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What is a “Memory Hierarchy”?

T 1

Main Memory Cost Latency Access

Disk Storage
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Basic Cache Design

Cache memory can copy data from any part of main memory
It has 2 parts:
The TAG (CAM) holds the memory address
The BLOCK (SRAM) holds the memory data
Accessing the cache:

Compare the reference address with the tag
If they match, get the data from the cache block
If they don’t match, get the data from main memory
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Temporal Locality

The principle of temporal locality in program references says that
if you access a memory location (e.g., 1000) you will be more
likely to re-access that location than you will be to reference some
other random location.

Temporal locality says any miss data should be placed into the
cache
Itis the most recent reference location

Temporal locality says that the least recently referenced (or least
recently used — LRU ) cache line should be evicted to make room
for the new line.

Because the re-access probability falls over time as a cache line isn't
referenced, the LRU line is least likely to be re-referenced.
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From Last Lecture: A Very Simple Memory System

Processor Cache Memory
2 cache lines 0
4 bit tag field ; 110
L R 4T 1 byte block 3130
Ld R2eM[ 5 ] 4140
Ld R3«M[ 1 ]
Ld R3:M[ 7] x g 150
Ld R2eM[ 7 ] B de ° 160
8
9
10200
RO 11
R1 12
R2
R3




A Very Simple Memory System

EECS

Memory

:

130
140
150
160

2
3
4
5
6
7
8

101 200

Processor Cache
Is it in the cache
valid ta
Ld RL<M[ 1T | s
Ld R2« M[ 5 ]
Ld R3M[ 1 ] 1] 1
Ld R3«M[ 7 ] 0
Ld R2«M[ 7 ] fag data
Thisis a
Cache miss
RO
R1 Allocate: address
gg — tag
Mem[1] — block

A Very Simple Memory System
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Processor

Ld R1« M[
Ld R2 « M[
Ld R3 « M[
Ld R3 « M[
Ld R2 « M[

RO
R1
R2

NN o
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R3

Cache

.
Irul0

tag ddta

Misses: 1
Hits: 0

Memory
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130

140

150
160
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[N

-
N




A Very Simple Memory System

= Processor Cache Memory
Y 74
Check tags: 5#1 il 110
2
Ld RLM[ 1 ] Cache Miss 3130
E) Ld R2 ¢ M[ 5= 4 140
Ld R3«M[ 1 ] 1 0 150
Ld R3¢ M[ 7 ]
Ld R2:M[ 71 I lta59 dla'Stg g e
8
9
10200
iy 110
R1 isses:
by Misses: 1
R3 Hits: 0

EECS

A Very Simple Memory System

= Processor Cache Memory

Y 74
110

2
Ld RleM[ 1 ] 3|_130
=) Ld R2:M[ 5] 4140
LaRs ML iruf1] 1 m 5[_150

&

Ld R2e«M[ 7 ] 1taSg d150 S 160

8

9
101200

EECS
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R1 0

R2|_150
R3

Misses: 2
Hits: 0
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A Very Simple Memory System

== Processor Cache Memory
Y 74
Check tags: 1 #5, 1
butl=1 (HIT!) 2
Ld RLeM[ 1 ] 3|_130
Ld R2¢M[ 5 ] 4140
= o ] [ro L | s
6
Ld R2eM[ 7 ] 6 G ° 160
8
9
101200
o 2
g; 150 Misses: 2 13
R3 Hits: 0 14

EECS

A Very Simple Memory System

= Processor Cache Memory
¥ 74
i 110
2
Ld RleM[ 1] 3|_130
Ld R2&M[ 5 ] 4140
pit s A Wees o (RS
&
Ld R2«M[ 7 ] [ 1taSg tg S 160
8
9
101200
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A Very Simple Memory System

EECS

Processor

Ld R1« M[
Ld R2 « M[
Ld R3 « M[
Ld R3 « M[
Ld R2 « M[

ENIENSNYS, =
— e

rRol |
R1
R2
R3

Cache

11F}1q
Irull] 5 150

tag data
Misses: 2
Hits: 1

O N 01T WNE O

o
N~ O ©

13
14
15

Memory
110
130

140
150

210

230
240

A Very Simple Memory System

EECS

Processor

Ld R1« M[ 1
Ld R2« M[ 5
Ld R3« M[ 1
Ld R3« M[ 7
Ld R2« M[ 7

Cache

75and 7«1
(MISS!)

13

210

230
240




A Very Simple Memory System

"= Processor Cache Memory
¥ 74
110
2
Ld RLeM[ 1 ] 3|_130
Ld R2¢-M[ 5 ] 4140
Ld R« ML 1 ] Iru[Z] L JIFR 5150
Ld R3«M[ 7 ] 11 7 6
Ld R2<M[ 7 ] fag data ]
8
9
10
rRoL____ | E 210
R1  cenee
ro| 150 || Misses: 3 13]_230
R3 Hits: 1 14
EECS 15
A Very Simple Memory System
= Processor Cache Memory
¥ 74
7#land7=7 A 110
(HITY) 2
Ld RleM[ 1] 3|_130
Ld R2eM[ 5 ] 4140
LdR3e<M[ 1 ] flruf1] 1 5150
Ld R3«M[ 7 ] 1l 7 6
q Ld R« M[ 7 ] i
8
9
10
RO 111 210
R1 12
R2 12 230
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A Very Simple Memory System

== Processor Cache Memory
i o |
110
2
Ld RLeM[ 1 ] 3|_130
Ld R2« M[ 5 ] 4 140
Ld R3«M[ 1 ]
Ld R3:M[ 7] Iru% % 110 2 150
ql_d R2&M[ 7 ] fag 5 7
8
9
10
rRoL____ | E 210
R1 e
o Misses: 3 13[" 230
R3 Hits: 2 141 240
EECS 15

Calculating Average Access Latency

a Avg latency
= cache latency x hit rate + memory latency x miss rate

Q Avg latency
= 1cycle x (2/5) + 15 x (3/5)
= 9.4 cycles per reference

Q Toimprove average latency:
+  Improve memory access latency, or
+ Improve cache access latency, or
+ Improve cache hit rate
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Calculating Cost

O How much does a cache cost?
¢+ Calculate storage requirements
- 2bytes of SRAM
+  Calculate overhead to support access (tags)
- 24-bittags
- The cost of the tags is often forgotten for caches, but this cost drives the
design of real caches

O What is the cost if a 32 bit address is used?
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How can we reduce the overhead?

O Have a small address.
« Impractical, and caches are supposed to be non-architectural

a Cache bigger units than bytes
+  Each block has a single tag, and blocks can be whatever size we choose.
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Block size for caches

Processor Cache Memory
2 cache lines 0
3-bit tag field ;
Ld RLeM[ 1 ] JLZ_kt)ate b(ljoik 3
Ld R2«M[ 5 ] g data 4
Ld R3«<M[ 1 ] M 5
Ld R3«M[ 4 ]
Ld R2« M[ 0 ] W g
8
9
10
RO
R1
R2
R3
Eecs 15| 250
Block size for caches
= Processor Cache Memory
0
1
2
Ld RLeM[ 1 ] 3
Ld R2«M[ 5 ] tag data 4
Ld R3<M[ 1 ] |o| 5
Ld R3«M[ 4 ]
8
9
10
RO
R1
R2
R3
EECS
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Block size for caches

== Processor Cache Memory
0
1
2
Ld RLeM[ 1 ] 3
Ld R2«M[ 5 ] tag data 4
Ld R3¢« M[ 1 ] AN 100 5
Ld R3« M[ 4 ] 110 6
LdR2eML O T | :
\ & ;
& 9
Addr: 0007
=
g; 110 Misses: 1
R3 Hits: 0
Block size for caches
. Processor Cache Memory
0
1
2
Ld RlLeM[ 1 ] 3
) Ld R2«M[ 5 ] tag data 4
Ld R3<M[ 1 ] AN 100 5
Ld R3«M[ 4 ] 110 6
lWReM O] | 1= 5
8
9
10
= :
E; 110 Misses: 1 >
R3 Hits: 0 14
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Block size for caches

"= Processor Cache Memory
0
1
2
Ld Rl M[ 1 3
Ld R2:M% 5 } tag data 4
Ld R3«M[ 1] Iru 100 5
Ld R3« M[ 4 ] 110 6
Ld R2<M[ 0 ] T 140 J
150 8
& 9
Addr: 010;4 10
o
= 110 : }
Ro| 150 Misses: 2
R3 Hits: 0
eecs 15| 250
Block size for caches
= Processor Cache Memory
0
1
2
Ld Rl M[ 1 3
Ld RZZM% 5 } tag data 4
=) Ld R3eM[ 1] [Iru[l] O TN 5
Ld R3«M[ 4 ] 110 6
Ld R2<M[ 0 ] T2 140 ]
150 8
9
10
e
=5 11  cac-
~o| 150 Misses: 2
R3 Hits: 0
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Block size for caches

== Processor Cache Memory

0

1

2

Ld Rl«<M[ 1 ] 3

Ld R2:M[ 5 ] tag data 4

B (d R3eM[ 1 ] ARE 100 5

Ld R3« M[ 4 ] 110 6

LRz eMEOT AT 2 1140 7

150 8

9

10

rRoL | E

g; Misses: 2 13

R3 Hits: 1 1‘51

Block size for caches

= Processor Cache Memory

0

1

2

Ld RleM[ 1 ] 3

Ld R2:M[ 5 ] tag data 4

Ld R3<M[ 1 ] m 100 5

Ld R3«M[ 4 ] 110 6

LRz MU0 T W[ 2 1140 7

150 8

9

10

rRoL | E

~%] 110 Hits: 1 1;1
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Block size for caches

"= Processor Cache Memory
0
1
2
Ld Rl1« M[ 1 3
Ld R2:M% 5 } tag data 4
Ld R3«M[ 1] |ru 100 5
Ld R3« M[ 4 ] 110 6
Ld R2« M[ 0 ] 1 2 140 7
150 8
9
10
o
=3 110 - )
Ro| 150 Misses: 2
RrR3| 140 Hits: 2
eecs 15| 250
Block size for caches
= Processor Cache Memory
0
1
2
Ld RleM[ 1 3
Ld RZZM% 5 } tag data 4
Ld R3<M[ 1 ] |ru 100 5
Ld R3«M[ 4 ] 110 6
qLdRzeM[O] T2 140 i
150 8
9
10
om
=5 11  cac-
~o| 150 Misses: 2
R3_140 Hits: 2
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Block size for caches

== Processor Cache Memory
0
1
2
Ld Rl1« M[ 1 3
Ld R2:M% 5 } tag data 4
Ld R3«M[ 1] m 100 5
Ld R3« M[ 4 ] 110 6
mpLdR2eMEO T AT | 140 -
150 8
9
10
rRoL |
g; Misses: 2
R3[_140 | Hits: 3
eEcs 150 250

Spatial Locality

O Notice that when we accessed address 1, we also brought in
address 0.
« This turned out to be a good thing since we later referenced address 0
and found it in the cache.
O Spatial locality in a program says that if we reference a memory
location (e.g., 1000), we are more likely to reference a location
near it (e.g. 1001) than some random location.
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Basic Cache organization

a Decide on the block size

+  How? Simulate lots of different block sizes and see which one gives the
best performance

»  Most systems use a block size between 32 bytes and 128 bytes

+  Longer sizes reduce the overhead by:
- Reducing the number of CAMs
- Reducing the size of each CAM

Tag Block
offset
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Practice Problem — Compute the register and cache state after
executing the instruction sequence

Processor Cache Memory
of 78
1 29
2[ 120
3[ 123
Ld RO € M[3] V tag data 71

Ld R2 € M[ 12
Ld R3 € M[[ 15]] 0] g 150
Ld R1 <€ M[4] 162
Ld R2 € M[9] 7173
8 18
[0] 921
10 33
RO 1| 28
R1 121 19
R2 13| 200
_ R3 14 210 |
: 15| 225 3
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Questions to ask about a cache

What is the block size?

How many lines?

How many bytes of data storage?
How much overhead storage?
What is the hit rate?

What is the latency of an access?
What is the replacement policy ?
« LRU? LFU? FIFO? Random?

0O 00000 D
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What about stores?

Q Where should you write the result of a store?
* If that memory location is in the cache?
- Send it to the cache.
- Should we also send it to memory?
(write-through policy)
 Ifitis notin the cache?
- Allocate the line (put it in the cache)?
(allocate-on-write policy)
- Write it directly to memory without allocation?
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Handling stores (write-through)

Processor Cache Memory
=
29
2| 120
3|_123
Ld RleM[ 1] V tag data 4 71
Ld R« M[ 7
St RZ(—_)M[[ 0 ]] |OI > 150
St RLo>M[ 5 ] 6 162
Ld R2 M[ 10 ] (0] 7
8
9
10
RO 11
: 12
g; Misses: 0 13
R3 Hits: 0
EECS 15 225
write-through (REF 1)
== Processor Cache Memory
Yy 78
29
2 120
3123
B Ld R« M[ 1 ] V tag data a4 71
Ld R« M[ 7
St R2:M[[ 0 ]] 0] 5| 150
St RL>M[ 5 ] 6162
Ld R2 « M[ 10 ] (0] 7
8
9
10
RO
R1  ccaa-
s Misses: 0
R3 Hits: 0

EECS
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write-through (REF 1)

Processor Cache Memory
s
29
2[ 120
3123
B Ld R1M[ 1 ] V tag data 47
Ld R2«M[ 7 ]
St RZ(—_)M[ 0] m ;g 2 150
St RL>M[ 5 ]
Ld R2eM[ 10] [lrufO 7
8
9
10
rol | E
R1 A ccn-
o Misses: 1 13
R3 Hits: 0 14
EECS 15
write-through (REF 2)
. Processor Cache Memory
y 78
1
2] 120
3123
Ld RLeM[ 1 ] V tag data A 71
B 1dR2e M[ 7 ] 170 R 5[ 150
St R2>M[ 0 ]
St RL>M[ 5 ] 29 6
Ld R2« M[ 10 ] |lrulQ 7
8
9
10
roL | E
6 29 ccpa-
s Misses: 1 13
R3 Hits: 0 14
EECS 15
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write-through (REF 2)

Processor Cache Memory
EE
29
2[ 120
3123
Ld RLeM[ 1 ] V tag data 471
B d R2M[ 7 ] IruiT 0 R 57150
andt [
%
Ld R2 «M[ 10 ] 7
8
9
10
rRol____ | E
E; 29 Misses: 2 13
Ra_ | Hits: 0 14
EECS! 15
write-through (REF 3)
. Processor Cache Memory
Y 78
1
2[ 120
3123
Ld RLeM[ 1 ] V tag data 471
Ld R2«M[ 7 ]
St RZ:M[ 0] Iru m ;g g 150
St RIL>M[ 5
Ld Rzz M[[ 10]] 7
8
9
10
ROL | E
E; 29 Misses: 2 >
R3L___ | Hits: 0 14
EECS! 15
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write-through (REF 3)

EECS

1
7
B st R2>M[ 0
5

Processor

Ld Rl « M[

1
Ld R2eM[ 7 ]

1
St RL>M[ 5 ]
Ld R2 « M[ 10 ]

rRol |
R1 VA

R2

Ral__ |

Cache

V tag data

Misses: 2
Hits: 1

write-through (REF 4)

EECS

Processor

Ld R1« M[ 1
Ld R2« M[ 7
St R2>M[ 0
St RL>M[ 5
Ld R2 « M[ 10

]
]
]
1
]

rRol |
R1 VA

R2

R3[|

Cache

V tag data

Misses: 2
Hits: 1
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write-through (REF 4)

Processor Cache Memory
v
il 29
2 120
3| 123
Ld RLeM[ 1 ] V tag data 71
Ld R2&«M[ 7
st R2:M[[ 0 ]] Irufil 0 5 / 29
St RL>M[ 5 ]
Ld R2 « M[ 10 ] 1] 2 71 7
29 8
9
10
rRoL | E
g; 29 Misses: 3 13
Ra___ | Hits: 1 14
EECS 15
write-through (REF 6)
. Processor Cache Memory
0
1
2
3
Ld RLeM[ 1 ] V tag data 4
Ld R2 M[ 7
St RZ:M[[ 0 ]] WL 173 >
~St R1I>M[ 5 ] T3 673
Ld R2« M[ 10 ]
29 8
9
10
ro[ ] 1
=5 29  cae-
s Misses: 3 13
Ral___ | Hits: 1 14

EECS

15

23



write-through (REF 6)

== Processor Cache
0
1
2
3
Ld RleM[ 1 ] V tag data 4
Ld R2&«M[ 7 ]
St R2o>M[ 0 ] 11l 5 gg 2
St RLo>M[ 5 ]
m) LdReeMm[10] [lrufl]l 2 | 71 7
29 8
9
10
e :
R1 [EVAY ccpa-
Rol 33 Misses: 4 13
R3 Hits: 1
EECS 15 225
How many memory references?
|
Q Each miss reads a block
* 2 bytes in this cache
Q Each store writes a byte
Q Total reads: 8 bytes
Q Total writes: 2 bytes
but caches generally miss < 20%
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Write-through vs. write-back

Q We can also design the cache to NOT write all stores to memory

immediately?

«  We can keep the most current copy in the cache and update
the memory when that data is evicted from the cache (a write-

back policy).

- Do we need to write-back all evicted lines?

B No, only blocks that have been stored into
= Keep a “dirty bit”, reset when the line is allocated,

set when the block is stored into. If a block is “dirty

when evicted, write its data back into memory.
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Handling stores (write-back)

EECS

Processor

Ld R1« M[ 1
Ld R2« M[ 7
St R2>M[ 0
St RL>M[ 5
Ld R2 « M[ 10

]
]
]
]
]

RO

R1

R2

R3

Cache

Vd tag data

(o] |

(o] |

Misses: 0
Hits: 0

Memory

29

=
N
(@]

=
N
w

[EY
gl
(@]

=
(o2}
N

0
1
2
3
4 71
5
6
7
8

O

10

25



write-back (REF 1)

Processor Cache Memory
Yy 78
il 29
2[ 120
3123
=) driM 1 ]| Vd tag data 471
Ld R« M[ 7 ]
St R2>M[ 0 ] Lol | 2 150
St RI>M[ 5 ] 162
td Reemp 207 | [O] | /
8
9
10
RO 1
R1 o 12
R Misses: 0 13
R3 Hits: 0
EECS 15 225
write-back (REF 1)
— Processor Cache
0
1
2
3
B Ld RLM[ 1 ] 4
Ld R2«M[ 7 ] 5
St R25>M[ 0 ] 6
St RL>M[ 5 ]
Ld R2« M[ 10 ] 7
8
9
10
RO
R1 (e
R M.ISSQS. 1
R3 Hits: 0
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write-back (REF 2)

. Processor Cache Memory
Y 78
29
21 120
3|_123
Ld RleM[ 1] 4
B LdR2M[ 7 ] 5 5
St R2 150
->M[ 0] 6
St RLo>M[ 5 ]
Ld R2 « M[ 10 ] 7
8
9
10
RO | E
R1 A : .
o Misses: 1 13
R3 Hits: 0 14
EECS 15
write-back (REF 2)
"= Processor Cache
0
1
2
3
Ld RL«M[ 1] 4
B dR2M[ 7] |2 5
St R25>M[ 0 ] 6
St RLo>M[ 5 ]
Ld R2 « M[ 10 ] 7
8
9
10
rRoL | E
6 29 ccac-
s Misses: 2 13
Rasl____ || Hits: 0 14
EECS! 15

27



write-back (REF 3)

. Processor Cache Memory
Y 78
il 29
21 120
3|_123
Ld RleM[ 1 ] 4 71
Ld R2e«M[ 7 ]
St R2>M[ 0 ] 2 150
St RLs>M[ 5 ]
Ld R2 « M[ 10 ] 7
8
9
10
ROL | E
R1 AY) : .
o Misses: 2 13
R3L__ | Hits: 0 14
EECS 15

write-back (REF 3)

Processor Cache
0
1
2
3
Ld RL«M[ 1] 4
Ld R2«M[ 7 ] 5
St R2—>M[ 0 ] 6
St RL>M[ 5 ] |5
Ld R2«M[10] | 7
8
9
10
rRo___| u
R1 VA  cae-
s Misses: 2 13
Ral___ | Hits: 1 14
EECS! 15




write-back (REF 4)

Processor Cache Memory
i
29
2[ 120
3123
La Rz Ml 7 ] o
(_
St R2->M[ 0 ] g 150
St RLo>M[ 5 ]
Ld R2« M[ 10 ] 7
8
9
10
RO 29 E
R1  ccaa
= Misses: 2 13
R3l | Hits: 1 1‘51
write-back (REF 4)
== Processor Cache Memory
Yy 78
1
2 120
3123
LdrRi«M[ 1] |_Vd tag data 4 71
Ld R2eM[ 7] |2
St RZ:M[ 0 ] =[1]1] 0 | 12793 2 150
St RL>M[ 5 ]
Ld R2 <« M[ 10 ] [I[aI3] 71 7
29 8
9
10
ROL | E
R1 [AY ccae-
s Misses: 3 13
R3 | Hits: 1 1;1
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write-back (REF 5)

Processor Cache Memory
Y 78
29
2l 120
3| 123
LdrRieM[ 1] |_Vd tag data 4 71
Ld R2&«M[ 7 2
st Reoomt o1 [FLLLLL O RN 5
St RI>M[ 5 ] 29 6
B Ld R2¢« M[ 10 ] [1]1] 3 71 7
29 8
9
10
rRoL | E
R1 AY) : )
= Misses: 3 13
Ra___ | Hits: 1 14
EECS 15
write-back (REF 5)
o Processor Cache Memory
LdRi«M[ 11| Vd tag data
Ld R2eM[ 7] |2
St RZ:M[ 0] =[11] 0 12793
St RL>M[ 5 ]
=) Ld R2:M[ 10 ] [1]1] 3 71
29
rRoL |
E; 29 Misses: 4
RalL__ | Hits: 1

EECS
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write-back (REF 5)

e Processor Cache Memory

Ld RLeM[ 1
Ld R2&M[ 7
St R2>M[ 0
St RL>M[ 5
B Ld R2¢ M[ 10

]
]
]
]
]

rRol |

R1 A : )
o Misses: 4

Ral__ | Hits: 1

EECS

How many memory references?

Q Each miss reads a block
* 2 bytes in this cache
Q Each evicted dirty cache line writes a block
Total reads: 8 bytes
Q Total writes: 4 bytes (after final eviction)

O

Choose write-back or write-through?
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Associativity

O We designed a fully associative cache.
«  Any memory location can be copied to any cache line.

+ We check every cache tag to determine whether the data is in
the cache.

Q This approach can be too slow sometimes.
+ Parallel tag searches are slower. Why?
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