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 |nstruction Set Architecture (ISA) design

— l.e. decisions regarding:

* registers, memory addressing, addressing modes, instruction
operands, available operations, control flow instructions,
instruction encoding

— example ISAs: x86, ARM, MIPS, IBM
e 32 bit and 64 bit
 CISC, RISC
— Extending an ISA: new operations, e.g. bit

manipulation to facilitate security, new data types
e.g. 256-bit operands
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MIPS ISA

Name Number  Use Preserved across a call?
$zero 0 The constant value 0 N.A.
fat 1 Assembler temporary No
$v0-$v1 2-3 Values for function results and No
expression evaluation

$a0-%$a3 4-7 Arguments No
$t0-$t7 8-15 Temporaries No
$s0-$s7 16-23 Saved temporaries Yes
$t8-$t9 24-25 Temporaries No
$k0-$k1 26-27 Reserved for OS kernel No
$ap 28 Global pointer Yes
$sp 29 Stack pointer Yes
$fp 30 Frame pointer Yes
$ra 31 Return address Yes

PC: program counter points to next instruction to execute

Operations, operands (registers+memory), encoding of operations, syscalls

Instruction typelopode

Theakii Yresvrifiera

LA, LEL. 5H

LH, LHL 5H

LK, L#l. 58

LI, 50

L& L0 5.5 5.0
HECO, HTCD
MY 5 WYL D
FFC], HIC1
Al e rea o ol
CND, DARDT, DANDL, DATDTL
Crsup, rupu

DL, DMULLL B0LY,
CIINU, MaDD

ARD, AN0T
CA, DR]. %08, ECAT
LT

CELL, DSHL. DSk DSLLY.
CSALY, CSRAW

ELT, ELTL, S5LTU, 5LTLU
et

S BNzL

=eif, BNz

EC1T, BCLF

FOIYH, MOYWT

J, JR

JAL, JRLA

TH#AF

[RET

Filoaring pedot

AL .0, ADD, 5. ADD PS5
SUH. D, 5UR .5 SUR.FS
ML .0, AL 5 ML FS
HADD, [, MA0D .5, MDD, P4
(] I (T I
T .

€. .DC .5



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
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Implementation Technology

Type of transistors
— mosfet, finfet, number of fins

Size of transistors, wires, ...
Metal Layers
Placement and routing



2-Way, 64-Kbyte Instruction Cache Predecode Branch
24-Entry L1 TLE!258-Entry L2 TLE Cache Prediction Table

3-Way x86 Instruction Decoders

Instruction Control Unit {72-Entry)

Integar Schedulsr {18-Entry)

ASE (ISA)

Front-End BTB Instruction
(4K Entries) TLB.‘Prafa;tchur
[ nstruction Decoder | | wicrocods
Ti C L‘l_ BTB T C' h Rom
race Cache race Cache
Quad
i - JHop Queue
”512 Entries) (12K pops) v Pumped
' Allocator [ Register Renamer 3.2GBIs
[ Memory uop Queue | | 1 g Point uop Queue 1 ] Bus
[ Memery Scheduler | [ Fast | [ Slwfléomral FP Scheduler | [Simple FF | Interface
L { 1 — J Unit
v L 2 v
Integer Register File /| Bypass Network FP Register | Bypass
) i
AGU AGU 2c AL ||| 2x ALy ||| siow aww P L2 Cache
MMX FP (256K Byte
Load Stors Simple Simple Complex SSE Move 8-way)
Address | | Address Instr, Instr, Instr, SSE2
| l L :I 48GBIs
L1 Data Cache (8Kbyte 4-way) 256 bits



ftp://download.intel.com/pressroom/kits/pentiumee/smithfield_die_med.jpg

Eravainyn
206TNUO ALOCOANVOGCNS
(Pipelining)

How to organize a processor
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Pipelining

rﬂ%-

[loparinicuoc + Pipelining
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Xpovocg EktéAeonc = | x CPI x Cycle Time

| dynamic instructions
Cycles Per Instruction
Cycle Time

Me ) xwpig pipeline 1o | givail 10 id10 OTTWC
kKai To CPl =1 (CPI=1 10eaTQ).

To Cycle Time;
T0 poAoL TPETEL VO OOVAEVEL UE TNV TEYVTITO TOV
L0 OPYOV TUNNOTOS

10
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@ Instruction Fetch

I-Decode

@ Execute
m Memory Access
o] wite seck

Xwpic¢ pipeline Cycle Time = kpioluo HovoTraTi Tou d1adpduou dEDOUEVWIV
(id10 yIa OAEG TIC EVTOAEQ)

Me pipeline Cycle Time = Maximum (KpioIJo JOVOTTATI KABe oTadiou)

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

11
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MIPS Datapath

Instruction Ins'rr‘ Decode? Execute Memory EWr'iTe
Fetch : Reg. Fetch : Addr. Calc | Access i Back

Next PC : : : X

»

—

! Next SEQ PC

4_’ 7 RS1 zero

A :
: RS2 1

apY;/

v

JIOWAN
JLSuT

2|14 bay

5!
ﬂ L]
A} g,

N

\/

N
»

»{ Sign _._
Imm xten .

Cssa4ppy

/i:JOLUZW
D1DQ
‘ i

WB Data




Pipelined MIPS Datapath .

Instruction : Instr. Decode Execute : Memory Write
Fetch : Reg. Fetch : Addr. Calc i Access : Back
Next PC - —_— :

Next SEQPC WNext sSEQ PC =
4 3 »|Zero?]
Rs1

> g )
o 3 o +—— & -HL Ry &
:g--.—> 3 2 > o g »_\._, ;
o 3 = = @ c|l& s ol S
i =7 > I e
~< —
[ Sign
¢ Imm'@-

>
>
>
>

WB Data

V
\
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(Datapath) Tou Pipeline pe control

Instruction Instr. Decode Execute Memory Write
Fetch : Reg. Fetch : Addr. Calc i Access : Back
Next PC > - —_— :

Next SEQPC WNext sSEQ PC =
4 3 »|Zero?]
Rs1

> g )
o = H| —— & -HL RY L =
S~ 5 I | 4 2 HEe—= |2
a S = 12 Um c|l@ s |IS
, : 0
7 » < —p

Datapath

Control Path

WB Data



KataxwpnTtEc AlaocwAnvwaong

F/D:
— PC, Instruction

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

E/W

W/M




*EKxTEAEOT LE OLOGOANVOGT

Time (in clock cycles) >
Program cc1 | cc2 | cc3 | cca | ccs | cce | cC7
execution | | | | | |
arder I | | | | |
(in instructions) I I \ I I I I
| | | | |
lw $1, 100($0) M — LReg [ 1 AW T DM ——{ Reg | | |
| | | | | | |
| | / | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
lw $2, 200($0) | IM —— Reg | | >ALU ; DM —— Reg | |
| | | | | | |
| | | / | | |
| | | | | |
| | | | | |
| | | | | |
| | | : | |
lw $3, 300($0) | | M [ Reg | | AU DM [——| Reg
A | | | | / | | |
| | | | | |
| | | | | |

*Kd0e evioAn (aveEaptnta TOmOV) TPENEL VO, TEPAGEL OO OAQ T GTAOIOL
*Xperdletor 5 KOKAOVS Yo vo, OAOKANPp®OEL Lo EVvToAn
*AUvOTOTNTA VOL OAOKANPMVETOL L EVTOAT] KAOE KOKAO

16
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Kivovvor Atucoivoong (Pipeline Hazards )

IAEATA: To cVotnua dlacmANVOoNS epydletal ympic O1KOmES €AV 1 KAOE
EVTOAY] TOL EKTEAEITOL OTN OLAGOANVOGCT €lval avelaptntn and KaOe GAAN
EVTOAT] TOL EKTEAEITOL OTN AUGOANVOON

2NV TPAEN LLaPYOLVY OAANAEEAPTNGELS LETAED TV EVTOADV TOL EKTEAOVVTOL
GTNV OLLCOANVOONG

Kivovvol Alacoiveonc: EumodiCovv tnv emoduevn akolovdio eviodmv amod
TOV VOl EKTEAECTEL KOTA TN OLAPKELN TOV TPOKAOOPIGUEVOD KOKAOV UNYOVTG.
(oTdo™ JLCOMANVMOGCTNC 1| PLGAAIOES OLUCOANVMOGCNG)

Stalls ko Bubbles: peimon g BeAtioong amd tnv ypnon tov pipeline

YrapEn Kivovvou mpoamattel eE4ptnom aArd Oyl TO aVIiIGTPOPO

* Aopkoi Kivovvor (Structural Hazards)
o Kivdvvor Aedouévemv (Data Hazards)
o Kivdvvor Poric (Control Hazards)

17
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Speed Up Equation for Pipelining

CPI = Ideal CPT + Average Stall cycles per Inst

pipelined
1 Cycle Time, ...
Speedup = —— . X Y : unpipelined
Ideal CPT + Pipeline stall CPT  Cycle Time,;,qjined
Ideal CPT =1
1 CYC'C Timeunpipelined
Speedup =

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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Aopkoi Kivovvor (Structural Hazards)

e Op1loUEVOL GLVOVAGCUOL EVTOADV OV UTOPOVV VoL IKovoTonBovv d10TL
YPELALOVTOL TEPIGCOTEPOVC TOPOVS OO CLLTOVS TTOV OLADETEL 1| UMYV

1. Opiopéveg AEITOVPYIKES LOVAOEC OEV EIVOL OLUCMOANVOUEVEC

2. OpIoUEVEC LOVAOEG OEV OVOTTAPAYOVTOL APKETA Y10 VO,
1KOVOTTOIN o0V OAOLE TOVE TTHUVOVEC GLVOVAGUOVC ATTO EVTOAEC.

. Apyelo kotaywpnT®V Tov emtTpénel Lovo uio tpocPaocn (Only one register-file port)
. Mo topta pvung

20
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In:p'rucfion EInsTr'. Decode Execute Memqry Write
etch : Reg. Fetch : Addr. Calc i Acress : Back

Next PC > > R
- Next SEQPC | | INext SEQPC "
D .
Q.
4.. g »Zero?|
RS1
e
L2 ol 2 m _...I ™ |2 =
» S| e— |3 © € >E_\._> LIS
& 8 12 H® c|l& S
A o » ©® -XT / = S
— vy
C
> »@

WB Data




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

Instruction Instr. Decode Execute Memory Write
Fetch : Reg. Fetch : Addr. Calc i Access : Back
Next PC . T :
= X Next SEQPC | | Next SEQPC G

sapby

4.. 25t »Zero?|™
> —> m
i s ,},L EHEt-
Al L2 =H'XT:©»}";’ : '5*@
(o]
=3 -
»< —

WB Data




IS 7 - I Y

S0 Q3 Q

[Tapadeiyua: yia mopTa Yvnung

[Moia gival n e€apTtnon (dependence);
Time (clock cycles)

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

LO ad Ifetch :I: Reg

|nstr 1 Ifetch

Instr 2 Reg
I nStr 3 DMem Reg
Instr 4 :

'Structtral Hazard



J e+t S Iy

S0 Q3 Q

Time (clock cycles)

Cycle 1:Cycle 2iCycle 3ECycIe 4ECycIe 5 Cycle 6:Cycle 7:

Load

Instr

Ifetch

1

Instr 2

Stall

Instr 3

Reg

b

Reg

DMem }I~

Ifetch

Reg

I Reg

Ifetch

Ifetch

Reg

’F

Mwg npOKéAalg § bubble”— oT1o pipeline?




Bubble oto FETCH

2T0 0TOOIO fetch eAEYXEI TO TTIO KATW:
If (Optype[E/M]==memory)

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

normal




Bubble/Stall I evika

EdQv vtapyel 6€ 6TAO10 EVTOATN TOL £YEL
hazzard, tote

—1

OHI'OYMENA XTAAIA STALL

(drotnpovV KOTACTOOT))
— ¥TO ETIOMENO XTAAIO NOP (Bubble)

— TAAAAA XTAATA TTPOXQPOYN
KANONIKA




Mnyoviopnog E€acpdiong g Atwcoivoong [Pipeline Interlocks]

Emonuaivel kivovvoug Kol XTaloatd Ty Tpo@od0Tn ot 61N
OLLCMOANVMOGT) TNG EVTOANS TOL Oa ¥P1GLUOTOMGCEL £Va, OEOOUEVO UEYPL
avTd vo TopayBel amd TNV Tapaymyd EVIOAN

Movdaoa eAEYyov KvdOvmV yia KAOE 6TAo10.

27
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AUOEIC yIa KivOUVOUG OONNG

Auon 1: Walit
—must detect the hazard
—must have mechanism to stall
—XAVEIC £TTIOO0N

Ed&v ot evtoAéc mpocPaong otn pvhun givat to 30% tov oAMKo
ap1Ouov TV evtolwv. I16co mo ypryopn eivot n 18avikn punyovr oe

GUYKPLION UE TNV TPAYUATIKY LWNYOVT;
Auon 2: Throw more hardware at the
problem

ETridoon e OUO TTOPTEC O€ OXEON ME 10€ATN;




Auon Twv Kivouvwyv Aopwv GTO
: G,(e"wlacuo :

>

Q ﬁ!__;l ~
> 1St o o D

® > = ~

(7)) © 73

a A 4 |Y

Datapath

Control Path

Rext SEQPC | [ INext SEQPC {=
»1/eroi=
RS _ |
RS2 —> m
VSN e ol | I v, =
R © O e LS |z
» T I'\I'l c <\ i S
o o 'XT’@—» l';ﬂ ‘.E_»
- 1+
II . / _’@
I ,
' ]
L :
RD/ A RD,

WB Data



E¢aptnon Aedopevwyv: RAW

E¢aptnon Read After Write (RAW)

I1: add r1,r2,r3
J: sub r4,r1,r3

AUTO UTTOPEI VO TTPOKAAECEI KiVOUVO O€ £va pipeline.
[10TE;




Kivovvor-Agoouévav (Data Hazards)
Kivovvotl-Agdouévav dnuiovpyovvtal 0tav 1 SLoOAVOGCT O10POPOTOLEL TN GEPA
TPOGPaoTC 0€ TELEGTEG GE GLYKPION LE TN GEWPA TPOGPaons ywpic dlacmANV®oN

WB

Time (clock : : ;
CyCI€esS) IFE_i ID/IRE X :

add r1,r2,r3 | ! *qje - 2
sub rd,r1,r3 '”‘ 1A B3,

gl

MEN]

and r6,rl1,r7

or r8,r1,r9 ?{3 4

w

v

xor r10,r1,r11 'm I[EG_T@/URG

[Molec €ival ol eEapTAOEIC (depéndencés) Kal E'ITOIOI oi KiV5U\E'OI (hazfards);

31
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+ 0 3 N

s a0

MeTaBiBaon (Forwarding) yia

omocpum KivOUvou AgdOPEVWV

ime (clock cycles)

add rl,r2,r3fer.

sub r4,r1,r3

and r6,rl,r7

or r8,rl1,r9

xor ri10,rl,rll

[fetch

Reg

DMem

Reg

KepdaAaio 4 - 20oTnua AlaocwAAvwong
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AMNayYEC aTO UAIKO Yia Forwarding

NextPC
)
E
& ) %
Ta)
>
—+
®
¥
» 3
> C
X
Immediate

Data
Memory

KepdaAaio 4 - 20oTnua AlaocwAAvwong
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TI onuaivel yetafiffaon
(forwarding);

o MeTaxeipion rediwyv Twv pipeline registers oav 1moOava
INPUtS OTIGC EVTOAEG

e [1x: 010 0TAdI0 EXEC €KTEAOUNE TO TTIO KATW:
If (SrcRegl[D/E] = NULL)

If (DestReg[E/M]==SrcRegl[D/E])
ALUSrcl= DestValue[E/M]

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

else
ALUSrcl1= SrcValuel[D/E]

34
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I o+t 3 Iy

S0 Q3Q

Kivouvol AeOOUEVWY Kal JE
Forwarding

Time (clock cycles)

Iw r1,0(r2) [t

Reg

=5

sub r4,rl1,r6

and ré6,rl,r7

or r8,rl,r9

Ifefch‘ I Reg

Ife'rch[l: e

DMem

Reg

KepdaAaio 4 - 20oTnua AlaocwAAvwong
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AUCEIG TOU KIVOUVOU TNG €VTOANG
POPTWAONG

Time (clock cycles)

DMem

I
2 lw rl, 0(r2) Ifefch[I:
t
r.
subr4,rlr6
0
r
d
e |andre,ril,rv
r
or r8,r1,r9

KE(pu/\ulu 4 = LUUII MU uuuuw/\rﬁvwong
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Hopadgyno:
—  To 20% twv evtolmv eival poptmong (loads)

— 210 50% tOV TEPITOGEMV 1 ETOUEVT] EVIOAT] YPTGILOTOLEL TO
AmTOTEAEG LA TNG EVTOANG POpToNC O Kivouvog avtdg Onuovpyel
L 6TAGT) 6T OLULCMAN VOO

e Epdtnon: 116co mo ypryopn €ivol n 106 OANVOGT Y®PIic TOV Kivouvo
aVTO GE GUYKPLOT LUE TNV TPOYUOTIKT] LYV

37
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Hopaogiyno:
—  To 20% twv evtolmv lvor pOPTOONC

— 210 50% TtV TEPITOGEMV 1 ETOUEVT] EVIOAT] YPTGILOTOIEL TO
AMOTEAEGUA TNG EVTOANG POpTmoNC. O Kivouvog avtdg onuiovpyet
L0 GTAGCT] GTN OLLCMANVMGT)

e Epdtnon: 116co mo ypryopn €ivol n 106 OANVOGT Y®PIic TOV Kivouvo
aVTO GE GUYKPLOT LUE TNV TPOYUOTIKT] LYV

To CPI ¢ evtoAnc mov aKoAovOEel TNV EVIOAN @OPTMOGNC KOl
YPMNGLOTOLEL TO AMOTEAEG LA TNG POpT™ONG glvan 1.5

CPI=1+02*05*1=11

Performance ratio = 1.1/ 1 i1.e. 10% faster

38
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+ 0 3 N

s o0

Forwarding to Avoid LW-SW Data Hazard

Time (clock cycles)

Figure A.8, Page A-20

add rl,r2,r3fer.

Iw r4, 0(rl)

sw r4,12(rl)

or r8,r6,r9

xor ri10,r9,rll

‘\ Reg

ALV

DMem

Reg

[fetch

Reg

-

ALU

%%

[fetch

ALl

‘\ Reg

Reg

[fetch

‘\ Reg

ALV

[fetch

Reg

DMem

Reg

DMem

Reg




Awpipaocn Asoopévav (Data Forwarding)

e To cOomua StcwAvmong tpénel va, dafPiPalel 0eoouéva LETAED
OLPOPOV GTAOI®V

e Kivouvol Aedouévmv e EVTOAEG UVI|UNG
#I1oté vapyetl e€apnon;
sw r4,0(rb5)

lw r3,4(r6)
T etvar To mBavo gidoc e€aptnong; Memory Dependences

O kivovvoc avtog dev TapovcldleTon O10TL O1 TPOSTEAAGELS GTN LUVIUN
yivovtol Tdvtote ot 6ot oepd. (Movo to tuiue MEM dwafaler 1

YPAQEL 6TN pvun)

40
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Data Dependences: WAR

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

l1: sub r4,r1,r3
J: add r1,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 simple 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.

l: sub r1,r4,r3
J: add r1,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




Kivouvolr AlUKAGOMGE®Y

10: beqg r},r3,36

14: and r2,r3,r5

18: or vro6,rl,r7/

22: add r8,rl1,r9

}
36: xor rl1l0,rl,rl11




Kivouvolr AlUKAGOMGE®Y

10: beq ri1,r3,36 :IE""IE}E

I Efefc[I: Reg

Ti Oa yivel étav diadacoupe evroA] d1aKAGdwong?

=

R”

3

I retch .ia| .E

Reg .E

[fetc ‘ l

Reg

Efe'tc[I:

DMent

Reg

DMen

Reg




Kivouvol AluKAQOMGEMV

- - fe Bkg : \ :. -I RII
10: beq ri,r3, 36 [f={l¥s JA> ‘I.ﬁ.l'

Sl

stal | @@@w@
stal | @@w@@

36: xor r10,rl1,r11 (taken)

Reg

)
14: and r2,r3,r5 (nhot taken)

s




Kivovvor Atukiadmoeeomv (Kivovvolr Ponc EAEyyov)

O1 Kivouvotl Atakhadmoemv ONUovpyoLuVToL OTOV EYOVUE Lo

OlaKkAddmaon (N omoia pumopel ko va, Paciletonl o€ amoTEAEGUO AAANC EVTOANC)
GTNV OLCOAV®OGT OV akoAovbeite amd GALeC EVTOALC.

IMopadsryna: Yroroyiote v emttdyvvon tov pipeline
edv 10 30% TV EVIOADV €ival OAKAAOMGELG

* O1 dwokhadmoels 610 MIPS ypeidlovtar 3 tunquota (IF, 1ID,EXE)
o 3 stalls (otaosis, PLoGAAIDES)

e Ideal CPI = 1.

 CPlreal=1+0.3x3=1.9

* Movo 50% TS W0avIKNG EXTAYVYONS ELVUL EPLKTT.

46
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 H peiwon tov K6GTOVE TNG EMTAYLVONG EIVOL ECOLPETIKA CT|LLOVTIKY
E10tkd yior unyavEg VynANC andd0omG

o IloAMomhd otdoo petaty fetch ko execution)

e Tpomot yia peimomn Kivouvav A0Y0 OLOKAAOMGEWMV:

#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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e O1 otdoElc Tov 0PeiAovTal G€ KIVOUVOUC OLOKANIMDGEDY UTOPOVV VL
elatT@OOOV edv:

1. IIpocolopicove o voPIc GTNV OILCOANVOGCT €AV 1] OLOKAGOMON
Oa gtvan taken, kon

2. Ynoloyicovpe 1o véo PC mo vopic

48
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Meiwaon stalls Adyo diakAadwaoewv

Instruction Instr. Decode

Fetch : Reg. Fetch

:  Next R
i SEQPC ._

Next PC

Execute :
Addr. Calc :

Memory
Access

AJowaWy
D4DQ

RD

Write
: Back

WB Data



H peiloon emrovyydveraol pe:

e Tnv mpocsONKN €101KOV KLKADOUOTOC Yo VO, EAEYYEL TN GLVONKN OTUKAAOMGCNG
(test-for-zero) oto Tunqua ID

Tnv mpocsOnkn €101Ko0 abpoiotr) oto TuNua ID yio Tov vVTOAOYIGUO TNG
AtevBvvong tov IIpoopiopov g Atakiddmong(BTA: branch target address).

"ot Oyt oto otdowo fetch;
To K067T0G TNGS LIKAAIMGNS TOPU EVOS KOKAOG

Mewovektpota;
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Meimon 1oV KOGTOUC TV OLOKAAOMGE®Y GE OLUGOANVMOUEVES UNYOVEC

o YtatikéC [poPréyelc

 [IpoPreyn o611 1 drokAddmon Oa eivor emitvyng (taken)

o [IpoPreyn 611 1 drokAddomonc dev Oa eivon emtuyng (not taken)
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#3: Predict Branch Not Taken
— Execute successor instructions in sequence

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

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

52
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10:

14:

18:

22

36:

Control

beq

and

or

add

Xor

r1,r3,36 ff-{IQ H»E

r-2 , r-3 , r-5 I [fefc[l: Reg

}
rio,rl,rll

iJ' II

SEE
e | |G
'8.r1,r0 |t

azard on Branches

Efefc[I:

Reg

ket




Squash Pipeline

e 2& OAa Ta oTAdIO TTPIV 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
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Awkladdosic pe kabvotépnon [Delayed branch]

* AwxkAaodcelg pe kabvotépnon n Branch Instruction
KOKA®V Sequential Successor 1
H AloxAaomon pe kabvoetépnon oev Sequential Successor 2
AauPdverl yopo pLExp1S 0tov £vag aptOpog _
gvtoldv (N) Tov axolovBovv Sequential Successor n
. . branch target if taken
OLOKAQOMOT] EKTEAEGTOVV

O MIPS &yel o otdon v kaOe dtakAadomon. Aniaon n AtakAddwon
ue kabvotépnon dev AauPavel yopo LEYPL VO EKTEAEGTEL 1] EVIOAN
oL akoAovBel TNV dakAddowmoT).

>youn Kabvotépnonc Arakidowons: H oyioun mov akolovdet
oyoun e Atakhdomong pe kabvotépnon [Branch Delay Slots]

MEpOoG TG apYITEKTOVIKNG GLVOAOL evioAmv 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,%$5,%$6

add $1,%2,%3

1T $2=0 then — iIfT $1=0 then —
add $1,%2,%$3
1T $1=0 then —
— sub $4,%$5,%$6+—
becomes 4§ becomes 4§ becomes 4§
add $1,%2,%$3
1T $2=0 then — — 1T $1=0 then —
A
add $1,$2,%$3 add  $1.$2.%3 sub $4,%$5,%$6
if $1=0 then
D sub $4,%$5,$6 <

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

— AANNIWG TTPETTEI VO OKUPWOEIG TNV EVTOAN oTO delay slot

— [lote ok not to cancel?




Precise Exceptions

Inst.

Selett
Handler
PO

IPC
N d) N

Mem

Iflegal

Opcode
PC Address

Exceptions

Data Addr
Except

Efteback

Kill E
Stage

Kill D I
Stage Stage

Kill F ‘

As ynchmnnus
Interrupts

Cause

EPC




[Tw¢ XeIpIOUAOTE TIC ECAIPETEIC KAl OIOKOTTEC
(exceptions kal interrupts)

H €vTOAN TTOU TTPOKAAEI TNV £€aipeon TNV “ONUEIWVOUE”
(flag) otov kartaxwpenTtr d1I0CWARVWONS OTO TEAOG TOU
oTadiou TTou BPIOKETAI N EVTOAN

e Q1 OIOKOTTEC ONUEIWVOVTAI OTO TTPOTEAEUTAIO OTADIO

o Orav n evroAn @T1aoel 010 “TEAEUTAiIO” OTADIO
eCUTTNPETOUMAI TO exception/interrupt

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

o ‘OAec o1 TTPONYOUMEVEG EVTOAEC £XOUV TEAEIWOEI KAl
KAMia TTI0 JETA OEV €XEI EEKIVNOE
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Aoocoinvoons Movaoswv (imbalanced stages — pun wolvyiopéva
oTAOLN)

YnoOéote apyktevikn [mem]= [mem] op [mem] to pipeline ue 7 otddn l

2¢ KGOe KOKAo unyavng tereimvel n enelepyacia pag EVIOANG Instr. Fetch

\ 4

e [dedrta: Emtdyvvon g taéng tov 7 o€ GUYKPION UE UN-OLUGOANVOUEVT Instr. Decode

oV,

\ 4

Ynobéote 6t M pviun xpetdiletan 4 popég mo apyr o€ oxéon e to | Address Gen

GTAOLOL YOPIC Lvnum.
, .. , , ) , ) Oper. Fetch

* To poAdt Tov pipeline &xel mepiodo 4 popég To ¥pdvo Tov yperdloviot Ta

ypnyopa otdota (k) => 4k !

Execute

Me avt6 10 pLOUO TOpdyeTOL Eva amoTEAEC LA GE KAOE KOKAO.
* H un-dtacoinvouévn punyovr xpetdletol pokot ue mepiodo Oper. Store
e 3x4+4x1= 16k Update PO

» Emitayvven tns taéns tov 4 Epomon: Ilog uropovue va Bertiocovpe
QTN TNV OLCOAVOO)
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AwacoAnvoong Movaowv

IIpocHétovpue 3 tunuata kabvetépnong Letd and kabe Tunuo
HVIHNG

H véa dacoinvoon £xel 16 tunuota
‘Eva amotélecua mapdyeton o€ Kabe KOKAO.

e Emitdyyvvon e tacns tov 16
*Epaitnon: Eival ovtd epiktd/mpoaktiko;
*Ti yivetar pe T1¢ O1OKAUODGEL;

*H kavovpylo StacoAnvmon ypetdletal tovtodypova 12
TPOGTEAAGELS LLVIUNG

2€ 0T mv TEPIMTOON EYOVUE AVGT Eva TPOPAN LA Ko
ONUIOVPYNoaUE GALO

Instr. Fetch

v

IF2

v

IF3

v

IF4

Y

Instr. Decode

y

Address Gen

y

Oper. Fetch

v

OF2

v

OF3

v

OF4

Y

Execute

y

Oper. Store

v

OS2

v

0OS3

v

0S4

<
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Xpovompoypouuoatiopnds Evioimv [Instruction Scheduling]

O1 MeTayA®TTIGTEG ETOLOKOVY VO ATTOPEDYOLY TNV TOPAYDYN KOOIKOL
GTOV OTO10 L0 EVIOAT] OPTMOONG aKOAOLOEITUL OO Ll 1) TEPLGGOTEPEG
EVTOAEC IOV Bl YPMNGIULOTOGOVY TO OTTOTEAEGLLOL TN POPTMOOTG

[Tapdoctypa: I'pdyete KOOKO OV ATOPEVYEL GTAGELS GTN
orcolvoon tov MIPS (vrobéote a,b,c,d,e dievbiveeig pviung)
a=b+c
d=e- f

Unoptimized Code Optimized Code
lw Rb, b lw Rb, b

lw Rc, c lw Rc, c
add Ra, Rb, Rc lw Re, e

sw a, Ra add Ra, Rb, Rc
lw Re, e lw Rf, f

lw Rf, f SwW a, Ra
sub Rd, Re, Rf sub Rd, Re, Rf
sw d, Rd sw d, Rd
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Xpovompoypouuoatiopnds Evioimv [Instruction Scheduling]

O1 MeTayA®TTIGTEG ETOLOKOVY VO ATTOPEDYOLY TNV TOPAYDYN KOOIKOL
GTOV OTO10 L0 EVIOAT] OPTMOONG aKOAOLOEITUL OO Ll 1) TEPLGGOTEPEG
EVTOAEC IOV Bl YPMNGIULOTOGOVY TO OTTOTEAEGLLOL TN POPTMOOTG

[Tapdoctypa: I'pdyete KOOKO OV ATOPEVYEL GTAGELS GTN
orcolvoon tov MIPS (vrobéote a,b,c,d,e dievbiveeig pviung)
a=b+c
d=e- f

Unoptimized Code Optimized Code
lw Rb, b lw Rb, b

lw Rc, c lw Rc, c
add Ra, Rb, Rc lw Re, e

sw a, Ra add Ra, Rb, Rc
lw Re, e lw Rf, f

lw Rf, f SwW a, Ra
sub Rd, Re, Rf sub Rd, Re, Rf
sw d, Rd sw d, Rd
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