (set) index bits

11

2 byte blocks, 4 sets
valid| tag value
mem[0Ox00]
1 | 00000 mem[Ox01]
mem[Ox62 ]
1 |011060 mem[0x63]
mem[Ox64 ]
1 |0611060 mem[0x65]
0

B = 2 = 2° byte block size
b =1 (block) offset bits
t=m— (s+b) =5 tag bits

16



example access pattern (1)

address (hex) result

index

00000000 (00) |miss

00000001 (01) |hit

00

01100011 (63) |miss

01

01100001 (61) |miss

01100010 (62) |hit

10

00000000 (00) |miss

01100100 (64) |miss

tag indexoffset

m = & bit addresses
S =4 = 2% sets
s = 2 (set) index bits

11

2 byte blocks, 4 sets
valid| tag value
mem[0Ox00]
1 | 00000 mem[Ox01]
mem[Ox62 ]
1 |011060 mem[0x63]
mem[0x64 ]
1 |011060 mem[0Ox65]
0]

B = 2 = 2° byte block size
b =1 (block) offset bits
t=m— (s+b) =5 tag bits

16



example access pattern (1)
2 byte blocks, 4 sets

address (hex) result index |valid| tag value
00000000 (00) |miss mem[Ox00]
1
00000001 (01) |hit 00 00000 | em[ox01]
01100011 (63) |miss mem[Ox62 ]
1 1
01100001 (61) |miss © 01100 mem[Ox63]
01100010 (62) |hit 10 . | niion | mem[0x64]
00000000 (00) |miss miss caused by conflict 23]
01100100 (64) |miss
- 11 0]
tag indexoffset
m = 8 bit addresses B = 2 = 2° byte block size
S =4 =2 sets b =1 (block) offset bits

s = 2 (set) index bits t =m — (s +b) =5 tag bits



exercise

address (hex)

result

00000000 (00)

00000001 (01)

01100011 (63)

01100001 (61)

01100010 (62)

00000000 (00)

01100100 (64)

index

00

01

10

11

4 byte blocks, 4 sets

valid

tag

value

17



exercise

address (hex) result index
00000000 (00)

00
00000001 (01)
01100011 (63)

01
01100001 (61)
01100010 (62)

10
00000000 (00)
01100100 (64) 11

4 byte blocks, 4 sets

valid

tag

value

up into tag/index/offset?

how is the 8-bit address 61 (01100001) split

b block offset bits;

B = 2 byte block size;

s set index bits; S = 2° sets ;

t =m — (s +b) tag bits (lefto

17



exercise

address (hex) result

index

00000000 (00)

00000001 (01)

00

01100011 (63)

01

01100001 (61)

01100010 (62)

10

00000000 (00)

01100100 (64)

11

m = & bit addresses
S =4 = 2% sets
s = 2 (set) index bits

B = 4 = 2° byte block size
b = 2 (block) offset bits
t=m— (s+b) =4 tag bits

4 byte blocks, 4 sets

valid

tag

value

17



exercise
4 byte blocks, 4 sets

address (hex) result index |valid tag value
00000000 (00)
00
00000001 (01)
01100011 (63)
01
01100001 (61)
01100010 (62)
10
00000000 (00)
01100100 (64) 11
tag index offset
m = 8 bit addresses B = 4 = 2° byte block size
S =4 = 2" sets b = 2 (block) offset bits

s = 2 (set) index bits t =m — (s+b) = 4 tag bits



exercise

address (hex)

result

00000000 (00)

00000001 (01)

01100011 (63)

01100001 (61)

01100010 (62)

00000000 (00)

01100100 (64)

tag index offset

index

00

01

10

11

4 byte blocks, 4 sets

valid

tag

value

exercise: which accesses are hits?

17



cache accesses and C code (1)

int scaleFactor;

int scaleByFactor(int value) {
return value * scaleFactor;

}

scaleByFactor:
movl scaleFactor, %eax
imull %edi, %eax
ret

exericse: what data cache accesses does this function do?

18



cache accesses and C code (1)

int scaleFactor;

int scaleByFactor(int value) {
return value * scaleFactor;

}

scaleByFactor:
movl scaleFactor, %eax
imull %edi, %eax
ret

exericse: what data cache accesses does this function do?

4-byte read of scaleFactor
8-byte read of return address

18



possible scaleFactor use

for (int 1

= 0; 1 < size; ++1i) {
array[i] =

scaleByFactor(array[i]);

}

19



misses and code (2)

scaleByFactor:
movl scaleFactor, %eax
imull %edi, %eax
ret
suppose each time this is called in the loop:

return address located at address Ox7ffffffe43b8
scaleFactor located at address Ox6bc3a0

with direct-mapped 32KB cache w/64 B blocks, what is their:
| return address | scaleFactor

tag
index
offset

20



misses and code (2)

scaleByFactor:
movl scaleFactor, %eax
imull %edi, %eax
ret
suppose each time this is called in the loop:

return address located at address Ox7ffffffe43b8
scaleFactor located at address Ox6bc3a0

with direct-mapped 32KB cache w/64 B blocks, what is their:
| return address | scaleFactor

tag OxfFfffffc Oxd7
index | 0x10e 0x10e
offset | 0x38 0x20

20



misses and code (2)

scaleByFactor:
movl scaleFactor, %eax
imull %edi, %eax
ret
suppose each time this is called in the loop:

return address located at address Ox7ffffffe43b8
scaleFactor located at address Ox6bc3a0

with direct-mapped 32KB cache w/64 B blocks, what is their:
| return address | scaleFactor

tag OxfFfffffc Oxd7
index | 0x10e 0x10e
offset | 0x38 0x20

20



conflict miss coincidences?

obviously | set that up to have the same index
have to use exactly the right amount of stack space...

but gives one possible reason for conflict misses:

bad luck giving the same index for unrelated values

more direct reason: values related by power of two
some examples later, probably

21



simulated misses: BST lookups

0.040 data cache misses for random binary search tree lookups

0.035 1

o
o
@
)

data cache misses per instruction
o o o o
o o o o
[ - N N
o w o w

0.005 - e o o

e direct-mapped

0.000 T T T
10000 20000 30000

data size

(simulated 16KB direct-mapped data cache; excluding BST setup)

40000

22



actual misses: BST lookups

0.030 data cache misses for random binary search tree lookups

0.025 1

0.020 ®

0.015 1 o o

e
=]
=
S
°

data cache misses per instruction

o
o
S
o

0.000 1

e my desktop

0

20000

40000
data size

60000

(actual 32KB more complex data cache)

(only one set of measurements + other things on machine + excluding initial load)

80000

23



simulated

cache misses per instruction

0.06 -

0.04

0.02

0.00 -

misses: matrix multiplies

data cache misses for NxN matrix multiply

e direct-mapped

20 40 60 80 100

(simulated 16KB direct-mapped data cache; excluding initial load)
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actual misses: matrix multiplies

cache misses for NxN matrix multiply
0.040

0.035 1

cache misses per instruction
o o o o o
o o o o o
- - N N w
o w o w o

° .
D
. e o °
0.005 A °
° e o °
® oo

e my desktop

0.000 0 e % a"ectee ..'.Dcctnaoocotcmco'. o °
0 20 40 60
N

(actual 32KB more complex data cache; excluding matrix initial load)

(only one set of measurements + other things on machine)

80

100
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example access pattern (1)
2 byte blocks, 4 sets

address (hex) result index |valid| tag value
00000000 (00) |miss mem[Ox00]
0 1
00000001 (01) |hit © 00000 | em[ox01]
01100011 (63) |miss mem[Ox62 ]
1 1
01100001 (61) |miss © 01100 mem[Ox63]
01100010 (62) |hit 10 . | niion | mem[0x64]
00000000 (00) |miss miss caused by conflict 23]
01100100 (64) |miss
- 11 0]
tag indexoffset
m = 8 bit addresses B = 2 = 2° byte block size
S =4 =2 sets b =1 (block) offset bits

s = 2 (set) index bits t =m — (s +b) =5 tag bits



adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag value valid| tag value
0 0 0
1 0 0

multiple places to put values with same index
avoid conflict misses




adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag value valid| tag value

0 0 set 0 0

1 0 set 1 0




adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag value valid| tag value
0 0 0

way 0 way 1 ——
1 0 | 0 |

27



adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag value valid| tag value
0 0 0
1 0 0

m = 8 bit addresses B = 2 = 2" byte block size
S =2=2"sets b =1 (block) offset bits
s =1 (set) index bits t =m — (s +b) = 6 tag bits
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adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag value valid| tag value
mem[Ox00 ]

0 1 000000 mem[0x01] 0]

1 0 0

address (hex) result
00000000 (00) |miss

00000001 (01)
01100011 (63)
01100001 (61)
01100010 (62)
00000000 (00)
01100100 (64)
tag indexoffset




adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag value valid| tag value
mem[Ox00]

0 1 (000000 mem[0x01] 0]

1 0 0

address (hex)

result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

01100001 (61)

01100010 (62)

00000000 (00)

01100100 (64)

tag indexoffset

27



adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag

value

valid

tag

value

0 1 (000000

mem[Ox00]
mem[Ox01]

0

1 1 |011000

mem[Ox62 ]
mem[Ox63]

0

address (hex)

result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

miss

01100001 (61)
01100010 (62)
00000000 (00)
01100100 (64)
tag indexoffset

27



adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag

value

valid

tag

value

0 1 (000000

mem[Ox00]
mem[Ox01]

1

011000

mem[Ox60 ]
mem[Ox61]

1 1 |011000

mem[Ox62 ]
mem[0Xx63]

0

address (hex)

result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

miss

01100001 (61)

miss

01100010 (62)
00000000 (00)
01100100 (64)
tag indexoffset

27



adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag

value

valid

tag

value

0 1 (000000

mem[Ox00]
mem[Ox01]

1

011000

mem[Ox60]
mem[Ox61]

1 1 (011000

mem[Ox62 ]
mem[0Xx63]

0

address (hex)

result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

miss

01100001 (61)

miss

01100010 (62)

hit

00000000 (00)
01100100 (64)
tag indexoffset

27



adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag

value

valid

tag

value

0 1 (000000

mem[Ox00]
mem[Ox01]

1

011000

mem[Ox60]
mem[Ox61]

1 1 (011000

mem[Ox62 ]
mem[0Xx63]

0

address (hex)

result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

miss

01100001 (61)

miss

01100010 (62)

hit

00000000 (00)

hit

01100100 (64)
tag indexoffset

27



adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag

value

valid

tag

value

0 1 (000000

mem| Ox00 |
mem[0x01]

1

011000

memLéxG@

mem[0Ox61 ]

1 1 |011000

mem[Ox62 ]
mem[0Xx63]

0

address (hex)

result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

miss

01100001 (61)

migs

01100010 (62)

hitl hee

00000000 (00)

ds to replace block in set 0!

hit

01100100 (64)

miss

tag indexoffset

27



adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag

value

valid

tag

value

0 1 (000000

mem[Ox00]
mem[Ox01]

1

011000

mem[Ox60]
mem[Ox61]

1 1 (011000

mem[Ox62 ]
mem[0Xx63]

0

address (hex)

result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

miss

01100001 (61)

miss

01100010 (62)

hit

00000000 (00)

hit

01100100 (64)

miss

tag indexoffset
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cache operation (associative)

Lj.ﬂiéé)ii offset
. |validltag [data |[validltag [data
[ 1 J10 [e@11]] 1 Jo0 |AA BB
index
B8 LT 11 BABS|| I O 3344
data
(B5)
* —pd
ﬁ@ ' .
(= Jor >— is hit? (1)
AND

28



cache operation (associative)

Lj.ﬂiéé)ii offset
. |validltag [data |[validltag [data
[ 1 J10 [e@11]] 1 Jo0 |AA BB
inde?<
B8 LT 11 BABS|| I O 3344
data
(B5)
{ \4
= —
\:—\
S AND Ve T>
(= Jor >— is hit? (1)
AND

28



cache operation (associative)

Lj.ﬂiéé)ii offset
. |validltag [data |[validltag [data
[ 1 J10 [e@11]] 1 Jo0 |AA BB
inde?<
B8 LT 11 BABS|| I O 3344
data
(B5)
{ \4
o —
\:—\
S AND Ve T>
(= Jor >— is hit? (1)
AND

28



associative lookup possibilities
none of the blocks for the index are valid

none of the valid blocks for the index match the tag
something else is stored there

one of the blocks for the index is valid and matches the tag
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