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Announcements

Prelim 2 stats
— Mean: 50.8 (out of 64); Median: 51.5; High: 64

— We will go over the final letter grading scheme in the
next lecture

HW 7 will be released today
— (part of) last question ties to next lecture

Lab 3 report due tomorrow

Instructor OH today (4/17) is cancelled
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Cache Basics (True or False)

Cache is usually implemented using SRAM

Memory block address is not longer than the
memory address

In a direct mapped (DM) cache, a memory block
can be mapped to different cache blocks
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Exercise: DM Cache Organization

Address (showing bit positions)

Example 3130 --- 131211---2 10
. Byte
32-bit memory address offset
Hit \20 \10
1 Tag index bits are
CaChe hOldS 1024 blOCkS Index used to address Data
- Each block holds 4 bytes | the cache blocks
Index  Valid Tag Data
« Each cache block is 0
associated with a tag and .
valid bit
1021
. 1022
How many different 1023
memory blocks can map J20 J32
to the same cache block? A
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Review: DM Cache Example

Size of each block is 4 bytes

Cache holds 4 blocks
Memory holds 16 blocks

Memory address has 6 bits

2 tag bits J I EZ byte offset bits

2 index bits

{ tag, index } = memory block address

V tag data

00

01

10

11

|

Cache block
address
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Review: DM Cache Example

Processor Cache Memory
0000
R1 <= M[000000
R2 <= M{OOOIOO} miss v tag data LU
R3 <= M[010000] s 00[TTOT ] 140 0010
R2 <= M[011100] 01114001110 0011
m=d R1 <= M[000000] 1010 0100
R1 <= M[000100] 1 forj17o 0101
0110
0111
RO 1000
R1 100 1001
R2 170 1010
R3| 140 1011
4 1100
Each register./ E(l)(l)
holds 4-byte value 1111
| |

Memory b_|°°k J Data (decimal)
address (binary) Lecture 21: 6



Review: DM Cache Example

Processor

R1 <= M[000000]
R2 <= M[000100]
R3 <= M[010000]
R2 <= M[011100]
== R1 <= M[000000]
R1 <= M[000100]

RO //
R1| 100~

R2| 170

R3[| 140

miss

mp 00

01
10

V tag data s

Cache

1

o0 |

110

%{Oﬁ

1

011170

a

Each register./
holds 4-byte value

$

Memory

{

Memory block J
address (binary)

Data (decimal)
Lecture 21:
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Doubling the Block Size

Size of each block is 8 bytes
Cache holds 2 blocks
Memory holds 8 blocks
Memory address has 6 bits

V tag data
0 '
1 !
2 tag bits 3 byte offset bits hith L low
1 index bit 4 bytes 4 bytes

{ tag, index } = memory block address
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Doubling the Block Size

Processor Ve Cache Memory
tag index offset
R1 <= M[300bo 00u
o Oﬁ miss V tag  data 000
R3 <= M[010000] mp 0) 0 ' 001
R2 <= M[011100] 110 : 001
R1 <= M[000000] 010
R1 <=M][000100] 010
011
011
RO 100
R1 100
R2 101
R3 101
Y 110
i 110
Each register./ 111

holds 4-byte value

111
t {

Memory block J

address (binary) Data (decimal)
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Doubling the Block Size

Processor

== R1 <= M[000000]
R2 <= M[000100]
R3 <= M[010000]
R2 <= M[011100]
R1 <= M[000000]
R1 <= M[000100]

miss

V tag

Cache

data

/

1

00

110 « 1900

0

ad

11

RO

R1l 100 <

R2

R3

Memory

000
000
001
001
010
010
011
011
100
100
101
101
110
110
111
111
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Doubling the Block Size

Processor

R1 <= M[000000]
=) R2 <= M[000100]
R3 <= M[010000]
R2 <= M[011100]
R1 <= M[000000]
R1 <= M[000100]

hit

Cache

V tag

data

1

00

TT0 + 100

0

P

o

RO
R1| 100
R2[ 1107
R3

Memory

000
000
001
001
010
010
011
011
100
100
101
101
110
110
111
111
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Doubling the Block Size

Processor

R1 <= M[000000]
R2 <= M[000100]
=) R3 <= M[010000]
R2 <= M[011100]
R1 <= M[000000]
R1 <= M[000100]

miss

Cache

V tag

data

mmp Of 1

00

110 « 100

110

RO
R1| 100
R2| 110
R3

Memory

000
000
001
001
010
010
011
011
100
100
101
101
110
110
111
111
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Doubling the Block Size

Processor Cache Memory

R1 <= M[000000] 000

R2 <= M[000100] miss Y tag data 000
m=) R3 <= M[010000] msp Of 1 ]O1 ] 150 + 140 L\ 001
R2 <= M[011100] 110 Jd X 001

R1 <= M[000000] 010

R1 <= M[000100] \< 010

011

011
R0 / 100
R1 100 100
R2| 110 / 101

R3| 140 ~ 101
110

110
111
111
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Doubling the Block Size

Processor

R1 <= M[000000]
R2 <= M[000100]
R3 <= M[010000]
== R2 <= M[011100]
R1 <= M[000000]
R1 <= M[000100]

miss

Cache

V tag

data

1

01

150 « 140

0

RO

R1| 100
R2| 110
R3| 140

Memory

000
000
001
001
010
010
011
011
100
100
101
101
110
110
111
111
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Doubling the Block Size

Processor

R1 <= M[000000]
R2 <= M[000100]
R3 <= M[010000]
== R2 <= M[011100]
R1 <= M[000000]
R1 <= M[000100]

miss

V tag

Cache

data

1

01| 150 « 140

1

01170 * 160 \

A

RO

Ri1[ 100 ]
R2 170 «
R3 140

000
000
001
001
010
010
011
011
100
100
101
101
110
110
111
111

Memory
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Doubling the Block Size

Processor

R1 <= M[000000]
R2 <= M[000100]
R3 <= M[010000]
R2 <= M[011100]
m=d R1 <= M[000000]
R1 <= M[000100]

miss

V tag

Cache

data

1

01

150 « 140

1

01

170 * 160

RO

R1| 100
R2| 170
R3| 140

Memory

000
000
001
001
010
010
011
011
100
100
101
101
110
110
111
111
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Doubling the Block Size

Processor

R1 <= M[000000]
R2 <= M[000100]
R3 <= M[010000]
R2 <= M[011100]
m=d R1 <= M[000000]
R1 <= M[000100]

miss

Cache

V tag data

1

00110 « 100

/

1

01 ] 1707160

11

RO

R1 100 «~
R2 170
R3 140

Memory

000
000
001
001
010
010
011
011
100
100
101
101
110
110
111
111
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Doubling the Block Size

Processor

R1 <= M[000000]
R2 <= M[000100]
R3 <= M[010000]
R2 <= M[011100]
R1 <= M[000000]
== R1 <= M[000100]

hit

Cache

V tag

data

1

00

TT0 + 100

1

01

170 ' 160

RO

R1 110 «
R2 170
R3 140

Memory

000
000
001
001
010
010
011
011
100
100
101
101
110
110
111
111
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Block Size Considerations

* Larger blocks may reduce miss rate due to
spatial locality

« Butin a fixed-sized cache

— Larger blocks => fewer of them => increased miss rate
due to conflicts

— Larger blocks => data fetched along with the
requested data may not be used

* Larger blocks increase the miss penalty
— Takes longer to transfer a larger block from memory
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Exercise: DM Cache Address Breakdown

* Assuming 16-bit memory addresses, how many
bits are associated with the tag, index, and
offset of the following configuration for a direct
mapped cache?

* 16 blocks, 4 bytes per block
Byte offset: ? bits
Index: ? bits
Tag: ? bits
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Exercise: DM Cache Address Breakdown

* Assuming 16-bit memory addresses, how many
bits are associated with the tag, index, and
offset of the following configuration for a direct
mapped cache?

* 16 blocks, 4 bytes per block
Byte offset: 2 bits
Index: 4 bits
Tag: 10 bits
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Cache Intuition Revisited
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Block Placement in DM Cache

* Direct mapped cache: Each memory block maps to one
cache block

ini:!ex
000

0 Block 00

S 010

® Block 01

§ 011

= 100 Block 10

>

o Block 11

£ 101

= Direct mapped cache
110 with 4 blocks
111

Memory with 8 blocks Lecture 21: 23



More Flexible Block Placement

« K-way Set Associate Cache: each memory block maps
to one set, which contains K blocks (ways)

— A memory block can be stored anywhere in the cache set

in{fex
000
@ 001
0 Way 0 Way 1
S 010
E > Set 0
§ 011
o Set 1
> 100
g 2-way set associative cache
ks 101 with 4 blocks
110
111

- Lecture 21: 24
Memory with 8 blocks



Associative Caches

* Provide more flexible placement of blocks

 K-way set associative
— Index bits determine which set to address
— Each set contains K entries (ways)

— All ways in the selected set are searched in paraliel
K comparators (more expensive than direct mapped)

 An extreme case: Fully associative

— Block can go in any cache location
* Only one set => No need for index bits

— All entries are searched in parallel
« Comparator per entry (most expensive)
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Address Translation for Associative Caches

 Breakdown of memory address for cache use

l ' l S LAH

n-i-b tag bits J i index bits —

|
b byte offset bits

 Parameters for a K-way set associative cache
— Number of sets is 2!
— Number of blocks is K x 2!
— Size of each cache block is 2P bytes
— Total cache size is (K x 2i*b) bytes
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2-way Set Associative Example

Size of each block is 4 bytes

Cache holds 4 blocks, 2-way set associative
Memory holds 16 blocks

Memory address

V tag data V tag data

0
o 1 } 7
3 tag bits /t I LZ byte offset bits A Y / 2 sets
1 index bit L
2 ways

{ tag, index } = memory block address
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2-way Set Associative Example

Processor
byte

tag index offset

== R1 <= M[Poobod]

R2 <= M[000100]
R3 <= M[010000]
R2 <= M[011100]
R1 <= M[000000]
R1 <= M[000100]

RO

R1

R2

R3

a

miss

mp> O

1

V tag data V tag data

Cache

0

0

0

0

Memory

0000
0001
0010
0011
0100
0101

0110

Each register./
holds 4-byte value

0111
1000
1001
1010
1011
1100
1101
1110
1111

$

{

Memory block J
address (binary)

Data (decimal)
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2-way Set Associative Example

Processor

m==) R1 <= M[000000]
R2 <= M[000100]
R3 <= M[010000]
R2 <= M[011100]
R1 <= M[000000]
R1 <= M[000100]

RO

R1| 100 e

R2

R3

Cache

miss V tag data V t_gg/dalta’

s O[T J000] 100<3{0 |

110

) 0

-

Memory

000

0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111
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2-way Set Associative Example

Processor

R1 <= M[000000]
=) R2 <= M[000100]
R3 <= M[010000]
R2 <= M[011100]
R1 <= M[000000]
R1 <= M[000100]

miss O

m—> 1

Cache

V tag data V tag data

1 ]000] 100 {{O

0 0

RO

R1[ 100

R2

R3

Memory

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111
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2-way Set Associative Example

Processor

R1 <= M[000000]
=) R2 <= M[000100]
R3 <= M[010000]
R2 <= M[011100]
R1 <= M[000000]
R1 <= M[000100]

RO
R1| 100
R2[ 110~¥
R3

miss 0

m—> 1

Cache

V tag data V tag data

TJooo] 100 |0 | —%

TJooo[ 11040 [ |

Memory
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2-way Set Associative Example

Processor

R1 <= M[000000]
R2 <= M[000100]
m=d R3 <= M[010000]
R2 <= M[011100]
R1 <= M[000000]
R1 <= M[000100]

miss

Cache

V tag data V tag data

TJoo0] 100 ][0

1 000 110 |[0

RO
R1| 100
R2| 110
R3

Memory
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2-way Set Associative Example

Processor Cache Memory

R1 <= M[000000]

R2 <= M[000100] miss VY tag data V tag data
== R3 <= M[010000] m==p01 1 ]000] 100 |]1 fo10f 140 (|
R2 <= M[011100] 11 ]ooof 110 Jfo| A

R1 <= M[000000]
R1 <= M[000100]

RO /
R1 100

R2| 110 /

R3 140 7
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2-way Set Associative Example

Processor

R1 <= M[000000]
R2 <= M[000100]
R3 <= M[010000]
=) R2 <= M[011100]
R1 <= M[000000]
R1 <= M[000100]

miss O

m—)> 1

Cache

V tag data V tag data

T]000] 100

1

010] 140

1 000 110

0

RO

R1l 100
R2[ 110
r3|[ 140

Memory

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111
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2-way Set Associative Example

Processor

R1 <= M[000000]
R2 <= M[000100]
R3 <= M[010000]
=) R2 <= M[011100]
R1 <= M[000000]
R1 <= M[000100]

RO

R1| 100

R2 170 &«
R3[| 140

Cache

V tag data V tag data

010] 140

m=p- 1 [T 000 110 |[1

011

170y

/

Memory
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2-way Set Associative Example

Processor Cache Memory
R1 <= M[000000] 0000
R2 <= M[000100] hit V tag data V tag data 0001
R3 <= M[010000] musp- O] 1 [000] 100 [|1 JOTOf 140 0010
R2 <= M[011100] 1[1 Joooki10 ([T [o11[ 170 0011

m=P R1 <= M[000000] 0100
R1 <= M[000100] 0101
0110

0111

RO 4////// 1000
R1| 1004 1001

R2 170 1010

RrR3[ 140 1011
1100

1101
1110
1111
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2-way Set Associative Example

Processor

R1 <= M[000000]
R2 <= M[000100]
R3 <= M[010000]
R2 <= M[011100]
R1 <= M[000000]
== R1 <= M[000100]

hit 0
) 1

Cache

V tag data V tag data

TToo0] 100 [T

010] 140

T ool 110 |[1

011

170

RO P
R1 110~
R2 170

R3 140

Memory

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111
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Example: 4-way Set Associative Cache

Address
3130---12111098:--3210

Jd22 48
Tag .
ndex Index bits address one cache set
Index V Tag Data V Tag Data V Tag Data V Tag Data
0 N
1
2 256 sets
253 [ ] [ ] ® ® ® [ ] ® [ ] p ” [ ] [ ] > (4 Ways per set,
254 1024 blocks)
255 y
J22 {32
(= (= (= (=

[—R gzptoJ multiplex@
l

Hit Data
All 4 ways within the selected cache set are searched in parallel
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Exercise: Associative Cache Address
Breakdown
* Assuming 16-bit addresses, how many bits are

associated with the tag, index, and offset of the
following cache configuration?

* 8 blocks, 4 bytes per block, 4-way set associative
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Exercise: Associative Cache Address
Breakdown

* Assuming 16-bit addresses, how many bits are
associated with the tag, index, and offset of the
following cache configuration?

* 8 blocks, 4 bytes per block, 4-way set associative
Byte offset: 2 bits
Index: 1 bit
Tag: 13 bits

Lecture 21: 40



Spectrum of Associativity

* A K-way set associative cache with N blocks

— Number of cache sets S=N/ K
* Number of index bits = log,(S)

— When K = N, fully associative cache
* ONE cache set & zero index bits

— When K = 1 (one-way), direct mapped cache
N cache sets

* Increasing the associativity
— Typically improves the hit rate (fewer conflicts)
— But increases the hit time (takes longer to search)
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Spectrum of Associativity

For a cache with 8 blocks, 4 bytes per block
16-bit memory address

One-way set associative
(direct mapped)

Block Tag Data

0
] Two-way set associative
> Set Tag Data Tag Data
3 0
4 1
2
5
6 3
7

Four-way set associative

Set Tag Data Tag Data Tag Data Tag Data
0

1

Eight-way set associative (fully associative)

Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data

J
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How Much Associativity?

* Higher associativity decreases miss rate
— But with diminishing returns

* Miss rates for 64KB data cache, 64 byte block
size, SPEC2000 benchmarks
— 1-way: 10.3%
— 2-way: 8.6%
— 4-way: 8.3%
— 8-way: 8.1%

Lecture 21: 43



Next Class

More Caches
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