Kién truc may tinh
BO nhd& va cac thiét bi luu trir

NGUYEN Ngoc Hoa

BO mon Hé thong thong tin, Khoa CNTT
Trudng Pai hoc Cong nghé,

Pai hoc Quoc gia Ha Noi

16 September 2015 Hoa.Nguyen@vnu.edu.vn



-
NOi dung

1. Khai niém chung

2. B6 nh& chinh

3. B6 nhé cache

4. Bd nhé ngoai (cac thiét bi lwu triy)

5. Téng két va bai tap

Tham khao chwong 4,5,6 cua [1]

Computer Architecture — Department of Information Systems @ NGUYEN Ngoc Hoa



-
1. Khai niem

= B0 nhd: thiét bi co thé bdo quan va khdi phuc mét thong tin
= T nh@: tap bits co thé dwoc doc hay ghi dong thoi

= Cac kiéu vat lieu nho:
a Ban dan — semiconductor (register, cache, bd nhé chinh, ...)
a TU - mangnetic (dfa mém, dia cing, ...)
o Optic (CD-ROM, DVD-ROM)

Q
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Pac diem

1. Vitri

2. Dung lwvong

2. Pon vi truyén

4. Kiéu truy cap

5. Hiéu nang

5. Kiéu vat liéu

7. DPac trweng vat liéu

5. TO chwre
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Pac diem...

[l VI tri
o CPU
o Internal
o External

= Dung lwvgng
o Phu thubc vao kich thwdce tr nhé, va
a So lwong t&r nho
= Don vi truyén
o Bén trong: phu thudc vao dd réng bus dir lieu
o Bén ngoai: block(>tr nh¢)
a Pon vj cé thé danh dia chi dwoc
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Pac diem...

= Kiéu truy cap

a Tuan tw: VD bang tw

a Truc tiép:
= Mabi 1 block ¢6 1 dia chi duy nhat
= Truy cap = cach nhay dén vung lan cap va tim tuan tw
= Thoigian truy cap vao vi tri hién tai hién tai va trwéc do
= VD: HardDisk, Floppy Disk,...

a Ngau nhién:
= MAi dia chi xac dinh chinh xac mét vj tri
= Thoi gian truy cap khéng phu thudc vao vi tri cling nhw 1an truy cap truéde
= VD: RAM, ...

o Két hop:
= Mot tr dwoe dinh vi thédng qua viéc st dung mét phan ndi dung cla twv dé
= Thoi gian truy cap khéng phu thudc vao vi tri cling nhw 1an truy cap truéde
= VD: cache, ...

Computer Architecture — Department of Information Systems @ NGUYEN Ngoc Hoa



Pac diem...

= Chién thuat phan cap bd nhé: How much? How fast? How
expensive?
o Regqisters
o L1 Cache
o L2 Cache
o Main memory
o Disk cache
o Disk
o Optical
o Tape
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Pac diem...

= Hiéu nang:
a Thoi gian truy cap: khoang thdi gian t khi givi dia chi cho dén khi thu
dwoc dir liéu tron ven
o Thoi gian chu trinh nhé - Memory Cycle Time:
= Thoi gian bd nhé doi héi dé “hdi phuc” trwde 1an truy cap ké tiép
m = access + recovery
a Toc dd chuyén di liéu
= Kiéu vat liéu:
o Semiconductor :RAM
o Magnetic: Disk & Tape
o Optical: CD & DVD
o Others: Bubble, Hologram
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Pac diem...

= Dac trweng vat liéu:
o Phanra - Decay
a D& thay dbi - Volatility
o Co thé xoa duwoc - Erasable
o Nang lwong tiéu thu
= To chirc:
a Céch thirc sap xép cac bits trong mot tir
o Thwong khong rd rang
o VD: interleaved
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2. Bo nhé chinh

= BO nh& bén trong may tinh

o Semi-conductor

a Truy cp ngau nhién

= Kiéu:

o RAM- Random Access Memory: lwu gitr nhirng dr liéu tam thoi
a ROM — Read Only Memory: Iwu gitr théng tin cd dinh

hle

Randam
MEmary

Read-aon
Memory

FProgram
RO (P

Erasahbl=
IEFRC

El=ctrica
PR CbA |

Flash m:

Select

Control

Cell

(a) Write

Datain

Select
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Control

Cell

(b) Read

Sense
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Read Only Memory (ROM)

= Luwu gilr thdng tin cd dinh - permanent storage, nonvolatile
o Microprogramming
o Library subroutines
o Systems programs (BIOS)
o Function tables
= Kiéu:
o Written during manufacture
= Very expensive for small runs
o Programmable (once)

= PROM
= Needs special equipment to program

o Read “mostly”
m Erasable Programmable (EPROM)
o Erased by UV
= Electrically Erasable (EEPROM)
o Takes much longer to write than read
= Flash memory
o Erase whole memory electrically
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———
RAM

= DRAM - Dynamic RAM
o Bits dwgce lwu trir trong cac tu dién
o Bon gian, kich thuwdc bé, gia thanh ré
a Cham, can 1 chu trinh Iam twoi ngay cé khi da dwoc cung cap ngudn

Address line
dc voltage

= SRAM - St 1 !
a Bits dworc | l . | q|

a Khéng can

_|

, Transistor . Ci C2 1,

o Phuec tap, | i~ L —T 1

~ =3 T
Storage _1__
capacitor—1—

™ || 1
Ground
Bit line Ground s Bitlns
B line B
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Dynamic RAM a

= Duwong dia chi dwoc kich hoat khi doc/ghi bit

o Transistor switch closed (current flows)

] Address line
= Ghi _T_
Vv o
0 oltgge to bit line | —
= High for 1 low for O Transistor
o Then signal address line
Storage _1__
= Transfers charge to capacitor capacitor —1—
= Poc
o Address line selected Bit line Ground

= transistor turns on

o Charge from capacitor fed via bit line to sense amplifier
= Compares with reference value to determine O or 1

o Capacitor charge must be restored
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Destructive Read

_ : o y sense amp
Vdd : f I/
| _— bitline
— < y
J—H@ LN /voltage
+ A o/
/
Wordline Enabled
Sense Amp Enabled After read of O o ~ nta
O e 0 pSe (0
Vad |
\_ ! storage
[ cell voltage
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e
Co ché lam tuci - refresh

= Sau khi doc, ndi dung cua DRAM cell da bi thay doi
= Lwu cac gia tri cells trong bd dém hang row buffer
= Ghi lai cac gia tri dé cho cac cells trong lan doc ké tiép

DRAM cells

Sense Amps

Row Buffer

= Thuc té, DRAM cell s& mat ndi dung
ngay ca khi khéng cé tac vu doc

= ly do dwoc goi la “dynamic” 1
. A X J—|1(D
= Vithé cac cells trong DRAM can dwoc ( T
dinh ky doc va ghi lai ni dung Gate Leakage
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Static RAM

= Transistor arrangement gives stable logic state

dc voltage
= State 1 .
Ts Ta
o C, high, C, low [P L
a T,T,off, T, T,on —|;r°—\></°—|j__,—
= State O
5 C, high, C, low n= L
o T, T;off, T, T,on Grc{und
- . . . Bit line AddTress Bit line
= Address line transistors T T, IS switch ® ine B

= Write — apply value to B & compliment to B

= Read — value is online B
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————
SRAM vs. DRAM

= C& hai déu cd tinh chat volatile
a Can cung cap nang lvong dé bao quan dir liéu

= Dynamic cell
o Don gian, kich thwédc nho gon
Mat dé cell cao
Chi phi thap
Can chu ky 1am twoi
Cho phép két hop thanh cac don vi nhé I6n

o O O O

= Static

a Nhanh hon, cong kénh hon
o Cho phép xay dwng cac bé nh¢& Cache
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Synchronous DRAM (SDRAM)

= Truy cap dwoc dong bd hoa véi mot ddong hoé bén ngoai
a Dia chi dwoc truyén dén RAM
o RAM tim d@ liéu (CPU doi nhw DRAM théng thuang)

o Khi SDRAM chuyén di¥ liéu theo thoi gian dong b véi system clock,
CPU biét dwoc khi nao dir liéu san sang

=> CPU khéng can phai ch® va c6 thé 1am viéc khac
o Burst mode: cho phép SDRAM thiét [ap dong dir liéu theo tirng block
a Chi chuyén di liéu 1 1an trong 1 chu ky dong ho
= DDR-SDRAM - Double-data-rate 1 SDRAM
a G di liéu 2 l1an trong mét chu ky dong ho (leading & trailing edge)
= DDR2-SDRAM - Double-data-rate 2 SDRAM
= DDR3-SDRAM - Double-data-rate 3 SDRAM

= Cache DRAM: (misubishi)
o Tich hgp SRAM cache (16k) vao trong DRAM chip
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DRAM Read Timing

. Data Transfer

-

N\

Data Transfer Overlap

Column Access

Row Access

Y

.

CAS ' l
l
Address f
)
Row Column /|  Column Column
Address Address \ Address Address
DQ d Valid d Valid
Dataout Dataout
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Viéc truy cap la khéng déng

bo: dwoc kiém soat b&i cac

tin hiéu RAS & CAS, cac tin

hiéu nay cé thé dwoc sinh ra
ngau nhién
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SDRAM Read Timing

Double-Data Rate (DDR) DRAM

transfers data on both rising and
Clock falling edge of the clock

Column Access

Row Access

£ Command frequency
does not change

- 1

: N

Column
Address

'8 |
.l....-

" Burst Length |

Timing figures taken from “A Performance Comparison of Contemporary
DRAM Architectures” by Cuppu, Jacob, Davis and Mudge
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DDR SDRAM

Standard name Memory clock Cycle time I/'0 Bus clock Data transfers per second Module name Peak tran

DDR-200 100 MHz 10 ng M 100 MHz 200 Millian FC-1600 1600 MB/s
DDR-266 133 MHz 7.8 ns 133 MHz 266 Millian FPC-2100 2100 MB/s
DOR-300 150 tiHz B.67 ns 150 MHz 300 Million PC-2400 2400 WB/s
DDR-333 166 MHz B ns 166 MHz 333 Millian PC-2700 2700 MB/s |
DOR-400 200 MHz & ns 200 MHz 400 Millian PC-3200 3200 MB/s

Standard name Memory clock Cycle time /0 Bus clock Data transfers per second |Module name Peak transfer rate

DDRZ-400 100 MHz 10 ns 200 MHz 400 Millian FC2-3200 3200 MBfs
- FC2-4200
DDRZ-533 133 MH 7.5 266 MH £33 Mill 4266 MB/
z ne z iMian Peo-4300" 5
- PC2-5300
DDRZ-B67 166 MH a 333 MH BE7 Ml 5333 mB/
z ns z illian PC2.5400" 5
DDRZ-500 200 MHz & ng 400 MHz 800 Millian FPC2-6400 B400 MBE/s
DDORZ-10BE 266 MHz 375 ns 533 MH=z 1066 Million PC2-3500 8533 MB/s

Standard name Memory clock Cycle time | I'0O Bus clock | Data transfers per second Module name Peak transfe

DDR3-300 100 MHz 10 ns 400 WHz 800 Millian FPC3-B400 B400 WBfs
DDR3-106E 133 MHz 7.8 ns 533 MHz 1066 Million FC3-3500 8533 MB/s
DDR3-1333 166 MHz B ns BEY MWHz 1333 Millian FC3-10600 1066 MB/s|
DOR3-1600 200 MHz Sns a00 MHz 1600 Million PC3-12800 12800 MBfs
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TOo chuc bo nhé

= Mach nh& W ttr B bits duworc td chirc dwdi dang 1 ma tran n
hang va m c6t tiv nh¢ B bits
a Can n*m =W words, kich thwéc bus dia chi = /log,W/
o B dwong dir liéu

Memory
Cell Array

Row
Address

Column
Address

Data Bus
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ALl
Al

Al

RAS: Row Addr

Hefresh
Counter

Kaar
Address
Buffer

Calumn
Address
Buffer

ess Select; CAS: Column Address Select
OE: Output Enable : WE: Write Enable
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MILTX
K onar .
* -
coder
—8

Memory army
(20H8 =208 = 4)

F

Helmesh circuminy

— |

Data Toput
Buffer

Column Decoder

T L

Data Crutput

Buffer




-
DRAM Read Operation

Memory

Ox1FE Cell Array

0x00@

Data Bus
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Packaging

Al —p={] ] — Vo Ve —1 | 24— Vs
Al —={] 2 Ll b 1 [— ALR 3] -=l={] 2 25 o= 1 24

Als —{] 3 SO — AT 132 ]| 3 22 ol 1 23

Al2 —m{]4 20| Jelg— A4 W — {4 21 [p—CAS
AT —e{]5 28 [l— A3 RAS —e{]5 20 [Joll— O

Al —pel]6 27 [el— AH NC —m] 6 14 ol— ALY

AS —e]7 26 fl— A4 AL —=]7 1 E ] el— AN

Ad — ] 25 Jl— AL Al — ] & 17— AT

AT —m[]9 32 Pin Dip 24— Vpp Al —me{]u 16| Tl— AD

A2 —mefl10 o 23— 1) A2 —{] 100 15 [ l— AS

Al —m]11 22— CF AT —f] | | 14 [ l— A

Al —] 12 21127 Vee —112 13— Vs
) g—] 13 20[—-- 1061

1] -—] 14 10— 105

2 -4—]15 18— 134

Vas —1 16 Tup View 17 —=- 113

(a) § Mbit EPROM (b) 16 Mbit DRAM
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To chdc bo nhé Ién

MemOI‘y Memory —
Address < 512 Words by
Address Register (MAR) r § b 512 Bits
Register ) A 5| Chip#1
(MAR)
g <
A ’ - »| Decodel of M 1
512 Bit-sense Butfon Memory
urrer
9 —— Register (MBR) Buffer
) - 1 Register
N 2
q . N (MBR)
N [Je 1
WE— g - 7
9 e w2 2
s
2 4 Decode 1 of
J 512 Bit-sense 7
7 3
Bit #7
— 3
u 512 Words b
jgs] Y
— 2E| s12Bis
A 8| Chip#8
\ » Decodel of L—/
512 Bit-sense
| Bit #8 )
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Vi du

= Xay dwng mot khéng gian nhd 21 tr 32 bits
o 4096 tw nho trong RAM
o 4096 tr nhé trong ROM
St dung:
o chip RAM 1024 x 8 bits
o chip ROM 4096 x 8 bits

= Cach thuee:

o Tw =4 chips 8 bits song song

o Ban do dia chi nhé
= 4096 tr nh& RAM & dia chi thap nhat (0 - 4095)
= 4096 tr nh& ROM & dia chi cao nhat (61440 - 65535)
= Nhirng dia chi khac khdong st dung
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VI d U EENR

= 4 tang RAM (O - 4095) Tang Bits dia chi
o 0-1023 RAM 0 0000 00XX XXXX XXXX
a 1024 - 2047 RAM 1 0000 OLXX XXXX XXXX
o 2048 - 3071 RAM 2 0000 10XX XXXX XXXX
o 3072 -4095 RAM 3 0000 11XX XXXX XXXX

= 1tang ROM (61440 - 65535) |Inoccupied

= Big Endian (Unix) <> Little ROM 1111 XXXX XXXX XXXX

Endian (Windows)
o VD:0x12.34.56.78

Adresse | Big Endian | Little Endian

x 12 8
14+ x 34 56
24-@x 56 34

34+@x Te 12
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Latency
Po tré tir MC dén chips nhé
_A
r N
x16 DRAM
Do tré tv CPU -> memory controller x16 DRAM
- A ~ x16 DRAM
x16 DRAM
dCPUh 128-bit 100MHz bus é‘m‘rzlrlir
and caches «16 DRAM
x16 DRAM
Width/Speed thay ddi theo kiéu b nho x16 DRAM
x16 DRAM

(+ return trip...)
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Memory Controller

= Commands

— | Write — | Response
— | Queue — | Queue | == Data
= To/From CPU

Controller

Bank O Bank 1
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-
On-Chip Memory Controller

Memory controller thi hanh cing tbc dé x16 DRAM
CPU thay vi téc d6é xung
ESB x16 DRAM
a I x16 DRAM
x16 DRAM
dCPUh 128tbit 100MHz bus gq;::zlrlir
dnd cacnhes 16 DRAM
L / x16 DRAM
All on same chip 16 DRAM
Disadvantage: memory type is now x16 DRAM

tied to the CPU implementation
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Memory Latency is Long

= Thuwong t 60-100ns

= Lang phi thdi gian cua CPU:
o 2GHz CPU
o -2 0.5ns/cycle
o 100ns memory = 200 cycle CPU latency!

= Solution: st dung bd nh& dém coé toc dd cao hon - Caches
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e
3. Cache

= BO nh& co toc dod truy cap nhanh

= Thwdng nam gitka main memory va CPU
= Co thé nam trong CPU chip hodc mdt module riéng

Block Transfer

Word Transfer ("'-’k-"\
("—A_-‘-\

CPU Cache Main Memory
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Cau truc Cache/Main Memory

Line Memory
Number Tag Block address
0 0
1 1
2 2 Block
3 (K words)
C -1
Block Length
(K Words)
(a) Cache
Block
2" - 1
Word
Length_p

(b) Main memory
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-
Cdo ché hoat dong

= CPU yéu cau ndi dung nhé tai mot vang nhé

= Kiém tra cache dbi v&i dir lieu do

= Néu co, lay di¥ liéu do tr cache (= faster)

= Néu khéng, doc block yéu cau tlr main memory vao cache
= Chuyén di liéu dé ttr cache dén CPU

= Cache sir dung tags dé xac dinh block nao ctia main

memory trong moéi khe cache (cache slot)
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Biéu do

Receive address
RA from CPU

Is block No

containing RA
in cache?

Fetch RA word
and deliver
to CPU

Access main
memory for block
containing RA

Allocate cache
line for main
memory block

Load main
memory block
into cache line

( DONE ' ¥

Deliver RA word
to CPU

Computer Architecture — Department of Information Systems @ NGUYEN Ngoc Hoa



e
Thiet ke Cache

= Size: toc do va chi phi
o More cache is faster (up to a point)
o Checking cache for data takes time
o More cache is expensive

= Mapping Function
a  Anh xa truc tiép
o Anh xa két hop
a  Anh xa két hop theo tap

= Replacement Algorithm

= Write Policy

= Block Size

= Number of Caches
a 1 hay nhiéu caches & mdrc 1 (bén trong)
o 1 cache & mic 2 (trong hoac ngoai) (thwdng V , >= 4V ,)
a D6i khi co thé sir dung 1 cache & mirc 3 (ngoai)

Computer Architecture — Department of Information Systems @ NGUYEN Ngoc Hoa



TOo chidc cache dién hinh

Address

o >

Address
buffer

Control Control
Processor < »] Cache |g

System Bus

Data
buffer

Data
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Bang so sanh caches mot so CPU

T UTTOOUL

IBM 360/85
PDP-11/70
VAX 11/780
IBM 3033
IBM 3090
Intel 80486
Pentium
PowerPC 601
PowerPC 620
PowerPC G4
IBM S/390 G4
IBM S/390 G6
Pentium 4

IBM SP

LAV O

CRAY MTAb
Itanium
SGI Origin 2001
Itanium 2
IBM POWERS
CRAY XD-1

Tyna
=ypP€

Mainframe
Minicomputer
Minicomputer

Mainframe

Mainframe

PC

PC

PC

PC
PC/server
Mainframe
Mainframe

PC/server
High-end server/
supercomputer
Supercomputer

PC/server
High-end server
PC/server
High-end server

Supercomputer

Year of
Introduction
1968

1975
1978
1978
1985
1989
1993
1993
1996
1999
1997
1999

16 to 32 KB
1 KB
16 KB
64 KB
128 to 256 KB
8 KB
8 KB/8 KB
32 KB
32 KB/32 KB
32 KB/32 KB
32 KB
256 KB
8 KB/8 KB

64 KB/32 KB

b B

8 KB
16 KB/16 KB
32 KB/32 KB
32 KB
64 KB
64 KB/64 KB
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- TetTIEw

256 to 512 KB

256 KB to 1 MB
256 KB
8 MB
256 KB

8 MB

2MB

96 KB
4 MB
256 KB
1.9 MB

IMB

AR 135 a %)

2MB
2 MB

4 MB

6 MB
36 MB



Anh xa cache — main memory

= Anh xa truc tiép:
a MOoi block ctia bd nhé chinh dwoc dat chi vao 1 dong cache

= Anh xa két hop:
a 1 block clia bd nhé chinh co thé dwoc dat vao bat ky dong ndo trong
cache

= Anh xa két hop theo tap:

a 1 block cia bd nhé chinh co6 thé dwoc dat vao bat ky dong nao trong
1 tap n-blocks cua cache

Tag s-r Cacheslotr Word w
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Direct Mapping

54

-
Memory Address Tag [Daia
| Tag] Line | word | |
5 |- I W I.“
C A Iy 1
| |
-1 I I
7 1"
™ ;
W | +-. W4
. - R Widi+1)
Compare: < l
{hitl in cache) I - I
|
! I
|
I:'I:II.—l.
(rmiss in cache)

Main Memory

WD

W 1

W2

W3

LV gl Widit2)

Widj+3}

B0 dai: s+w bits B0 Ion block = 2% tw

S6 lwong block = 28 SO slots = 2¢
Tag = s-r bits
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Anh xa truc tiép tu Cache déen MM

< > <> < >
B, o A

[ ]
m lines

Brr'|—1 I—rr'|—1 Y
First m blocks of
main memory
(equal to size of cache) b =length of block in bits
t = length of tag in bits

cache memory

(a) Direct mapping
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m A7

Bang anh xa truc tiéep

Vi tri slot (cache line) Khoi MM co6 thé chira Tag
0 0, m, 2m, 3m...2s-m

1 1, m+1, 2m+1...2s-m+1

m-1 m-1, 2m-1,3m-1...2s-1
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Main memory address (binary)

Tag e
Y2 (hex) Tag Line +V Word Data
V| d u 00 i 006000000000000800000000 [T 13579246 | = = =,
- 00 {.0000000000ND0N0MON0ANI0N I
1
— — 1
— [~ 1
. —_ 1
= Cache size = .
00 | 000000001117111111111000 !
64kByte 00 i D00D000011111111i11i1100 I
) -
- : Line
— . Tag Data Number
= Cache block = T OUIL0TI0G000000800000000 [T77TITT7 t - - - JOOTTIETO295 ] 0000
, 16 | 00810110000D000A000G0004 | 11235813 | = = = = = = = = 16 | 11235813 | 0001
4 bytes->co o - -
14\ I; 16 { D0OI01iI00011001110031100| FEDCBA9S | = = = = = = = - 16 | FEDCBA98 | OCE7
16k (2%) lines 1 1 - iy
. _ o == === FF 11223344 3FFE
= Main memory = 16 OOREOTILIIIIIIIIRII00 LA2Sioer b < = = & = = = 1181 12340078 | SFFF
. ' 1—_?4—_!
16MByteS’ 24 FF 11T 0000000800000 00TE - : sbits 2Dl
. T e e (et 16-Kline cache
FF v 113111110000000000000 100 1
bit address e .
1
24_ ) i o L = 1
(224=16M ,
I
FF {IITTITEITIi01i11111ii006| 11223344 | = = =
FF | 111111311111111311131100 | 24682468

Mote: Memory address values are

—> in binary representation;

32 bits other values are in hexadecimal

16-MByte main memory

Tag Line Word

Main memory address =
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Hu/NerqC cua anh xa truc tiép

= Pon gian, khéng can thoi gian tinh toan nhiéu
= Chi phi cai dat thap

= M0i block chi co mot vi tri duy nhat trong cache (slot twong
(’'ng) = co thé dan dén ty 1& cache miss tang 1én
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Anh xa két hap i

= MM block cé thé dwoc dwa vao bat ky dong cache nao

= Dia chi tr nhé sé dwoce chia thanh hai phan: tag va word
o Tag sé cho phép xac dinh dia chi block trong MM
o Word cho phép xac dinh vi tri tr trong dong cache twong wng voi dia

chi Tag

= Viéc so kh&p cache hit/miss dwoc tién hanh dwa trén
trwdng Tag, co thé dan dén trwdng hop phai so khép toan
bl cac dong cache

L > < b >
Lo
2> . .
| ™ -
[ ] L ]

one block of
main memory

Computer Arc cache memory m



Anh xa két hgp...

AW

-
/\J\_’_\ Cache Main Memory
Memory Address Tag Drata WH
| Tag | word | | } Wl %H
W2 i
sl Lo W3
1 w
I * 1 I I
1 1oL
w : 1, 1
7 -] } I I
| )
i}—%ﬁ W
Compare 1 * 1 W - ::j::;: H-_1
o Widieh)
(hit in cache) . I
| } 1
‘ | r .
= -1 | I
-~ .
e miss in cache | — ~ e .
b6 dai: s+w bits P06 I&n block = 2W tir
S6 lwong block = 28 S6 slots = undefined

Tag = s bits
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mMain memory address (binary)

- e ——
Tag (hex) Tag Word Data
000000 ¢ 000000C00000000000000000 13579246 F — — —
000001 | 00Q000C000000008000G0100 '
[
[
— - .
[
[
[
[
[
[ .
" Line
[ Tag Data Mumber
1 r — = 3FFFFE 11223344 oooo
- == 058CEF FEDDCEA9S ooo1
B e e ‘______“'—"-_-r e [ 1
O058CEE ;| 0001011000110013110031000F ! 1 1
058CEY . 000101100013 0071313100031 100 FEDCBASS § =1 1 . — -
058CES 00R10110001:A001310100000:
L . - . 1 1
- = bk = 4 — - FFFFFD 33333333 SFFD
1 I el = = OO0 13579246 JFFE
1 - = 4 = = FFFFFF 2452468 3FFF
n [ | 1
1 1 . -4 - > -
1 ' . 22 bits 32 bits
: : : 16 Kline Cache
n [ | ]
n [ | ]
— ! 1 1
SFFFFD 11317111711 19i11i17ii0i0G | 33333333 f =" ' 1
SEFFFE § 1131111311110 111311131000 11223344 - — = =L — 2
SFFFFF | 1ifi1iiiliiiidiiid1iitiion 24682468 F — — =1 Mote: Memory address values are
" > in binary representation;
39 bits other values are in hexadecimal

16 MByte Main Memory

Main Memory Address =

Tag Word
-4 L |
22 bits 2 bits



Anh xa két hgp theo tap -
Set Associative Mapping

= Cache dwoc chia thanh nhiéu tap, méi tap chira mot sé
slots

o Mc’),i block trong MM dwoc dwa vao mot tap duy nhat theo’co’
ché anh xa trwc tiép; tuy nhién, né c;é thé dwo’p dat vao bat
Ky slot nao trong tap do theo co ché anh xa két hop

a Chang han voi 2 lines mai tap, moi block cé thé & 1 trong 2 lines tai vi
tri mot tap duy nhat

= V&i k dong, co ché anh xa nay dwoc goi la k-Way Set
Associative Mapping
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Set Associative Mapping...

By —>
2 R

™ . -
. . * E
. . o

L]

Ly
cache memory - set 0
Bv—1

First v blocks of
main memaory 5
(equal to number of sets) :

cache memory - set v—1
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k-Way Set Associative

54

,_\/L’_’_\ Cache Main Memory
Mermory Address Tag Iata B,
| Tax] el | word | ] I )
“"EL,-" -;Lf w b I_ F, B
* Set 0 | |
| - | I I
1 * 1 I I
";51’ II_ Fit | |
I_ 3 S
r | |-k §+’ H_i
| Compere é ]: Set 1 | . I|
1 I
| I+
{hit in cache) L I k-1 | |
| |
1
(miss in cache)
D0 dai: s+w bits DO I&n block = 2V tw
S6 lwong block = 28 SO lines/set=k

SOsetv=2d Sbdslots=k.v  Tag = s-d bits
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Malin memory address (binary)

Tag _ ) . Main Memory Address =
(hex) Ta Set + Word
—*‘“g—: — & Tag Set Word
000 | D0B00000000D00060000000G[ 13579246 | = = =«
000 . 00R000000N0D0N0O000G0100 [ I
1
[ < >4 >
T i 1 9 bits 13 bits 2 bits
1
1
000 | 0000000011111 11111111000 !
000 (_DOB00000T11M111Y11131100 I
™ Lo e e e e e e B B e e e e B B B e B B
. | 1 Set I
- | 1 Tag Data Mumber Tﬂg Data
oz2c I U00i0TiOo0onoooeOUOGOIOG [ 77777777  -! == = = -JO00[ 13579246 | oooo [o0zC| 77777777 | ="
02C {_00010110000D000800000100| 11235813 = = = = = = = = - D2C| 11235813 | 0001

02c {0001011000110011100f1100| FEDCBA98 |- = = = = = = = 4 02C| FEDCBA98 | OCE7

i = L 1 L 7 L -

r==1 1FF|] 11223344 | {FFE
02c [OOOIOITO0IIIITiTiTii1106| 12345678 f - - - - - + - 402c| 12345678 | 1FFF |1FF] 24682468 |-

______________________________________ L |
. | tre—> “—>—
. I 9bits 32 bits 9bits 32 bits I
1FF 1111111 1100Dp000e0006o00ne 1 . i
1FF {1111111110000008000G010G : 16 Kline Cache .
1 ]
. -~ ! !
1 i
1 ]
\FF (T TIATITETITIiiTii111i1006| 11223344 | - - = = = ; -
1FF : 11111131111:1111311131100| 24682468 | = = = = = = = c c c c c ccc cc cccm s c - === == -
4—p
32 bits

Note: Memory address values are
16 MByte Main Memory in binary representation;

B I THy e p— p—
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So sanh hiéu nang

1.0 -

Khac biét gilra direct va .

k-way toi da dén 64kB
Khac biét gilra 2-way va o7 .
4-way tai cache 4kB nhgos
hon so voi cache 8kB =
Do phirc tap cua cache
tang theo d6 két hop

Khéng co ly do gi dé  o1-
gﬂgnﬁa??%ljs(:he len o k2 4 8k 16k 3% 64k 128 256k 512 1M

Cache size (bytes)
Tl 32kB tro’ 1én khéng 1 direct

o o
(@]

> “ A Y A “ A 1 2-way
cal thién nhiéu vé hiéu = dway
v = 8-way
nang m 16-way
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e
Truy cap cache

= Xay dwng dia chi nhd dwa trén ham anh xa

= Dia chinh& 1 tir cho phép tim duworc:
o block ma n6 phu thudc
o Vi tri cua nod trong block dé
o Vi tri block do trong cache

= Cau truc: 2 phan
a S0 block:
= index: vi tri block trong cache
= tag: xac dinh block trong s6 nhirng blocks cé cung vij tri
o DO roi: dia chi cua tr trong block
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-
Giai thuat thay thé

= Anh xa truc tiép: khdng co sw lwa chon
o 1 block dwoc dat chi vao 1 vi tri

= Anh xa két hop — két hop tap:
a Chon block ngau nhién
a FIFO: Chon block ¢ nhat trong cache
a Chon block dwoc su dung som nhat (LRU Least Recently Used)
a Chon block c6 tan xuat st dung it nhat (LFU Least Frequently Used)

= Hiéu qua nhat: LFU, LRU, ngau nhién

= Dé cai dat: ngau nhién, FIFO
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Vi du

= Xét chudi truy cap cac khoi MM c6 dia chi:
ABCABDADBCBCBCB

= Cache c6 3 slots
OPT FIFO LRU LFU

ABC

w O W O » Ow >»
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e
Chinh sach Write

= Khong duwoc ghi de mot cache block trww khi CPU cap nhat
dir lieéu doé

= M&i CPU c6 thé co6 cache riéng
= 1/O co6 thé truy cap truc tiép main memory

= Phan biét:
o Write through
o Write back
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Write through

= Ghi ca main memory lan cache

= Néu c6 nhiéu CPU, can quan ly lwu lwong cta bd nhé chinh
dé gitr cache cuc b0 dwoc cap nhat

= Giam tdc dd ghi, gay nhiéu traffic
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e
Write back

= Cap nhat dau tién trong cache, lwu trang thai trong bit cap
nhat cua cache slot (update bit = set)

= Néu block c6 yéu cau thay doi di liéu, ghi ndi dung hién
thol vao main memory chi khi update bit da dwoc thiét lap

= |/O phai truy cap main memory théng qua cache

= Khoang 15% truy cap bd nhé la thao tac ghi
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Do I6n dudng cache (slot size)

Tang kich thwéce slot sé tang ty 1€ hit (dwa trén nguyén ly

cuc bd cua chwong trinh)

Ty 1& hit s& gidm néu kich thwdc block qué 1én

o XAc suat sty dung di liéu mai tai Ién nhé hon xac suat st dung lai div
lieu dwoc thay thé

Block I&n hon

o Giam sb blocks nam trong cache

o Kha nang di liéu bi dé sau khi dwgc tai vao tang Ién

o Cac tr nh¢ c6 tinh cuc bd nho di = giam ty 1€ hit

Khéng c6 gia tri tdi wu dwoe xac dinh chinh thire, tir 8 dén

64 bytes la gia tri hop ly

V&i nhirng hé thong tinh toan hiéu nang cao, kich thuwéc

block thwong tir 64 dén 128 bytes
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e
Cache da muc - Multilevel Caches

= Hau hét cac CPU ngay nay déu co6 cache on chip (do c6
mat do logic gates tang lén)
= Nhanh hon vi khéng can st dung bus hé thong
=» Bus duwoc str dung cho nhirng muc dich khac

= Thuwong thi cache da mirc dwoc cai dat trong ca trong va
ngoai chip
o L1 on chip, L2 off chip in static RAM

L2 access much faster than DRAM or ROM

L2 often uses separate data path

L2 may now be on chip

Resulting in L3 cache
= Bus access or now on chip...

o O O O

Computer Architecture — Department of Information Systems @ NGUYEN Ngoc Hoa



——
Ty lé Hit (L1 & L2) véi8 kB va 16 kB L1

0.98—

0.96—

0.94—

0.92—

0.90—

0.88—

Hit ratio

0.86—

0.84—

0.82—

0.80—

0.78 I i | I | | | | I |
1k 2k 4k 8k 16k 32k 64k 128k 256k 512k 1M 2M

L2 Cache size (bytes)
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Unified v Split Caches

= Unified Cache: cache chung cho ca lénh va di liéu
= Ty & hit cao hon; can bang tai 1&nh va di liéu; chi phai thiét ké, cai
dat mot bé nhé& cache

= Split Cache: mot cache cho Iénh va mot cache cho dir liéu

=» Loai dwgc suw canh tranh cache (cache contention) trong chu trinh
tai/giai ma lénh va chu trinh thi hanh (nang cao hiéu nang pipeline)
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Hiéu nang
= Thoi gian truy cap trung binh = Thoi gian truy cap thanh
cbng + ty 1€ that bai x penality that bai

= Thoi gian truy cap = Thoi gian truy cap mot div liéu trong
cache

= Ty & that bai = s6 lan di liéu can doc khong chira trong
cache /s6 lan truy cap cache
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e
Pentium Cache

= 80386 — no on chip cache
= 80486 — 8k using 16 byte lines and four way set associative organization
= Pentium (all versions) — two on chip L1 caches
o Data & instructions
= Pentium Il — L3 cache added off chip

= Pentium 4

o L1 caches
= 8k bytes
= 64 byte lines
= four way set associative

o L2 cache
= Feeding both L1 caches
= 256k

= 128 byte lines
= 8 way set associative

o L3 cache on chip
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Pentium 4 Block Diagram

System Bus
Out-of-order L1 instruction Instruction
B I
execution cache (12K mops) fetch/decode
logic unit
64 ¥
bits
L3 cache
l (1 MB)
Integer register file -q—rp FP register file
v vt vt vty v T v 1
Load Store Simple Simple Complex FP/ FP i
address address integer integer integer MMX move
unit unit ALU ALU ALU unit unit L2 cache
(512 KB)
{ Vi T
L1 data cache (16 KB) 7 256
bits
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e
PowerPC Cache

= 601 — single 32kb 8 way set associative
= 603 — 16kb (2 x 8kb) two way set associative

= 604 — 32kb
= 620 — 64kb
= G3&G4

o 64kb L1 cache
= 8 way set associative

o 256k, 512k or 1M L2 cache
= two way set associative

= G5

o 32kB instruction cache
o 64kB data cache
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PowerPC G5 Block Diagram

L2 cache
caches
L1 instruction cache L1 data cache
Instruction fetch Instruction fetch Branch
and decode logic and decode unit
Instruction
dispatch group 1 ¢ 3 4 0
Instruction queues
Velocity engine "
Execution o . O - u o = |38 % s | 3 g g @
wis [ £ | 5| 5| 8 |SE|BE| & g|&%[°* G2|8s
1IHHHEIRIRIE HIE
Instruction
completion group 1 2 3 - 3
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e
ARM Cache

Core Cache | Cache Size | Cache Line | Associativity Location Write
Type (kB) Size Buffer Size
(words) (words)

ARMT720T Unified 8 4 4-way Logical 8

ARMO20T Split 16/16 D/l 8 64-way Logical 16

ARM926EJ-S Split | 4-128/4-128 8 4-way Logical 16
D/I

ARM1022E Split 16/16 D/I 8 64-way Logical 16

ARM1026EJ-S Split | 4-128/4-128 8 4-way Logical 8
D/l

Intel StrongARM Split 16/16 D/I 4 32-way Logical 32

Intel Xscale Split 32/32 D/I 8 32-way Logical 32

ARM1136-JF-S Split 4-64/4-64 8 4-way Physical 32
D/I
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To chidc ARM Cache

= Small FIFO write buffer

o Enhances memory write performance

Between cache and main memory

Small c.f. cache

Data put in write buffer at processor clock speed
Processor continues execution

External write in parallel until empty

If buffer full, processor stalls

Data in write buffer not available until written
= So keep buffer small

o O 0O 0O 0O o o
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To chi'c ARM Cache ...

Processor

word, byte access block transfer
A Cache
Fast Slow
Write
Fast buffer Slow
word, byte access
= F

Slow
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Apple A8 CPU

2 cores

Max. CPU clock: 1.38 GHz
Min. feature size: 20 nm
Instruction set: ARMv8-A
L1 cache: Per core: 64 KB instruction + 64 KB data
L2 cache: 1 MB shared

L3 cache: 4 MB

1 GB of LPDDR3 RAM included in the package
GPU: PowerVR Series 6XT GX6450 (quad core)

2 billion transistors, physical size reduced by 13% to 89
mm?

Produced by Taiwan Semiconductor Manufacturing
Company Limited (TSMC)
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-
Apple A8X, 10/2014

m Cores: 3

= Max. CPU clock rate: 1.5 GHz

= Min. feature size: 20 nm[1]

= Instruction set: A64, A32, T32

= Microarchitecture: Typhoon ARMv8-A-compatible
= L1 cache Per core: 64 KB instruction + 64 KB data
= L2 cache 2 MB shared

= L3 cache 4 MBJ

= Predecessor Apple A7

= Successor Apple A9X

= GPU PowerVR Series 6XT GXA6850 (octa-core)
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-
Qualcomm Snapdragon

= Shapdragon 805

Q

0O O O

£ O U 0 0 0O 0 o0 o

ARMv7-A, Quad-core Krait 450 CPU at up to 2.7 GHz per core
16 KiB / 16 KiB L1 cache per core; 2 MiB L2 cache
4K UHD video upscale & play

Dual camera image signal processor supporting up to 55 Megapixel,
stereoscopic 3D

Adreno 420 GPU

LPDDR3 25.6 GB/s memory bandwidth
|Zat Gen8B GNSS location technology
USB 2.0 and 3.0 S
Hexagon, QDSP6V5A, 600 MHz
e-MMC V5.0, UFS V2.0

BT4.1, 802.11ac Wi-Fi

28 nm HPm (high performance mobile)
Devices: Samsung S5, G G3, Samsung Note 4 , Note Edge
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Qualcomm Snapdragon...

= Snapdragon 810 o > “:,._{.-_.;_.:..:.

-
. "
.
.0

o ARMVS-A, 4+4 cores, 2GHz? QR e

o 16 KiB /16 KiB L1 cache per core; ":'.:.. > N
2 MiB L2 cache % St SRR
H.265/HEVC encoding/decoding \¢
eMMC 5.0 support "'-',-'...

14-bit dual-ISP

support for triple-band (i.e. IEEE 802.11, IEEE802.15 (Bluetooth)
and IEEE 802.11ad (60 GHz).

Qualcomm acquired Wilocity

Adreno 430 GPU

LPDDR4 25.6 GB/s memory bandwidth
BT4.1, 802.11ac Wi-Fi

20 nm

o O O O

o O 0O O O
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e
Exynos 7 Octa 7420, 2015

= Technology: 14 nm LPE

= |nstruction Set: ARMvS8-A

= Microarchitecture: Cortex-A57+
Cortex-A53 (big.LITTLE with GTS)

= Cores: 4 (2.1GHz) + 4 (1.5GHz)

= GPU: Mali-T760 MP8 @ 772 MHz

= Samsung Galaxy S6, Samsung Galaxy S6 Edge, Samsung
Galaxy S6 Active, Samsung Galaxy S6 Edge+, Samsung
Galaxy Note 5
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4. BO nhé ngoai

= RAM for storage
o Flash

= Dia tw - Magnetic Disk
o HDD
o RAID
o Removable

= Dia quang - Optical
o CD-ROM
o CD-Recordable (CD-R)
o CD-R/W

DVD

= Bang tr - Magnetic Tape

U
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Magnetic Disks
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-
Magnetic Disks

= Uu diém: ré($/MB), dé tin cay chap nhan duwoc
a Primary storage, memory swapping

= Nhwoc: chi co thé doc/ghi toan bd mdt sector
a = khéng thé truy cap truc tiép nhw bd nhé chinh

= Thoi gian truy cap dia
o Queuing delay
= Wait until disk gets to do this operation
o Seektime
= Head moves to correct track

o Rotational latency
m  Correct sector must get under the head

o Data transfer time and controller time
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Khuynh hudéng cua dia tu

« Dung lwong: ~gap ddi sau mdi nam

= Thoi gian truy cap trung binh

a 5-12ms (viéc cai thién toc dd twong déi cham)

= Latency quay trung binh (1/2 full rotation)
o 5,000 RPM to 10,000 RPM to 15,000 RPM
o Cai thién cham, phure tap (reliability, noise)

= TOc dd truyén dir liéu
o Phuc thudc vao bé mat dia, dir lieu trén mét track
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-
Dia quang

= Gi®i han bdi cac chuan
o CD and DVD capacity fixed over years

o Technology actually improves, but it takes time
for it to make it into new standards

= Kich thwdc bé, dé thay thé

o Good for backups and carrying around
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Bang tu

= Thoi gian truy cap rat cham
o Must rewind tape to correct place for read/write

= Chi phi thap ($/MB)
o It's just miles of tape!
o But disks have caught up anyway...

= Puoc st dung dé sao lwu di¥ liéu (secondary storage)
o Large capacity & Replaceable
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e
RAM for Storage

= Disks are about 100 times cheaper ($/MB)

= DRAM is about 100,000 faster (latency)

= Solid-State Disks

o Actually, a DRAM and a battery
= Much faster than disk, more reliable
=  Expensive (not very good for archives and such)

= Flash memory
o Much faster than disks, but slower than DRAM
o Very low power consumption
o Can be sold in small sizes (few GB, but tiny)
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Mot s6 van de loi

= Phan loai theo nguyén nhan
o Hardware Faults
= Hardware devices fail to perform as designed

o Design Faults
= Faults in software and some faults in HW
= E.g. the Pentium FDIV bug was a design fault

o Operation Faults
= Operator and user mistakes

o Environmental Faults
= Fire, power failure, sabotage, etc.
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Khac phuc: cai thién do tin cay

= Fault Avoidance
o Prevent occurrence of faults by construction

= Fault Tolerance
o Prevent faults from becoming failures
o Typically done through redundancy

= Error Removal
o Removing latent errors by verification

= Error Forecasting
o Estimate presence, creation, and consequences of errors
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Disk Fault Tolerance with R_AID

= Redundant Array of Independent/Inexpensive Disks
o Several smaller disks play a role of one big disk

= Can improve performance
o Data spread among multiple disks
o Accesses to different disks go in parallel

= Can improve reliability
o Data can be kept with some redundancy
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RAID

Tap cac dia vat ly thanh mét dia logic nhin béi hé diéu hanh
= RAID 0: khéng dw thwa dir lieu

o Truy cap song song cac dia

a D@ liéu c6 thé phan tan trén nhiéu dia
= RAID 1:

o Mirrored disks

o 2 copies duwoc lwu trén 2 dia khac nhau

a Doc twr 1 trong 2, ghi dong thi [én 2

o Dat
= RAID 2:

a Céc dia dwoc dong bd hoa

o Duw thtra nhiéu, gia thanh cao

Computer Architecture — Department of Information Systems @ NGUYEN Ngoc Hoa



———
RAID

= RAID 3
o Nhw RAID 2
o Chisr dung 1 dia duv thira

= RAID 4

a MOi dia hoat ddng mét cach doc lap

o Parity dwoc lwu trong maot dia parity riéng
= RAID S5

o Nhw RAID 4
a Parity dwoc phan ra trén tat ca cac dia

= RAID 6
a Hai lan tinh parity
o Lwu cac block khac nhau trén cac dia khac nhau
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RAIDO, 1, 2

sirip O &l 1 sirip 2 sirip 3
S0 | sl | L s | a3
sirip d sirip 5 sirip O sirip 7
Sripd o LSS g sl L seT
sirip 8 Eirip 9 &l 10 sirip 11
Hp Hp Hp | strip 11
siHp 12 SLHp 13 sirip 14 SiHp 15
1 ! 1 ! i . i .
e . S e L. t L_____“JI l.____“'
(a) KALD O hoh-redmndant )
sirip O sl 1 sirip 2 sirip 3 sirip 0 5 1
ﬂpd ﬂPE ﬂpﬁ ﬂp? ﬂpd 1:ﬂ]]IE
8l &l &l &l &l [
|_suipd Hp ) Hp Hp wip
sirip 8 sirip 9 &l 10 sirip 11 sirip B 5 9
stHp 12 SLHp 13 stHip 14 stHp 15 sirip 12 sirip 13
1 ' 1 ' | ! 1 ! l : I ]
I__-_ __.,I I.__-_ _-.;I L‘_‘_ _-.'I I'._‘_ _-.'I I'.___ _-..I ".___ __.-I
(b)) RALL 1 {brrored)
P e P P ] R
e — e — R I —
I"‘"-—_—-'"'"I I"‘"-—_--'"'"I I"“--—_—--"""I II.""--—_—--"""II : \ : )
y .rl . ; L “I N I‘I ".. I‘I .“ I‘|

() RAIDY 2 (redondaney throngh Hamming code)

o=

s oo ==

______
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———
RAID 3 & 4

by by b by Pib)
iy .‘I .‘I .-I 1 .‘| i ..l

TeEma= TEgaoe= TEeEgae TEeEgaeses TEgae-

block O block 1 block 2 block 3 Pil-3)
e — e — g — e e "y
block 4 block 5 block 6 block 7 Pid-7)
e e R
block 8 block 9 blodk 10 block 11 FiR-11)
e — e —
block 12 block 13 ok 14 block 15 Pi12-15)

= - = cal = - = - -

(€} RALD 4 (block-level parity)
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RAID 5 & 6

block O block 1 block 2 block 3 Pi0-3)

i e — e e e —_
block 4 block 5 block 6 P47} block 7
e T — e —— e
block 8 block 9 HE-11) block 10 block 11
block 12 P(12-15) blodk 13 block 14 block 15
e e e e
P16-19}) block 16 blodk 17 block 18 block 19
e S

block 0 block 1 block 2 block 3 Pi0-3) Q(0-3)
block 4 block 5 block 6 P(4-7) Qid-7) block 7
block & block 9 H8-11) Q(8-11) block 10 block 11

block 12 P(12-15) Q(12-15) block 13 block 14 block 15
[

e . [ - [ - [ - (S - i -

(g) RALD G (duoal redohdancy)
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Tong ket

= Khai niém vé bd nhé trong may tinh, cac dac diém chinh, ...

= BO nhd chinh
a Nguyén tac
o Phan loai
a Toé chiwe bd nhé 16N

= BO nho cache
a Nguyén tac chung
o Cac phuwong phap anh xa
o Céc gidi thuat thay thé, chinh sach ghi, ...

= BO nh& ngoai: 6 cing, quang, RAID, ...
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