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Texvikec BeATtiwong Tou CPI

Pipeline CPI =

Ideal pipeline CPI +
register Tpowonon

re”ammg\ Structural Stalls + /

PUVOUK . Data Hazard Stalls +

EKTEAEDN
| Control Stalls & UTTOBETIKN
loop unrolling EKTEAEON
static scheduling, ‘

software pipelining mpoBAewn  delayed branches, branch

SIAKAAB WO EWV scheduling
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Tomasulo, Explicit Register Renaming

- in-order issue

- out-of-order execution

[MeploooTepOC TTapaAAnAIouoc (ILP)

BeATiwon TnG atmrodoong Tou CUCTHUATOG

- Interrupts/Exceptions

- EvToA£g dlakAadwong (branches)
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Device Interrupt

Interrupt Handler

MeyaAwaoe priority
Evepyotroinon Ints

= add  rLr2,r3 > Waoe registers

- subi  rd,rl.#4 lw r1,20(r0)

2 slli r4,r4 #2 |

= 4, lw r2,0(rl)

. (1) addi (r)?r())#;S

S SW rl),r

= lwr2,0(r4) Emravégepe registers

%J Iw  r3,4(r4) KaBdapioe Int
addr2,r2,r3 Atrevepy. Ints
sw 8(r4),r2 Emravépepe priority

RTE
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- "Eva interrupt | exception ovouadletai €AV UTTAPXEI
uia evroAn (n interrupt point) yia TO OTTOIO:
- OAeg o1 TTponNyoUpEVEC EVTOAEC £XOUV TTANPWG EKTEAEOTEI.
- Kapia evroAn (padi pe Tnv interrupting instruction) dev €xel aAAACel TNV
KaTdoTaon NG JNXavig.

* AUTO onuaivel OTI UTTOPOUME VA ETTAVEKKIVAOOUME TNV
EKTEAEON aTTO TO interrupt point Kail “va TTAPOUNE Ta CWOTA
aTToTEAEOPATA”

- 270 TTapadelyua pag: Interrupt point gival n lw evroAn

§- add r1,r2,r3 —
= ; -
= subi r4,rl1,#4 =
= slli- r4,r4,#2 Q:JT
T | > -
c o
§ Iw r2,0(r4) o)
0 w  r3,4(rd) -
add r2,r2,r3

sw  8(r4),r2
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- APKEeTQ Iinterrupts/exceptions xpeialovTal va gival restartable

- 11.X. TLB faults: d16pBwon translation kai eTravaAnyn tou load/store
- |IEEE underflows, illegal operations

- H emmavekkivnon dev atraiTei preciseness. QoT1o00, UE
preciseness &ivail TToAU TTI0 EUKOAN

* ATTAOTTOIEI TO AEITOUPYIKO cUCTNUA

- TO process state 1Tou xpeidleTal va atroBnKeUTEI €ival IKPOTEPO

- N €TTAVEKKIvVNON YiveTal ypriyopa (KaAo yia interrupts pIKpRg
OIAPKEIAG/HEYAANC auxvOTNTAC)
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« OAec ol TexVIKEC TTOU €idape pEXPI Twpa (Tomasulo, Explicit
Register Renaming) uAoTroiouv

- Imprecise kai 6x1 Precise Interrupts/Exceptions

» Eival mBavo otav eppaviobei Eva Interrupt/Exception n katdotacn TG
unNxavng (processor state) va cival dIaPopPETIKA ATTO OTI AV 01 EVTOAEG
£iXOV EKTEAEOTEI O€IpIOKG 0> |mprecise

+ Tpemel va aAAagoupue Tn Aoyikn Tou out-of-order completion,
WOTE VA JTTOpOoUlE va opiouue precise interrupt points
uEoa oto instruction stream

» [pemrel va BpoUpe TPOTTO WOTE VA OUYXPOVIOOUE TO
completion oTAdIO TWV EVTOAWY UE TNV OEIPA OTO
TTpoypappa (issue-order)

- O amrAouoTEPOC TPOTTOG:
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+ [a va BeATiwooupe TNV ATTOO00N TOU CUCTAMATOC
XPNOIUOTTOIOUUE

- ETTopévwe KaTa TO 000 execution eKTEAOUPE EVTOAEC Ol
OTTOIEC ECAPTWVTAI ATTO TO ATTOTEAECHA TNG EVTOANG
OIaKAGOWONG

* Av n TTPpOPBAewn dev eTTaANBeUTEl, Ba TTPETTEI VO KAVOUUE
rollback oT1o onueio 01TOU KAVAUE TNV TTPORAEWN, OIOTI Ol
EVTOAEC 0TO AavBaouevo predicted path €xouv RoN
EKTEANEOTEI

- AuTO akpIBwG gival To TTPORANUA Kal e Ta precise exceptions!

- A\uon:
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|0€a Tou (ROB):
KpdTta evioAéc o€ pia FIFO, akpifwc ye Tnv o€ipd TTOU YivovTal issue.

» KaBe ROB entry trepixel: instruction type (branch/store/register op),
destination, value, ready field

- Ortav n evioAr} TEAEIWOEI TNV EKTEAEON, TOTTOBETNOE Ta atToTEAEoaTa oTov ROB.

» [Mapéxel operands o€ AAAEC eVTOAEC OTO DIACTNUA JETALU execution
complete & commit

- H evtoAr} aAAGdel TNV KataoTaon TNG NXAvnG OTo ox1 oto WB —
in-order commit — o1 TIHEG 0TV KE@AA Tou ROB atroBnkevovrtal aTo register
file

- EUKkOANn n avaipeon o€ mrepimtwon .
mispredicted branches r} o€ exceptions Reorder

» ATTAG TWV

TTOU BpiokovTal

o100 ROB

Commit path | 1
Res Stations Res Stations

[EP Adder]
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— [Nape evroAn ammd FP Op Queue
Av uTTapxel EAeUBepO reservation station & reorder buffer entry, issue instr
& send operands & reorder buffer no. for destination
— EkTéAeoE evioAn o1o Ex Unit (EX)

Otav kai o1 TIHEG KAl TwV 2 source regs €ival ETOINEG EKTEAETE TNV EVTOANR;
Av Ox1, TTapakoAouBnoe to CDB yia 1o atmmotéAeoua; OTav Kal ol 2 TINEG
BpiokovTtal oTo RS, ekTéAeoe TNV €vTOANR; (checks RAW)

— T€ENOG exkTEAEONG (WB)
[‘pawe 10 atroTéAeopa o1o CDB 11pog OAEC TIC HOVADEC TTOU TO TTEPINEVOUV
& aTtov reorder buffer; Znueiwoe Tov RS wg diaBEaiuo.

— Avavewoe Tov dest register e To ATTOTEAECUA
aT1ro 1oV reorder buffer

Ortav n evioAn @1doel otV KePaAn Tou reorder buffer & 1o result ivai
Ol08¢o1po, avavéwae Tov dest register pe auto (1, avTioTolxa, aTToBNKEUTE
oTn YvAUN) Kai ByAaAe Tnv evioAn atmo Tov reorder buffer. Otav n evroAn
eivar mispredicted branch, kabapioe (flush) Tov reorder buffer kai
ETTAVEKKIVNOE TNV £KTE)\£O'I’| OTO OWOTO path.
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Time

CM

MULT CM

Program Flo

wB CM

\ 4

v || Weem

ADD [WB

]

M

In-order issue

Out-of -order execution & result

In-order commit
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Status Wait until Action or bookkeeping

Issue if (RegisterStat[rs].Busy)/*in-flight instr. writes rs*/
all {h « RegisterStat[rs].Reorder;
instructions if (ROB[h].Ready)/* Instr completed already */

{RS[r].Vj « ROB[h].Value; RS[r].Qj « 0}
else {RS[r].Qj « h;} /* wait for instruction */

Reservation } else {RS[r].Vj « Regs[rs]; RS[r].Qj « 0;};

station (r) RS[r].Busy « yes; RS[r].Dest « b;

ﬂngB b ROB[b].Instruction « opcode; ROB[b].Dest « rd;ROB[b].Ready « no;
FP both Efvgnable if (RegisterStat[rt].Busy) /*in-flight instr writes rt*/
operations {h « RegisterStat[rt].Reorder;
and stores if (ROB[h].Ready)/* Instr completed already */

{RS[r].Vk « ROB[h].Value; RS[r].Qk « 03}
else {RS[r].Qk « h;} /* wait for instruction */
} else {RS[r].Vk « Regs[rt]; RS[r].Qk « 0;};

FP RegisterStat[rd] .Reorder « b; RegisterStat[rd].Busy « yes;

operations ROB[b].Dest « rd;

Loads RS[r].A « imm; RegisterStat[rt].Reorder « b;
RegisterStat[rt] .Busy « yes; ROB[b].Dest « rt;

Stores RS[r].A « imm;

cslab@ntua 2019-2020 13



Status Wait until Action or bookkeeping
Execute (RS[r].Qj==0)and Compute results—operands are in Vj and Vk
FP op (RS[r].Qk == 0)

Load step 1

Load step 2

Store

(RS[r].Qj==0) and
there are no stores
earlier in the queue

RS[r].A « RS[r].Vj + RS[r].A;

Load step 1 done
and all storesearlier
in ROB have
different address

Read from Mem|[RS[r].A]

(RS[r].Qj==0) and
store at queue head

ROB[h] .Address « RS[r].Vj + RS[r].A;

cslab@ntua 2019-2020
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Action or bookkeeping

Status Wait until

Write result  Execution done at r
all but store and CDB available

b « RS[r].Dest; RS[r].Busy « no;

vx(if (RS[x].Qj==b) {RS[x].Vj « result; RS[x].Qj « 0});
vx(if (RS[x].Qk==b) {RS[x].Vk « result; RS[x].Qk « 0});
ROB[b] .Value « result; ROB[b].Ready « yes;

Store Execution done at r
and (RS[r].Qk ==
0)

ROB[h].Value « RS[r].Vk;

Commit Instruction is at the
head of the ROB
(entry h) and
ROB[h].ready ==
yes

d < ROB[h].Dest; /* register dest, if exists */
if (ROB[h].Instruction==Branch)

{if (branch is mispredicted)

{clear ROB[h], RegisterStat; fetch branch dest;};}
else if (ROB[h].Instruction==Store)

{Mem[ROB[h] .Destination] « ROB[h].Value;}

else /* put the result in the register destination */

{Regs[d] « ROB[h].Value;};
ROB[h] .Busy « no; /* free up ROB entry */
/* free up dest register if no one else writing it */

if (RegisterStat[d].Reorder==h) {RegisterStat[d].Busy « no;};

cslab@ntua 2019-2020

15



Dest Value Instruction Ready
ROB7

FP Op

Newest
Queue ROB6
ROB5
ROB4
Reorder Buffer
ROB3
Commit pntr ROB21 Oldest
| O L.D FO,0(R1) N [RroB1

Registers To

Memory

Dest

Dest from

Memory
- Reservation -
Stations

Dest *
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Dest Value Instruction Ready

FP Op ROB7
Queue ROB6

ROB5
RQB4
ROB3

Newest

Reorder Buffer

Commit pntr F4 MUL.D F4,F0,F2 | N |rOBR2 Oldest
FO L.D FO,0(R1) N | rROB1
Registers To
Memory
Dest Dest from
CTWood RoeT R(F2)y  Vemory
Dest*
1 R1

- Reservation -
Stations
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Dest Value Instruction Ready

FP Op ROB7
Queue ROB6

ROB5
ROB4
-1 ROB2 |S.D F4,0(R1) N |rOR3

Newest

Reorder Buffer

Commit pntr F4 MUL.D F4,F0,F2 | N |rOBR2 Oldest
FO L.D FO,0(R1) N | rROB1
Registers To
Memory
Dest Dest from
CTWood RoeT R(F2)y  Vemory
Dest*
1 R1

- Reservation -
Stations

cslab@ntua 2019-2020 18



Dest Value Instruction Ready

FP Op ROB7  Newest
Queue ROB6
ROB5
R1 DADIU R1,R1,#-8 N |roB4
Reorder Buffer ——155 F4,0(R1) | N [RoB3
Commit pnt F4 MUL.D F4,F0,F2 [N froB2 | o
FO L.D FO,0(R1) N |roOBR1
Registers To
Memory
Dest Dest from
T Wood RO R(ED)}  Vemory
Dest*
1] R1

- Reservation -
Stations
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FP Op
Queue
Reorder Bu
taken
Registers
Dest

=
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Dest Value Instruction Ready
ROB7  Newest
ROB6
-- BNE R1,R2,LOOP | N |ROB5
R1 DADIU R1,R1,#-8Y |ROB4
- ROB2 |S.D F4,0(R1) N | ROB3
F4 MUL.D F4,F0,F2 | N |rROB2 Oldest
FO L.D FO,0(R1) N | rOBR1
To
Memory
Dest from
[2 T MULO ROBL,R(F2) Memory

Reservation
Stations

Dest *

1

R1
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FP Op
Queue

Reorder Buffer

Commit pntr

Registers

Dest

- Reservation
Stations

cslab@ntua 2019-2020

Dest Value

Instruction Ready

ROB7  Newest
FO L.D FO,0(R1) N | ROB6
-- BNE R1,R2,LOOP | N |ROB5
R1 DADIU R1,R1,#-8Y |ROB4
- ROB2 |S.D F4,0(R1) N | ROB3
F4 MUL.D F4,F0,F2 | N |rROB2 Oldest
FO L.D FO,0(R1) N | rOBR1
To
Memory
Dest from
[2 T MULO ROBL,R(F2) Memory
Dest*
T T H=
6 | ROB4

21



Dest Value Instruction Ready

FP Op F4 MUL.D F4,F0,F2 | N IROB7 Newest
Queue FO L.D FO,0(R1) N | ROB6
- BNE R1,R2,LOOP | Y |ROB5
R1 DADIU R1,R1,#-8Y |ROB4
Reorder Buffer ——1s5 F4,0(R1) | N |ROB3
. F4 L.D F4,F0,F2 | N
Commit pntr e O, ROBZ Y Oldest
FO L.D FO,0(R1) N [ROB1
Registers To
Memory
Dest Dest from
[2 MULD |[ROBI ,R(F2 Memory
7 MULD |ROB6 . R (F2 Dest*
- Reservation - 1| R1
Stations 6 | ROB4
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FP Op
Queue

Reorder Buffer

Commit pntr

Registers

=

cslab@ntua 2019-2020

Dest

Reservation
Stations

Dest Value Instruction Ready

F4 MUL.D F4,F0,F2 | N JROB7 Newest
FO L.D FO,0(R1) N | ROB6

-- BNE R1,R2,LOOP | Y | ROB5

R1 DADIU R1,R1,#-8Y |ROB4

--] ROB2 |S.D F4,0(R1) N | ROB3

F4 MUL.D F4,F0,F2 | N |ROB2 Oldest
FO| M[R1] |L.D FO,0(R1l) Y PrROB1

To
Memory

Dest from

7 MULD [ROEL,.R(F2 Memory

7 IMULD |ROE6 R (F2 Dest*

6

ROB4
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Dest Value Instruction Ready

FP Op F4 MUL.D F4,F0,F2 | N [IROB7 pNewest
Queue FO|M[ROB4] |L.D FO,0 (R1) Y ||ROB6
-- BNE R1,R2,LOOP | Y |ROB5
R1 DADIU R1,R1,#-8 Y |ROB4
Reorder Bu_ffer --| ROB2 |S.D F4,0(R1) N | ROB3
Commit pntr
F4 MUL.D F4,FO0,F2 | N JROB2 | (5 4ot
ROB1
Registers To
Memory
Dest Dest from
2 MULD JROBL.R(E2 Memory

|7 IMULD |[ROB6,R (F2
- Reservation -
Stations

cslab@ntua 2019-2020
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Dest Value Instruction Ready

FP Op F4 MUL.D F4,F0,F2 | N IROB7 Newest
Queue FO[M[ROB4] [L.D FO,0(R1) Y |ROBG
- BNE R1,R2,LOOP | Y | ROB5
R1 DADIU R1,R1,#-8Y |RQB4
Reorde('; Bu_tffetl‘ “| RoB2 [S.D F4,0(R1) | N |ROBS3
oMMt IFa| VALl |MUL.D F4,F0,F2 | ¥ |lRoR2 Oldest
ROB1
Registers To
Memory
Dest Dest from
Memory

7 IMULD |ROB6 ,R(F2
- Reservation -
Stations
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FP Op
Queue

Commit pntr

Reorder Buffer

Registers

Dest

- Reservation
Stations

cslab@ntua 2019-2020

Dest Value

Instruction Ready

F4 MUL.D F4,F0,F2 | N IROB7  Newest
FO|M[ROB4] |L.D FO0,0(R1) Y |ROB6
-- BNE R1,R2,LOOP | Y | ROB5
R1 DADIU R1,R1,#-8Y |ROB4
--| ROB2 |S.D F4,0(R1) N | ROB3
ROB2 Oldest
ROB1
To
Memory
Dest from
Memory
7 IMULD |IROB6 . R (F2 Dest*
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+ 2T0 onueio auTo yivetalr commit o SD, evw KaBwc adeiddel
o0 ROB cio€pxovTal KaivoUpleG EVTOAEG.

« O1 aAAeg evioAéc (DADDIU,BNE,LD) evw €xouv ekTeEAEOTEI

- Av n TpoPAewn taken yia to BNE ATtav , Ol ETTOMEVEC
EVTOAEC TTOU £XOUV EKTEAEOTEI YivovTal KOVOVIKA commit.

* Av avaKaAUWOUE OJWCG OTI NTAV , TOTE ATTAQ
dlaypAa@oupe TIC eVTOAEC atro To BNE kal TTavw pEoa oTov
ROB. H ektéAeon ouvexiletal atrd TO OwWOTO ONUEIo.

- Aggressive cuoThuata 6a ytropoucav va KAvouv T diaypa@r) Trpiv o
commit_pntr ¢T1doel oto BNE

cslab@ntua 2019-2020 27



« IBM 360/91 invented “imprecise interrupts”
— Computer stopped at this PC; its likely close to this address
— Not so popular with programmers
— Also, what about Virtual Memory? (Not in IBM 360)
« Technique for both precise interrupts/exceptions and
speculation: in-order completion and in-order commit
— If we speculate and are wrong, need to back up and restart
execution to point at which we predicted incorrectly
— This is exactly same as need to do with precise exceptions
« Exceptions are handled by not recognizing the exception
until instruction that caused it is ready to commit in ROB
— If a speculated instruction raises an exception, the exception is
recorded in the ROB
— This is why reorder buffers in all new processors
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FP Op
Queue

RdValue

Instr Done?

ﬁ

-| M[10]

ST 0(R3) ,F4 | Y |ROB7 Newes]

FO|<val2>|ADDD FO,F4,F6| Y |ROB6

Reorder Buffer

F4| M[10]

ID F4,0(R3) |Y |ROBS5

BNE F2,<.> N | ROB4

F2| NaN [DIVD F2,F10,F6Ex|rOB3

A:DIVD has exception
Mark in ROB entry

Dest

\ 4

\ 4

ROBZ 1 Oldest
ROB1
RF F10: val3 o
FO__MI30] Memory
Dest from
M:inory
: Des
eservation

P ad
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RdValue Instr Done?
FP Op ey —[M[10] [ ST 0(R3) ,F4 [Y]|ROB7 Newest
Queue FO|<val2>[ADDD FO,F4,F6[ Y |ROBE
F4|M[10] | LD F4,0(R3) | Y |ROBS5
-- BNE F2,<.> |N |RgB4
Reorder Buffer F2| NaN pIVD F2,F10,F6Ex|RrROB3
A: DIVD commits ROB2 Oldest
=» Exception is takenl!! ROB1
LD, ADDD, ST killed
Need: Status, PC
F10: val3 0
ARF FO__M[30] Memory
Dest Dest from
Memory
Dest¥

cslab@ntua 2018-2019
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RdVaIue

Instr

Done?

-| M[10]

ST O0(R3) ,F4

Queue

FO|<val2>|ADDD FO,F4,F6

K|Z|K|K]|K

ROB7 Newest

ROB6

F4| M[10] | LD F4,0(R3) ROB5
-- BNE F2,<.> ROB4
ReOr'der' BUffer' F2|<val4>pIVD F2,F10,F¢ ROB3
B: DIVD completes ROB2
successfully ROB1
F10: val3
RF F2:. vald 0
FO._M[30] Memory
Dest Dest from
Memory
eservation

cslab@ntua 2018-2019

\ 4

Pladden | °Totonsspmuiiplie

Oldest
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RdValue Instr Done?
FP Op |- [ M[10] | ST 0(R3) ,F4 [Y]|ROB7 Newes]
Queue FO[<val2>|ADDD FO,F4,F6] Y |ROBE
F4|M[10] | LD F4,0(R3) |[Y |roB5
Reorder Buffer |— BNE F2,<.> |N E E‘;
B: DIVD commits ROB2 Oldesf
RF[F2] = val4 ROB1
: val
RF —5ua 10
FO. _MI30] Memory
DeSt Des.‘, fr.om
M:inory
: Des
eservation
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RdValue Instr Done?
FP Op ey - - M[10] [ ST 0(R3) ,F4 [Y|ROB7 Newest
Queue FO[<val2>|ADDD FO,F4,F6] Y |ROBE
Fa|M[10] | LD F4,0(R3) [y [roOB5
-- BNE F2,<.> |N |RroB4
Reorder Buffer : -
BNE commits ROB2 Oldesf
Prediction Correct? ROB1
Yes: continue
No: Kill ROB
PC = TargetROB | ARF o vad o
FO._MI[30] Memory
Dest Dest from
Memory
D_esf‘

cslab@ntua 2018-2019
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Time

v

CM

CM

=

O MULT CM
L wB CM
g v | |Welem
3 ]
o ADD |wB CM
O
| 38
a.

-
«

In-order issue Out-of -order execution & result | | In-order commit
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Time

CM

CM

: Program Flo
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MLET WBICM

wE|cm]

1l

STHii
I

wB

M

ADD [WB CM

Can this be legal?

No: Easy answer, no thinking

Yes: But only if:
 Can guarantee no exceptions from before
+ Cannot stop after DIV, only after ADD
=» Coarse valid commit boundaries

Is this Interesting/Useful?

IRS)
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ISA: each instruction defines a “clean” point to stop

BUT, why do we need to stop/restart?
— External Interrupts: we can choose if and when to stop
» Maskable interrupts, priorities, etc.
— Exceptions:
» Internal to the program, cannot choose if and when!
» Non-restartable: fatal, kill program, all is lost, easy!
» Restartable: Which ones? Not all instructions!!!

Fine, we have to restart execution

— What if we restart from an earlier point and re-execute more
Instructions? Is it valid? Is the cost acceptable?

Commit points:

— Branch
— Ld/St

* Perhaps branch only? (remember basic blocks?)
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Needed restart points in the following program?

Label:
LD F6 34+ R2 v/ address/perm
MULTD FO F2 F4 v overflow
LD F2 45+ R3 v/ address/prem
SuUBD F8 F6 F2 v overflow
subi R2 R2 1
bne R2 R8 Label ¢ misprediction

Assume exception in second LD. Can | re-execute *all*
Instructions (from Label)?

 Yes, If | have the ARF+PC+Mem for Label

cslab@ntua 2018-2019
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« Keep enough info only for *some* points in the program
Branch (and perhaps mem) instructions

« On “problem” (exception/misprediction/etc)

— Return to the latest safe point before problem i.e.
undo/kill all instructions after that point, restart from PC

— All memory effects should be undoable:
Writes should not reach memory until committed

Will return to this when we study current processor structure
& mechanisms
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- Agv uTTApPYOUV , hazards

- [1a TNV amroguyn hazards akoAouBouue Ta €CN¢
BAuara:

— Av kartroio store TTponyeital evog load, kaBuoTtepoupe 10 load pEXPI
10 store va uttoAoyioel To address Tou

— Av load_address = store address, 101€ UTTApXEl TIBavoTnTta RAW
Kal :

> Av n 1IN Tou store cival yvwaoTr], TNV TTEPVANE oTo load

> Av n iy TOU store dcv gival yvwaoTn, T0TE 10O load XpNOIMOTTOIEl WG
source 10 vouuepo Tou ROB T1TOU TTEPIEXEI TO Store

— ATTOOTOAN TOU request otn pvAun
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Out-of-order ekTEAEON:

ETTAVECETAON UTTEPRABUWTWY APXITEKTOVIKWV...

cslab@ntua 2019-2020
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e METAECU dUO OTAdIWV TOU
pipeline utrdpyel TTavTta £vag
eVOIAMECOC KATAXWPNTAGS
dedopEvwy (pipeline register
N buffer)

* OTIC BAOUWTEC CWANVWOEIG,
KGOe buffer £xel pia povo
OUpa el00d0ou Kal pia e¢6dou

cslab@ntua 2018-2019

Stage i

Bufter (1)

Stage i + |

gicizle
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* KGOB¢ buffer €xer TTOAATTIAEC
BUpec €1I0000U Kal £€Od0U,
KOl QTTOTEAEITAI ATTO

TTOAGTTIAOUG £VBIGUETOUG i
KATAXWPNTEG
Bufter (n)
* KaBe €V6ld}.]80'0§ n (in order)
KATOXWPENTAG UTTOPEI va , ,
MGl OEdOEVA JOVO OTTO Stage i + | | eee |

uia Bupa

« QgV UTTAPXEI duvVATOTNTA
dlaKivnong Twv 0EQOUEVWY
METACU TWV KATAXWPNTWV
Tou idlou buffer
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* Ol EVTOAEG TTOU
KaBuoTepouv péoa
oTnN CWANvVWOonN
(stall)
TTAPAKAUTITOVTAI KOl
ouveyiletal n pon
EKTEAEONG ME TIC
ETTOMEVEG EVTOAEC

e out-of-order

execution | dynamic

scheduling

cslab@ntua 2018-2019

Stage i

Buffer (= n)

Stage 1 + 1 ‘ I | I a8

v

:[ I (in order)

(out of order)

43



0 dispatch buffer AapBavel i : U ! |
TIC EVTOAEC €V OEIpd, KOl TIC !
KOATOAVEUEI OTIC AEITOUPYIKEC D ! | |
HOVABEC EKTOC OEIPAC N R |
, , Dispatch U Ll

* OTAV Ol EVTOAEC buffer — .!,
OAOKANPWOOUV TNV EKTEAEDN [ ; . l
TOUG, o reorder buffer Ti¢ ex  [aw | [mewi ] [ ][R ]
avadIaTdooEl, CUNPWVA LE ot
TN O€IPA TTOU UTTAYOpPEUEl TO —T =7
TTPOYPAUMA, TTPOKEIMEVOU VA k3|
TTIOTOTTOINCEI TN OWOTH o -
OAOKANPWGT TOUG Reorder = |

WB : : I
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* TO OTAOIO EKTEAEONC
(execute) utTopEi va
TTEPINAUBAVEI

Instruction Buffer

TTOAAQTTAEG BIAQOPETIKOU Decode |
TUTTOU CWANVWOEIG, JE . h Buff
OIaPOPETIKO latency n Dispatch Buffer
kaBe pia Dispatch
* avaykaia Ta oTadia 7 |
dispatch kai complete, Issuing Buffer
A TNV avadlaTacn Kai
Y i z §f] , Execute
ETTAVAQPOPA TWV EVTOAWV :
Ot Oelpa e Completion Buffer
o TTAPEMPBOAN eVOIAUEOWY
buffers avaueoa o€ Complete
O10d0XIKG OTAdIO V
" T TTT] Store Buffer
Retire
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Instruction Fetching Issues

Instruction Decoding Issues

Instruction Dispatching Issues
Instruction Execution Issues

Instruction Completion & Retiring Issues
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Address

Cache
line

e 2€ Mia apXITEKTOVIKN TTAATOUG S, TTPETTEI
dlaBadovTal s eVTOAEC O€ KABE KUKAO

HNXAVAG aTrd TNV KPUPA PUvAKN
evioAwv (l-cache)

Row decoder

» 2¢ KAGBe TrpooTTéAacn TNG I-cache
dlaBadeTal pia OAOKANPN Ypauun (s
EVTOAEC ava ypaupun): 1 cache line ava
ypaupun TnG I-cache (a). @a utmropouoce
Mia cache line va etrekTeiveTal o€ Add (a)

y , P I'CSS
TTEPIOOOTEPES TNG HiaG YPAUMAG (D).

Cache
line

Row decoder

cslab@ntua 2018-2019 (b) 47



* [a Tnv avayvwan s evioAwv o€
KABE KUKAO pNXavncg Ba TrpETrel: F—————— 1

> O1's evTOAEC (TTOU avriikouv OTO 010
fetch group) va eivai
eubuypapuiopéveg (aligned) otnv I-
cache

Row decoder
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* EVOAAQKTIKQ, UTTAPXOUV UNXAVIOUOI EAEYXOU TNG
PONGC TWV EVTOAWYV, TTOU JTTOPOUV VA PPOVTIOOUV
YIO TNV EUBUYPAUMPION TWV EVTOAWYV TTOU AVIKOUV

oTo idIo fetch group

— Software (compiler static alignment)

— Hardware (run time technique)

cslab@ntua 2018-2019
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« ATIAO yia scalar RISC pipeline.

* Avayvwpion TwV OTToIWV £COPTACEWV METAEU EVTOAWYV —
TTPOWONON TWV YN EEAPTNUEVWY EVTOAWY OTO ETTOUEVO OTADIO

* Avayvwpion TwV EVTOAWV GAUATOG

* ATTOTEAEI TO KPICIUOTEPO OTADIO YIA TNV £TTIOOCN OAOKANPNG TNG
QPXITEKTOVIKAG aywyou

« AKOuN peyaAuTepn duokoAia oTIC CISC evioAéc: KABe evioAn
METAPPALETAI O€ TTEPIOOOTEPES MIKPO-EVTOAEC (1,5-2 pops / CISC
EVTOAN yia TNV Intel)
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* H ammokwdikotroinon Twv evioAwv CISC og TapAaAAnAeC
QPXITEKTOVIKEG AywYOU N Ol TTOAU TTAATIEC CWANVWOEIC

— ATtraitei TToOAaTTAG oTAdIO Aywyou
— Augavel To branch penalty

» [lwg urmropei va amropeuxBei n auénon tou Baboug Tou TUNUATOS
ATTOKWOIKOTTOINONS OTH OWANVWOnN;

cslab@ntua 2018-2019
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« AUon:

— Mepikn atToKWAIKOTTOINGN TWV EVTOAWYV TTPIV TNV €i00d0 TOUG OTNV
|-cache (predecoding)

« AuZnon tou I-cache miss penalty

« Au¢non tou pey€EBoucg TnG I-cache (yia va ouptreEPIAN@OOUV TO
predecoded bits)

From memory

8 instruction bytes i o St e e Bytel | Byte2 | e+« [ Byte8
Predecode logic ) . .
5 bits 5 bits 5 bits
Ay Ay [ et
’/
8 instruction bytes + predecode bits V64 +40) ——————- >1 Bytel Byte2 eee+ | Byte8 I

[-Cache |

16 instruction bytes + predecode bitsi 128 + 80

Decode, translate,

and dispatch O punxaviouog TpwoluoTepng
atrokwodIkotroinong Tou AMD K5

Upto4 ROPs ROPI ROP2 ROP3 ROP4
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To otdadio auTto
avaAauBavel TN
METAYWYN aATTO TNV
KEVTPIKN (centralized)
dlaxeipion eVIoAwWvY otnv
KATAVEMNMEVN EKTEAEON
TOUG

53



+ Reservation station: TpoowpIvOg KATaXwpenThG atmoBnKeuong Twv
ATTOKWOIKOTTOINHUEVWY EVTOAWV TTOU DEV €XOUV O1aBETIpa OAa Ta
OpPioHATA TOUC

— KevTtpIkog KataxwpnTns (centralized reservation station)
» [a TapAdAANAeg cwANVwWaoEeIg

— Karavepnuévol kataxwpnTtég (distributed reservation station)
» [a eTepoyeveic CWANVWOEIG

cslab@ntua 2018-2019
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» Evotroinon twv otadiwv dispatch kai issue

Dispatch Centralized reservation
(issue) station (dispatch buffer)

l_lu_i_l l L
1

Execute <

Completion buffer
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Dispatch

Issue

Execute <

Dispatch buffer

Distributed

reservation
stations

|_‘<_

Finish

Complete

cslab@ntua 2018-2019

|_@

UUETE

!
|

U

Completion buffer
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* 2UYXPOVEC TAOEIC:

— ToAAEC TTapAAANAEC cwAnvwoelg (BUoKoAN n out-of-order ekTéAeon ue bypassing
EVTOAWV)

— Al0@OPOTIOINUEVES HETACU TOUG CWANVWOEIG
— BaBié¢ cwAnvwoelg

* 2UvnONng KatauePIoPog (dev akoAoubei T OTATIGTIKA avaAoyia Twv
TTPOYPAMMATWY O€ TUTTOUG VTOAWY [40%-20%-40%)]):

— 4 povadeg ALU

— 1 povada dlakAadwong (UTTopei va ekTeAEoEl BewpnTIKA (speculatively) > 1
EVTOAEG DIAKAGdWONG

— 1 povada avayvwaong/eyypagng otn pvApn (TToAU TToAUTTAOKN N UAoTToiNoN
MVNUWYV TTOAAATTAWY €1I000WV-£€00WV, HOVO HE TTOANATTAG banks)

— [lepIoodTEPEC EIDIKEUNEVES (KAl TTIO ATTODOTIKEG OTNV £TTIOO0N) AEITOUPYIKES
MOVADEC

cslab@ntua 2018-2019
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EVNMEPWON TNG KATAOTOONG TOU
unxaviuartoc¢ (machine state update)

evnuépwWon TNG MvUNG (memory state update)

* Av n evioAn dev TrepIAapBavel evnuEpwaon TNG UvAPNG, META TO
OTAOIO OAOKANPWONG, N EVTIOAN OTTOOECUEUETAI

* Ta oTadia OAOKANPWONG KAl ATTOOLTUEUCNG TWV EVTOAWY TTPETTEI VA
EKTEAEOOUV TIG EVTOAEG €V OEIpa

— ouveTrég arch. state
— OUVETTAG KATAOTACHN MVAMNG
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e Ta oTddla EVTIOAWV:

> Fetch

> Decode

> Dispatch
> Issue

> Execute

> Finish

> Complete
> Retire

cslab@ntua 2018-2019

Fetch

Instruction/decode buffer

I Dispatch buffer

Dispatch

Y

Y

Reservation
stations

T
D
=
<o
=

Y

Issue v
T
D
=
o

s Execute §

=
o

Y

Finish

P

~——— [n order

Reorder/completion buffer

Complete

4

Store buffer

¢

Retire
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