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Numbers every programmer should know

1ns

[ ] Main memory reference: Send 2,000 bytes over
100ns commodity network:
44ns

L1 cache reference: 1ns

Branch mispredict: 3ns OOOOOOOOoD

EEEEEEEEEEN1,000ns = 1ps

LU SSD random read: L L]
16,000ns =~ 16ps

EEEEEmEmmECoMpress 1KB wth
Zippy: 2,000ns = 2ps

1 Read 1,000,000 bytes u
L2 cache reference: 4ns sequentially from
Bm10,000ns = 10us = & memory: 3,000ns = 3s
g

Mutex lock/unlock: 17ns

100ns = m

Read 1,000,000 bytes
sequentially from SSD:
49,000ns = 49us

Disk seek: 2,000,000ns
= 2ms

Read 1,000,000 bytes
sequentially from disk:
825,000ns = 825us

B EEEEEEPacket roundtrip CA to

https://colin-scott.github.io/personal website/research/interactive latency.html
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https://colin-scott.github.io/personal_website/research/interactive_latency.html

Caches

e How can we hide memory access

| ate n Cy? Smaller, } CPU registers hold words
faster, retrieved from cache memory.
H H and
©) EX p I O It |Oca I Ity costlier L1 cache holds cache lines
T I (chl)’rl;)g:) S— retrieved from L2 cache.
Lo: cache
. e m p O ra devices (SRAM)

L2 cache holds cache lines

. S p at i a | Ls/ . \} retrieved from L3 cache.

. arger, (SRAM) L3 cache holds cache lines
® A cache is a fast memory store used iloﬁgr, L(/ — \}retrievedfmm memory.
C 22\ er (RESN) ain memory holds disk blocks
for frequently accessed data. (pgrb‘ite) ) 5/ — \}?itnevedfm%‘?oc'iuﬂskkﬁ' ‘
sor_age o ocal SS‘OCCC;FI iasl'yss orage ikt -
o Basically operates as a hash devees skt ]teme'v‘id“fm?n'ﬁiéis b
remote network servers.

L6: Remote secondary storage
ta b | e (distributed file systems, Web servers)
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Cache Organization

25 Sets Valid? = Tag (t bits) Cache Block (2° bytes)
Set 0 et oo
Set 1l
Set 2
Set 3
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Cache Organization

25 Sets | Valid? | Tag (tbits) Cache Block (2° bytes) How do memory
E lines addresses map into
>et0 per set the cache?
Set 1 Address
et

Tag SetIndex | Block Offset
t bits s bits b bits

Set 2

Set 3
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Cache Organization

Zs Sets Valid? Tag (t bits) Cache Block (2° bytes) How do memory
E lines addresses map into
Set 0 per set the cache?
Set 1 Address
et
Tag Set Index Block Offset
t bits s bits b bits
Set 2
Set 3 Cache size = 2° x E x 2°
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Practice Problem

You are given a system with the following configuration:
o 32-bit address space
o Cache size of 2048 bytes
o Block size of 64 bytes
o 4 lines per set
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Practice Problem

You are given a system with the following configuration:
o 32-bit address space
o Cache size of 2048 bytes
o Block size of 64 bytes
o 4 lines per set

How many sets are in this cache?
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Practice Problem

You are given a system with the following configuration:
o 32-bit address space
o Cache size of 2048 bytes
o Block size of 64 bytes
o 4 lines per set

How many sets are in this cache?
Cache Size = 2° x E x 2°
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Practice Problem

You are given a system with the following configuration:
o 32-bit address space
o Cache size of 2048 bytes
o Block size of 64 bytes
o 4 lines per set
How many sets are in this cache?
Cache Size = 2° x E x 2°
2048 =64 x 4 x 2°
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Practice Problem

You are given a system with the following configuration:

o 32-bit address space

o Cache size of 2048 bytes

o Block size of 64 bytes

o 4 lines per set
How many sets are in this cache?

Cache Size = 2° x E x 2°
2048 =64 x 4 x 2°
2° = 8 sets
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Practice Problem

You are given a system with the following configuration:
o 32-bit address space
o Cache size of 2048 bytes
o Block size of 64 bytes
o 4 lines per set

How does a 32-bit memory address map into this cache?
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Practice Problem

You are given a system with the following configuration:
o 32-bit address space
o Cache size of 2048 bytes
o Block size of 64 bytes
o 4 lines per set

How does a 32-bit memory address map into this cache?
2°=64, 2°=8
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Practice Problem

You are given a system with the following configuration:
o 32-bit address space
o Cache size of 2048 bytes
o Block size of 64 bytes
o 4 lines per set
How does a 32-bit memory address map into this cache?
2°=64, 2°=8
b=6, s=3, t = 32-(6+3)
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Practice Problem

You are given a system with the following configuration:
o 32-bit address space
o Cache size of 2048 bytes
o Block size of 64 bytes
o 4 lines per set

How does a 32-bit memory address map into this cache?
2°=64, 2°=8
b=6, s=3, t = 32-(6+3)

Tag Set Index Block Offset
(23 bits) (3 bits) (6 bits)
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Cache Mapping Techniques

By varying the number of lines per cache set (E), the
associativity of the cache changes.
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Cache Mapping Techniques

By varying the number of lines per cache set (E), the
associativity of the cache changes.

e 1line per set
o A direct mapped cache
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Cache Mapping Techniques

By varying the number of lines per cache set (E), the
associativity of the cache changes.

e 1line per set
o A direct mapped cache

e 2,3,4...(n)lines per set
O n-way set-associative cache
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Cache Mapping Techniques

By varying the number of lines per cache set (E), the
associativity of the cache changes.

e 1line per set
o A direct mapped cache

e 2,3,4...(n)lines per set
O n-way set-associative cache

e Alllinesin asingle set
o Fully-associative cache
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Direct Mapped Cache

Valid? Tag Cache Block (8 bytes)
Set 0 E=1
Set 1 line
Set 2 per set

Set3
Set 4

Set5
Set 6
Set 7
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Direct Mapped Cache

Valid? Tag Cache Block (8 bytes) How dO memory
Set 0 E=1 addresses map into
Set 1 line the cache?

Set 2
Set3
Set 4

Set5
Set 6
Set 7

per set
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Direct Mapped Cache

Valid? Tag Cache Block (8 bytes) How do memory
Set 0 E=1 addresses map into
Set 1 line the cache?
Set 2 per set 8-bit Address
Set 3 Tag Set Index Block Offset
Set4 2 bits 3 bits 3 bits
Set 5
Set 6
Set 7
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Rutgers University

Direct Mapped Cache in Action

Valid? Tag
Set 0 0
Setl C
Set 2 0
Set 3 0
Set 4 0
Set 5 0
Set 6 0
Set 7 0

Alborz Jelvani

Cache Block (8 bytes)

Read Reguest

01 101 100
Tag Set Index Block _Offset
2 bits 3 bits 3 bits
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Rutgers University

Direct Mapped Cache in Action

Valid? Tag
Set 0 0
Setl C
Set 2 0
Set 3 0
Set 4 0
Set 5 0
Set 6 0
Set 7 0

Alborz Jelvani

Cache Block (8 bytes)

Read Reguest

01 101 100
Tag Set Index Block _Offset
2 bits 3 bits 3 bits

Cache miss
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Direct Mapped Cache in Action

Valid? Tag Cache Block (8 bytes)
Set 0 0
Set 1l 0
Read Request
Set 2 0
Set3 0 01 101 100
Set 4 0 / Tag Set Index Block Offset
2 bits 3 bits 3 bits
Set 5 1 01 (alala]n’::(alale)
Set 6 0
Set 7 0
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Rutgers University

Direct Mapped Cache in Action

Valid? Tag
Set 0 0
Setl C
Set 2 0
Set 3 0
Set 4 0
Set 5 1 01
Set 6 0
Set 7 0

Alborz Jelvani

Cache Block (8 bytes)

00000000

Read Reguest

01 001 110
Tag Set Index Block _Offset
2 bits 3 bits 3 bits
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Rutgers University

Direct Mapped Cache in Action

Valid? Tag
Set 0 0
Setl C
Set 2 0
Set 3 0
Set 4 0
Set 5 1 01
Set 6 0
Set 7 0

Alborz Jelvani

Cache Block (8 bytes)

00000000

Read Reguest

01 001 110
Tag Set Index Block _Offset
2 bits 3 bits 3 bits

Cache miss
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Direct Mapped Cache in Action

Valid? Tag Cache Block (8 bytes)
Set 0 0
Set 1 1 01 OEO00000
Read Request
Set 2 0
Set 3 0 01 001 110
Set 4 0 Tag Set Index Block Offset
2 bits 3 bits 3 bits
Set 5 1 01 00000000
Set 6 0
Set 7 0
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Rutgers University

Direct Mapped Cache in Action

Valid? Tag
Set 0 0
Setl L i
Set 2 0
Set 3 0
Set 4 0
Set 5 1 01
Set 6 0
Set 7 0

Alborz Jelvani

Cache Block (8 bytes)

00000000

00000000

Read Reguest

01 101 111
Tag Set Index Block _Offset
2 bits 3 bits 3 bits
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Rutgers University

Direct Mapped Cache in Action

Valid? Tag
Set 0 0
Setl L i
Set 2 0
Set 3 0
Set 4 0
Set 5 1 01
Set 6 0
Set 7 0

Alborz Jelvani

Cache Block (8 bytes)

00000000

EBO000000

Read Reguest

01 101 111
Tag Set Index Block _Offset
2 bits 3 bits 3 bits

Cache hit
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Rutgers University

Direct Mapped Cache in Action

Valid? Tag
Set 0 0
Setl L i
Set 2 0
Set 3 0
Set 4 0
Set 5 1 01
Set 6 0
Set 7 0

Alborz Jelvani

Cache Block (8 bytes)

00000000

00000000

Read Reguest

11 001 101
Tag Set Index Block _Offset
2 bits 3 bits 3 bits
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Rutgers University

Direct Mapped Cache in Action

Valid? Tag
Set 0 0
Setl L i
Set 2 0
Set 3 0
Set 4 0
Set 5 1 01
Set 6 0
Set 7 0

Alborz Jelvani

Cache Block (8 bytes)

00000000

00000000

Read Reguest

11 001 101
Tag Set Index Block _Offset
2 bits 3 bits 3 bits

Cache miss
Tags do not match!
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Rutgers University

Direct Mapped Cache in Action

Valid? Tag
Set 0 0
Setl L i
Set 2 0
Set 3 0
Set 4 0
Set 5 1 01
Set 6 0
Set 7 0

Alborz Jelvani

Cache Block (8 bytes)

(s[s]a):: a[a]s]s]

00000000

Read Reguest

11 001 101
Tag Set Index Block _Offset
2 bits 3 bits 3 bits
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Set-associative Cache (4-way)

Valid? Tag Cache Block (8 bytes)

E=4

lines
Set 0 per set

Set1
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Set-associative Cache (4-way)

Valid? Tag Cache Block (8 bytes) How do memory
E=4 addresses map into
lines the cache?
Set0 per set

Set1
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Set-associative Cache (4-way)

Valid? Tag Cache Block (8 bytes)

E=4

lines
Set0 per set

Set1

How do memory
addresses map into
the cache?

8-bit Address

Tag Set Index | Block Offset

4 bits 1 bit 3 bits
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4-way Set Associative Cache in Action

Valid? Tag Cache Block (8 bytes)
0
0
Set 0 Read Request
0
0 1101 0 11
0 Tag SetIndex  Block Offset
4 bits 1 bit 3 bits
0
Set 1
0
0
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4-way Set Associative Cache in Action

Valid? Tag Cache Block (8 bytes)
(]
0
Set 0 : Read Request
0 1101 0 111
0 Tag Set Index Block Offset
4 bits 1 bit 3 bits
(]
Setl .
0 Cache miss
0

Alborz Jelvani CS211 - Computer Architecture Spring 2024



4-way Set Associative Cache in Action

Valid? Tag Cache Block (8 bytes)
1 1101 EO0DO000
0
Set 0 Read Request
0
0 1101 0 111
0 Tag SetIndex  Block Offset
4 bits 1 bit 3 bits
0
Setl
0
0
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4-way Set Associative Cache in Action

Valid? Tag Cache Block (8 bytes)
1 1101 [aala'nalalals]
0
Set 0 Read Request
0
0 0001 0 000
0 Tag SetIndex  Block Offset
4 bits 1 bit 3 bits
0
Setl
0
0
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4-way Set Associative Cache in Action

Valid? Tag Cache Block (8 bytes)
1 1101 00000000
0
Set 0 : Read Request
0 0001 0 000
0 Tag Set Index Block Offset
4 bits 1 bit 3 bits
(]
Setl .
0 Cache miss
0
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4-way Set Associative Cache in Action

Valid? Tag Cache Block (8 bytes)
1 1101 00000000
1 0001 falalalnlalala ]
Set 0 Read Request
0
0 0001 0 000
0 Tag SetIndex  Block Offset
4 bits 1 bit 3 bits
0
Set 1
0
0

Alborz Jelvani
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Rutgers University

4-way Set Associative Cache in Action

Valid? Tag
1 1101

1 0001

Alborz Jelvani

Cache Block (8 bytes)

00000000

00000000

Read Reguest

1001 0 111
Tag SetIindex  Block _Offset
4 bits 1 bit 3 bits
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Rutgers University

4-way Set Associative Cache in Action

Valid? Tag
1 1101

1 0001

Alborz Jelvani

Cache Block (8 bytes)

00000000

00000000

Read Reguest

~—

1001 0 111
Tag SetIindex  Block _Offset
4 bits 1 bit 3 bits

Cache miss
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Rutgers University

4-way Set Associative Cache in Action

Valid? Tag
1 1101
1 0001
Set 0
1 1001
0
0
0
Set 1
0
0

Cache Block (8 bytes)

00000000
00000000

BO000000

Read Reguest

~—

1001 0 111
Tag SetIindex  Block _Offset
4 bits 1 bit 3 bits
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Rutgers University

4-way Set Associative Cache in Action

Valid? Tag
1 1101
1 0001
Set 0
1 1001
0
0
0
Set 1
0
0

Cache Block (8 bytes)

00000000
00000000

00000000

Read Reguest

111 0 101
Tag SetIindex  Block _Offset
4 bits 1 bit 3 bits
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4-way Set Associative Cache in Action

Valid? Tag Cache Block (8 bytes)
1 1101 00000000
1 0001 00000000
Set 0 Read Request
1 1001 00000000
0 —_— 1111 0 101
0 Tag SetIndex  Block Offset
4 bits 1 bit 3 bits
0
Setl .
0 Cache miss
0
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Rutgers University

4-way Set Associative Cache in Action

Valid? Tag
1 1101
1 0001
Set 0
1 1001
1 1111
0
0
Set 1
0
0

Alborz Jelvani

Cache Block (8 bytes)

00000000
00000000
00000000

[s[u]s::(a[s]s]s]

Read Reguest

Tag SetIndex  Block Offset
4 bits 1 bit 3 bits
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Rutgers University

4-way Set Associative Cache in Action

Valid? Tag
1 1101
1 0001
Set 0
1 1001
1 1111
0
0
Set 1
0
0

Alborz Jelvani

Cache Block (8 bytes)

00000000
00000000
00000000

00000000

Read Reguest

1011 0 111
Tag SetIindex  Block _Offset
4 bits 1 bit 3 bits
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Rutgers University

4-way Set Associative Cache in Action

Valid? Tag
1 1101
1 0001
Set 0
1 1001
1 1111
0
0
Set 1
0
0

Alborz Jelvani

Cache Block (8 bytes)

00000000
00000000
00000000

00000000

Read Reguest

~

1011 0 111
Tag SetIindex  Block _Offset
4 bits 1 bit 3 bits

Cache miss
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4-way Set Associative Cache in Action

Valid? Tag Cache Block (8 bytes)
1 1101 [aala'nalalals]
1 0001 00000000
Set 0 Read Request
1 1001 00000000 \
1 1111 00000000 1011 0 111
0 Tag Set Index Block Offset
4 bits 1 bit 3 bits
0
Set 1 .
0 Cache miss
0

We need to evict a line
from the cache.
CS211 - Computer Architecture Spring 2024



4-way Set Associative Cache in Action

Valid? Tag Cache Block (8 bytes)
1 1101 [aala'nalalals]
1 0001 00000000
Set 0 Read Request
1 1001 00000000
1 111 T \ 1011 0 111
0 Tag Set Index Block Offset
4 bits 1 bit 3 bits
0
Set 1 .
0 To evict, we use a cache
0 eviction policy. Let’s evict

at random for now.
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Rutgers University

4-way Set Associative Cache in Action

Valid? Tag
1 1101
1 0001
Set 0
1 1011
1 1111
0
0
Set 1
0
0

Cache Block (8 bytes)

00000000
00000000
BO000000

00000000

Read Reguest

~

1011 0 111
Tag SetIindex  Block _Offset
4 bits 1 bit 3 bits
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Fully Associative Cache

Valid? Tag Cache Block (8 bytes)

E=8
lines
per set

Set 0
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Fully Associative Cache

Valid? Tag Cache Block (8 bytes) How do memory
E=8 addresses map into
lines the cache?
per set

Set 0
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Fully Associative Cache

Valid? Tag Cache Block (8 bytes)

Set 0

Alborz Jelvani

E=8
lines
per set

How do memory
addresses map into
the cache?

8-bit Address

Tag Block Offset

5 bits 3 bits
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Rutgers University

Fully Associative Cache

Valid? Tag Cache Block (8 bytes) How do memory
E=8 addresses map into
lines the cache?
per set 8-bit Address
Tag Block Offset
Set 0
5 bits 3 bits

\ With 1 set we don’t

need a set index

Alborz Jelvani
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Writing to the Cache

So far we have seen cache behaviour for memory reads.
How should the cache behave when we write to memory?
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Writing to the Cache

So far we have seen cache behaviour for memory reads.
How should the cache behave when we write to memory?

Should we write directly to memory and ignore the cache?
Should we write to both the cache and memory?

Should we only write to the cache?
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Write-through Cache

If memory block is in cache:

1. Write changes to cache.
2. Then write changes to
memory.
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Write-through Cache

If memory block is in cache: Valid? | Tag Cache Block (8 bytes)
Set 0 1 1101 00000000

1. Write changes to cache.
Set 1 1 1001 00000000

2. Then write changes to
memory.
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Write-through Cache

If memory block is in cache: Valid?
Set0

1. Write changes to cache.
Setl

2. Then write changes to
memory.

Tag Cache Block (8 bytes)
1101 00000000
1001 00000000

Write Request

1001 1 000
Tag Set Index Block Offset
4 bits 1 bit 3 bits
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Write-through Cache

If memory block is in cache: Valid?
Set0

1. Write changes to cache.
Setl

2. Then write changes to
memory.

Tag Cache Block (8 bytes)
1101 00000000
1001 0000000

Write Request

1001 1 000
Tag Set Index Block Offset
4 bits 1 bit 3 bits

Alborz Jelvani CS211 - Computer Architecture Spring 2024



Write-through Cache

If memory block is in cache: Valid? | Tag Cache Block (8 bytes)
: Set 0 1 1101 00000000
1. Write changes to cache.
Set 1 1 1001 0000DO0E

2. Then write changes to

memory.
Y Write Request
° ° . 1001 1 000
Now we write this line to
Tag Set Index Block Offset
memory. 4 bits 1 bit 3 bits
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Rutgers University

Write-back Cache

If memory block is in cache:

1. Write changes to cache.
2. On eviction of the cache
line, write changes to

memory.
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Write-back Cache

If memory block is in cache:

1. Write changes to cache.
2. On eviction of the cache
line, write changes to

memory.

The caveat is we must now
store a dirty bit for each line.
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Write-back Cache

If memory block is in cache: Valid?  Tag  Dirty Cache Block (8 bytes)
. SetQ| 1 1101 0 oooooo0o
1. Write changes to cache.
Set 1 1 1001 0 00000000

2. On eviction of the cache
line, write changes to
memory.

The caveat is we must now
store a dirty bit for each line.
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Write-back Cache

If memory block is in cache: Valid?  Tag  Dirty Cache Block (8 bytes)
. SetQ| 1 1101 0 oooooo0o
1. Write changes to cache.
Set 1 1 1001 0 00000000

2. On eviction of the cache

line, write changes to ,
Write Request

memory.
° 1001 1 000
The caveat is we must now
Tag Set Index Block Offset
4 bits 1 bit 3 bits

store a dirty bit for each line.
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Write-back Cache

If memory block is in cache: Valid?  Tag  Dirty Cache Block (8 bytes)
. SetQ| 1 1101 0 oooooo0o
1. Write changes to cache.
Set 1 1 1001 1 (alelnlulelala:|

2. On eviction of the cache

line, write changes to ,
Write Request

memory.
° 1001 1 000
The caveat is we must now
Tag Set Index Block Offset
4 bits 1 bit 3 bits

store a dirty bit for each line.
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Write-back Cache

If memory block is in cache: Valid?  Tag  Dirty Cache Block (8 bytes)
. SetQ| 1 1101 0 oooooo0o
1. Write changes to cache.
Set 1 1 1001 1 00000000

2. On eviction of the cache

line, write changes to
Read Request

memory.
. 1111 1 000
The caveat is we must now
Tag Set Index Block Offset
4 bits 1 bit 3 bits

store a dirty bit for each line.
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Write-back Cache

If memory block is in cache: Valid?  Tag  Dirty Cache Block (8 bytes)
. SetQ| 1 1101 0 oooooo0o
1. Write changes to cache.
Set 1 1 1001 1 00000000

2. On eviction of the cache
line, write changes to /
Read Request

memorY. Write to — ; -
The caveat is we must now memory o oo Block Offeet
store a dirty bit for each line. on s e o
eviction Cache miss
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Write-allocate Cache

If memory block is not in
cache:
1. Read block from

memory into cache.
2. Use a write-back policy.
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Write-allocate Cache

If memory block is not in Valid?  Tag | Dirty i S e
Ca C h e . Set 0 0 1101 0 00000000
Set 1 0 1111 0 00000000

1. Read block from
memory into cache.
2. Use a write-back policy.
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Write-allocate Cache

If memory block is not in Valid?  Tag | Dirty i S e
Ca C h e . Set 0 0 1101 0 00000000
Set 1 0 1111 0 00000000

1. Read block from
memory into cache.
2. Use a write-back policy.

Write Request

1001 1 000
Tag Set Index Block Offset
4 bits 1 bit 3 bits

Alborz Jelvani CS211 - Computer Architecture Spring 2024



Write-allocate Cache

If memory block is not in Valid?  Tag | Dirty i S e
Ca C h e . Set 0 0 1101 0 00000000
Set 1 1 1001 0 00000000

1. Read block from
memory into cache.
2. Use a write-back policy.

Write Request

1001 1 000
Tag Set Index Block Offset
4 bits 1 bit 3 bits
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Write-allocate Cache

If memory block is not in Valid?  Tag | Dirty Gache Block (8 bytes)
cac h e: Set 0 0 1101 0 00000000
Set 1 1 1001 1 0O000000E

1. Read block from
memory into cache.
2. Use a write-back policy.

Write Request

1001 1 000
Tag Set Index Block Offset
4 bits 1 bit 3 bits
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Write-allocate Cache

If memory block is not in Valid?  Tag | Dirty i S e
Ca C h e . Set 0 0 1101 0 00000000
Set 1 1 1001 1 00000000

1. Read block from
memory into cache.
2. Use a write-back policy.

Read Reguest

1111 1 000
Tag Set Index Block Offset
4 bits 1 bit 3 bits
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Write-allocate Cache

If memory block is not in Valid?  Tag | Dirty i S e
Ca C h e . Set 0 0 1101 0 00000000
Set 1 1 1001 1 00000000

1. Read block from
memory into cache. /
Read Request

2. Use a write-back policy. Wirite to

1111 1 000
memory Tag Setindex  Block Offset
its i 3 bits
on 4 bit 1 bit
eviction Cache miss
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No-write-allocate Cache

If memory block is not in
cache:

1. Directly write to
memory.

With this policy, the cache is
only populated on a read
miss
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No-write-allocate Cache

If memory bIOCk IS not in Valid? Tag Cache Block (8 bytes)
CcacC h e.: Set 0 1 1101 00000000
Set 1 1 1001 00000000

1. Directly write to
memory.

With this policy, the cache is
only populated on a read
miss
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No-write-allocate Cache

If memory block is not in Valid?

cache: Set0 ¢

1. Directly write to Seti1l”

memory.

With this policy, the cache is
only populated on a read
miss

Tag Cache Block (8 bytes)
1101 00000000
1001 00000000

Write Request

1001 1 000
Tag Set Index Block Offset
4 bits 1 bit 3 bits

Alborz Jelvani CS211 - Computer Architecture Spring 2024



