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Pipelined Processor

Code Stored in Memofy
(also, data and stack)

Memory

Stack, Data, Code
Stored in Memory




Problem

Main memory is very very slow

Remember:

SRAM
* 6-8 transistors, no refresh, fast

DRAM

* 1 transistor, denser, cheaper/bit, needs refresh




Problem

Main memory is very very slow

CPU clock rates ~0.33ns — 2ns (3GHz-500MHz)

Memory Access time in Access time in
technology nanosecs (ns) cycles

SRAM (on chip) 0.5-2.5ns 1-3 cycles

SRAM (off chip) 1.5-30 ns 5-15 cycles

DRAM 50-70 ns 150-200 cycles

SSD (Flash) 5k-50k ns  Tens of thousands

Disk 5M-20M ns Millions




Problem

Main memory is very very slow

CPU clock rates ~0.33ns — 2ns (3GHz-500MHz)

Memory Access time in Access time in $ per GIB in Capacity
technology nanosecs (ns) cycles 2012

SRAM (on chip) 0.5-2.5ns 1-3 cycles 256 KB

SRAM (off chip) 1.5-30 ns 5-15 cycles S4k 32 MB
DRAM 50-70 ns 150-200 cycles $10-S20 8 GB
S XGES)) 5k-50k ns Tens of thousands $0.75-51 512 GB

DI 5M-20M ns Millions  $0.05-50.1 47TB




Memory Pyramid

Regiile,. < 1 cycle access

100s bytes

L1 Cache 1-3 cycle access

L3 becoming more/  (several KB)
common

N

L2 Cache (%-32MB) 5-15 cycle access

Memory (128MB — few GB) 150-200 cycle access

1000000+

Disk (Many GB — few TB)
cycle access

These are rough numbers: mileage may vary for latest/greatest
Caches usually made of SRAM




Goal

Can we create an illusion of
cheap,
large and

fast memory?

RegFile
100s bytes

L1 Cache
(several KB)

L2 Cache (%-32MB)

Memory (128MB — few GB)

Disk (Many GB — few TB)




Goal

Can we create an illusion of

RegFile
100s bytes

L1 Cache
(several KB)

cheap,

L2 Cache (%-32MB)

large and
faSt memorY? Memory (128MB — few GB) \

Disk (Many GB — few TB)

Yes, using caches
and assuming temporal and spatial locality




By the end of the cache lectures...

MacBook Pro Vodel Name: MacBook Pro

Retina, Mid 2012 Model Identifier: MacBookProl10,1
' Processor Name: Intel Core i7
Processor Speed: 2.7 GHz
Processor 2.7 GHz Intel Core i7 Number of Processors: 1
Total Number of Cores: 4
Memory 16 GB 1600 MHz DDR3 L2 Cache (per Core): 256 KB
L3 Cache: 8 MB

Graphics NVIDIA GeForce GT 650M 1024 MB Memory: 16 GB
Boot ROM Version: MBP101.00EE.BO2

Serial Number C02J70TTDKQ5 SMC Version (system): 2.3f36
Serial Number (system): C02J70TTDKQ5
Software OS X 10.9.2 (13C64) Hardware UUID: F588E08C-60BF-5B35-A087-07714C2B2D11

» 32 KB data + 32 KB instruction L1 cache (3 clocks) and 256 KB L2 cache (8 clocks) per core.
# Shared L3 cache includes the processor graphics (LGA 1155).
s 64-byte cache line size.
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_ 20 MB Last Level (LLC) Cache or L3 Cache  Ring
Ring Station
System Integrated Quick Path
Agent Memory Interconnect
Controller (QPI) Agent

2PCle3 x16 Four DDR3 Each link 16 GB/s in
DMi2 1 PCle3 x8 channels 51.2 GB/s each direction
Figure 1. Schematic diagram of a Sandy Bridge processor.




System I

Agent &

Processor

Graphics = = including | &
o DML Display] 5
and Misc. V0| 5

Controllerl $

Memory
Controller

mcludmg

Sandy Bridge: 995 m|II|on transistors; 216 square millimeters




Today

Caches vs memory vs tertiary storage
* Tradeoffs

Cache organization
* Direct Mapped
* Fully Associative
* N-way set associative

Caching Questions

* How does a cache work? How fast? How big?




Library analogy

Writing a paper on Beren and Luthien
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Book Analogy

* Pick a small set of books; not entire shelf

 Spend time on small set of chapters




Book Analogy

Pick a small set of books; not entire shelf

Spend time on small set of chapters

Sometimes get other books as well
* Norse mythology, Tolkien biography

Your desk: out of space
* Replace less useful books with new ones




Book Analogy

Pick a small set of books; not entire shelf
 Cache vs. main memory
 Working set (the subset in use)

Spend time on small set of chapters
 (Cache hit
* Locality of access: temporal and spatial

Sometimes go to other books
 Cache may not have data (cache miss)

Shelf out of space
 Cache eviction policy



Forms of locality

int n

=4;
int k[] =

{3, 14, 0, 10 };
int fib(int i) {

if (i <= 2) return i;
else return fib(i-1)+fib(i-2);

Temporal Locality

int main(int 3k, char av) {
for (in

prlntl(flb
prints("\n");

) } Spatial Locality




Insight for Caches

If Mem([x] was accessed recently...
... then Mem|x] is likely to be accessed soon

* Exploit temporal locality:

— Put recently accessed Mem(x] higher in memory
hierarchy since it will likely be accessed again soon

... then Mem|[x * €] is likely to be accessed soon

* Exploit spatial locality:
— Put entire block containing Mem|[x] and surrounding

addresses higher in memory hierarchy since nearby
address will likely be accessed




Memory Hierarchy

Memory closer to processor
e small & fast

. L1 Cache
e stores active data SRAM-on-chip

Memory farther from processor

* big & slow
. : Ve d L2/L3 Cache
stores Inactive data SRAM




90-10 Rule

SR3 Reg

1% of data is LW SR3, Mem

accessed the most
L1 Cache

SRAM-on-chip

L2/L3 Cache
SRAM

9% of data is “active”

Memory
DRAM

90% of data inactive
(not accessed)




Memory Hierarchy

Memory closer to processor is fast but smal

* usually stores subset of memory farther
— “strictly inclusive”

* Transfer whole blocks
(cache lines):

4kb: disk <> RAM
256b: RAM &~ L2
64b: L2 & L1




Cache Lookups (Read)

Processor tries to access Mem|x]

Check: is block containing Mem|[x] in the cache?

* Yes: cache hit
— return requested data from cache line

* No: cache miss
— read block from memory (or lower level cache)
— (evict an existing cache line to make room)
— place new block in cache
— return requested data
— and stall the pipeline while all of this happens




Definitions and Terms

Block (or line)

*  Minimum unit of information that is present/or
not in the cache

Cache hit, miss

Hit rate

* The fraction of memory accesses found in a level
of the memory hierarchy

Miss rate
e The converse




Cache Questions

 What structure to use?
* Where to place a block (book)?
 How to find a block (book)?

* When miss, which block to replace?

* What happens on write?




Three common designs

A given data block can be placed...
* ...in exactly one cache line = Direct Mapped
 ...inany cache line = Fully Associative
e ...in a small set of cache lines = Set Associative




Direct Mapped Cache

e Each block number maps to a
single cache line index

* Simplest hardware

* Questions
— How to index into cache
— How to find correct word/byte
— How to match it

0x000000
0x000004
0x000008
0x00000c
0x000010
0x000014
0x000018
0x00001c
0x000020
0x000024
0x000028

0x00002c

0x000030
0x000034
0x000038
0x00003c
0x000040




Direct Mapped Cache

e Each block number maps to a
single cache line index

* Simplest hardware

* Questions
— How to index into cache
— How to find correct word/byte
— How to match it

Cache

line O
line 1

K

2 cachelines
1-word per cacheline
byte addressable

0x000000
0x000004
0x000008
0x00000c
0x000010
0x000014
0x000018
0x00001c
0x000020
0x000024
0x000028

0x00002c

0x000030
0x000034
0x000038
0x00003c
0x000040




Direct Mapped Cache

* Questions
— How to index into cache
— How to find correct word/byte
— How to match it

32-addr tag |index|offset

29 1 2
Cache

line O
line 1

\

2 cachelines
1-word per cacheline
byte addressable

0x000000
0x000004
0x000008
0x00000c
0x000010
0x000014
0x000018
0x00001c
0x000020
0x000024
0x000028

0x00002c

0x000030
0x000034
0x000038
0x00003c
0x000040




Direct Mapped Cache

0x000000

32-addr

tag hnc

ex |offset

2

9-bits 14

line 0

Cache

bits 2-bits

0x000000

Iin\e 1

2 cachelines
1-word per cacheline
byte addressable

0x000004
0x000008
0x00000c
0x000010
0x000014
0x000018
0x00001c
0x000020
0x000024
0x000028

0x00002c

0x000030
0x000034
0x000038
0x00003c
0x000040
0x000044




Direct Mapped Cache

e Each block number maps to a
single cache line index

e Simplest hardware

32-addr tag |index|offset

Cache

2 cachelines
4-words per cacheline
byte addressable

0x000000
0x000004
0x000008
0x00000c
0x000010
0x000014
0x000018
0x00001c
0x000020
0x000024
0x000028

0x00002c

0x000030
0x000034
0x000038
0x00003c
0x000040




iClicker

Size of offset?
A) 1
B) 2
C)3
D) 4
E)5

Size of tag?




Direct Mapped Cache

0x000000

0x000004

0x0000038

0x00000c

0x000010

0x000014

0x0000138

32-addr tag __|index |oﬁset 0x00001c
27 1 - 0x000020

Cache 0x000024

0x0000238
0x00002c

0x000030
0x000034
0x000038
0x00003c
0x000040

2 cachelines
4-words per cacheline
byte addressable




Direct Mapped Cache

0x000000
* Each block number maps to 0x000004

single cache line index 0x000008
0X00000¢

e Simplest hardwar 0x000010
0x000014
0x000018
0x00001c

32-addr tag  |index |offset 0x000020
27-bits 14{bits 4-bits 0x000024

Cache 0x000028

0x000000 | 0x000004 | 0x000008 |0x00000c 0x00002c
0x000030

0x000034
0x000038
0x00003c
0x000040
0x000044

2 cachelines
4-words per cacheline




Direct Mapped Cache: 1 Memory

[0x000000
line 0_] 0000004
0x000008
| 0x00000¢
0x000010
line 1 JOx000014
0x000018
|0x00001c

32-addr tag indexloffset 0x000020
27-bits 1-bits 4-bits 0x000024

Cache 0x000028

0x000000 | 0x000004 | 0x000008 |0x00000c 0x00002c
0x000030
0x000034

|
2 cachelines 0x000038

4-words per cacheline 0x00003c¢
0x000040

0x000044




Direct Mapped Cache: 2 Memory

0x000000
0x000004
0x000008
0x00000c
0x000010
0x000014
0x000018
0x00001c
32-addr tag | indexloffset 0x000020
0x000024

Cache 0x000028
0x000000 | 0x000004 0x00002¢

0x000030
0x000034
0x000038
0x00003c
0x000040
0x000044

4 cachelines
2-words per cacheline




Direct Mapped Cache: 2

0x000000
x000004
0x000008
x00000c
0x000010
000014
0x000018
x00001c

32-addr tag | indexloffset 0x000020
27-bits 2-bits  3-bits x000024

Cache line 110x000028

0x000000 | 0Ox000004 x00002c
line 2 | 0x0O00030

0x000034
line 370x000038
0x00003c

0x000040
0x000044

4 cachelines
2-words per cacheline




Direct Mapped Cache

Pros: Very simple hardware




Direct Mapped Cache (Hardware)

Tag| Index

Offset

\Y 7Tag

©

0...001000

tag

offset
index

:

hit?

-+

\Word selecyé

data “T 32 bits




Direct Mapped Cache Size

Tag | Index [Offset 2m bXtes per block
V. Tag | Block \

—

2" blocks] %WWW

—

n bit index, m bit offset

Q: How big is cache (data only)?
Cache of size 2" blocks

Block size of 2™ bytes

Cache Size: 2" bytes per block x 2" blocks = 2"*™ bytes




Direct Mapped Cache Size

Tag | Index [Offset m ?ytes oer block

V. Tag | Block \

—

2" blocks] %WWW

—

n bit index, m bit offset
Q: How much SRAM is needed (data + overhead)?
Cache of size 2" blocks

Block size of 2™ bytes

Tag field: 32— (n+ m), Valid bit: 1

SRAM Size: 2" x (block size + tag size  + valid bit size)
= 2"x (2™ bytes x 8 bits-per-byte + (32—n—m) + 1) bits




Example: Direct Mapped Cache

Using byte addresses in this example. Addr Bus =5 bits

Processor Cache Memory

4 cache lines
2 byte block

100
110

tag data

0
|
2
3
4
5
()
7
8
9

(WY
(=)

(WY
[

(WY
N

(WY
W

(WY
S

(WY
U




Example: Direct Mapped Cache

Using byte addresses in this example. Addr Bus =5 bits

Processor Cache Memory

4 cache lines

2 byte block

2 bit tag field

2 bit index field
1 bit block offset

v tag data
0

100
110

0
|
2
3
4
5
()
7
8
9

(WY
(=)

(WY
[

(WY
N

(WY
W

(WY
S

(WY
U




15t Access

Processor

Cache

index

|

Addr: 00001

y tas data

0

0
|
2
3
4
5
()
7
8
9

S N T S S T
ubH WNERO




15t Access

Processor

Addr: 00001

m) LB $1< M| v ta‘g dat\

LB $2 «— M|
LB $3 < M[ 1| 00 100

LB $3 < M| 110 ~
LB $2 «— M|

Misses: 1

Hits: 0




2Md Access

Processor

LB $1 < M[
) LB $2 «— M|
LB $3 < M[
LB $3 < M[
LB $2 < M[

OO NOOULDE WNERERO

(WY
(=)

(WY
[

(WY
N

Misses: 1

(WY
W

(WY
S

Hits: 0

(WY
U




2Md Access

Processor .
index

!

Addr: 0010

LB 51« M[ tag data
) LB $2 < M| \ &

LB $3 < M[ 1| 00 100

LB $3 < M[ 110

LB $2 < M[

OO NOOULDE WNERERO

(WY
(=)

(WY
[

(WY
N

Misses: 2

(WY
W

(WY
S

Hits: 0

(WY
U




2Md Access

Processor .
index

!

Addr: 0010

18 AL == il tag data W°
) LB $2 < M| \

LB $3 < M| 1| oo/| 100
LB $3 < M|
LB $2 < M[ / 2

v
00

OO NOOULDE WNERERO

(WY
(=)

(WY
[

(WY
N

Misses: 2

(WY
W

(WY
S

Hits: 0

(WY
U




3rd Access

Processor

tag data

00 100
110

OO NOOULDE WNERERO

(WY
(=)

(WY
[

(WY
N

Misses: 2

(WY
W

(WY
S

Hits: 0

(WY
U




3rd Access

Processor

Addr: 0000

y tas data

00 100
110

OO NOOULDE WNERERO

(WY
(=)

(WY
[

(WY
N

Misses: 2

(WY
W

(WY
S

Hits: 1

(WY
U




4th Access

Processor

LB $1 « M|
LB $2 < M|
LB $3 «— M|

mm) LB $3 < M|
LB $2 < M|

OO NOOULDE WNERERO

(WY
(=)

(WY
[

(WY
N

Misses: 2

(WY
W

(WY
S

Hits: 1

(WY
U




4th Access

Processor Cache

Addr: 0010

LB $1 «— M|
LB $2 «— M|
LB $3 < M[ 0Q 100
mm) LB $3 < M| 110

LB $2 «— M| |°

1] 00

V tag data

OO NOOULDE WNERERO

(WY
(=)

(WY
[

S0
s1

é2 - Misses: 2
S3 Hits: 2

(WY
N

[
vi b W




5th Access

Processor

LB $1 « M[
LB $2 « M[
LB $3 < M[
LB $3 < M[
mm) LB S2 — M|

OO NOOULDE WNERERO

(WY
(=)

(WY
[

S0
s1

é2 - Misses: 2
S3 Hits: 2

(WY
N

[
vi b W




5th Access

Processor Cache

Addr: 0000

LB $1 < M[
LB $2 < M[

LB $3 < M| 1| 00 100
LB $3 <— M| 110

mm) LB S2 — M| IO

1] 00

y tas data

OO NOOULDE WNERERO

(WY
(=)

(WY
[

(WY
N

Misses: 2

==
S W

Hits: 3

(WY
U




6th Access

Processor

LB $1<— M[ 1
LB $2< M[ 5
LB $3<—M[ 1 00
LB $3<— M[ 4

LB $2<— M[ O
mm) LB $2 < M[ 10 IO_I
LB $2 < M[ 15

1] 00

OO NOOULDE WNERERO

(WY
(=)

(WY
[

S0

s1 : >
$2 Misses:

(WY
N

==
S W

S3 Hits: 3

(WY
U




6th Access

Processor Cache

Addr: 0101

LB $1 « M|
LB $2 < M|
LB $3 «— M|

} vy tag data
]
LB $3 < M[ ]
]
]
]

1] 00 100
110

LB $2 «— M|

mm) LB $2 < M[ 10
LB $2 < M[ 15

OO NOOULDE WNERERO

(WY
(=)

(WY
[

S0
s1

¢2 - Misses: 3
S3 Hits: 3

(WY
N

[
vi b W




7t Access

Processor

IBS$1<M[ 1 ]
LB $2< M[ 5 ]
LB $3<—M[ 1 ]
LB $3<— M[ 4 ]
]
]
]

LB $2 < M[
LB $2 < M[ 10
) (B $2 < M[ 15

OO NOOULDE WNERERO

(WY
(=)

(WY
[

S0
s1

¢2 - Misses: 3
S3 Hits: 3

(WY
N

[
vi b W




7t Access

Processor Cache

Addr: 0111

LBS1<—M[ 1
LB $2<— M[ 5
LB $3<—M[ 1 1| 00 100
LB S3<—M[ 4
LB S2<—M[ O n 110
LB $2 < M[ 10

5

) B $2— M[1
A
S0 B
S1

é2 - Misses: 4
S3 Hits: 3

y tas data

OO NOOULDE WNERERO

(WY
(=)

(WY
[

(WY
N

[
vi b W




8th Access

Processor

LB $1 < M[ 1
LB $2< M[ 5
LB $3 < M[ 1
LB $3 < M[ 4
LB $2 < M[ 0
LB $2 < M[ 10
LB $2 < M[ 15
) B $2<— M[ 8

R
il
S0 i

s1

é2 - Misses: 4
S3 Hits: 3

S xxx=<=<

OO NOOULDE WNERERO

— ) b ) ) ) ) —)

(WY
(=)

(WY
[

(WY
N

[
vi b W




8th Access

Processor Cache

Addr: 0100

LB $1 < M[
LB $2 «— M|
LB $3 < M][
LB $3 < M][
LB $2 < M][
LB $2 < M[ 10
LB $2 < M[ 15
m) B $2<— M[ 8

vy tag data
1] 01 180

190
1
1] 00
1

S xxx =<

OO NOOULDE WNERERO

(WY
(=)

(WY
[

S0

s1 :
$2 Misses: 5

(WY
N

==
S W

S3 Hits: 3

(WY
U




8th Access

Processor Cache

Addr: 0100

LB $1 < M[ 1
LB $2< M[ 5
LB $3 < M[ 1
LB $3 < M[ 4
LB $2 < M[ 0
LB $2 < M[ 10
LB $2 < M[ 15
) B $2<— M[ 8
LB $2 < M[ 10
LB $2 < M[ 15
LB $2<— M[ 8
LB $2 < M[ 10
LB $2 < M[ 15
LB $2 < M[ 8

vy tag data
1] 01 180

190
1
1] 00
1

OO NOOULDE WNERERO

e
N = O

Misses: 5

TTITITIIxx<<SxTxx<=<
=
w

— ) b — ) ) e ) ) ) e ) ) )

(WY
S

Hits: 3+3+43+...

(WY
U




Pathological Case




Direct Mapped Example: 61" Access

Pathological example

Processor

LB $1 «— M|
LB $2 < M|
LB $3 < M| 00
LB $3 < M][

LB $2 < M][
‘LB$2<—M[1Z IO_I
LB $2 < M[ 8

1] 00

OO NOOULDE WNERERO

(WY
(=)

(WY
[

S0
s1

$2 Misses: 2

(WY
N

(WY
W

(WY
S

S3 Hits: 3

(WY
U




6th Access

Processor Cache

Addr: 0110

LB $1 < M|
LB $2 <« M|
LB 23 ~— M[ 1| 00 100
LB $3 <— M|

LB $2 — M| 2
LB $2 < M[ 12
LB $2<— M[ 8

y tas data

OO NOOULDE WNERERO

(WY
(=)

(WY
[

S0

s1 :
$2 Misses: 3

(WY
N

==
S W

S3 Hits: 3

(WY
U




7t Access

Processor

LB $1 < M|
LB $2 « M|
LB $3 < M][
LB $3 < M|
LB $2 < M][
LB $2 < M[ 12
) (B $2<— M[ 8

OO NOOULDE WNERERO

(WY
(=)

(WY
[

S0

> Misses: 3
) isses:

(WY
N

==
S W

S3 Hits: 3

(WY
U




7t Access

Processor

LB $1 < M|
LB $2 « M|
LB $3 < M][
LB $3 < M|
LB $2 < M][
LB $2 < M[ 12
) (B $2<— M[ 8

S0
s1

$2
S3

Cache

Addr: 0100

v tag data

1] 01 180

190

Misses: 4

Hits: 3

OO NOOULDE WNERERO

S N T S S T
ubH WNERO




8th and 9th Access

Processor

LB $1 < M[ 1
LB $2< M[ 5
LB $3< M[ 1
LB $3 < M[ 4
LB $2< M[ O
LB $2 «— M[ 12
LB $2< M[ 8
) B $2<—M[ 4]
LB $2< M[ 0 ]

S0

s1 : n
$2 Misses:

o3 DN [ s 3

OO NOOULDE WNERERO

(WY
(=)

(WY
[

(WY
N

(WY
W

==
v b




8th and 9th Access

Processor

LB $1< M[ 1
LB $2< M[ 5
LB $3<— M[ 1
LB $3<— M[ 4
LB $2<— M[ ©
LB $2 «— M[ 12
LB $2<— M[ 8
) B $2<—M[ 4]
LB$2<M[ 0] M

SO
S1 180
) 100 Misses: 4+2

o3 DO | s 3

S xxx =<

OO NOOULDE WNERERO

(WY
(=)

(WY
[

(WY
N

[
vi b W




10th and 11t Access

Processor

LB $1 < M[ 1
LB $2<—M[ 5
LB $3<—M[ 1
LB $3 <— M[ 4
LB $2<—M[ O
LB $2 < M[ 12
LB $2<— M[ 8
LB $2<— M[ 4
LB $2<—M[ O
mm) LB $2 < M[ 12
LB $2 < M[ 8

OO NOOULDE WNERERO

S xxx<<
[y
o

(WY
[

(WY
N

Misses: 4+2

==
S W

Hits: 3

(WY
U




10th and 11t Access
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Problem

Working set is not too big for cache

Yet, we can’t make it work




