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Read Only Memory (ROM)

• Permanent storage

– Nonvolatile

• Used in:

– Microprogramming 

– Library subroutines

– Systems programs (BIOS)

– Function tables
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Types of ROM

• Written during manufacture
– Very expensive for small runs

• Programmable (once)
– PROM

– Needs special equipment to program

• Read “mostly”
– Erasable Programmable (EPROM)

• 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

– Address lines are multiplexed
• Upper half of address:  Row Access Strobe (RAS)

• Lower half of address:  Column Access Strobe (CAS)
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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)
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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

• Provides fast access time

• Cell Implementation:

– Cross-coupled inverters store bit

– Two pass transistors

– Row decoder selects the word line

– Pass transistors enable the cell to be read and written

Typical SRAM cell

Vcc

Word line

bit bit
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Dynamic RAM Storage Cell

• Typical choice for main memory

• Cell Implementation:

– 1-Transistor cell (pass transistor)

– Trench capacitor (stores bit)

• Bit is stored as a charge on capacitor

• Must be refreshed periodically

– Because of leakage of charge from tiny capacitor

• Refreshing for all memory rows

– Reading each row and writing it back to restore the charge

Typical DRAM cell

Word line

bit

Capacitor

Pass

Transistor

8



DRAM Structure
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DRAM Refresh Cycles

Time

Threshold

voltage

0 Stored

1 Written Refreshed Refreshed Refreshed

Refresh Cycle

Voltage

for 1

Voltage

for 0

• 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
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Memory Bank Organization and Operation

• Read access sequence:

1. Decode row address & drive 

word-lines

2. Selected bits drive bit-lines

• Entire row read

3. Amplify row data

4. Decode column address & 

select subset of row

• Send to output

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
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DDR Transfer Rates & Peak Bandwidth

 1 Transfer = 64 bits = 8 bytes of data

Standard

Name

Memory

Bus Clock

Millions Transfers 

per second

Release 

Year

Peak

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
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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

Address

Data

CS R/W

Address

Data

CS R/W

Address

Data

. . .

Data width = m × p bits

. .
m m
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Increasing Memory Capacity by 2k

• A k to 2k decoder is used to select one of the 2k chips

– Upper n bits of address is fed to all memory chips

– Lower k bits of address are decoded to select one of the 2k chips

CS R/W

Address

Data

CS R/W

Address

Data

CS R/W

Address

Data

. . .

Data width = m bitsm m m

m

k to 2k

decodern

n+k

. . .

k

A
d
d
re

s
s

 Data bus of all chips are wired together

 Only the selected chip will read/write the data
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main

memory

Modules

bus interface

ALU

register file

CPU chip

memory bus

Memory 

Interface



Processor-Memory Performance Gap

 1980 – No cache in microprocessor

 1995 – Two-level cache on microprocessor

CPU Performance: 55% per year, 

slowing down after 2004

P
e
rf

o
rm

a
n
c
e
 G

a
p

DRAM: 7% per year
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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)
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:حافظهویژگیهای•

هستندکندبزرگهایحافظه•
هستندکوچکسریعهایحافظه•

داشت؟ارزانیوسریعبزرگ،حافظهمیتوانچگونه :سوال•
استفاده. مراتبسلسلهاز1
دسترسی. موازی2
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فاصلهیککه دراستشدهمشخصکامپیوتریهایبرنامهآنالیزبا•
درمعمولادستورالعملیادادهبهدسترسیبرایحافظهبهرجوعزمانی
رجوعمورداخیراکهاستدستوراتیوهادادهحولناحیهیکاطراف

.اندگرفتهقرار
پشتهایمحلازرادستوراتهابرنامهکهاستدلیلاینبهامراین•

آندستوراتهاحلقهاجرایهنگامدرهمچنینومیکننداجراهمسر
.میشوندتکرارمدامبطورحلقه
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sum = 0;

for (i = 0; i < n; i++)

sum += a[i];

return sum;
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:استصورتبدوحافظهبهرجوعبودنمحلی•

Temporal locality:محلیت زمانی•

موردمجددااند،گرفتهقراراستفادهمورداخیراکهدستوراتیوهاداده•
گرفتخواهندقراررجوع

Spatial locality:محلیت مکانی•

دارندقرارحافظههمبهنزدیکهایخانهدرکهدستوراتییاهاداده•
.گرفتخواهندقراررجوعموردهمازاندکیزمانیفاصلهبا



هستند؟بهتریمحلیرجوعخاصیتدارایزیرهایبرنامهازکدامیک•
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int sumarrayrows(int a[M][N])

{

int i, j, sum = 0;

for (i = 0; i < M; i++)

for (j = 0; j < N; j++)

sum += a[i][j];

return sum

}

int sumarraycols(int a[M][N])

{

int i, j, sum = 0;

for (j = 0; j < N; j++)

for (i = 0; i < M; i++)

sum += a[i][j];

return sum

}
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تقاضایبینکهزمانیازاستعبارت (Access Time) :حافظهبهدسترسیزمان•
میکشدطولآنشدنآمادهوداده

متوالیتکراردوبینزمانازاستعبارت (Cycle Time) :سیکلزمان•

باباشد 60nsاستممکن DRAMحافظهیکبهدسترسیزمانحالیکهدرمثالبرای•
 ...وها،باستاخیرحافظه،بهپردازندهازآدرسانتقالبرایلازمهایزماناحتساب

.برسد ns 250-180بهاستممکنآنسیکلزمان
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TimeAccess Time

Cycle Time
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cache 

قرارکوچکیوسریعحافظهدرراهادادهوبرنامهفعالقسمتاگر•
زمانحافظهبهدسترسیزمانمیانگینکردنکمبامیتوانیمدهیم،
.دهیمکاهشرابرنامهاجرای

.نامندمی cacheحافظهراکوچکوسریعحافظهاین•
حافظهبهنسبتبسیارکمتریدسترسیزمان cacheمعمولا حافظه•

 )کمتربرابر 10تا( 5دارداصلی

.گرددتکرارسطحچندتا  cacheعملاستممکنکامپیوتردریک•
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Cache Memories in the Datapath

ALU result
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Cache introduction
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registers

on-chip L1

cache (SRAM)

main memory

(DRAM)

local secondary storage

(local disks)

Larger,  

slower, 

and 

cheaper 

(per byte)

storage

devices

remote secondary storage

(distributed file systems, Web servers)

Local disks hold files 

retrieved from disks on 

remote network servers.

Main memory holds disk 

blocks retrieved from local disks.

off-chip L2

cache (SRAM)

L1 cache holds cache lines retrieved 

from the L2 cache memory.

CPU registers hold words retrieved from L1 cache.

L2 cache holds cache lines 

retrieved from main memory.

L0:

L1:

L2:

L3:

L4:

L5:

Smaller,

faster,

and 

costlier

(per byte)

storage 

devices



cache 

  cacheحافظهابتدابه یک داده را دارددسترسیبهنیاز cpuکهوقتی•

استفادهآنازبودموجودسریعحافظهایندردادهاگر.مینمایدجستجورا
دادهشاملکهدادهازبلوکیحافظهبهرجوعبااینصورتغیردرمیشود

.میگرددمنتقل cacheحافظهبهاصلیحافظهازمیشود cpuنیازمورد

32

اصلیحافظه

32K  x 12
CPU

 cacheحافظه

512  x 12
Word 

access

Block 

transfer



Four Basic Questions on Caches

• Q1: Where can a block be placed in a cache?

– Block placement (Mapping)

– Direct Mapped, Set Associative, Fully Associative

• Q2: How is a block 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)
33



hit ratio

گیریاندازه hit ratioموفقیتدرصدنامباضریبیبا cacheحافظهکارایی•
.میشود

بهشدهیافت cacheدردادهکهدفعاتیتعدادنسبتازاستعبارتدرصداین•
.حافظه کشبهرجوعدفعاتکلتعداد

سرعتبهحافظهبهدسترسیسرعتباشدبیشتردرصداینمقدارچههر•
cache میشودنزدیکتر.

:مثال•
برای1000nsو cacheحافظهبرای 100nsدسترسیزمانباکامپیوتریک•

بابرابردسترسیزمان0.9موفقیتدرصدداشتنصورتدراصلیحافظه
200ns داشتخواهد.
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Cache Hit/Miss Rate, and Effective Access Time 
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One level of cache with hit rate h

Ceff =  hCfast + (1 – h)(Cslow + Cfast) = Cfast + (1 – h)Cslow

CPU
Cache

(fast)

memory

Main

(slow)

memory

Reg 

file

Word

Line

Data is in the cache 

fraction h of the time

(say, hit rate of 98%)

Go to main 1 – h of the time

(say, cache miss rate of 2%)

Cache is transparent to user;

transfers occur automatically
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تاخیر دستیابی  ( L2, L1)دو سطحی  cacheدر یک کامپیوتر دارای •
زمان دستیابی به . است ns 10برابر با L2و برای ns 1برابر  L1به 

اگر در صد موفقیت برای . می باشد ns 100حافظه اصلی برای یک بلوک 
L1  وL2 باشد، متوسط زمان رجوع به حافظه  % 50و %90به ترتیب

چیست؟

tav= tL1 + (1-hL1).tL2 + (1-hL1)(1-hL2).tm = 1+ 1+ 5 = 7 ns



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

Block Size (bytes)

M
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a
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0%

5%

10%

15%

20%

25%

1
6

3
2

6
4

1
2
8

2
5
6

1K

4K

16K

64K

256K

Increased Conflict Misses

Reduced 

Compulsory 

Misses
64-byte blocks 

are common in 

L1 caches

128-byte block 

are common in 

L2 caches
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هایدادهبیندرجستجوعملتسریعبرایحافظهایناز•
.میشوداستفادهشدهذخیره

ازآدرس،ازاستفادهبجایجستجوزمانکاهشبرای•
گاهیراروشاین.میشوداستفادهدادهخودمحتوی

Content Addressable Memory (CAM) 
.مینامندهم

!نیستآدرسبهنیازیحافظهایندردادهنوشتنهنگام•

رادادهونمودهپیداراخالیجایتااستقادرحافظهاین•
.مینمایدذخیرهآنجادر

آنازبخشییاودادهمقدارحافظه،ازدادهخوانهنگام•
شدهذخیرهکلماتتمامیحافظهوشدهارائهحافظهبه
علامتراهستندیکساننظرمورددادهباکهراای

.مینمایدخواندنآمادهوکردهگذاری
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Mapping

نگاشتراcacheحافظهبهاصلیحافظهازدادهانتقالعمل•
:میشودانجامطریقسهبهاین کار.مینامند

.Associative Mapping 1

.Direct Mapping 2

.Set 3-associative mapping
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Fully Associative mapping

است از یک  cacheکه سریعترین راه پیاده سازی یک نگاشت انجمنی کامل در •
.استفاده میشود associativeحافظه 

cacheدر نتیجه . هم آدرس و هم محتوی یک کلمه ذخیره میشونددر این حافظه •
.میتواند محتوی هر محل از حافظه را ذخیره نماید

در . عرضه میشودassociativeهنگام جستجو برای یک داده آدرس آن به حافظه •
ر د. صورتیکه ورودی متناظری در حافظه باشد، داده مربوطه در خروجی ظاهر میگردد

.ذخیره خواهند شدassociativeغیر اینصورت هم آدرس و هم داده در حافظه 
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Fully Associative mapping

41

Any memory block can map to any cache block



Direct Mapping  

کلمه2kدارای cacheحافظهوکلمه2nدارایاصلیحافظهاگر•
.داشتخواهندنیازآدرسبیت kو nبهترتیببهنتیجهدرباشند

:میشودتقسیمزیربصورتاصلیحافظهبیتی nآدرس•

42

IndexTag

n-k                 k

n=32

K=10



:میشودذخیرههم Tagبهمربوطاطلاعاتدادهبرعلاوه cacheحافظهدر•

1220

2340

3450

4560

6710

00 1220

00000

00FFF

01000

01FFF

02000

2FFFF

5670

2F 6710

000

FFF

Index Tag Data

Cache

Main memory
43

Direct Mapping  



 Indexقسمتازاستفادهبامیشودتولید CPUتوسطآدرسیکهوقتی•
شدهذخیره Tagمقداروشدهخوانده cacheحافظهازکلمهیکآن
.میگرددمقایسهآدرس Tagمقدارباآندر

 (hit)میگیردقراراستفادهموردcacheدادهبودندیکسان Tagدواگر•

 Tagباهمراهوشدهخواندهحافظهازداده (miss)اینصورتغیردر•
.میشودنوشته cacheدرجدید

بیافتد،اتفاقزیادیکسان indexباآدرسهائیبهرجوعاگرروشایندر•
.میایدپائینموفقیتدرصد

44

Direct Mapping  



Direct mapped
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01

01

3450

6578

Block 0

Tag Data

Cache

Index
000

007
00

00

1340

1658

010

017
Block 1

Index

(Block)
Tag

n-k                 k

Word offset

V Tag Block Data

=

Hit

Data

Tag Index offset



Direct-Mapped Cache (Block size=4)
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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

48

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

cache with byte addressing.

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 log216 = 4 b. Cache line index is log24096 = 12 b.

This leaves 32 – 12 – 4 = 16 b for the tag.



Direct-Mapped 

Cache Behavior

49

3-bit line index in cache 

2-bit word offset in line Main  
memory 
locations  

0-3 
4-7 

8-11 

36-39 
32-35 

40-43 

68-71 
64-67 

72-75 

100-103 
96-99 

104-107 

Tag 
Word 

address 

 Valid bits 
 

Tags 
 

Read tag and 
specified word 

Com-
pare 

 1,Tag 
 

Data out 
 
 
 

 Cache miss 
 
 
 

 1 if equal 
 

Address trace:

1, 7, 6, 5, 32, 33, 1, 2,  . . .

1: miss, line 3, 2, 1, 0 fetched

7: miss, line 7, 6, 5, 4 fetched

6: hit

5: hit

32: miss, line 35,34,33,32 fetched 

(replaces 3, 2, 1, 0)

33: hit

1: miss, line 3, 2, 1, 0 fetched

(replaces 35, 34, 33, 32)

2: hit

...  and so on 

1 03 2
5 47 6

33 3235 34 1 03 2



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



Set-associative mapping

باکلمهچندینمیتواندcacheحافظهازمحلهرروشایندر•
.نمایدذخیرهرایکسانIndexآدرس

خواندهsetیکحافظهدرشدهذخیرههایdata-tagتعداد•
.میشود

شدهذخیرهمقادیرباشدهتولیدآدرسtagمقایسهبرای•
.میشوداستفادهassociativeازحافظه

.یابدمیافزایشcacheموفقیتدرصدهاsetشدنبزرگبا•
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Set-associative mapping
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00 1220

02 6710

000

FFF

Index Tag Data

Cache

02 5670

00 2340

Tag Data

Cache

2-way Set associative Cache
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Accessing a Sample Cache

• 32 KB cache, 2-way set-associative, 16-byte block size 
31 30 29 28 27 ........... 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

tag index

valid tag data

3
2

 K
B

 / 1
6

 b
y
tes / 2

 =
 

1
 K

 cach
e sets

10

=

18

hit/miss

0

1

2

...

...

...

...

1021

1022

1023

word offset

tag datavalid

=
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4-way Set-associative Cache



Cache Address Mapping - example
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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 5?

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 + 255 + b; e.g., 160-191, 16 554-16 575, . . 

. 
Tag Set index Offset

18 bits 9 bits 5 bits

32-bit

address

Line width =

32 B = 25 B
Set size = 4  32 B = 128 B

Number of sets = 216/27 = 29

Tag width = 

32 – 5 – 9 = 18



Mapping- Comparison

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

0 1 2 3 4 5 6 7Block

no.

Fully associative:

block 12 can go 

anywhere

0 1 2 3 4 5 6 7Block

no.

Direct mapped:

block 12 can go 

only into block 4 

(12 mod 8)

0 1 2 3 4 5 6 7Block

no.

Set associative:

block 12 can go 

anywhere in set 0 

(12 mod 4)

Set

0

Set

1

Set

2

Set

3

0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1

Block-frame address

1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 3 3Block

no.
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لازمباشدپر setیکصورتیکهدرافتد،میاتفاق missیککهوقتی•
.شود cacheواردجدیددادهوشدهخالیآنهایدادهازیکیتامیشود

:داردوجوداینکاربرایمختلفیروشهای•

1. First-In First-Out (FIFO)

2. Random replacement

3. Least recently used (LRU)
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داشتهوجود cacheدردادهوقتیهادادهخواندنهنگام•
دادهوقتیامانیستاصلیحافظهبهرجوعبهنیازیباشد،

:شودعملطریقدوبهاستممکنمینویسیمحافظهدررا

.: write through  1درنوشتنباردرهرروشایندر
اصلیحافظهدرهمو cacheدرهمدادهحافظه
.میشودنوشته

.: write back 2درفقطدادهروشایندرcache 
اینزمانیکهتا .میشود setپرچمیکباوشدهنوشته

شد،خواداستفادهدادهاینازداردقرار cacheدرداده
حافظهدرآنمقدارcacheازدادهانتقالصورتدراما

.میگردد updateنیزاصلی

.استحافظهدراطلاعاتنوشتنهنگامدرعملنحوه cacheحافظهباارتباطدرمهممسایلازیکی



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

59



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 II and III, AMD K6 and Athlon

– Reduced from 16 KB in Pentium III 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 size

• Conflict: misses happen because of limited associativity

– Limited number of blocks per set

– Non-optimal replacement algorithm
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Average Memory Access Time

• Average Memory Access Time (AMAT)

AMAT = Hit time + Miss rate × 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 × 20 = 2 cycles = 4 ns

Without the cache, AMAT will be equal to Miss penalty = 20 cycles
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Average Memory Access Time

• AMAT(IC) = Hit time(IC) + Miss rate(IC) × Miss penalty

• AMAT(DC) = Hit time(DC) + Miss rate(DC) × Miss penalty

• AMAT = 1/(1+PLS) * AMAT(IC) + PLS/(1+PLS) * AMAT(DC)

• PLS is the probability of Load/Store instructions

• 1/(1+PLS) is the probability of accessing the instruction cache

• PLS/(1+PLS) is the probability of accessing the data cache
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• Assume:

– 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)

Improving Cache Performance by 

Increasing Bandwidth

Miss penalties1 + 4*15 + 1 = 62 cycles

1 + 1*15 +1*1 = 17 cycles

4 word wide memory and bus

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

4 word wide memory only

Proce-
ssor

Memory
bank 0

Memory
bank 2

Memory
bank 3

Memory
bank 1

Bus

Interleaved memory units
compete for bus
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CPU

Cache

Bus

Memory

a. One-word-wide 

 memory organization 

 

CPU

Bus

b. Wide memory organization

Memory

Multiplexor

Cache

CPU

Cache

Bus

Memory 

bank 1

Memory 

bank 2

Memory 

bank 3

Memory 

bank 0

c. Interleaved memory organization

Improving Cache Performance by 

Increasing Bandwidth
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Intel Pentium 4, 2.2 GHz Processor.

Component Access Speed

(Time for data to be 

returned)

Size of Component

Registers 1 cycle = 

0.5 nanoseconds

32 registers

L1 Cache 3 cycles =

1.5 nanoseconds

Separate Data and Instruction 

Caches:  8 Kbytes each

L2 Cache 20 cycles =

10 nanoseconds

256 Kbytes, 

8-way set associative

L3 Cache 30 cycles =

15 nanoseconds

512 Kbytes, 

8-way set associative

Memory 400 cycles =

200 nanoseconds

16 Gigabytes
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Cache



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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Questions


