Auvauikn ApopoAoynon EvroAwyv
(Dynamic Scheduling)
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- Pipeline CPI = Ideal pipeline CPI + Structural
Stalls + Data Hazard Stalls + Control Stalls

- ! METPO TNG PEYIOTNG ATTO000NG TTOU
MTTOPOUE VA £XOUNE PE TNV EKAOTOTE UAOTTOINGN TOU
pipeline

- : OTaV TO UAIKO D€V UTTOPEI VO UTTOOTNPICE!
TAUTOXPOVN EKTEAEON OUYKEKPIMEVWYV EVTOAWV

- : OTAV MIA EVTOAN XPEIAZeTAl TO ATTOTEAEO A
MIOG TTpoNyoUlEVNG, N oTToia BPioKeTal akOun oTo pipeline

- . OTav €I0AYETAI KOBUOTEPNON METALU TOU
POPTWHATOG EVTOAWYV Kal TNG AQWNG ATTOPACEWY OXETIKA WE
TNV aAAayn TNG PONG Tou TTpoypauparog (branches,jumps)
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Texvikec BeATtiwong Tou CPI

Pipeline CPI =

Ideal pipeline CPI +
register Tpowonon

re”ammg\ Structural Stalls + /
Data Hazard Stalls +
Control Stalls A UTTOBETIKN

loop unrolling EKTEAEDN
static scheduling, ‘
software pipelining mpoBAewn  delayed branches, branch

SIAKAAB WO EWV scheduling
cslab@ntua 2017-2018



- H Jeival data dependent atmé tnv I:
H J TrpooTtraBei va diaBacel Tov source operand TIpiv Tov

vypawei n |

I: add r1,r2,r3
J.subrd,rl,r3
- N nJ eival data dependent amo Tnv K, n otroia eival data
dependent ammé Tnv | (aAucida eCapTHOEWV)
* INpayuarikeg ecaprtnoelg (True Dependences)
- [1lpokaAouv Read After Write (RAW) hazards oTo pipeline
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- Q1 eCapTnoeIg ival I01I0TATA TWV TTPOYPOUMATWY
- H mmapouaoia piag ecaptnong uttodnAwvel TNV
moavotnTa ghgavions hazard, aAAa 1o av Ba ocupPei
TTPAYMATIKA TO hazard, kai To TT0on KaBuoTtépnon Ba
EI0QYEI, €ival XapaKTNPIOTIKO Tou pipeline
- H onuaoia Twv e€aptnocwv dedOUEVWV
1) uttodnAwvouv Tnv mlavoTtnTta yia hazards

2) kaBopilouv TN O€IpA CUPPWVA PE TNV OTToIA TTPETTEI VA
UTTOAOYIOTOUV Ta dedOUEVA

3) B€Touv €va Avw Oplo oTov TTAPAAANAICHO TTOU YUTTOPOUE va
EKMETAAAEUTOUE
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* Name dependences: otav 2 awoAag xpnolponmouv TOoV

010 KaTaXWPENTA 1 B€on pvAPng ("name”), Xwpig opwg
VA UTTAPXEI TTPAYHATIKA por OEQOUEVWY JETACU TOUC

- Anti-dependence: n J ypagel Tov rl mrpiv Tov diaAcel n
I

|: subrd,rl,r3
J:add r1,r2,r3
K: mul re,rl,r7

- [lpokaAouv Write After Read (WAR) hazards oTto
pipeline
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» Output dependence: n J ypagel Tov rl mpiv Tov ypawel n |

|: sub rl,r4,r3
J:add r1,r2,r3
K: mul re,rl,r7

- [NpokaAouv Write After Write (WAW) hazards oT1o
pipeline
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+ ESaitiag Twv ecapTnOEwV TIPETTEl va OIOTNPOUNE TN "OEIpd

14

TOU TTPOYPAUMATOC

* OEIPA TTPOYPAUHATOC: N OEIPA YE TNV OTToia Ba
EKTEAOUVTAV Ol EVTOAEG, AV £TTECEPYALOVTAV OEIPIOKA, Hia
KGAOE popa, OTTWC UTTAYOPEUETAI ATTO TOV TTNYAIO KWOIKA
TOU TTPOYPAUMATOC

* okotrog HW/SW: va eKueTAAAEUTOUV TOV TTAPAAANAIOUO,
d1ATNPWVTAC TN OEIPA TTPOYPAUUATOC OTTOU KATTOIO
aAAayn Ba ptTopouce va eTTNPEACEI TO ATTOTEAECUO TOU

TTPOYPAPUATOG
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DIVD FO,F2,F4
ADDD F10,FO,F8
SUBD F12,F8,F14

- dependence peracu DIVD kair ADDD
- Kavéva dependence yia To SUBD.

- Dynamic Scheduling: AAayr TNG O€IPAC EKTEAEONC
eVTOAWV (out-of-order execution)

- 0100@PAAIoN TNG OWOTNG PONG OEDOUEVWV
- dlIa0(PAAIoN CWOTWV exceptions
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- MtTopei va dIaxeIpIoTEl TTEPITITWAEIC OTTOU Ol
eCapTNOEIC eV gival YVWOTEC KATA To compile time
(T1.X., AOYW EPPECWYV avapopwyV o€ BETEIC vAUNG)

- ATtTAoTrolei TN AeIToupyIikOTNTA TOU compiler

- EmiTpETTEl TNV ATTODOTIKN EKTEAEON TOU
TTPOYPAUMATOC, AVECAPTATWG TOU pipeline yia 1o
OTTOI0O METAYAWTTIOTNKE AQUTO

- Kavel duvatn TNV UTTOBETIKN EKTEAEON EVTOAWV
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« XapaKTnNPIoTIKA
- in-order instruction issue
- out-of-order execution
- out-of-order completion

- To kAaaikd ID tou 5-stage pipeline xwpiletal o€ 2
KOMMATIA

- . ATTOKWOIKOTTOINON EVTOAWYV Kal EAEyXO0C YiIa
structural hazards (in order issue)

- - AilaBaopa Twv operands otav dgv
utTapxouv data hazards (o1 evioAég kavouv stall or
bypass-£0w EVTIOAEC UTTOPEI VO TTPOCTTEPACOUV AAAEC-
UTTAiVOUV O€ 000 execution)

cslab@ntua 2017-2018
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- MBavoTtnTa Kal hazards

1.DIVD FO,F2,F4
2.ADDD F6,F0,F8
3.SUBD F8,F10,F14
4.MULD F6,F10,F8
- antidependence: (2) kai (3)
- av 10 SUBD ekteAeoTei TpwTto dnuioupyeitar WAR

. (2) kai (4)
- av ekTeAeoTei rpwTa 10 MULD dnuioupyeitar WAW

cslab@ntua 2017-2018
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1963 yia To CDC6600 scoreboard

EtriAuon WAR hazards

» Stall WB péxpl va diaBaoTouv ol registers
» AlaBaocua Twyv registers povo kara 1o Read Operands o1ddio

EtriAuon WAW hazards
» Avayvwplon KivOUvou Kal atropuyn €kdoonc (issue) eVToAng

1966 yia To IBM360/91
EtriAuon WAR kai WAW hazards ue xprjon Tou

[0 a1TOdOTIKNA TEXVIKN
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DIV.D FO,F2,F4 DIV.D FO,F2,F4

ADD.D F6,FO0,E ADD.D S,FO,F8
S.D F6,0( S.D S,0(R1)
SUB.D F8,F10,F14 SUB.D T,F10,F14

MUL.D F6,F10,F8 MUL.D F6,F10,T

’ {

DIV.D FO,F2,F4 DIV.D FO,F2,F4 SUB.D T,F10,F14
ADD.D F6,F0,F8 ADD.D S,FO,F8 MUL.D F6,F10,T
S.D F6,0(R1) S.D S,0(R1)

SUB.D T,F10,F14
MUL.D F6,F10,T
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- ATToBnKeUOUV TOUG operands TwWV EVTOAWYV TTOU TTEPINEVOUV va
EKTEAECTOUV

- uadi ye Ta
- O KQBe eVTOANC avTikaBioTavTal Je 10

, TO OTTOi0 B4 TNG TTAPACXEI TO
OTTAITOUMEVO INput =——=>

- Atmmopuyn WAR, WAW hazards

- MepioodTepa RS atrd rpaypaTtikouc registers diao@aAifouv TNV
aTTOPUYN KIVOUVWY eCalTiog name dependences 1Tou dev UTTOPEI va
ETMIAUCEI Evag compiler

ammoteAégparta ota FU até ta RS, :
, GAAG TTAVW OTTO TO , TTOU KAVEl
broadcast Ta ammoteAéouara o€ oAa 1a FUs

Load,Stores avripyetwtriovTal ki autd w¢ FUs ue RSs

cslab@ntua 2017-2018
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Each reservation station has seven fields:

Op—The operation to perform on source operands S1 and S2.

Q). Qk—The reservation stations that will produce the corresponding source
operand; a value of zero indicates that the source operand is already available
in Vj or VK. or is unnecessary. (The IBM 360/91 calls these SINKunit and
SOURCEunit.)

Vj. Vk—The value of the source operands. Note that only one of the V field
or the Q field is valid for each operand. For loads. the Vk field is used to
hold the offset field. (These fields are called SINK and SOURCE on the
IBM 360/91.)

A—Used to hold information for the memory address calculation for a load
or store. Initially, the immediate field of the instruction is stored here; after
the address calculation, the effective address is stored here.

Busy—Indicates that this reservation station and its accompanying functional
unit are occupied.

The register file has a field. Qi:

Qi—The number of the reservation station that contains the operation whose
result should be stored into this register. If the value of Qi is blank (or 0), no
currently active instruction is computing a result destined for this register,
meaning that the value is simply the register contents.

The load and store buffers each have a field. A. which holds the result of the
effective address once the first step of execution has been completed.
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MIPS floating point + load-store unit using Tomasulo’s

Reservation Stations:

contain already issued instruction and its
operands or the names of the reservation
stations that will provide the operand

values for this instruction

Load store buffers:

hold the components
of the effective
address, hold the
results of the
completed loads, track
loads that are waiting
on the memory

cslab@ntua 2017-2018

algorit

hm

From instruction unit

Instruction FP registers I

queue

Address unit
Stare buffers

Load-store
operations
. . Operand
- Flnatlnlg-p-mnt blses
operations

b ¥ ¥ Load buffers

Y

Operation bus

Y L 1 1 1
[ [ 2

Reservation 1

L Data L Address
Memary unit

stations

FP multipliers
Comman data bus (CDB)




Tomasulo: MIPS FP-Unit

Queue
Load Buffers

Loadl
Load2
Load3
Load4
Load5
Load6

Store
Buffers

Multl
Mult2

Reservation
Stations

To Mem

Common Data Bus (CDB)
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. TTAPE TNV TTOMEVN €VTOAN attd TNV FP Op Queue

Av uttdpxel eAeUBepo RS ( ), OTEIAE (issue) o€
auTO TNV €VTOAR, padi Je Toug operands (

. EKTEAEON OTNV apIBuNTIKN povada (EX)

Ortav kal o1 dUo operands cival dlaBEaiuol, TOTE EKTEAECE TNV TTPAEN.
Av d¢ev gival d1aBéaiuol, TrapakoAouBnoe To CDB yia 1o atmrotéAeopa

. TEAOG ekTEAEONG (WB)

['pawe 10 atrotéAeopua oto CDB yia OAEG TIC HOVADEC TTOU TO
TTEPIMEVOUV. ZneEiwaoe Tov RS w¢ diaBsoiuo

cslab@ntua 2017-2018
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= . AEITOUPYia TTPOG EKTEAEDN
- . TIMEG TWV source operands

- : TTo1d RS Ba oTteilouv TNV TP Twv source operands

»

- . av T0 RS €ival atraoxoAnuévo n oxi

S1 S2 RS RS
Name Busy Op Vj Vk Qj Qk

Add1 No
Add2 No
Add3 No
Multl No
Mult2 No
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= : [Noio RS 1repIExel TRV EVTOAN N oT1Toia Ba atroBnKeUoEl KATTOIA TIUN
OToV register.

FO F2 F4 F6 F8 F10 F12 .. F30

FU

- A: n effective address Tn¢ B€ong pvuNG TTPog avayvwon/eyypaon
- . 0eixvel av o buffer gival araoxoAnuévog ) oxl

Busy Address
Loadl No
LLoad? No
Load3 No
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2uvnBiopévo data bus: data + destination (“go to” bus)

. data + (" " bus)
64 bits of data + 4 bits of Functional Unit address
Av TO gival idlo pe 1o Q 1Tedio evOC RS, ypaye 10 aTTOTEAECHA

oTo avTioToixo V 1redio Tou RS
Broadcast: évag master, ToAAoi slaves

cslab@ntua 2017-2018
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Instruction state  Wait until

Action or bookkeeping

[ssue Station r empty
I'P operation

if (RegisterStat[rs].Qi#0)

{RS[r].Qj &« RegisterStat[rs].Qi}
else {RS[r].Vj « Regs[rs]; RS[r].Qj « 0};
if (RegisterStat[rt].Qi#0)

[RS[r].Qk « RegisterStat[rt].Qi
else {RS[r].Vk « Regs[rt]; RS[r].Qk « 0};
RS[r].Busy « yes; RegisterStat[rd].Q «r;

Load or store Buffer r empty

if (RegisterStat[rs].Qi#0)

{RS[r].Q] & RegisterStat[rs].Qi}
else {RS[r].Vj « Regs[rs]; RS[r].Qj « 0};
RS[r].A « imm; RS[r].Busy « yes;

Load only

RegisterStat[rt].Qi « r;

Store only

if (RegisterStat[rt].Qiz0)
{RS[r].Qk « RegisterStat[rs].Qi}
else {RS[r].Vk « Regs[rt]; RS[r].Qk « 0};

cslab@ntua 2017-2018
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Instruction state  Wait until Action or bookkeeping

Execute (RS[r].Qj =0) and Compute result: operands are in Vj and Vk
FP operation (RS[r]Qk =10)
Load-store RS[r].Qj=0 & rishead of RS[r].A « RS[r].Vj + RS[r].A;
step 1 load-store queue
Load step 2 Load step 1 complete Read from Mem|[RS[r].A]
Write Result Execution complete at r &  Vx(if (RegisterStat[x].Qi=r) {Regs[x] « result;
P operation CDB available RegisterStat[x].Qi « 0});
or vx(if (RS[x].Qj=r) {RS[x].Vj ¢« result;RS[x].Qj «
load 0});
x(if (RS[x].Qk=r) {RS[x].Vk « result;RS[x].Qk «
0});
RS[r].Busy « no;
Store Execution complete at v &  Mem[RS[r].A] « RS[r].Vk;
RS[r].Qk =0 RS[r].Busy & no;
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Instruction stream

|
Instruction
LD F6
LD F2
MULTD FO
SUBD F8
ADDD F6
Time
FU count
down
Clock
/7 0
Clock cycle
counter
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34+

45+
F2
F6

F8

Name
Addl
Add?2
Add3
Multl
Mult2

Exec  Write
k  Issue Comp Result Busy Address
R2 Loadl No
R3 Load?2 No
F4 Load3 No
2 3 Load/Buffers
F2

S1 S2 RS RS
Busy Op Vj Vk Qj Qk
No
No 3 FP Adder R.S.
No 2 FP Mult R.S.
No
No

FO F2 F F6 F8 F10 FI12 .. F30

FU

(load: 2 cycles, add: 2 cycles, mult: 10 cycles, divide 40 cycles)
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Instruction

LD F6

LD F2

MULTD FO

SUBD F8

ADDD F6
Time

Clock

1

cslab@ntua 2017-2018

34+
45+
F2
F6

F8

Name
Addl
Add2
Add3
Multl
Mult2

k
R2
R3
F4
F2

F2

Busy

Exec  Write
Issue  Comp Result

SL  S2 RS
Op V] Vk Q

34+R2

No

No
No
No
No
No

FU

FO F2

F30
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Instruction

LD F6

LD F2

MULTD FO

SUBD F8

ADDD F6
Time

Clock

2

cslab@ntua 2017-2018

34+
45+
F2
F6

F8

Name
Addl
Add2
Add3
Multl
Mult2

Exec  Write

k  Issue Comp Result Busy Address
R2 1 Loadl Yes 34+R2
RSN 2 Load2 | Yes  45+R3 ||
F4 - Load3 No
F2
F2
S1 S2 RS RS
Busy Op Vj VK Q] Qk
No
No
No
No
No
FO F4 F6 F8 FI0 F12 F30
FU Loadl

27



Instruction

LD F6

LD F2

MULTD FO

SUBD F8

ADDD F6
Time

Clock

3

*  MOAIC n €VTOAN yiveTal issue o€ katrolov RS, Ta ovopaTa Twv source registers

J
34+
45+

F2
F6

F8

Name
Addl
Add2
Add3
Multl
Mult2

Exec  Write

k Issue Comp Result
R2 1 i Loadl
R3 2 Load2
F4 3 Load3
F2

F2

S1 S2 RS RS
Busy Op Vj VK Qj Qk

Busy Address

No
No
\Q
Yes MULTD R(F4) Load2
No

Yes 34+R2
Yes 45+R3
No

F10 F12

F30

O=— F2 F4 F6 F8
FU Load? Loadl

avTikaBiotTwvTal (“renamed”) péow Twv TTEdiWY V 1 Q Tou RS

* 1 evioAj otov Loadl oAoOKANPWVETAI - TTOIOC TTEPIMEVEL VIO TO ATTOTEAECUA?

cslab@ntua 2017-2018
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Instruction

LD F6

LD F2

MULTD FO

SUBD F8

ADDD F6
Time

Clock

4

34+
45+
F2
F6

F8

Name
Addl
Add2
Add3
Multl
Mult2

Exec Write
k Issue Comp Result

Busy Address

R2 | 1 Loadl | No
R3 | 2 -l Load2 | Yes  45+R3
F4 3 Load3 No
:
F2
S1 S2 RS RS
Bus Op Vi VK Qi Ok
Yes SUBD M(AL) Load2
\[o
No
Yes MULTD R(F4) Load2
No
FO F2 F4 F6 F8 F10 F12 F30
FU | Multl Load? M(A1) Addl

* 1 €vTOAr} oTov Load2 oAOKANpWwVETAI - TTOIOC TTEPIPEVEI YIA TO
ATTOTEAECUA?

cslab@ntua 2017-2018
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Instruction |
LD F6 34+
LD F2 45+
MULTD FO F2
SUBD F8 F6
ADDD F6 F8
Time Name
2 Addl
Add?2
Add3
10 Multl
Mult2
Clock
5

K
R2
R3
F4
F2

Exec  Write

Issue Comp Result

1

o B~ w N

FU

FO

Busy Address

3 4 Loadl No
4 5 Load? No
Load3 No
S1 S2 RS RS
' K Q1 QK
fucaa Jrers
M(Al) Multl
F2 F4 F6 F8 F10 F12

F30

Multl

M(A2) M(AD) AddL

« apxilel n avriotpopn pETpnon yia Toug Addl, Multl (load: 1 cycle, add:
2 cycles, mult: 10 cycles, divide 40 cycles)

cslab@ntua 2017-2018
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Instruction J
LD F6 34+
LD F2 45+
MULTD FO F2
SUBD F8 F6
ADDD F6 F8
Time Name
1 Addl
Add2
Add3
9 Multl
Mult2
Clock
6

- n ADDD vyivetal issue €dw 1Tapa TNV name dependency otov F6

cslab@ntua 2017-2018

Exec

Write

k Issue Comp Result Busy Address
R2 1 3 4 Loadl No
R3 2 4 5 Load? No
F4 3 Load3 No
F2 4

5
= |0

Sl S2 RS RS

Busy  Op '
Yes SUBD M(AL) M(A2)
No
Yes MULTD M(A2) R(F4)
Yes M(Al) Multl

FO F2 F4 F6 F8 FI10 F30
FU | Multl  M(A2) Add2  Addl
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Instruction J
LD F6 34+
LD F2 45+
MULTD FO F2
SUBD F8 F6
ADDD F6 F8
Time Name
0 Addl
Add2
Add3
8 Multl
Mult2

Clock
7

* n evioAj otov Add1l (SUBD) oAokAnpwveTal - TTOI0C TTEPIMEVEL YIA TO

QATTOTEAEO QA ?
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Exec  Write
k Issue Comp Result Busy Address
R2 1 3 4 Loadl No
R3 2 4 5 Load2 No
F4 3 Load3 No
5
F2 6
S1 S2 RS RS
Busy Op Vj VK Qj Qk
Yes SUBD M(AL) M(A2)
Yes ADDD M(A2) Addl
No
Yes MULTD M(A2) R(F4)
Yes M(A1) Multl
FO F2 F4 F6 F8 FI10 F30
FU | Multl M(A2) Add2  Addl
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Instruction
LD

LD
MULTD
SUBD

ADDD

Clock

cslab@ntua 2017-2018

F6
F2
FO
F8

F6

J
34+
45+

F2
F6

F8

Time Name

2

7

Addl
Add2
Add3
Multl
Mult2

Exec  Write
k Issue Comp Result

Busy Address

R2 1 3 4 Loadl No
R3 2 4 5 Load? No
F4 3 Load3 No
F2 4 7 8

5
F2 6

S1 S2 RS RS

Busy Op Vj VK QJ Qk
No
Yes ADDD { (M-M) fM(A2)
No
Yes MULTD M(A2) R(F4)
Yes M(AL1) Multl

FO F2 F4 F6 F8 F10 F12

FU [ Multl M(A2) Add?

F30
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Instruction
LD

LD
MULTD
SUBD

ADDD

Clock
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F6
F2
FO
F8

F6

34+
45+
F2
F6

F8

Time Name

1

6

Addl
Add2
Add3
Multl
Mult2

Exec  Write
k  Issue Comp Result Busy Address
R2 1 3 4 Loadl No
R3 2 4 5 Load?2 No
F4 3 Load3 No
F2 4 7 8
5
F2 6
S1 S2 RS RS
Busy Op Vj Vk Qj Qk
No
Yes ADDD (M-M) M(A2)
No
Yes MULTD M(A2) R(F4)
Yes M(A1) Multl
FO F2 F Fo F8 FI10 FI12 F30
FU | Multl  M(A2) Add2  (M-M)
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Instruction
LD

LD
MULTD
SUBD

ADDD

Clock
10

« n evioArj atov Add2 (ADDD) oAokAnpwveTal - TTOI0G TTEPIPEVEL YIA TO

F6
F2
FO
F8

F6

0

5

34+
45+
F2
F6

F8

Time Name

Addl
Add2
Add3
Multl
Mult2

QATTOTEAEO QA ?
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Exec  Write
k Issue Comp Result

Busy Address

R2 1 3 4 Loadl No
R3 2 4 5 Load2 No
F4 3 Load3 No
F2 4 7 8

5
F2 6 10

S1 S2 RS RS

Busy Op Vj VK QJ Qk
No
Yes ADDD (M-M) M(A2)
No
Yes MULTD M(A2) R(F4)
Yes M(A1) Multl

FO F2 F4 F6 F8 F10 F12 F30
FU | Multl M(A2) Add2  (M-M)
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Instruction
LD

LD
MULTD
SUBD

ADDD

Clock
11

F6
F2
FO
F8

F6

J
34+
45+

F2
F6

F8

Time Name

Addl
Add2
Add3
Multl
Mult2

Exec

Write

k Issue Comp Result Busy Address
R2 1 3 4 Loadl No
R3 2 4 5 Load2 No
F4 3 Load3 No
F2 4 I 8

5
F2 6 10 11

S1 S2 RS RS

Busy Op V] VK QJ Qk
No
No
No
Yes MULTD M(A2) R(F4)
Yes M(A1) Multl

FO F2 F4 F6 F8 F10 F12
FU [Mulit M(A2) QM-M)

F30

- nADDD ypa@el To ammoTéAeOuA TNG

cslab@ntua 2017-2018
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Instruction
LD

LD
MULTD
SUBD

ADDD

Clock
12
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F6
F2
FO
F8

F6

34+
45+
F2
F6

F8

Time Name

Addl
Add?
Add3
Multl
Mult2

Exec  Write
k Issue Comp Result

Busy Address

R2 1 3 4 Loadl No
R3 2 4 5 Load?2 No
F4 3 Load3 No
F2 4 7 8

5
F2 6 10 11

S1 S2 RS RS

Busy Op Vj VK Qj Qk
No
No
No
Yes MULTD M(A2) R(F4)
Yes M(A1) Multl

FO F2 F F6 F8 FI10 F12 F30
FU | Multl M(A2) (M-M)
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Instruction
LD

LD
MULTD
SUBD

ADDD

Clock
13

cslab@ntua 2017-2018

F6
F2
FO
F8

F6

34+
45+
F2
F6

F8

Time Name

Addl
Add?2
Add3
Multl
Mult2

Exec  Write

k Issue Comp Result Busy Address
R2 1 3 4 Loadl No
R3 2 4 5 Load? No
F4 3 Load3 No
F2 4 I 8

3)
F2 6 10 11

S1 S2 RS RS

Busy Op Vj VK Qj Qk
No
No
No
Yes MULTD M(A2) R(F4)
Yes M(A1) Multl

FO F2 F4 F6 F8 F10 F12 F30
FU | Multl  M(A2) (M-M)
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Instruction
LD

LD
MULTD
SUBD

ADDD

Clock
14
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F6
F2
FO
F8

F6

34+
45+
F2
F6

F8

Time Name

Addl
Add2
Add3
Multl
Mult2

Exec Write
k Issue Comp Result Busy Address
R2 1 3 4 Loadl No
R3 2 4 5 Load2 No
F4 3 Load3 No
F2 4 I 8
5
F2 6 10 11
Sl S2 RS RS
Busy Op Vj VK Qj Qk
No
No
No
Yes MULTD M(A2) R(F4)
Yes M(ALl) Multl
FO F2 F4 Fo F8 F10 FI12 F30
FU [ Multl M(A2) (M-M)
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Instruction
LD

LD
MULTD
SUBD

ADDD

Clock
15

+ n evioAj atov Multl (MULTD) oAokAnpwveTal - TT0I0G TTEPIPEVEL YIA TO

F6
F2
FO
F8

F6

34+
45+
F2
F6

F8

Time Name

Addl
Add2
Add3
Multl
Mult2

QATTOTEAEO QA ?
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Exec Write

k Issue Comp Result Busy Address
R2 1 3 4 Loadl No
R3 2 4 5 Load? No
F4 3 15 Load3 No
F2 4 7 8

5
F2 6 10 11

S1 S2 RS RS

Busy Op Vj VK Qj Qk
No
No
No
Yes MULTD M(A2) R(F4)
Yes M(A1) Multl

FO F2 F F6 F8 FI0 FI12
FU [ Multl  M(A2) (M-M)

F30

40



Exec  Write

Instruction j k  Issue Comp Result Busy  Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 No
MULTD FO F2 F4 3 15 16 Load3 | No
SUBD F8 F6 F2 4 I 8
5
ADDD F6 F8 F2 6 10 11

S1 S? RS RS
Time Name Busy Op Vj Vk Qj Qk

Addl No
Add?2 No
Add3 No

Multl | No

40 Mult2 | Yes M(A1)

Clock FO F2 F4 F6 F8 F10 F12 .. F30
16 FU M(A2) (M-M)

 ...eKKpeMEi TTAEov pbdvo n DIVD (div: 40 cycles)
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Exec  Write

Instruction j k Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load? No
MULTD  FO F2 F4 3 15 16 Load3 No
SUBD F8 F6 F2 4 7 8
5
ADDD F6 F8 F2 6 10 11
Reservation Stations: S S2 RS RS
Time Name Busy Op Vj Vk QJ Qk
Addl No
Add? No
Add3 No
Multl No
1 Mult2 | Yes M*F4  M(AL)
Clock FO F2 F4 F6 F8 FI0 FI12 .. F30
55 FU | M*F4  M(A2) (M-M)
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Instruction ]
LD F6 34+
LD F2 45+
MULTD FO F2
SUBD F8 F6
ADDD F6 F8
Time Name
Addl
Add?
Add3
Multl
0 Mult2
Clock
56

+ n evioAj atov Mult2 (DIVD) oAokAnpwveTal - TTOI0G TTEPIMEVEI YIA TO

QATTOTEAEO QA ?
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Exec Write

k Issue Comp Result Busy Address
R2 1 3 4 Loadl No
R3 4 5 Load? No
F4 3 15 16 Load3 No
F2 4 7 8

5 56
F2 6 10 11

S1 S2 RS RS

Busy Op Vj VK Q] Qk
No
No
No
No
Yes M*F4  M(A1)

FO F2 F4 F6 F8 F10 FI12 F30
FU [ M*F4  M(A2) (M-M)
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Instruction

LD F6

LD F2

MULTD FO

SUBD F8

ADDD F6
Time

Clock

56

34+
45+
F2
F6

F8

Name
Addl
Add2
Add3
Multl
Mult2

+ 2uvoyidovTag:
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Exec  Write

k Issue Comp Result Busy Address
R2 Loadl No
R3 Load2 No
F4 Load3 No
F2
F2

RS RS
Busy Op V] VK Qj Qk
No
No
No
No
Yes M*F4  M(AL)

FO F2 F F6 F8 F10 F12 F30
FU | M*F4 M(A2) (M-M)
KQl
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Loop: LD FO 0 R1
MULTD F4 FO F2

SD F4 0 R1
SUBI R1 R1 #8
BNEZ R1 Loop

- mult: 4 cycles
- 1st load: 8 cycles (L1 cache miss)
- 2nd load: 4 cycles (hit)

10 branch mrpoBAetreTal cav TAKEN

cslab@ntua 2017-2018
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Exec Write
ITER Instruction | k Issue _Comp Result

1 LD FO 0 R1
/ 1 MULTD F4 FO F2
1 SD F4 0 Rl
Iter-
ation
Count
, _ S1 32_ RS \‘pooeéoapa Store Buffers
Time ~ Name Busy Op V] VK Qj Qk Code:
Add1 No LD FO 0 R1
Add? No MULTD F4 FO F2
Add3 No SD F4 0 R1
Multl No SUBI R1 R1 #83
Mult2 BNEZ R1  Loop
\ Instruction Loop
Clock R1 FO F2 F4 F6 F8 F10 F12 F30

0 80 Fu I—I
N

TIUN KATAXWENTH TTOU XPNOIYOTTOIEITAl YIa OIEUBUVOEIC KAl ETTAVAANWEIS
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Exec Write
ITER Instruction ] k- _lIssue Comp Result

1 LD FO 0 R1 1
S1 S2 RS
Time Name Busy Op V| VK Qj Qk Code:
Add1l No LD FO 0 R] <
Add2 No MULTD F4 FO F2
Add3 No SD F4 0 R1
Multl | No SUBI R1 R1 #8
Mult2 BNEZ R1 Loop
Clock R1 F2 F4 F6 F8 F10 F12 F30
1 s Fu |
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Exec Write

ITER Instruction j kIssue_Comp Result Fu
1 LD FO 0 R1 1
1  MULTD F4 FO F2 2
S1 S2 RS
Time Name Busy Op Vj VK Q] Qk Code:
Add1 No LD FO 0 R1
MULTD F4 FO F2 i
SD F4 0 R1
R(F2) Loadl SUBI R1 R1 #8
BNEZ R1 Loop
Clock R1 FO F2[ F4 |F6 F8 F10 F12 F30

2 80 Fu |Load! Multl
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ITER Instruction

1 LD
1  MULTD
1 SD
Time  Name
Addl
Add?2
Add3
Multl
Mult2
Clock R1
3 80
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J
FO 0
F4 FO
F4

Bus
No
No
No

Yes Multd

FO

Exec Write

k Issue Comp Result

R1 1
F2 2

R(F2) Loadl

F2 F4 F6 F8

Busy Addr Fu

FO
MULTD  F4 FO F2
SD F4 0 R] <
SUBI R1 R1 #8
BNEZ R1 Loop
F10 F12 F30

Fu |Load1

Multl
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Exec Write

ITER Instruction ] k- _Issue_Comp Result Busy Addr Fu
1 LD FO 0 R1 1 Load
1 MULTD F4 FO F2 2 Load
1 SD F4 0 R1 3 Load
Store
Store
Store
S1 S2 RS
Time  Name  Bus 0 V] VK ' K Code:
Add1l No LD FO 0 R1
Add2 No MULTD F4 FO F2
Add3 No SD F4 0 R1
Multl | Yes Multd R(F2) Loadl SUBI R1 R1 #E <
Mult2 BNEZ R1 Loop
Clock R1 FO F2 F4 F6 F8 F10 F12 F30

4 80 Fu |Load1 Multl I
- (n evroAn SUBI -0¢ Bpioketal otnv FP queue- yiveral dispatch)
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ITER Instruction

1 LD

1  MULTD

1 SD

Time  Name
Addl
Add?
Add3
Multl
Mult2

Clock R1

- Fu | Loadl

(to id10 ka1 n BNEZ)
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Exec Write

] k Issue Comp Result Busy Addr Fu
FO 0 R1 1 Loadl} VYes 80
F4 FO F2 2 Load§|
F4 0 R1 3 Load3] No
Storel} Yes 80 Multl
Store§|
Store3] No
S1 S2 RS
Bus 0] Vij Vk ' k Code:
No FO 0 R1
No MULTD F4 FO F2
No F4 0 R1
Yes Multd R(F2) Loadl SUBI R1 R1 #3
BNEZ R1  Loop =
F2 F4 F6 F8 F10 F12 F30
Multl
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Exec Write

ITER Instruction ] klssue Comp Result
1 LD FO 0 R1 1
1 MULTD H4 FO F2 2
1 SD F4 0 R1 3
6
S1 S2 RS
Time Name Busy Op Vj VK Ql Qk Code:
Addl | No LD FO
Add2 No MULTD F4
Add3 | No SD F4
Multl | Yes Multd R(F2) Loadl SUBI R1
Mult2 BNEZ R1
Clock R1 FO \JF2 F4 F6 F8 F10 F12

Loop

Y —
F2

R1
#8

F30

6 72 Fu

Multl

« O FO 1roT1€ dev “BAETTEl” KATTOI0 load atrd TN 6€on 80
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Exec Write

ITER Instruction j k_lssueComp Result Fu
1 LD FO 0 R1 1
1 MULTD F4 F0O P2 2
1 SD F4 0 R1 3
6 Storely Yes 80 Multl
I Store
Stored No
Time Code:
LD FO 0 R1
MULTD  F4 FO Sy R —
SD F4 0 R1
SUBI R1 R1 #8
BNEZ R1 Loop
Clock R1 F0 F2f F4 |F6 F8  F10 F12 .. F30

BRI e

- 10O register file eival atroouvoedeUEVO ATTO TOUC UTTOAOYIOUOUG
- N 1" kai N 2" eravaAnyn ETTIKAAUTITOVTAI TTANPWCG
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ITER Instruction ]
1 LD FO 0
1 MULTD F4 FO
1 SD F4 0

Time Name Bus 0]

Exec Write
k  Issue ComE Result
1

R1
F2 2
R1 3
6
7
8
S1 S2 RS
Vj VK ' K Code:
LD FO
MULTD F4
SD F4
R(F2) Loadl SUBI R1
BNEZ R1

Addl No
Add? No
Add3 No
Multl | Yes Multd
Mult2
Clock R1 FO

F2 F4 F6 F8 FI0 FI12

0
R1
Loop

F30

8 72 Fu | |
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Exec Write

ITER Instruction | k  Issue nn Result Busy Addr Fu
1 LD FO 0 R1 1 “ Loadl] Yes 80
1 MULTD F4 FO F2 2 Load%
1 SD F4 0 R1 3 Loady No
6 Storel] Yes 80 Multl
7 Store
8 Stored} No
S1 S2 RS
Time Name Busy Op V] VK Qj Qk Code:
Addl No LD FO 0 R1
Add?2 No MULTD F4 FO F2
Add3 No SD F4 0 R1
Multl | Yes Multd R(F2) Loadl SUBI R1 R1 #E <
Mult2 BNEZ R1 Loop
Clock R1 FO F2 F4 F6 F8 F10 F12 F30
9 72 Fu | |

* N €VTOAN oTov Loadl oAoKANpWVETAI - TTOIOC TTEPIMEVEI YIA TO
atroTEAeoua?

- (n SUBI yiverai dispatch)
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Exec Write

ITER Instruction j k Issue Comp Result Fu
1 LD FO 0 R1 1 9 -10
1 MULTD F4 FO F2 2 -
1 SD F4 0 R1 3
6 Storel} Yes 80 Multl
7 Store
8 Store3} No
S1 S2 RS
Time  Name Busy OE | Vk 9| Qk Code:
Addl No LD FO 0 R1
Add2 No MULTD F4 FO F2
Add3 No SD F4 0 R1
4 Multl | Yes Multd (FZ) SUBI R1 R1 #8
Mult2 BNEZ RL  Loop —
Clock R1 F2 F4 F6 F8 F10 F12 F30

-Fu| |

‘N £VT0)\r] oTov Load2 oAoKANPWVETAI - TTOIOC TTEPIMPEVEI YIA TO
atroTEAeoua?

- (n BNEZ yiverai dispatch)
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Exec Write

Busy Addr Fu

0 Sy —
FO F2
0 R1
R1 #8
Loop
F30

ITER Instruction J k Issue Comp Result
1 LD FO 0 R1 1 9 10
1 MULTD F4 FO F2 2
1 SD F4 0 R1 3
;
8
S1 S2 RS
Time Name Busy Op Vj VK Qj Qk Code:
Addl | No LD FO
Add2 | No MULTD F4
Add3 No SD F4
3 Multl | Yes Multd _MI[80] R(F2) SUBI R1
4 Mult2 BNEZ R1
Clock R1 F2 F4 F6 F8 F10 F12
11 64 Fu

- e€mmOuevo load otnv akoAoubBia
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Instruction status: Exec Write

ITER Instruction ] k Issue Comg Resul Busy Addr  Fu
1 LD FO 0 R1
1 MULTD F4 FO F2 2
1 SD F4 0 R1 3
6 10 11 Storel] Yes 80 Multl
7 Store
8 Store3 No
Reservation Stations: s1 S2 RS
Time  Name Busy  Op | Vk 9| Qk Code:
Addl [ No LD FO 0 R1
Add2 | No MULTD  F4 FO F2 <
Add3 No SD F4 0 R1
2 Multl | Yes Multd M[80] R(F2) SUBI R1 R1 #8
3 Mult2 BNEZ R1 Loop
Register result status
Clock Rr1 FO F2 F4 F6 F8 F10 F12 F30

12 64 Fu I Load3 I

* YIOTi va unNv KAVOUE issue Kal TpiTo mult?
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Exec Write

ITER Instruction j kIssue_Comp Result Busy Addr Fu
1 LD FO 0 R1 1 9 10
1 MULTD F4 FO F2 2
1 SD F4 0 R1 3 Load3} Yes 64
6 10 11 Storel} Yes 80 Multl
7 Store
8 Store3} No
S1 S2 RS
Time Name Bus 0] Vij Vk ' k Code:
Addl No LD FO 0 R1
Add2 | No MULTD F4 FO F)
Add3 No SD F4 0 R1
1 Multl | Yes Multd M[80] R(F2) SUBI R1 R1 #8
2 Mult2 BNEZ R1 Loop
Clock R1 FO F2 F4 F6 F8 F10 F12 F30

13 64 Fu I Load3 I

* YIOTi va unv KAVOUUE issue Kal TpiTo store?
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Exec Write

ITER Instruction j k Issue Comp Result Busy Addr  Fu
1 LD FO 0 R1 1 0 10 Loadl] No
1 MULTD F4 FO F2 | 2 Load§|
1 SD F4 0 R1 3 Load3] Yes 64
6 10 11 Storell Yes 80 Multl
I Store§|
8 Stored No
SI  S2 RS
Time Name Busy Op V| VK Qj Qk Code:
Addl | No LD FO 0 R1
Add2 | No MULTD  F4 FO F) <
Add3 | No SD F4 0 R1
0  Multl | Yes Multd M[80] R(F2) SUBI R1 R1 #8
1 Mult2 BNEZ R1 Loop
Clock R1 FO F2 F4 F6 F8 F10 F12 F30
14 64 Fu |Load3 |
* n evioAn otov Multl oAokAnpwveTal - TTOI0C TTEPIMEVEI YIA TO
aTTOTEAEOHO?
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ITER Instruction

1
1
1

Time

Clock

15

* n evioAn otov Mult2 oAokAnpwveTal - TTOI0C TTEPIPEVEL YIA TO
atroTéAECPA?

Exec Write

0
R1
Loop

R1
F2
R1
#8

F30

j k  Issue Comp Result
LD FO 0 R1
MULTD F4 FO F2
SD F4 0 R1
S1 S2 RS
Name  Bus 0] Vij Vk ' k Code:
Addl No LD FO
Add2 No MULTD F4
Add NQ SD F4
Multl No SUBI R1
Viult BNEZ R1
R1 FO F2 F4 F6 F8 F10 F12
64 Fu ILoad3 I
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ITER Instruction

1 LD
1 MULTD
1 SD
Time  Name
Addl
Add2
4 Multl
ViU
Clock R1
16 64

J

FO 0
F4 FO
F4 0
Bus 0)
No
No
Yes Multd
\NO

Exec Write
k Issue Comp Result

Rt [T 9 10
2l 2 1 15
R | 3
6 10
715
8
S1 S2 RS
Vi VK i k

R(F2) Load3

2 F6 F8

Busy Addr  Fu

Loadl] No
Load%|
Load3] Yes 64
Storel} Yes 80 *
Store§| ﬂ
Store3] No
Code:
LD FO 0 R1
MULTD F4 FO F2 <
SD F4 0 R1
SUBI R1 R1 #3
BNEZ R1 Loop
F10 F12 F30

Fu |Load3

Multl

« [iveral issue 1o 3° MULTD
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Exec Write

ITER Instruction j k Issue Comp Result Busy Addr Fu
1 LD FO 0 R1 1 9 10 Loadl] No
1 MULTD F4 FO F2 2 14 15 Load§|
1 SD F4 0 R1 3 Load3] Yes 64
6 10 11 Storel] Yes 80 |[80]*R2
I 15 16 Store§|
8 Store3] Yes 64
S1 S2 RS
Time Name Busy Op Vij Vk Q Qk Code:
Addl No LD FO 0 R1
Add2 No MULTD F4 FO F2
Add3 No SD F4 0 R] <
Multl Yes Multd R(F2) Load3 SUBI R1 R1 #8
Mult2 No BNEZ R1 Loop
Clock R1 FO F2 F4 F6 F8 F10 F12 F30
17 64  Fu |Load3 Mult1 |

« ...MTTOpPEI Va Yivel issue kal 1o 3° SD
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Exec Write

ITER Instruction j kIssue_Comp Result Busy Addr Fu
1 LD FO 0 R1 1 9 10
1 MULTD F4 FO F2 2 ‘ 15
1 SD F4 0 R1 3 Load3} Yes 64
6 10 11 Storell Yes 80  }[80]*R2
7 15 16 Store
8 Store3] Yes 64 Multl
S1 S2 RS
Time Name  Bus 0 Vij Vk ' K Code:
Addl No LD FO 0 R1
Add?2 No MULTD F4 FO F2
Add3 No SD F4 0 R1
Multl | Yes Multd R(F2) Load3 SUBI R1 R1 #Q
Mult2 1 No BNEZ R1 Loop
Clock R1 FO F2 F4 F6 F8 F10 F12 F30

18 64 Fu | Load3 Multl |

* ...OAOKANPWVETAI N EKTEAECN TOU 1°Y SD
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Exec Write

ITER Instruction ] k Issue Comp Result
1 LD FO 0 R1
1  MULTD F4 FO F2
1 SD F4 0 R1
S1 S2 RS
Time Name Bus 0 Vi VK ' k
Addl No
Add2 No
Add3 No
Multl ] Yes Multd R(F2) Load3
Mult2 No
Clock R1 FO F2 F4 F6 F8
19 56

Code:
LD FO
MULTD F4
SD F4
SUBI R1
BNEZ R1
F10 F12

0
R1
Loop

R1
F2
R1
#38

h

F30

Fu I Load3 Multl I

« ...0AOKANpwveTal N EKTEAECN TOU 2°V SD
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Exec Write

ITER Instruction | k ssta Comp Result Busy Addr Fu
1 LD FO 0 R1 10 Loadll Yes 56
1 MULTD F4 FO F2 Load
1 SD F4 0 R1 Load3] Yes 64
orell  No
Storeg] 1o
ored Yes 64 Multl
S1 S2 RS
Time Name Busy Op Vij VK Q] Qk Code:
Addl No LD FO 0 R1
Add2 | No MULTD  F4 FO F2 <
Add3 No SD F4 0 R1
Multl Yes Multd R(F2) Load3 SUBI R1 R1 #8
Mult2 No BNEZ R1 Loop
Clock R1 FO F2 F4 F6 F8 F10 F12 F30
20 56 Fu [Loadl Multl |
«  ZuvoyifovTag yia AAAn pia @opda: , Kol
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- Register renaming

- OIaQOXIKEG ETTAVAAAWEIC XPNOIUOTTOIOUV DIAPOPETIKOUG «PUOIKOUG
TTPOOPICHOUG» WG destination registers (dynamic loop unrolling).

« Reservation stations

- ETMTPETTOUV TO iSSUe TwWV EVTOAWV va TTpowBnBei o€ oxéan Pe TIG integer
control evtoAég Tou loop

- Kavouv buffer TI¢ TTAAIEC TIMEG TWV registers — atropeuyovTal TTAPWS TA
stalls ecaitiac Twv WAR hazards
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* N KATAVEMNMEVN AOYIKN yIa TNV avixveuon Twv hazards

- Katavepnuévol reservation stations

- av TTOAAEG evTOAEG TTepIUEvouY 1 atToTEAeoua (Kal £xouv Tov AAAov
operand JIAB£0IYO), TOTE WTTOPOUV VA «ATTEAEUBEPWOOUVY
TauToxpova otav auTo yivel broadcast oto CDB

» AV XpnolgoTrolouTay €va KevIpIko register file, T0TE ol yovadeg
eKTEAEONG Ba ETTPeTTE VA Olaadouv aTro eKei T dEOOUEVA TOUG,
KGBe @opa TTou Ba Toug TTapaXWPEITO TO register bus

- n amopuyn Twv stalls egairiac Twv WAW kai WAR
hazards
- register renaming atro reservation stations
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. : [ati va gnv €xw © " registers waorTe
VA UTTOPW VA EKTEAW TTIO EUKOAQ KaI ATTOOOTIKA
register renaming;

« ATTauTEiTal :

- 'Eva physical register file ye repioodtepouc physical
register atrd ot ISA registers

- Translation Table (yprjyopa TTpooTTEAQCIYOC)
- Mnxaviouog evioTTiogoU eAeUBepwyv physical registers
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 To pipeline ytropei va TTapaueivel
i0I0 JE TO KAQOOIKO 5-Stage
pipeline

Rename

Tabl
- Kata 10 decode kaBe ISA register mTou xpnclﬁoﬁmsﬁal WG

OpIoHa TNG eVTOANC avTioTolxi(eTal o€ €vav physical
register.

» : ETmIAEyeTal €vag aTrd Toug eAeUBepOUC registers kai n
avTIoTOIXNON auTr attolnkeveTal oto Register Map Table (RMT)

» : XpNOIUOTTIOIEITAI N TEAEUTAIQ AVTIOTOIXION TTOU €ival
armrodnkeupévn oto RMT

- KabBe physical register Tou dgv XpnolyoTroIEiTAl ATTO KAMIA
EVTOAN O€ eKTEAEON, BewpeiTal EAEUBEPOC.
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Instruction Stream

DIV R5,R4,R2
ADD R7,R5.R1
SUB R5,R3.R2
LD R7,1000 (R5)
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Register Map Table

Free Registers

PR37,PR4,PR42,PR19,...

R1 PR23
R2 PR2
R3 PR17
R4 PR45
R5 PR13
R6 PR20
R7 PR30
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Instruction Stream Register Map Table

DIV R5,R4,R2
ADD R7.R5,R1
SUB R5,R3,R2
LD R7,1000 (R5)

DIV
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R1 PR23
R2 PR2
R3 PR17
R4 PR45
R5 PR13
R6 PR20
R7 PR30

Free Registers

PR37,PR4,PR42,PR19,...

/\

o

PR37,PR45, PR2
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Instruction Stream Register Map Table

DIV R5,R4,R2
ADD R7,R5 R1
SUB R5,R3,R2
LD R7,1000 (R5)

DIV
ADD
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Free Registers

PR4,PR42,PR19,...

/\

R1 | PR23
R2 PR2

R3 | PRL7

R4 PR45

R5 | PR37

R6 | PR20

R7 | PR30
PR37,PR45, PR2
PR4 | PR37,PR23
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Instruction Stream Register Map Table Free Registers
DIV R5,R4,R2 R1 PR23

ADD R7.R5,R1 —
SUB R5,R3.R2 R2 PR2 PT4ZPR1&

LD R7,1000 (R5) R3 PR17
R4 PR45
R5 PR37 <}:;jr

R6 PR20
R7 PR4

DIV  PR37,PR45,PR2
ADD PRZ ,PR37,PR23
SUB PR42/PR17,PR2
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Instruction Stream

DIV
ADD
SUB
LD
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R5,R4 R2
R7 R5,R1
R5, R3 R2
R7,1000 (R5)

DIV
ADD
SUB
LD

Register Map Table

Free Registers

PR19,...

R1 PR23
R2 PR2
R3 PR17
R4 PR45
R5 PR42
R6 PR20
R7 PR4

PR37,PR45,PR2
PR37 ,PR23
PR42, PR17 ' PR2

PR4

PR19,1000 (PR42)
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Ag xpeiadletal reservation stations
ATTOOUVOEC TOU aT1To TO TWV EVTOAWV

- To pipeline pytropei va TTapapeivel atrAo OTTWG TO KAAOIKO 5-stage
pipeline

Ta dedopéva peta@EpovTal armmo Eva povadiko register file
Atropuyn oAwv Twv WAR,WAW hazards
Emtpétrel (Omwg kal o Tomasulo) out-of-order completion

[TOANEC OUYXPOVEC QPXITEKTOVIKEC XPNOIMOTTOIOUV CUVOUAOUO
+
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