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Read Only Memory (ROM)

 Permanent storage
— Nonvolatile

« Used in:
— Microprogramming
— Library subroutines
— Systems programs (BIOS)
— Function tables

ROM PROM EPROM EEPROM




Types of ROM

* Written during manufacture
— Very expensive for small runs

* Programmable (once)
— PROM
— Needs special equipment to program

* Read "mostly”
— Erasable Programmable (EPROM) EPROM $imy
* Erased by UV

— Electrically Erasable (EEPROM)
« Takes much longer to write than read

— Flash memory
» Erase whole memory electrically
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RAM Technology

« Static RAM (SRAM) for Cache

— Requires 6 transistors per bit
— Requires low power to retain bit

 Dynamic RAM (DRAM) for Main Memory

— One transistor + capacitor per bit
— Must be re-written after being read

— Must also be periodically refreshed
- Each row can be refreshed simultaneously S S

— Address lines are multiplexed
« Upper half of address: Row Access Strobe (RAS)
« Lower half of address: Column Access Strobe (CAS)




DRAM vs. SRAM

« DRAM

— Slower access (capacitor)

— Higher density (1T 1C cell)

— Lower cost

— Requires refresh (power, performance, circuitry)

— Manufacturing requires putting capacitor and logic together
« SRAM

— Faster access (no capacitor)

— Lower density (6T cell)

— Higher cost

— No need for refresh

— Manufacturing compatible with logic process (no capacitor)

6
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Static RAM Storage Cell

« Static RAM (SRAM): fast but expensive RAM

 6-Transistor cell with no static current

» Typically used for caches Ak
Vce A
* Provides fast access time
b
» Cell Implementation: —
— Cross-coupled inverters store bit = _“j
bit T bit

— Two pass transistors y
P Typical SRAM cell

— Row decoder selects the word line

— Pass transistors enable the cell to be read and written
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Dynamic RAM Storage Cell

« Typical choice for main memory Word line

e Cell Implementation:

Pass
Transistor

— 1-Transistor cell (pass transistor) L

I L
— Trench capacitor (stores bit) —L capacitor
 Bitis stored as a charge on capacitor bt
* Must be refreshed periodically Typical DRAM cell

— Because of leakage of charge from tiny capacitor
« Refreshing for all memory rows

— Reading each row and writing it back to restore the charge
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DRAM Structure

Memory Arrays: DRAM
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DRAM Refresh Cycles

« Refresh cycle is about tens of milliseconds

« Refreshing is done for the entire memory
« Each row is read and written back to restore the charge

« Some of the memory bandwidth is lost to refresh cycles

Voltage A 1 Written Refreshed Refreshed Refreshed
Threshold
voltage [~~~ """ T T TT T TT T m oo oo omooomoomooomo—mooooooee-
0 Stored | Refresh Cycle
Voltage Time
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Memory Bank Organization and Operation

+ Read access sequence:

—
2D Storage _
5 — Arra 1. Decode row address & drive
k% S y word-lines
» D o]
@ ) X MS bits S
% &0 E é.; EEN ] 2. Selected bits drive bit-lines
< g Sl « Entire row read
< N |
3. Amplify row data
_ vyvew v v 4. Decode column address &
LSbhits ™~ Column Decoder — select subset of row
l » Send to output
Data Out 5. Precharge bit-lines

* For next access
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SDRAM and DDR SDRAM

« SDRAM is Synchronous Dynamic RAM
— Added clock to DRAM interface
« SDRAM is synchronous with the system clock
— Older DRAM technologies were asynchronous

— As system bus clock improved, SDRAM delivered
higher performance than asynchronous DRAM

« DDR is Double Data Rate SDRAM

— Like SDRAM, DDR is synchronous with the system
clock, but the difference is that DDR reads data on
both the rising and falling edges of the clock signal
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DDR

LU B N

Clock Cycle

DOR 2 B A N B
* Double data rate (DDR) DRAM

* Transfer on rising and falling clock edges
« DDR4-3200 (PC25600): 64bits * 1600MHz * 2 = 25600MB/s

o 8 chips
%v"”o :
X8 "\ MUX AN Mlux MUX N MIU)( MIUX / MUX . MUX MUX
- ! R ~
!
64 bits
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DDR Transfer Rates & Peak Bandwidth

Standard Memory Millions Transfers Release Peak
Name Bus Clock per second VEED Bandwidth
DDR-200 100 MHz 200 MT/s 1998 1600 MB/s
DDR-400 200 MHz 400 MT/s 1998 3200 MB/s
DDR2-667 333 MHz 667 MT/s 2003 5333 MB/s
DDR2-800 400 MHz 800 MT/s 2003 6400 MB/s
DDR3-1066 533 MHz 1066 MT/s 2007 8533 MB/s
DDR3-1600 800 MHz 1600 MT/s 2007 12800 MB/s
DDR4-3200 1600 MHz 3200 MT/s 2014 25600 MB/s
DDR5-3600 1800 MHz 3600 MT/s 2020 28800 MB/s
DDR5-7200 3600 MHz 7200 MT/s 2020 57600 MB/s

*» 1 Transfer = 64 bits = 8 bytes of data

%/ University of Kurdistan
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Expanding the Data Bus Width

« Memory chips typically have a narrow data bus

« We can expand the data bus width by a factor of p
— Use p RAM chips and feed the same address to all chips

— Use the same Chip Select and Read/Write control signals

CS R/W CS R/W C R/W
Address Address S —p Address
Data Data Data
m I m
4 ; .. ; 4
H_J

Data width = m x p bits
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Increasing Memory Capacity by 2X

« A kto 2¥decoder is used to select one of the 2% chips
— Upper n bits of address is fed to all memory chips

— Lower & bits of address are decoded to select one of the 2 chips

mk k < Data bus of all chips are wired together

——e «»  ktO 2K
decoder | < Only the selected chip will read/write the data

Address

ng

A 4 A 4 A 4 A 4 A 4 A 4

CS R/W CS R/W C R/W

—p Address Address S —p Address

Data Data Data
¥m 1m Data width = /7 bits Im
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CPU chip

register file
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memory bus

bus interface <

Memory
Interface

[ )

main
memory
Modules
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Processor-Memory Performance Gap

CPU Performance: 55% per yeatr,

100,000 :
slowing down after 2004
10‘000 I L D I T I I OO O S e T o T O = . oS Q
©
o
(¢b}
8 L0100 T S P PP PP PP * (PP PP P PRI PP PRSP PRY 8
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é Processor g
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10 B e s e R e S R e e e R T s T S e e Ty e s S e DR R e S e e S e mo T E T
DRAM: 7% per year
1 L 1 1 1
1980 1985 1990 1995 2000 2005 2010
Year

© 2007 Elsevier, Inc. All rights reserved.

+ 1980 — No cache in microprocessor

s 1995 — Two-level cache on microprocessor
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Technology Trends

« Latency (Cycle Time, Access Time to Memory) doesn’t improve (or
very slowly improves) overtime compared to DRAM size (capacity)

DRAM Cycle
Year Size Time

1980 1000:1!, 64 kKb 2:1! | 250 ns
1983 256 Kb 220 ns
1986 1 Mb 190 ns
1989 4 Mb 165 ns
1992 16 Mb 145 ns
1995 64 Mb 120 ns
1998 256 Mb 100 ns
2001 1 Gb 80 ns

2012 4 Gb 35 ns
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sum = 0;

for (i = 0; 1 < n; i++)
sum += a[i];

return sum;
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int

{

sumarrayrows (int a[M] [N])
int i, j, sum = 0;

for (i = 0; i < M; i++)
for (jJ = 0; j < N; j++)
sum += a[i] []];
return sum

int

sumarraycols (int a[M] [N])
int 1, j, sum = 0;

for (jJ = 0; j < N; j++)
for (i = 0; 1 < M; i++)
sum += a[i] [j];
return sum

1 2 3 4
Al1,1] | A[L,2] | A[L,3] | A[1,4]
Al2,1] | A[2,2] | A[2,3] | A[2,4]
A[3,1] | A[3,2] | AI3,3] | A[3,4]

Concept:

Row Major Order (RMO)

A[1,1] 200

Al1,2] 201

A[1,3] 202

A[1,4] 203

Al2,1] 204 n
A[2,2] 205

A[2,3] 206 B
A[2,4] 207

A[3,1] 208 —
A[3,2] 209

A[3,3] 210 B
A[3,4] 211 B

ELEMENTS ADDRESS

University of Kurdistan

Row 1

Row 2

Row 3
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Desk
(can hold one book)

LS

Lo |

Library
(can hold many books)

axdlao — Jbo

Book Shelf
(can hold a few books)

Warehouse
(long-term storage)

/\
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aadlao — Jlc

Desk Book Shelf Library Warehouse

Processor Cache Main Memory Disk/Flash

0 s mT o

Cache Accesses =~ Main Memory Access Disk Access
(10 or fewer cycles) (100s of cycles) (100,000s of cycles)
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Cache Memories in the Datapath

MEM/WB

— M E
Imm16 ALU result 32
/ 0) 32 .
” 1 - 2 :
Q) o
Rs 5 — BusA =->1 2
RA W N A p
&) - "~ | L =
=Rt 5 9 BUSB = =
L ~»RB o BUS 0] |2 U X
> 1 w
RW ¥ 2 [ 0
~ BusW L 5
\ \>/ 32
A\ 432 R - .
1 g = » >
Rd J /\
clk —

|-Cache miss or D-Cache miss
causes pipeline to stall

Instruction Block

Block Address

|-Cache miss

Block Address

D-Cache miss
Data Block

&
<«

Interface to L2 Cache or Main Memory
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Cache introduction

Floating' Point Unit
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LO: CPU registers hold words retrieved from L1 cache.
Smaller, registers
faster, . L1 cache holds cache lines retrieved
and L1/ on-chiplLl from the L2 cache memory.
costlier cache (SRAM)
er byte . L2 cache holds cache lines
(ztoraye) L2: off-chip L2 retrieved from main memory.
devi 9 cache (SRAM)
evices
L3: main memory Main memory holds disk
Larger, (DRAM) blocks retrieved from local disks.
slower,
and
cheaper L4: local secondary storage Local disks hold files
(per byte) / (local disks) retrieved from disks on
storage remote network servers.
devices
L5: remote secondary storage

(distributed file systems, Web servers)
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Four Basic Questions on Caches

* Q1. Where can a block be placed in acache?
— Block placement (Mapping)
— Direct Mapped, Set Associative, Fully Associative
« Q2: Howis ablock found in a cache?
— Block identification
— Block address, tag, index
 Q3: Which block should be replaced on a miss?
— Block replacement
— FIFO, Random, LRU
« Q4: What happens on a write?
— Write strategy
— Write Back or Write Through (with Write Buffer)

&y University of Kurdistan
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Cache Hit/Miss Rate, and Effective Access Time

Cache is transparent to user;
transfers occur automatically

Line
Word Sttt >
<+ ---> . ___|__’ | | i
T Main
Reg Cache
CPU . < > < - > SIOW
file (fast) N (slow)
*~._memory
memory
e

Data is in the cache
fraction A of the time
(say, hit rate of 98%)

Go to main 1 — A of the time
(say, cache miss rate of 2%)

One level of cache with hit rate £~

Ceff = thast + (1 - h)(cslow + Cfast) = Cfast + (1 _ h) Cslow

35
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Block Size Considerations

Simplest way to reduce miss rate is to increase block size (Spatial Locality)

However, it increases conflict misses if cache is small

Miss Rate

25%

20%

15%

¢

Reduced

Misses

- Compulsory --

Increased Conflict Misses

1K

4K

16K

64K

256K

64-byte blocks
are common in
L1 caches

128-byte block
are common in
L2 caches

Block Size (bytes)
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Regular Memory Cells
Search Data1001 1
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Compare | 1(1|0|1
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Compare [ ([0 [|1 |00
Compare |1 (0 | 0|1 |1
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SearchData1001 1
0|1{1|0|1]| oo
01|1{1(0]| o
Match 1/0/1/0]0 Result
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(Mapping) cwls

cislS 1y cache akisl> a4 Lol akisls 3l ools JWSl Jos  ©
1 guino plxil (30 5k aw 4, (ol sl

Associative Mapping .\

* Virtual Memory DIreCt Mapplng Y
maping . . .
Cache Maping Set-associative mapping .Y
Secondary
44— By I —_— storage
- Words Blocks Pages
Registers
Cache
Processor

Main Memory

39

&y University of Kurdistan



Fully Associative mapping

Sl el cache G gsle ool ol o iy a5 oS (Sl Bl o 0
Sedue oolaiwl ASSOCIAtIVE  alasl>

CaACNE axis |0 . Wgiam 0 033 dolS S (sgiome v g ol oo abidl> pl o @
led 0,53 | adadls 5l o o (5o Wil

10 Sgdons 4o ,e ASSOCIALIVE abisl> 4 o] ol ools G (gl gomins pSin
30 00 K0 ol g, 0 dbgs e oolo il aladl> o (o bl 6049 4SS 00
Al sy 0,53 ASSOCIALIVE alasl> 10 0318 18 g ol p & jgan] pué
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Fully Associative mapping

Assoclative Cache

Walid

Flag.  Block Mumber Value
1 101 7625
1 78 2635
1 3 234
0 101 0999219
1 4 567
1 0 4
1 79 9872
0 102 0099111
1 103 213

Block
Number

Main Memory

0 4

1 89

2 34

3 234
4 567
78 2635
79 9872
101 7625
102 23
103 213

Any memory block can map to any cache block

Fully-associative Cache

Cache
MMan memory
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Direct Mapping e cwl

aods 2K ol cache alidl> g anls 2" ghyls ol abidl> 51
ile winlgs jL iyl cas K g N ay i i 4y azasd jo asll

1O gt el g ) Oy ol alasls o N ol e
Tag |ndex | Address (32 bilts) | Ind;x Valid Tag Data
1
n-k k 22.” 1[_],/ 2
Index , 3 g
1022
n=32 1023
K=10 e A )
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Direct Mapping e cwl

Dgias 0,ud oo A0 4 by e Sledbl sols 5 ogdle cache alil> o °

00000 1220
Index Tag Data
000 00 1220
OOFFE ZEAD
01000 3450
4560
01FFE
02000 5670
EFFE 2F 6710
2FFFE 6710
Cache

Main memory
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Direct Mapping e cwl
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Direct mapped

22 | 10110y, | miss | (101104, mod 8) = 1104,
26 | 11010, | miss | (11010, mod 8) = 010,,,
22 | 10110, | hit |(10110y,, mod 8) = 110,
26 | 11010, | hit [(11010,,, mod 8) = 010,
16 | 10000y, | miss |(10000y,, mod 8) = 000y,

3 | 00011, | miss | (00011, mod 8) =011,
16 | 10000, | hit |(10000,,, mod 8) = 000,
18 | 10010, | miss | (10010, mod 8) = 010,,,

Alowspy

L00L1L L0Lol 1000l LoLLO L00lLo L0L00 10000

LOLLL

N\
N\
\
~ N\
N
>/
><X
,//
/

000
001
010
011
100
101
110
111

ayoe)

%/University of Kurdistan
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Index Tag Data Tag Index |offset
000 01 3450 |
Block O
007 01 6578 V Tag Block Data
010 00 1340
Block 1
017 00 1658
> |® ® ®
Cache ;@
Index ¥ N
Data
Tag (Block) Word offset Y
Hit
n-k k




Direct-Mapped Cache (Block size=4)

2-bitword offsetin line

0-3 Main
3-bitline indexin cache _‘L ‘ 3_114'?r mem ory
Word locations
Tag address
- 1 32-35
/ 40-43 X%
"“-\.\‘ \
64-67
72.75 %871
T Tags@Read tag and
Y specified word -
Valid bits pe ?gffwmo-m
1 » Data out
1,Ta Com- 1ifequal Cache miss
J pare >o—»

Direct-mapped cache holding 32 words within eight 4-word lines. Each line is
associated with a tag and a valid bit.




Accessing a Direct-Mapped Cache - example

Show cache addressing for a byte-addressable memory with 32-bit
addresses. Cache line W= 16 B. Cache size L = 4096 lines (64 KB).

Solution

Byte offset in line is log,16 = 4 b. Cache line index is 10g,4096 = 12 b.
This leaves 32 — 12 — 4 = 16 b for the tag.

12-bitline index in cache

16-bit Jine tag 4-bit bvte offsetin line

32-bit v v v
address

Byte address in cache

Components of the 32-bit address in an example direct-mapped

cache with byte addressing.
48
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Direct-Mapped

Cache Behavior | o
ﬂOﬁsetm line

3-bitline indexin cache

Address trace:

Word
1,7,6,5,32,33,1,2, ... Tag 2ddress
miss, line 3, 2, 1, 0 fetched —
miss, line 7, 6, 5, 4 fetched T TIE——
hit 71 61 51 4 ‘~\\\
hit \\
' miss, line 35, 34, 33, 32 fetched

(replaces 3, 2, 1, 0)

- hit

: miss, line 3, 2, 1, 0 fetched
(replaces 35, 34, 33, 32)
- hit
. and so on

1, Tag

Tags QRead tag and
Valid bits specified word

] >

Conm+ 1 if equal
o

pare /

>

49



Cache Address Structure

Memory Cache Parameters
Memory Size
Cache S1ze 128KE ~

Block Size 2B W~

Cache Scheme
Direct Mapping O
Set Associative @

Set Size

| Show |
| HELP |

Return to Main Menu

http://www.ecs.umass.edu/ece/koren/architecture/Cache/default.htm

Cache jlw aww

Address Bit Partitioning

TAG

INDEX

||OFFSET]|

-----------@--@----EE

Compare Bits

Set Select Bits

Byte

Select

Bits

The Compare Bits are compared with the corresponding Tag Bits in

the Cache Directory.

The Set Select Bits are used to select a particular Set in the Cache.
The Byte Select Bits are used to select a particular byte in the
accessed block.

Memory size = 2MB =2 21
Block size = 2Bytes = 2 1

Mumber of sets in cache = Cache size/(Set size * Block size) =

128KB/(4 blocks * 2B) = 217/(22 = 21y = 214

Number of bits in Tag = Total bits -

6

Index bits - Offset bits = 21-14-1 =

University of Kurdistan
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Set-associlative mapping

b aols’ cpaiey wilgine CACNE abidl> 31 o o gy ! 5o
wlod o psd 1y (LS INdex wjol

odilgs ST U alidls 4o ouls o s d gla data-tag oluws
+O g0

ous 653 plio b oud udgs ol A0 amslio ol
Do solwl associative aksls

Wb oo il cache couddge woyo b Set o Sy b
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Set-associative mapping

Index Tag Data Tag Data
000 00 1220 02 5670
FFF 02 6710 00 2340

Cache Cache

2-way Set associative Cache

52



Accessing a Sample Cache

« 32 KB cache, 2-way set-associative, 16-byte block size

3130292827 ........... 17161514131211109876543210
tag Index i
~ | word offset

valid tag data  valid tag data .
X .
2 § ~
o O
Q —
® S
> ® T
5 S
A
1021 N
1022 I

1023 L

53



4-way Set-associative Cache

313029 - - - - - - - 131211109 8 76 54 3210

22 8

Index WV Tag Data V Tag Data V Tag Data V Tag Data

| | Encoder

P
s
it

Hit




Cache Address Mapping - example

A 64 KB four-way set-associative cache is byte-addressable and
contains 32 B lines. Memory addresses are 32 b wide.
a. How wide are the tags in this cache?

b. Which main memory addresses are mapped to set number 57

Solution

a. Address (32 b) =5 b byte offset + 9 b set index + 18 b tag

b. Addresses that have their 9-bit set index equal to 5. These are of
the general form 214a + 2°x5+ b; e.g., 160-191, 16 554-16 575, . .

32-bit Tag Set index | Offset
address : : .
18 bits 9 hits 5 hits
Tag width = Setsize=4x32B=128B Line width =
32-5-9=18 Number of sets = 216/27 = 29 32B=2°B

XY University of Kurdistan



Mapping- Comparison

* Block 12 placed in 8 block cache:
— Fully associative, direct mapped, 2-way set associative

L Direct mapped: Set associative:
Elullykalszsomatlve. block 12 can go block 12 can go
Ock 1z Can go only into block 4 anywhere in set 0
anywhere (12 mod 8) (12 mod 4)
Block 01234567 Block 01234567 Block 01234567
no. no. no.
Block-frame address Set Set Set Set
0O 1 2 3
Block 1111111111222222222233

N0 01234567890123456789012345678901

56
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Improving Cache Performance

Average Memory Access Time (AMAT)
AMAT = Hit time + Miss rate * Miss penalty

Used as a framework for optimizations
« Reduce the Hit time
— Small and simple caches
* Reduce the Miss Rate
— Larger cache size, higher associativity, and larger block size
* Reduce the Miss Penalty

— Multilevel caches
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Small and Simple Caches

« Hit time is critical: affects the processor clock cycle

— Fast clock rate demands small and simple L1 cache
designs

« Small cache reduces the indexing time and hit time
— Indexing a cache represents a time consuming portion
— Tag comparison also adds to this hit time

« Size of L1 caches has not increased much
— L1 caches are the same size on Alpha 21264 and 21364
— Same also on UltraSparc Il and IlI, AMD K6 and Athlon
— Reduced from 16 KB in Pentium Il to 8 KB in Pentium 4
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Classifying Misses — Three Cs

 Conditions under which misses occur

« Compulsory: program starts with no block in cache

— Also called cold start misses

— Misses that would occur even if a cache has infinite size
« Capacity: misses happen because cache size is finite

— Blocks are replaced and then later retrieved

— Misses that would occur in a fully associative cache of a finite siz
« Conflict: misses happen because of limited associativity

— Limited number of blocks per set

=z — Non-optimal replacement algorithm

XY University of Kurdistan
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Average Memory Access Time

« Average Memory Access Time (AMAT)
AMAT = Hit time + Miss rate x Miss penalty
« Time to access a cache for both hits and misses
« Example: Find the AMAT for a cache with
— Cache access time (Hit time) of 1 cycle = 2 ns
— Miss penalty of 20 clock cycles
— Miss rate of 0.05 per access
« Solution:
AMAT =1 +0.05 x 20=2 cycles=4ns
Without the cache, AMAT will be equal to Miss penalty = 20 cycles

&y University of Kurdistan
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Average Memory Access Time

« AMAT(IC) = Hit time(IC) + Miss rate(IC) x Miss penalty
« AMAT(DC) = Hit time(DC) + Miss rate(DC) x Miss penalty
« AMAT =1/(1+P 5) * AMAT(IC) + P J/(1+P s) * AMAT(DC)

« P gIs the probability of Load/Store instructions
* 1/(1+P¢) Is the probability of accessing the instruction cache
P J/(1+P <) Is the probability of accessing the data cache
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Improving Cache Performance by

Increasing Bandwidth

MDB +—

e Assume:

CPU

>

Cache

Bus

e

Memory

a. One-word-wide

Cache block of 4 words
1 clock cycle to send address to memory address buffer (1 bus trip)
15 clock cycles for each memory data access

1 clock cycle to send data to memory data buffer (1 bus trip)

CPU

>

Multiplexor

IJ::FOQiEI

Cache

Memory

b. Wide memory organization
— _/

Y
4 word wide memory and bus

1+ 1*¥15 +1*1 = 17 cycles

memory organization

1+ 4*15+ 1 =62 cycles

f/\N

Bus
~
Memory [| Memory || Memory || Memory
bank 0 bank 1 bank 2 bank 3

c. Interleaved memory organization
— _/

N
4 word wide memory only

1 +1*15 + 4*1 = 20 cycles

Miss penalties

Bus

Proce-
ssor

Memory
bank 0

Memory|
bank 1

Memory|
bank 2

Memory
bank 3

Interleaved memory units
compete for bus

%/ University of Kurdistan
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Improving Cache Performance by

Increasing Bandwidth

CPU CPU CPU
Multiplexor

Cache Cache

Cache

P — //\\
Bus Bus
Memory || Memory || Memory || Memory

BTG bank 0 || bank 1 || bank 2 bank 3

Memory b. Wide memory organization c. Interleaved memory organization

B  15cycles 1 B 15cycles
B  15cwles | B

a. One-word-wide | 15 cycles I |

memory organization - 5 | | -

B 15cycles W
[ | 1Bcycles [
[ | 15cycles [N

B 15cycles [N
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Intel Pentium 4, 2.2 GHz Processor.

Component Access Speed Size of Component
(Time for data to be
returned)
Registers 1 cycle = 32 registers
0.5 nanoseconds
L1 Cache 3 cycles = Separate Data and Instruction
1.5 nanoseconds Caches: 8 Kbytes each
L2 Cache 20 cycles = 256 Kbytes,
10 nanoseconds 8-way set associative
L3 Cache 30 cycles = 512 Kbytes,
15 nanoseconds 8-way set associative
Memory 400 cycles = 16 Gigabytes

200 nanoseconds
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Intel Core i7 Cache Hierarchy

Processor package

______________________________________________________________________

Regs
L1 L1
d-cache| |i-cache

L2 unified cache

Core 3
Regs
L1 L1
d-cache| | i-cache

L2 unified cache

L3 unified cache
(shared by all cores)

L1 i-cache and d-cache:
32 KB, 8-way,
Access: 4 cycles

L2 unified cache:
256 KB, 8-way,
Access: 11 cycles

L3 unified cache:
8 MB, 16-way,
Access: 30-40 cycles

Block size: 64 bytes for
all caches.
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o 310 ¢ g8 40 Cache awlao

Intel Nehalem

AMD Barcelona

L1 cache
organization & size

L1 associativity

L1 write policy

Split I$ and D$; 32KB for
each per core; 64B blocks

4-way (l), 8-way (D) set
assoc.; ~LRU replacement

write-back, write-allocate

Split I$ and D$; 64KB for each
per core; 64B blocks

2-way set assoc.; LRU
replacement

write-back, write-allocate

L2 cache
organization & size

L2 associativity

L2 write policy

Unified; 256KB (0.25MB) per
core; 64B blocks

8-way set assoc.; ~LRU
write-back

Unified; 512KB (0.5MB) per
core; 64B blocks

16-way set assoc.; ~LRU
write-back

L2 write policy

write-back, write-allocate

write-back, write-allocate

L3 cache
organization & size

L3 associativity

L3 write policy

Unified; 8192KB (8MB)
shared by cores; 64B blocks

16-way set assoc.

write-back, write-allocate

Unified; 2048KB (2MB)
shared by cores; 64B blocks

32-way set assoc.; evict block

shared by fewest cores

write-back:; write-allocate

Xy University of Kurdistan
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Almost Everything is a Cache'!

* In computer architecture, almost everything is a cache!
* Registers: a cache on variables — software managed
» First-level cache: a cache on second-level cache
« Second-level cache: a cache on memory
« Memory: a cache on hard disk
— Stores recent programs and their data

— Hard disk can be viewed as an extension to main memory

Branch target and prediction buffer

-, — Cache on branch target and prediction information
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