Applications (scientific, client, cloud,loT)

System Software (OS, P/L, Compilers)

Instruction Set Architecture (ISA) —
Hardware Software Interface

Microarchitecture (type of cores, pipelines, caches)

Technology (transistors, DRAM, NVM)

Economics.(suprly/demand, valiiie, costs)

« HAZE (ISA): diaouvdeon PJeTACU AOYIOUIKOU Kal UAIKOU

* Microarchitecture: H opyavwaon meplypa@n pong Kai amobnkeuang
TTANPOYOPIWV KAl EAEYXOU CEXWPIOTA aTTO TNV TEXVOAOYia UAOTTOINONG



* Instruction Set Architecture (ISA) design
— I.e. decisions regarding:

* registers, memory addressing, memory space, addressing
modes, instruction operands, available operations, control
flow instructions, instruction encoding, interrupt support,
performance monitoring

— example ISAs: x86, ARM, MIPS, IBM
32 bit and 64 bit
« CISC vs RISC

— Extending an ISA:
* new operations, e.g. bit manipulation to facilitate security
* new data types e.g. AVX-3 512-bit operands
« Security support
* Programmability support



MIPS ISA(RISC)

Instruction type/opcode

Thasa Irewafers

LB, LBU. 5B
LK, LHU. SH
LW, LWL, SH
LD, SD
Name Number  Use Preserved across a call? L.5.L.0.5.5.5.0
MECO, NTCO
$zero 0 The constant value 0 N.A. MOV.S. MOV.D
fat 1 Assembler temporary No MEC1, MICL
$v0-$v1 2-3 Values for function results and No .-‘-r-.‘,\nl(l.- Aogbcai
expression evaluation ADD, DADDT, DADDU, DADDTY
$a0-$a3 47 Arguments No "::tul‘:l,uu —
$t0-$t7 815 Temporaries No COIVU, WADD
$s0-$s7 16-23 Saved temporaries Yes ARD, ANDI
$t8-$t9 24-25 Temporaries No ‘l‘fln‘.] %OR. XORT
$k0-$k1 26-27 Reserved for OS kernel No OSLL, DSRL. DSRA_ DSLLY
$ap 28 Global pointer Yes DSALY, DSRAY
< SLTL. SLTU.SLTE
$sp 29 Stack pointer Yes ST, TE, SLIW. SLT
Contal
$fp 30 Frame pointer Yes s02. !I-\:;'
$ra 31 Return address Yes 8L, BME
SCIT, BCIF
PC: program counter points to next instruction to execute MOVN, NOVZ
J. JR
Operations, operands (registers+tmemory), encoding of operations, syscalls :‘” JALR
[RET

Floaring povme
ADD.D,ADD.S ADD.PS
SUB.D,SUB.S SUB.PS
MUL.D, MUL.S MUL.PS
MADD, D MADD.S. MADD ., PS
OIY.D.DIV.S.DIV.PS
o,



Microarchitecture

Computer organization:

— microarchitecture and hardware implementation of the ISA

« Number of pipe stages, size of caches, number of functional
units, prediction, prefetching...

Design to maximize performance within constraints:
cost, power, and availability

Many options for implementing the ISA (huge and
challenging design space)
— Critical making right choices

— Hardware configurable and dynamic: challenging how to
configure it and use it efficiently



Implementation Technology

Type of transistors
— mosfet, finfet, number of fins

Size of transistors, wires, ...
Metal Layers

Placement and routing
Power

Current



ASE (ISA)

2-Way, 64-Kbyte ion Cache Predecod Branch Front-End BTB Instruction RN
24-Entry L1 TLB/256-Entry L2 TLB Cache (4K Entries) TLB/Prefetcher
l v

| Instruction Decoder ‘ Microcode
3-Way x86 Instruction Decoders ¥ ROM
Instruction Control Unit (72-En 4 = Tra;:zcEar:E-ieez)TB -I;':]ache I_(‘::;:)e ™ uop Queue Quad
ns: ion Con! nit (7: try) Ir.\l( Pumped
bl | Allocator / Register Renamer 3.2GBIs
Memory uop Queue Integer/Floating Point uop Queue Bus
[ Memory ] [ _Fast | [ Slow/General FP Scheduler ] [Simple FP] Interface
L i ] I Unit
1 v &
v
Integer Register File / Bypass Network FP Register / Bypass
AGU AGU 2xALU ||| 2x ALy || | siow aLu = L2 Cache
MMX FP (256K Byte
Load Store simple ||| simpte ||| compiex SSE Move 8-way)
Address | | Address Instr. Instr. Instr. SSE2 Y,
8 g I l 48GBIs
7 System Interface L2 SRAMs ~ L1 Data Cache (8Kbyte d-way) 356 bits

\ 4




Eravainyn
206TNUO ALOGCOAVOONS
(Pipelining)

How to organize a processor
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6 PM 7 8 9 10 1 12 1 2 AM

AlcocwARvwon

O

o
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*Pipelining

11

12

2 AM

4

2 AM

4
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Xpovocg ExktéAeonc = | x CPI x Cycle Time
| dynamic instructions

Cycles Per Instruction

Cycle Time

Me 1 xwpic pipeline 1o | €ival 10 id10 OTTWC
kKal To CPl =1 (CPI=1 10eaTQ).

To Cycle Time;
To polor TPEMEL VO OOVAEVEL UE TNV TUYVTNTO TOV

L0 OPYOV TUTUOTOS

10
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! J
m Instruction Fetch

m Memory Access
0] wete Back

Xwpic¢ pipeline Cycle Time = KpioIuo HoOVOTTATI TOU IAdPOUOU OEDONEVWIV
(id10 yIa OAEC TIC EVTOAEQ)

Me pipeline Cycle Time = Maximum (KpioIuo JOVOTTATI KABE oTadiou)

2TNV KAAUTEPN TTEPITITWON
pipeline Cycle Time = Cycle Time xwpic pipeline / apiBud¢ otadiwv

11
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MIPS Datapath

Instruction Insfr' Decode ExecuTe i Memory éWriTe
Fetch : Reg.Fetch | Addr.Calc | Access | Back

Next PC R
(> ! Next SEQ PC 2

(oW : 9 :
Q [ ] [ ]

. r— p)
4., )/ - Zero:

: RS2
: —

e
;@

OWS|\

"JLSUT

2|14 bay

H
A
.Z. RD

[
»

» Sign
Imm xten

[>99J‘va

\ov/

Adowayy
D4DQ
‘ i

WB Data




Pipelined MIPS Datapath .

Instruction : Instr.Decode : Execute i Memory i Write
Fetch i Reg.Fetch i  Addr.Calc | Access | Back

Next PC

Next SEQPC | | Next sEQPC {=

AT A=A

»Zero?|—
RS1
> —>
o = | SN oy | | 0 =
o7 O e - e P = 4 e HSH = |2
< | |@ s [1% 2| ISsHS
Al - g (IEEIE g
S
<

KataxwpnTteg Alacw)\r]vwor]g

WB Data



(Datapath) TOU Plpellne pE Control

Instruction i Instr.Decode Execute i Memory i Write
Fetch i Reg.Fetch :  Addr.Calc : Access : Back
Next PC _ T R R :
° Next SEQPC | [ |Next SEQPC i=
»1Zero?|
Rs1 >
L
sl | [ 5] |al = & -HL@» 5 z
"Sre—{ 3 I il | 154 X H= =
® o ] » T |lm =1 = N
0 *2 o o ® [1X CJ|m Q s
A ‘-» = |3 'w"@_
I -3
; > < —

Datapath

WB Data

Control Path




Kataxwpnrtec AlaocwAnvwaoncg

F/D:

— PC, instruction
D/E:
— Src1,Src2, instruction, PC, imm(sign ext)
— control for other stages (muxes, ALUop, Mem signals)

E/W

WM




*ExTéAEOT UE OLOGOAVMGOT

v

Time (in clock cycles)

Program

4 cci1 | cc2 | cc3 | cca | ccs | cce | cc7

execution I I I I | |
order | | | I | |
(in instructions) : : \ : : : }
| } | | | |
w$1,100$0) | M [— Ll Reg | DA DM [——{ Reg | | |
: =
| | | | | |
| | | | | |
| | | | I }
| | - } | | |
lw $2, 200($0) : IM ; Reg ! ALU ; DM ; Reg }
e
| | | | | |
| | | | } i
| | | N :

lw $3, 300($0) | | M i'_ Reg | | >ALUF—{ DM [—+ Reg
A\ | | | i / 1 | 1
| | | | | |
| | | | | |

*Kdébe evioln (aveEdptnta TmToL) Tpénel va TEPAGEL Amd O A T GTAILN
*Xperaletor 5 KOKAOLE Y10 Vo OAOKANP®OEL o EVTOAN
*AvvaTdTNTO VO OLOKAT|POVETOL LU0, EVTOAT] KAOE KOKAO

16
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Kivovvolr Atocoiqvmong (Pipeline Hazards )

IAEATA: To cOotnua dlac®ANVOGONC pYaleTal ympic OL0KOTES EAV 1 KAOE
EVTOAY] TOL EKTEAELTOL TN JAGCOANVOGT) €lval aveCaptntn and Kabe dAAN
EVTOAY] TOL EKTEAEITOL 0T AUCOANVOON

XNV TPpAEn vtdpyovy GAANAEEAPTNGELS LETACD TMOV EVIOADV TOV EKTEAOVVTOL
GTNV OLLCOANVOGCNG

Kivovvol Alacoinvmoenc: EumodiCovv v emopevn akoAovbio eviolmv amd
TOV VO EKTEAECTEL KATA TN OLAPKELN TOV TPOKAOOPIGUEVOL KUKAOL UMYV,
(otdomn SLLCOANVOGNGS | PLGAMOES OLUGOANVOGCTC)

Stalls ka1 Bubbles: peimon g fertioong amd v ypron tov pipeline

YrapEn kivovvov mpoamattel eEAPTNGT aAAd Oyl TO OVTICTPOPO

» Aouwoti Kivovvor (Structural Hazards)
» Kivovvor Agdouévov (Data Hazards)
» Kivovvor Porc (Control Hazards)

17
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Speed Up Equation for Pipelining

CPI = Ideal CPT + Average Stall cycles per Inst

pipelined
Speedup = Ideal CPT + Pi1peline stall CPT Ccy;cilee-l'-;:‘::eu::::::d
Ideal CPT =1
Speedup = 1 Cycle Time,  inelined

1+ preline stall CPT Cycle Time,; .jined




k= Cycle Non-pipelined/Cycle Time Pipelined (ideally equal to # of stages)

SpeedUp vs StallCPI for k=5

0 0.5 1 1.5 2 2.5 3 3.5
Stall CPI

19
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Aopikot Kivovvol (Structural Hazards)

* Op1oUEVOL GLVOVAGLOL EVTOAMV OV UITOPOLV VO, IKOVOTOINOovV 010TL
YPELALOVTOL TEPIGCOTEPOVS TOPOVS OO AVTOVC TOL OLOETEL 1] YOV

1. Opiopéveg AEITOVPYIKEC LOVAOEC OEV EIVOIL OLOCMANVOUEVEC

2. Op1GUEVEC LOVADES OEV AVOATOPAYOVTOL OPKETA Y10 VOL
IKOVOTTOIN GOV OAOLE TOVG TTHAVOVS GLVOLAGLLOVC OO EVIOAEC.

. Apyeio kataywpntav mwov emttpénetl povo po tpdcsPacm (Only one register-file port)

. M mopTa pvnung

20
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Execute Memqr EWr'i're

Ingtruction Instr. Decode :
i Reg. Fetch Addr.Calc i  Acress : Back
Next PC _ . ~
Next SEQ PC ext SEQ PC

Zero?

o
+

RD

WB Data



[la eukoAia... (show 2 memory boxes)

Instruction Instr. Decode Execute i Memory Write
Fetch i Reg.Fetch :  Addr.Calc : Access : Back
Next PC _ I R s :
= X Next SEQPC | [ |Next SEQPC {=

2Phy

4., »Zero?|—
RS
> = RS2 o —> m <
~a o Hl +— & -HL X m
(1 W B S e 2 LS T
o ] = 1 2 ||m c %H(% >
a ~ o o X . ; 3 _§_>
(o]
‘ S ‘i’
N —

WB Data




JIvWh 3N

S 0 Q3Q

[Tapadeiyua: yia mopTa Yvnung

Moia gival n e€aptnon (dependence);

Time (clock cycles)

Cycle 1:Cycle 2 i Cycle 3: Cycle 4:Cycle 5 : Cycle 6 i Cycle 7 : '

Load If"'*ch:I: Reg

Instr 1 é Ifetch

Instr 2 '
Instr 3 DMem Reg
'Instr 4;

'Structural Hazard




JIvWh 3N

S 0 Q3Q

Time (clock cycles)

Cycle 1:iCycle 2 i Cycle 3 Cycle 4E Cycle 5 Cycle 6 :Cycle 7

L o ad Ifetch

Instr 1

Instr 2

Stall

Instr 3

Reg

F

Ifetch

Reg

DMem *

I Reg

Ifetch

Ifetch I

NMwcg TTpokaAsig “bubble” oTto pipeline?



Bubble oto FETCH

2T0 oTAdI0 fetch eAEyxel TO TTI0 KATW:
If (Optype[E/M]==memory)

PC =PC // stall
Instruction[F/D]=nop // bubble
else

normal




Bubble/Stall I svika

EdQv vapyel 6€ 6TAO10 EVTOAT TOL £YEL
hazzard, tote

—1

OHI'OYMENA XTAAIA STALL

(Ol TNPOVV KOTAGTOON)
—2TO EIIOMENO XTAAIO NOP (Bubble)

— TA AAAA XTAATIA TTPOXQPOYN
KANONIKA




Mnyovieuog E€ac@aitonc s Atacoivoons [Pipeline Interlocks]

Emionuaivel kivouvoug Kol XTauotd Ty Tpo@oddTn ot 61N
OLLCMANVMOGCT] TNG EVTOANS TOL Oa P GLUOTOMCEL £VO, OEOOUEVO UEYPL
avTd va TopayOel amd TNV mapaymyd EVIOAN

Movdoa eAEYYOL KvdOVeV Y1, KAOE GTAO10.

27
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AUOEIC yIa KivOUVOUG OONNG

Auon 1. Wait
—must detect the hazard
—must have mechanism to stall
= XAVEIC ETTIOO0N

Ed&v ot evtoAéc mpocPBaong otn pvhun gtvar to 30% tov oAMKov
ap1Ouov TV evtolwv. I16c0o 1o ypryopn eival n 8avikn pnyovr og

GOYKPLON HE TV TPOLYHOTIKH HNovn;
Auan 2: Throw more hardware at the
problem
ETTidoon e QUO TTOPTEC O€ OXEON UE I0EATH;




Auon Twv Kivouywv Aopwv GTO

Next PC

| 4
Cssa4ppy
¢
P SN

Datapath

Control Path

4
Ql/4I

Gxa’ilaopo

[ Next SEQ PC

X3/Q1

Text SEQ PC

17 ero
| I
» i

a/n/Waw

WB Data



E¢aptnon Aedopevwyv: RAW

E¢aptnon Read After Write (RAW)

<::I: add rl,r2,r3
J: sub r4d,rl,r3

AUTO PUTTOPEI VO TTPOKAAECEI KivOUVO O€ £va pipeline.
[10T7¢;




Kivovvotl-Agdouévav dnuiovpyovvtol 0tav 1 S1cOANVOGCT O10POPOTOLEL TN GEPA

TPOGPacnC o€ TELEGTEG GE GVUYKPIOT| LUE TN GEPA TPOGPaonS Ypic SUcOANV®OON

Time (clock

Kivovvor-Agoopévov (Data Hazards)

P

cycles)

13

add r1,r2,r3

I

sub r4,r1,r3
and r6,r1,r7

or r8,r1,r9

xor r10,r1,r11

11X

Il_ze

" IDIRF [EX

MEN

WB

[Molec gival o1 EEaPTATEIC (depeindencies) kai imolol oi KivBUNoI (hazfards);

Re
Re
N 1D Re
iD ?Re

KepdaAaio 4 - 2uotnua AlaowAvwong
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MetaBifaon (Forwarding) yia
ammouyn Kivouvou AedopEVWV

Time (clock cycles)

I3 N

SN0 OQ

add rl,r2, r3ffe

‘\ Reg

sub r4,rl,r3

and r6,rl,xr7

or r8,rl,r9

xor rl0,rl,rll

[fetch

Reg

KepdaAaio 4 - 2uotnua AlaowAvwong
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AANayEC aTo UAIKO yia Forwarding

NextPC
—
E
§ " %
@ =
® C
o
«n 3 Data
c M ?
S emory
Immediate

xXnw

33
KepdaAaio 4 - 2uotnua AlaowAvwong




TI onuaivel yeTaBifaon
(forwarding);

« Metaxeipion mediwv Twv pipeline registers cav moOava
Inputs OTIC EVTOAEC

* [x: oto 010010 EXEC €KTEAOUUE TO TTIO KATW:
if (SrcReg1[D/E] = NULL)

if (DestReg[E/M]==SrcReg1[D/E])
ALUSrc1= DestValue[E/M]

else if (DestReg[M/W]==SrcReg1[D/E])
ALUSrc1= DestValue[M/W]

else
ALUSrc1= SrcValue1[D/E]

34
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I 3N

S0 Q3Q

Kivouvol AeOOUEVWY Kal JE
Forwarding

Time (clock cycles)

Reg

1w rl,0(xr2) Ifmh[I:

sub r4,rl,r6

and r6,rl,r7

or r8,rl,r9

Ife'rch‘ I Reg

Reg

DMem

Reg

Ife'rchtl:
Ife'rch . Reg I .2

DMem

Reg

KepdaAaio 4 - 2uotnua AlaowAvwong
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AUOEIG TOU KIVOUVOU TNG EVTOANG
POPTWANG

DMem

Time (clock cycles)

I
n
< | lwrl, 0(r2) Ife*chljl:
f.
r.

sub r4,r1,r6
o
r
d
- | and r6,r1,r7
r

4 2 Ifetch Re

or r8,r1,r9 @‘ 11: i

! 36
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IHopaderypo:
—  To 20% tov evtolwv givan poptmonc (loads)

— 210 50% TtV TEPIMTOCE®V 1 ETOUEVT] EVTOAN YPTGLOTOLEL TO
amoTEAEGUO TNG EVTOANC OpTmwonS O kivouvog avtdg Onuovpyel
L0 GTACT] GTT OLLCMAN VMG

e Epotnon: I16co mo ypryopn €ival 11 010c@AV®OGT Y®Pic ToV Kivouvo
AVTO GE GUYKPLON UE TNV TPUYLLOTIKT) U0V

37
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IHopaderypo:
—  To 20% tmv evioA®Vv givor @OPT®ONG

— 210 50% TtV TEPIMTOCE®V 1 ETOUEVT] EVTOAN YPTGLOTOLEL TO
amoTELEC LA TNG EVTOANG @OpTmo™C. O Kivovvoc avtdg onutovpyet
L0 GTACT] GTT OLLCMAN VMG

e Epotnon: I16co mo ypryopn €ival 11 010c@AV®OGT Y®Pic ToV Kivouvo
AVTO GE GUYKPLON UE TNV TPUYLLOTIKT) U0V

To CPI g evtoAnc mov akoAovbel TNV EVTOAT POPTMGONC Ko
YPNOLLOTOLEL TO ATOTEAEG A TNG POpT™ONG glvan 1.5

CPI=1+02*05*1=1.1

Performance ratio=1.1/1 1.e. 10% faster

38
KepdaAaio 4 - 2uotnua AlaowAvwong



Forwarding to Avoid LW-SW Data Hazard

Figure A.8, Page A-20

Time (clock cycles)

I3 N

SN0 OQ

add rl,r2, r3ffe

Reg

lw r4, 0(rl)

sw r4,12(rl)

or r8,r6,r9

xor rl0,r9,rll

.

[fetch

[fetch

Reg

[fetch

DMem

Reg

DMem

Reg




AwPipaocn Asdopévov (Data Forwarding)

¢ To cvomua ocwAnNvoong npénel va dtaPiPaiet oedouéva petadL
OLLPOPWOV GTAOI®V

* Kivovvolr Aedouévmv e eVIOAEC Lviung
#I1oté vrdpyel e€dptnon;
sw 14,0(r5)

Iw 13,4(r6)
T etvan To mBavo €idog e€aptnong; Memory Dependences

O kivovvoc avtog dev TapoLGldeTal O10TL 01 TPOSTEAAGELS GTT| LUVI U
yivovton mdvtote o1 cmot oepd. (Movo 1o tuquo MEM owpaler 1

YPAPEL GTN pvuN)

40
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Data Dependences: WAR

Write After Read (WAR)
Instr, writes operand before Instr,reads it

I: sub r4,rl,r3
J: add rl,r2,r3
K: mul r6,rl,r7

Called an “anti-dependence”.
This results from reuse of the name “r1”.

Can’t cause a hazard in an in-order pipeline because:
— Reads are always in stage 2, and
— Writes are always in stage 5




Data Dependences: WAW

Write After Write (WAW)
Instr; writes operand before Instr, writes it.

I: sub rl,rd4,r3
J: add rl,r2,r3
K: mul r6,rl,r7

Called an “output dependence”
This also results from the reuse of name “r1”.
Can’t cause a hazard in simple pipeline because:

— Writes are always in stage 5
Will see WAR and WAW in more complicated pipes




Kivouvol AlOKATOMGE®YV

10: beq rl,r3,36

14: and r2,r3,r5

18: or «r6,rl,r7

22: add r8,rl1l,r9

36: xor rl0,rl,rll




Kivouvol AlOKATOMGE®YV

10: beq rl,r3,36 :IE""lika

I Efe'l’c[I: Reg

Ti Oa yivel 6Tav diafdcoupe evroAr diakAdadwong?

&

3

I pretcf ] .ka| 's

Reg .a

[fet( ‘l

Reg

[fetc[l:

DMen

Reg

DMen

Reg




Kwﬁvvm AVOKATOMDGEM®V
=11

» . o)
» g ~

v \/
N : !

10: beq rl1l,r3,36 'IE"I)E ﬁf

» , ' ': -
- ] -‘

stall
stall @J w r@ w @
o S

36: xor rl0,rl,rll (taken)

Reg

1
14: and r2,r3,r5 (not taken)




Kivouvvolr Atukiadomoe®v (Kivovvolr Ponc EAEyyov)

O1 Kivovvor Atokhadmoemv onuiovpyodvtol OTay YOVUE Lol

OtakAddmo (n omola pumopel ko va Pacileton o€ amotéLEG LA AAANC EVIOANG)
GTNV OLCOANV®OGCT OV aKOAOLOEITE amd AAAEC EVTOALC.

IHopaderyno: Yroloyiote tnv enttdyvvon tov pipeline
edv 10 30% TV EVIOA®V €ival SLOKAAODCELS

* O dwukraomosis oto MIPS ypeldlovrar 3 tunuata (IF, ID,EXE)
« 3 stalls (oTa08€1S, PVOGUAIOES)

e Ideal CPI=1.

* CPIreal=1+03x3=1.9

* Movo 50% TS 100avIKIG EXTAYVVONGS ELVUL EPLKTT).

46
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* H peimon tov kO6cTOULC TNC EMITAYLVONG EIVOL ECOPETIKA CTLLOVTIKT
Ewwd yio unyaveég vynAng amdooomg

e TloAMamAd otdoa petaloy fetch kon execution)

e Tpodmor yia peimon Kivobhvev AOYo doKAUODCEDV:

#1: Stall until branch direction is known

#2: Determine target and direction early

#3: Predict Branch Not Taken

#4: Predict Branch Taken

#5

#6

47
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* Ot otdoelg mov oPeiAovToL GE KIVOUVOUC OLOKANOMDMGEDY UTOPOVV VOl
ehattmBOoV edv:

1. IIpocotopicovue mo vopic 6TV OLUGOANVOGT EAV 1 OLOKAAO®MG)
Oa etvon taken, kon

2. Yroloyicovpue 10 véo PC mo vopic

48
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Meiwaon stalls Aoyo dlakAadwaoewv

Instruction Instr. Decode Execute Memory Write
Fetch i Reg.Fetch : Addr.Calc { Access : Back

Next PC

:  Next R :
iy SEQPC

AJowa\y
D4DQ

RD

WB Data



H peioon emroyydveral pe:
e Tnv mpocONKN €101KOV KLKADUATOC Y10 VO EAEYYEL TN GLVONKT OLOKAAOMONG
(test-for-zero) oto Tunua ID

Tnv mpocsOnkm €000 abpoiot oto Tunua ID yio Tov VTOAOYIGUO TNG
ArevBvvong tov Ipoopiopov ¢ Atakridowonc(BTA: branch target address).

["ati 61 610 6tddo fetch;
To K067T0G TGS LIKAGOIMGNS TOPA £VOS KOKAOG

Mewovektpota;

50
KepdaAaio 4 - 2uotnua AlaowAvwong



Meimon Tov KOGTOUE TV OTUKANOWNGEMYV GE OIUCOANVOUEVES UNYOVEG

e 2tatwkéc IpoPAréyelg

 [IpoPreyn ot N drtakAddwon Ba eivor emtvync (taken)

* [IpoPreyn ot N drtakAddmong oev Ba etval emtuyng (not taken)

51
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#3: Predict Branch Not Taken
— Execute successor instructions in sequence

— “Flush/Squash” instructions in pipeline if branch actually taken
* Tionpaivel squash?

— 47% branches not taken on average
— PC+4 already calculated, so use it to get next instruction
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10:

14:

18:

22 :

36:

Control

beq rl,r3,36 f~{IE lsﬁ o= B[

and r2,r3,r5

or r6,rl,r7

add r8,rl1l,r9

Xor rib,rl,rll

Reg

Efe'l’c[I:

h : g
[fetd |[w @ w

azard on Branches

> <
1

[fetc[l:

Reg

Reg




Squash Pipeline

* 2¢ OAa Ta oTadia TpIv To branch sicaywyn
bubble.
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#4: Predict Branch Taken
— 53% branches taken on average

— But haven't calculated branch target address
— Still incur 1 cycle branch penalty
« Other machines: branch target known before outcome

55
KepdaAaio 4 - 2uotnua AlaowAvwong



Avwuxkraddesig ne kabvotépnon [Delayed branch]

* AlkAad0GELS pe kKabvotepnon 7 Branch Instruction
KOKA®V Sequential Successor 1
H AtoxAhadmon pe kaBvotépnon dev Sequential Successor 2
AopPdvel yopo pEYpLS 0tov Evag aptOpuoc _
gVTOA®OV (1) oL axorlovdovv Sequential Successor n
, . branch target if taken
OLLKAAOMGCN EKTEAEGTOVV

O MIPS £&yetl po otdon yio K6Oe dtoakAdadmaon). Aniaon n AtakAddwon
ue kabvotépnon dev AauPavel yopa LEYPL VO EKTEAEGTEL 1] EVIOAN
mov akoAlovBel v dakAddowon.

>youn Kabvotépnong Atakiddowonc: H oyioun mov akolovBel
oyoun ¢ Atakidomong pe kabvotépnon [Branch Delay Slots]

MEpoc TnC apyLteKTOVIKNC GLVOAOL EVTOA®V MIPS
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Scheduling Branch Delay Slots

A. From before branch B. From branch target C. From fall through
add $1,$2,$3 sub $4,55,56 add $1,$2,$3
if $2=0 then — if $1=0 then —

add $1,$2,S3
if $1=0 then —

— sub $4,35,56+—
becomes + becomes + becomes +
add $1,$2,53
if $2=0 then — — if $1=0 then —
add $1,$2,%$3 sub $4.%$5,%$6

add $1,82,83
if $1=0 then

— sub $4,$5,%6

A

In B and C, must be okay to execute sub when branch fails

— AANNIWG TTPETTEI VO AKUPWOEIC TNV EVTOAN 0TO delay slot
— [Mote ok not to cancel?




PC

Precise Exceptions

Sele
Han
PC

O

Ct
er

Commit
Point-
Inst. —\| Datar
Mem [P []Decode —E| >+ X Mem: [ wr
Illegal ‘A' Data Addr A’
verflow " Kill
Opcode Except iteback
PC Address ¢
Exceptions

’ 7
Kill F Kill D Kill E Asynchronous
Stage Stage Stage Interrupts

Cause

EPC




[Tw¢ XeIpICOPAOTE TIC ECAIPETEIC KAI OIOKOTTEC
(exceptions kai interrupts)

* H evTOAN TTOU TTPOKAAEI TNV £Caipeon TNV “ONUEILVOUE”
(flag) oTtov kKartaxwpenTr d1I0CWANVWONS OTO TEAOC TOU
oTadiou TTOU PBPIOKETAI N EVTOAN

O1 JIOKOTTEC ONUEIWVOVTAI OTO TTPOTEAEUTAIO OTADIO

e Orav n evioAn @1doel oT0 “TEAEUTAio” OTADIO
ecutTNPETOUMAI TO exception/interrupt

« Alao@aAileTal TTWG ECUTTNPETEITE TO exception TNG TTIO
TTAAIAG EVTOANG

e OAec o1 TTPONYOUPEVEC EVTOAEC £XOUV TEAEIWOEI Kal
KAMia TTI0 JETA OEV E€XEI CEKIVIOE
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