wiin 1/4 - Ch01 Wugu - Performance - Ch02 Bus - Interrupt

* LREREH]iIT -A%’awaaﬂ SN = @Euana lag

Register PC IR MAR MBR - u.1
Interrupt - ISR - Nested — u.1
Cache - Tag/Index - Hit-Miss — 1.3
DMA - 1/0 - RAID - HDD - u.4

[IEFY CPU vinunusa ke - Register

[ Fetch ]—b[ Decode ]—b[ Execute ]—b[ Store ]

PC -» Mem — IR usn opcode

ALU @unau waad Reg/Mem
1

H qugh - PC gendasialy 1

* CPU = Control Unit + ALU + Registers + Bus
* 2939: Fetch — Decode — Execute — Store (Write back)
* PC iU sinumledndedalu
* IR \AuFndani fetch snudn
* Status/Flag \Au overflow, negative
* MAR = address Tu Memory
* MBR = data #ii$h/a29n Memory
* IOAR = address wo4 I/0O
* JOBR = data #isuann I/0O
* sinod14a1154 (assignment)
* PC = 300 — Mem[300] = 1940 — Tnamidn IR
* 1940: 4 daun = opcode (0001 = Load AC ann Memory)
* iAo 940 = address vasioya
* Mem[940] = 0003 — AC = 0003

* Farulanl

Performance - CPU time - CPI
I X 53791 Y Awin = Timey / Timey

CPU time = IC x CPI x Cycle time
= IC x CPI / Clock rate

I Clock rate = 1/ Clock period

* Wisu 2 1304 ISA 1indu — 6im IC e
* laigan 1IC Tdiasuds |13

A "Ein " = Wnadounia

* gulanddq Tasmslas

ae. & lag A: cycle 250 ps, CPI 2.0 - B: cycle 500 ps, CPI 1.2
*A=1x 20 x 250 = 500l ps

*B=1x 12 x 500 = 600l ps

* > A 1.2 win

ne. Clock A: 2 GHz, 10 s - B 6ia4 6 s uaz1 cycles mnnnin 1.2
Win
* Clockg = 1.2 x (10 x 2x10% / 6 = 4 GHz

[d;('7] Von Neumann - Harvard

Von Neumann Harvard

Memory

Ads + doya

Von Neumann Harvard

Memory fouldion 1Auviedds  uon Instruction Memory fu Data
+ dfoya Memory
paNAms U aulnaiidu Microcontroller
Hardware: 25asiannzu 151 Software: yaends Santju usidios
usidoneuein "An" wﬂﬁhﬁa

* Interrupt = Asiginnnsvinauuuy sequence was CPU

CPU time - CPI - Speedup — .1
2's Comp - Sign-Mag - IEEE — u.2
SRAM DRAM - Pyramid — u.3
Pipeline - Hazard - 1.4

* g flow T¥ean

Bus - Daisy chain — u.1
RISC-V format - Branch — 1.2
Write-through / back — u.3
Flynn - SIMD - GPU - 1.4

[¢,()7] Bus - Arbitration

* Address bus vansiumiaTu Memory

* Daisy chain = priority

* Data bus dsdfoya
* Control bus dryaaute/ia/idanaunsal
* Point-to-point: usnnantiai “iaaus wadoadu
* Multipoint: Uszvida (lend + wow) usddosd Tuslnmoamuau
Arbitration
1 Daisy chain

nanns

e priority (CPU > Memory > 1/O)
fonan Tdaeuid

dordu: priority shuvulalg T bus

2 Centralized
parallel

3 Distributed
self-detection
4 Distributed +
collision
detection

[ amiter |o{ cpu |5 memory }o{ o1 o w02 |

>
|

nnadnsaisionsati smuannay
lifighnas diadudutos ineeriiTasdsey Tnu

wiliau 3 + ATIRIVANSTU SNTU AN

priority g4 — s - vhouaunulilaTd bus

* % sidenigunsnllvulgls bus = Bus Arbitrator

- A 1siTas Control Unit uaz ‘laiTas control line

* MsaApIRBUNUUDSAKYL PCle

* InfiniBand = 1/0 anui5gedn 19du GPU < memory

(¢i)r] Interrupt * flow “d Hian”

% Interrupt flow

1. Save register / PC / status faquu

2. \Un Interrupt Vector table v ISR address (1w wa5 003
= AJUD4R)

3. Td address 1iuTu PC — $u ISR

4. Restore fii save 1§ - aduluvinauigu

IRQ
[Tu-iunsuuﬁn ]—b[ 1 Save H 2 Vector H 3 ISR H 4 Restore

nduluvihanuidnsie '

* Sequential: \in — vin = AdU — 1ARA — ¥in - AL
* Nested: Y dfoudnunsziiing X — save X, vih Y, Auan X, vih X sia
- douldiAtu = Suau register MAUA g

szuinlasas Anuaue
interrupt
Multiple lines 1 1#u/aunsal uel I/O wos dufiwos

Software poll laanuitaz module (&)

Daisy chain ds acknowledge siofwidugnla enu priority

Bus arbitration wpAnAAN bus Aau ud1as vector was device



Hin 2/4 - Ch03 Data Representation . Assembly *maﬁﬂ'\,ﬁwA%'aMaQH SN = EENANa lad

(X} Data * “azfidfotluilg” doawinle (EXE) Assembly (RISC-V)  * doud Lisouduuldn

Representation o " fosfuanddwinorls lirnzainsna
Sign-Magnitude 2's " ADD A,B,C =B+ CiiiuTuA
Complement " LOAD = Memory — Register
A1au  Adusign bit (0 = +, 1 = -) adunanda udn = Register - Memo
' ju sign bit (0 1 ) Asunnidn LA " STORE = Regist M ry
#imadnde magnitude +1 " ADDI = register + d1avl (immediate)
8 im =127 ... +127 -128 ... +127 " addi x22,x22,4 =x22 « x22 + 4
Aud {260 Gdien * Instruction Format (§100n 2=l chart T1)
0000 0000 / 1000 0000
- R | funct7 | rs2 | rs1 | f3 | rd | opcode |
udn/  sign wmiou — uln A-B=A+(2's - : =
. 1 | immediate 12 da | rs1 | f3 | rd | opcode |
au magnitude 294 B) . — -
sign 69 — audidnannn  ud e carry- opcode 7 dna — 2 ""l‘m
Tuey T4/ sign shTney out rs1, rs2, rd az 5 Om — 2° = 32 register
s 7 6 5 4 3 2 4 0 1 2 3 a4 5 & 7 " |-format: 12 dswwu = immediate
|1ooo|1001|1o1o|| 1011|1100|11o1 ||111o|1111 |0000|ooo1 || oo1o|0011 |0100||01o1 |0110|0m| " 8. add X9,x20,x21 — OpCOde = 51, rd = 9, rs1
o bn::;:?g;m - ndudn 1010 - +1 a1os1l$n=b7“5=0Amn =20, rs2 = 21
2's Complement wuu 4 Os 929 -8 ... +7 (AudsnidT) i L.
. 5 Y w o AAN A&
Shortcut 2's: ann LSB 122 1 dhusn Al udnduia :
y Logic AND - OR - XOR
MNBILVINANR it lef
@g. 0101011 — 1010101 Shift eft = ant
Tk right = vins
ng. &lac 6 + (-5) wuu 4 Os Branch BB o
0110 + 1011 = 1/0001 Wndeulurdou | bne lawindu
e carry - e 1 blt rs1 < rs2
" Overflow: (+)+(+) léfau wdo (-)+(-) lgiuan bge rs1 > rs2

mu. 16 O (1w assignment) - nazlaalu L1
* +100 = 0000 0000 0110 0100 Procedure | = flefidu = software interrupt

save naray stack uady return Auann
stack

" +37 = 0000 0000 0010 0101

" =100 SM = 1000 0000 0110 0100

" =1002's=1111 1111 1001 1100

" =-372's=11111111 1101 1011

* 100-37 = 1|0000 0000 0011 1111 — 63

RISC-V @ self-study flenansditaTweuies: lioen

(di11k] Endian

©37-100 = 1111 1111 1100 0001 — —63 Little-Endian: bit 0 (flovdn) agu
" Big-Endian: bit 0 agj«fe
IEEE 754 N = (-1)S x 1.m x 2E-127 " snualad: Little viu byte LSB 4 address shan (RISC-
| S | Exponent 8 | Mantissa 23 | V)
| S | Exponent 11 | Mantissa 52 |

" % Single 32 Usn: exponent 8
" % Double 64 in: exponent 11 (21a15803)
" bias single 127 - double 1023



11 3/4 - Ch04 Memory & Cache

* onsdiiln - A‘ﬁauaaﬂ SN = @Euana lag

Memory Hierarchy
Jregister:Y

* N5UNSNR

157 - AN - Adoudm
SRAM 0.5-2.5 ns
DRAM 50-70 ns
Magnetic disk 5-20 ms
%1 - A - NNAR

Main memory

Magnetic tape

" Magnetic tape = gnan aunnan (offline) * 21an56
A

" RAM = a5 (lwdunne)

" ROM = s (U Iudot)

" Cache dunas CPU < Main memory ifudioyaii 1af
voy/@n

" L1 ojTu CPU - L2/L3 aguan CPU

" Hit = xoTu cache

" Miss = liiiaa — #san main memory a1 cache u&
a1 CPU

* AN

Associative - Write Policy

Set-associative: index 1isnAvlgnarnyn

" 2-way AU 2 - 4-way AU 4 - 8-way AU 8

" wAniAuso index — Tonna hit anndu

" % Fully associative = miss Havan (hit 1nnan)

" Miss rate: 1-way 10.3% - 2-way 8.6% - 4-way 8.3%
- 8-way 8.1%

" fiduust dilonasdony

Write policy anuniany

Write- iWouag cache udzas CPU 1ay

through

Write-back d4 CPU Aou udnrauduias cache vinay

Write-allocate 8nvnaidanaas write-through

}aqtiu memory Krdu nalnmsidsunuaanuddiny e 1dadi

Teiouign L1 - usisiosddonia 3 én

(XN Direct-Mapped Cache * doduans hit/miss

Cache index = (Block address) mod (#Blocks)
— Taf Dmana 10w index
I Address = [ Tag | Index | Offset ]
" &@¥n hit: g Index — wisu Tag — g Valid (V) = Y
" Budiu cache 319 (V = N)
" asausnwoann address = Miss winon
" dfoidy: viany address dugios index HpAn
* e, & lad cache 8 block - Tag = 2 fauu - Index =
3 dmang
@ 22 26 22 26 16 3 16 18

Tag 10 11 10 11 10 00 10 10
ldx 110 010 110 010 000 011 000 010

WA  Miss Miss Hit Hit Miss Miss Hit Miss*
*18: index 010 i tag 11 usiwe tag 10 — tag lsinss = Miss

T RICTHMYY
[ Tag (Dsun) I Index (Tnnanv) I Offset (Tmanv) ]
000 001 010 011 100 101 110 111
V=Y tag 10 V=Y tag 10 || V=Y tag 00 V=Y tag 10
V=N V=N V=N V=N

oya 16 <doya 18 oA 3 oA 22

anue cache navwamsusnusnog N (index 010: 18 yuiu 26)

* fg. uﬁan‘lmy’ 64 block x 16 B/block, address
1200

" Block address = 1200/ 16] = 75

" Block number = 75 mod 64 = 11

Block address = |address / bytes per block|
Block number = Block address mod #blocks

X cuaniin Tag/Index/Offset 1SN

Offset = log,(bytes sia block)
Index = log.(3ruu block)
Tag = U address - Index - Offset

me. 4 KB direct-mapped, 16 B/block, address 32 s
" 4096 / 16 = 256 block

" Index 8 - Offset 4 - Tag 32 - 8 - 4 = 20

" ¢ 2-way: sets = 128 — Index 7 - Tag 21

" Hit ratio = hits / accesses

" Miss ratio = 1 — hit ratio

* Block Tnajdu: miss rate an (spatial locality)

" ugl cache winiiind block tiosas ughaduunAdu miss
penalty asiu — Tuai # fauo



11 4/4 - Ch05 1/0 - Ch06 Storage - Ch07 Pipeline - Ch08 Parallel

* onsdiiln - A%’auaaﬂ SN = @Euana lag

Chos @V/e] * DMA 157am

* 1/0 module 5 wiinii:
* Control & timing

* doansAu processor

* Zoansdu device

* Data buffering (I/O a1 memory Jssiosd buffer)

* Error detection

* /O command 4 uuu: Control - Test - Read - Write

maiia

Programmed
1/0

nann1s

dwan CPU dwwd eso — i#unan CPU

Interrupt-driven  CPU & Tluvinaudu I/0 wiousios interrupt

DMA

#9959 AU instruction cycle Asugndn

1/0 A Memory nise CPU liigjs

unsnlénn slot was cycle
- % 5ige THTundnilaatiu

Storage - HDD - RAID

* win HDD

*idous psua iddou — aunuwimdn - IefideuAuuu

e/ = 0/1)

* 37U gaanawmilonvindranal

* Platter wangdu - 1 vsio 1 @9

* Track = yumu 19

* Sector = dusonwas track A lsiTenanwos track

* faquld Multi-zone recording (sector auaTn&idasriu)
* SSD 15701 dsznda Indn wsiwwendn HDD

* DVD aunnnin CD (sector 1dnnin density ganin)

* Tape an&n
RAID 0

udsnszany

RAID anuaLy

s:6U byte

O U1 A W N = O

RAID 1

fiala (mirror)

Striping as:nuifludwdnamaodian (Lifidrseq)
Mirror i#aud 2 fad Wasawsivaonsiy
1Ay parity bit / ECC ddaya lé

+ parity fafifian

sz6u block + parity disk usn — aon

wildou 5 us parity 2 aim

waylangionansgaunuvu

Tang

DVD vs CD Tasaunnnin

Sector foarls

SISD vinmanuAdendourin?
Pipeline T#lgawnz RISC?

Exponent single / double

annan luiisdin
RAM vs ROM

[9D) 1]

RAID 5
(a2
Ce)(r)

Gl (e

Tty AU

&l

block + parity niauidsunndad (wimawia RAID 4)

DVD sector 1dnni1 density ginin

audosaas track lildnauwos track

8/ 11 iam

Magnetic tape (offline)
RAM a@fams1 - ROM ans

Tail& 1 énda 1 doya
W RISC uaz CISC finun

Pipeline - Hazard

* Pipeline = uisnuiilu stage T4 resource laiwuru

" wWiuu: Ak - U -8R — L
* Stage: IF - ID - EX - MEM - WB

* @siufionanstith: Fetch — Decode — Execute — Write back
* A Tafléivia RISC (ARM) uaz CISC (Intel) LiiTwiann: RISC

* anuia/AsuA

* Vinvianped&snwsauAu — 15w usiliin hazard

=
Ay

" [ ] o | ex | mem | ws |

12 F o o ][ ex | mMem || ws |

13 [® | o | ex | mem | ws |

Data hazard: sub sof1ann add

add [ F | b | Ex | mem | ws |

sub e ID (stall 50 x19) e | mem | ws |

Hazard 3 uwuu

Hazard 1AnLdo
Structural ' I«f resource a1
Au Tunandiendu
Data Foyassluindou
add x19,x0,x1
sub x2,x19,x3
(add slai write

back)

Adsrouniiidn
branch/jump -

Control

fndait fetch an lad

anla

Parallel - Flynn - GPU

* anuia/AsuA

35uA

Stall (bubble) aunin resource 114

@ stall swan usidn

@ Forwarding / Bypassing &ina
Execute nduiiu input lise write
back (vin hardware)

® Code scheduling compiler 101
ddslidsandn (lddn hardware)
@ stall / bubble &6

@ Branch prediction anéhuada
usi hardware uws — @ ulng) o
stall

* vn stage ¢ioadl pipeline register \Audiayaann stage Aouniin
* lufudionanndndsdaluviu (Win hardware = dunu)

* Jug SISD/SIMD/MIMD

1 afoya

AAusien doyanatusnnsondu (wuau background anw)

Flynn 7lonanstiosuny
SISD CPU Unid 1 einds
SIMD vector / array - GPU
MISD wnulsist

MIMD Shared memory

= SMP (PC/ Intel)

Distributed memory = cluster

* Shared memory: sync ig
* Distributed: sync fayasn

Tang
Cache wuulnu miss tiosgn
J8@suag cache

Daisy chain 1Agnfiu
gdoninTaslsTs bus
I/0 waialuusian
ASARDEDNUVDSANIU
SRAM vs DRAM

* Multi-core = duplicate core 234
* Multithread = wooauiu thread udh schedule lsivin hardware
* VM = @sop hardware T lsifi core a3ssassu

usinn core LeiNfiU access

* GPU = SIMD - Fermi = vector-based - Tesla = multiprocessor
* DGX T4 train Al - sousuluealdnsavialy (PCle) lgf

* uudioaou

MU
Fully associative

Write-through - Write-back - Write-
allocate

Priority

Bus Arbitrator (172 Control Unit)
DMA uusnléwn cycle

PCle

SRAM 157071 - DRAM 1 gantin



