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

- I METPO TNG PEYIOTNG ATTO000NG TTOU
MTTOPOUE VA £XOUME PE TNV EKACTOTE UAOTTOINON TOU
pipeline

- . OTAV TO UAIKO OEV UTTOPEI va UTTOOTNPICE!
TAUTOXPOVN EKTEAEON OUYKEKPIMEVWV EVTOAWV

- . OTAV PIa eVTOAN XpPEIaleTal TO ATTOTEAEOUA
MIOG TTpoNyouuEVNG, N OTToIa BPICKETAI AKOMN OTO pipeline

- . OTAV €I0AYETAI KABUOTEPNON METAEU TOU
POPTWHATOC EVTOAWYV Kal TNG AWPNG ATTOPACEWY OXETIKA PE
TNV aAAayr) TNG PONG TOU TTPoypPANMaToG (branches,jumps)
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Texvikeg BeAtiwang Tou CPI

Pipeline CPI =

Ideal pipeline CPI +
register Tpowonon

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

loop unrolling EKTEAEON
static scheduling, Y \

software pipelining mpoPAewn  delayed branches, branch

SIAKAADWOEWV scheduling
cslab@ntua 2015-2016



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

vpawel n |

I: add r1,r2,r3
J:subrd,rl,r3
- N nJ eival data dependent amo Tnv K, n otroia €ivail data
dependent atmré Tnv | (aAucida e€apTHOEWV)
* [Npayuarikeg ecaptnoelg (True Dependences)
- NpokaAouv Read After Write (RAW) hazards oTto pipeline
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- O1 egaptnoclg €ival 1I01I0TATA TWV TTPOYPAUUATWY
- H mmapouacia piag ecaptnong uttodnAwvel TNV
mBavornTa epeaviong hazard, aAAa 1o av Ba cupuei
TTPAYMATIKA TO hazard, kal To TT0on kabuoTtépnon Ba
£10QYEl, €ival XapaKTnPIOTIKO Tou pipeline
- H onuaoia Twv e¢aptnocwv OEOOUEVWV
1) uttodnAwvouv Tnv mlavoTtnTa yia hazards

2) kaBopifouv TN o€Ipd CUPPWVA [E TNV OTTOIA TTPETTEI VA
UTTOAOYIOTOUV Ta dedopEva

3) 6€Touv €va avw Op1o aToV TTAPAAANAIONO TTOU PTTOPOUNE va
EKMETAAANEUTOUUE
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- Name dependences: otav 2 eVTOAEC XpNOIMOTIOIOUV TOV
id10 kataxwpentA N 8€on pvAung ("name'"), Xwpic Opwg
Va UTTAPXEI TTPAYHATIKI por] OEQ0ONEVWY METAEU TOUG

- Anti-dependence: n J ypagel Tov r1 mrpiv Tov diaBdacel n
|

l: sub r4,r1,r3
J:add rl,r2,r3
K: mul r6,rl,r7

- [NpokaAouv Write After Read (WAR) hazards oto
pipeline
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« Output dependence: n J ypa@el Tov r1 mpiv Tov ypawyel n |

|: sub rl,r4,r3
J:add r1,r2,r3
K: mul r6,r1,r7

* [lpokaAouv Write After Write (WAW) hazards oT1o
pipeline

cslab@ntua 2015-2016



+ BEgauiTiag Twv £6aPTATEWV TIPETTEI VO OIATNPOUME TN "O€Ipa
TOU TTPOYPAUUATOC

* OEIPA TTPOYPAUMATOC: N OEIPA UE TNV OTToia Ba
EKTEAOUVTAV Ol EVTOAEG, AV ETTECEPYALOVTAV OEIPIOKA, Hia
KGOe popa, OTTWC UTTAYOPEUETAI ATTO TOV TTNYAIO KWOIKA
TOU TTPOYPAUUATOC

- okomrog HW/SW: va ekpyeTaAAeuTOUV TOV TTAPAAANAIOUO,
OlIATNPWVTAC TN OEIPA TTPOYPAMMATOC OTTOU KATTOIA
aAAayr) 6a yTropoUloe va ETTNPEACEI TO ATTOTEAECUA TOU

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

- dependence petacu DIVD kai ADDD
- Kavéva dependence yia To SUBD.

+ Dynamic Scheduling: AAAayn} TNC o€IpAC eKTEAEONC
evioAwv (out-of-order execution)

- Olao@PaAIon TG OWOTAGC PONG OEOONEVWV
- dl00PAAlon cwaoTwV exceptions
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« MtTopei va dIaxeIpIOTEI TTEPITITWAOEIC OTTOU Ol
£CAPTNOEIC DEV Eival YVWOTEC KATA TO compile time
(T1.X., AOYyW EPPECWY ava@opwy o€ BETEIC vUNG)

- ATTAOTTOIEl TN ASITOUPYIKOTNTA TOU compiler

- EmiTpETTel TNV ATTODO0TIKI EKTEAEON TOU
TTPOYPAMMATOC, AVECAPTHTWC TOU pipeline yia To
OTTOI0 METAYAWTTIOTNKE AUTO

- Kavel duvarh TNV UTTOBETIKA EKTEAEON EVTOAWYV

cslab@ntua 2015-2016 10



- XapaKkTnpPIoTIKA
- in-order instruction issue
- out-of-order execution
- out-of-order completion

- To kKAao1ko ID Tou 5-stage pipeline xwpiletal o€ 2
KOMMATIO

- . ATTOKWOIKOTTOINON EVTOAWYV Kal EAEYXOG VIO
structural hazards (in order issue)

- : AilaBaocua Twv operands otav dgv
uttdpxouv data hazards (o1 evioAEc kavouyv stall or
bypass-£0wW EVTOAEC UTTOPEI VA TTPOCTIEPACOUV AAAEG-
UTTAiVOUV O€ 000 execution)

cslab@ntua 2015-2016
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- [MBavoTnTa KQl hazards

1.DIVD FO,F2,F4
2.ADDD F6,F0,F8
3.SUBD F8,F10,F14
4.MULD -6,F10,F8

- antidependence: (2) ka1 (3)
- av 10 SUBD exteAeoTei TpwTto dnuioupyeitar WAR

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

cslab@ntua 2015-2016
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1963 yia o CDC6600 scoreboard

EtriAuon WAR hazards
» Stall WB upéxpi va diaacTtouv ol registers
» AlGBacpa Twyv registers povo katad to Read Operands o1adio

EtriAuon WAW hazards
» Avayvwpion KIvOUvou Kail attopuyn ékdoong (issue) evioAng

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

[110 ATTOOOTIKI TEXVIKN
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DIV.D FO,F2,F4 DIV.D FO,F2,F4

ADD.D F6,FO,E ADD.D S,FO,F8
S.D F6,0( S.D S,0(R1)
SUB.D F§,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,FO0,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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- ATtToOnkKeuouv TOuG operands TWV EVTOAWYV TTOU TTEPIPNEVOUV VA
EKTEAECTOUV

- padi ye Ta
- O KGOe eVvTOANC avTiKkaBioTavTal Je 10

, TO OTT0i0 Ba TNC TTAPACXEI TO
OTTAITOUPEVO INput ==

- Ammogpuyn WAR, WAW hazards

- Meploodtepa RS ammd mrpayuartikoug registers diac@alilouv TNV
aATTOPUYN KIVOUVWYV eCalTiac name dependences TTou dgv UTTOPEI va
eMAUCEI Evag compiler

ammoteAéopara ota FU atro 1a RS, :
aAAQ TTAVW OTTO TO , TTOU KAVEI
broadcast Ta arroreAéopara o€ OAa ta FUs

Load,Stores avtiyetwtriovral Ki auta w¢ FUs ue RSs

cslab@ntua 2015-2016
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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
algorithm

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 2015-2016

operat

From instruction unit

Instruction FP registers I

Address unit

Store buffers

queue
Load-store
ions
. . Operand
- Flnatlnlg—p-mnt blses
operations

_* 1Ir_'r Load buffers

Y

Operation bus

¥ T 1 1 1

L Data L

Memary unit

3 . D
2 Reservation 1
1 stations

yAddress

FP multipliers
Common data bus (CDB)




Tomasulo: MIPS FP-Unit

From Mem FP Op FP Registers

Queue
Load Buffers

Loadl
Load?2
Load3
Load4
Load5
Load6

Store
Buffers

Multl
Mult2

Reservation
Stations

To Mem

Common Data Bus (CDB)
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. TTAPE TNV €TTOMEVN €vTOAn atro TNV FP Op Queue

Av uttapyel eAeUBepo RS ( ), OT€IAE (issue) o€
auTo TNV EVTOAR, padi ue Toug operands (

. EKTEAEON oTNV apIOunTIKn yovada (EX)

Orav kal o1 duo operands cival dIAOECIUOI, TOTE EKTEAECE TNV TTPALN.
Av d¢gv gival d1aB<aiuol, TTapakoAoubnoe 1o CDB yia 1o atmroTéAeoua

. TEANOG ekTéEAEONC (WB)

['pawe 10 amrotéAeaua o1o CDB yia OAeg TIG JOVADES TTOU TO
TTEPIMEVOUV. Znueiwoe Tov RS w¢ diaBéaiuo

cslab@ntua 2015-2016
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- . AeITOoUpyia TTPOGC EKTEAEDN
- : TIMEG TWV source operands

- : TToId RS Ba oTeidouv TNV TIUR Twv source operands

»

- : av 70 RS ¢ival atraoxoAnuévo f oxi

S1 S2 RS RS
Name Busy Op Vj Vk Qj Qk

Addl No
Add2 No
Add3 No
Multl No
Mult2 No
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- : INoio RS 1repiExel TNV evioA n otToia Ba atroBnKeUOEl KATTOIA TIUA
oToV register.

FO F2 F F6 F8 F1I0 F12 .. F30

FU

- A: n effective address 1n¢ B€on¢ uvAung Tpog avayvwaon/eyypagpn
- . Ogixvel av o buffer gival atraoxoAnuévocg rj Oxi

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

. data + (“ " bus)
64 bits of data + 4 bits of Functional Unit address
Av 1O gival idlo pe 1o Q 1Edio evoc RS, ypaye 1o aTTOTEAECUA

oTo avTioToixo V 1redio Tou RS
Broadcast: £évac master, TToAAoI slaves

cslab@ntua 2015-2016
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Instruction status

Instruction Issue Execute Write Result
L.D F6,32(R2) 4 N N

L.D F2,44(R3) Y A

MUL.D  FO,F2,F4 4

SUB.D  F8,F2,F6 y

DIV.D  F10,FO0,F6 gl

ADD.D  F6,F8,F2 3

Reservation stations

Name Busy Op Vj Vk Qj Qk A

Loadl No

Load2 Yes Load 44 + Regs|[R3]
Addl Yes SUB Mem[32 + Regs[RZ]] Load2

Add2 Yes ADD Addl Load2

Add3 No

Mult1 Yes MUL Regs[F4] Load?2

Mult2 Yes DIV Mem[32 + Regs[R2]]  Multl

Register status

Field FO F2 F4 F6 F8 F10 F12 ... F30

Qi Mult1 Load2 Add2 Addl Mult2
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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 2015-2016
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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;
FP operation CDB available RegisterStat[x].Qi « 0});
or vx(if (RS[x].Qj=r) {RS[x].Vj « result;RS[x].Q] «
load 0});
x(if (RS[x].Qk=r) {RS[x].Vk « result;RS[x].Qk «
0});
RS[r].Busy « no;
Store Execution complete at r & ~ 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
P 0
Clock cycle
counter
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34+
45+
F2
F6

F8

Name
Addl
Add?2
Add3
Multl
Mult2

Busy Address

No
No
No

\

F10

3 Load/Buffers

3 FP Adder R.S.
2 FP Mult R.S.

F12 .. F30

Exec  Write
k  Issue Comp Result
R2 Loadl
R3 Load2
F4 Load3
F2
F2
S1 S2 RS RS
Busy Op Vj Vk Qj Qk
No
No
No
No
No
FO F2 F4 F6 F8
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 2015-2016

34+
45+
F2
F6

F8

Name
Addl
Add2
Add3
Multl
Mult2

Exec Write

F30

k  Issue Comp Result 2 Addre
r2 L] LoadL
R3 Load2 No
F4 Load3 No
F2
F2
S1 S2 RS RS

Busy Op Vj VK Qj Qk
No
No
No
No
No

FO F2 F4 __E6_F8 F10 F12
FU
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Instruction

LD F6

LD F2

MULTD FO

SUBD F8

ADDD F6
Time

Clock

2

cslab@ntua 2015-2016

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 Qj Qk
No
No
No
No
No
FO F4 F6 F8§ F10 F12 F30
FU Loadl

28



Instruction

LD F6

LD F2

MULTD FO

SUBD F8

ADDD F6
Time

Clock

3

J
34+
45+

F2
F6

F8

Name
Addl
Add2
Add3
Multl
Mult2

Exec  Write
k  Issue Comp Result Busy Address
R2 1 i Loadl | Yes 34+R2
R3 2 Load?2 Yes 45+R3
F4 3 Load3 No
F2
F2

S1 S2 RS RS
Busy Op Vj VK Qj Qk
No
No
\ O
Yes MULTD R(F4) Load2
No

F4 F6 F8 F10 F12

Oy F2
FU J[_MultL

*  MOAIG n €VTOAN yiveTal issue o€ KatTolov RS, Ta ovopara Twy source registers

F30

Load?2

Loadl

avTikaBioTwvTal (“renamed”) yéow Twv TTEdiWV V  Q Tou RS

* n evioA otov Loadl oAoKANPWVETAI - TTOIOG TTEPIMEVEI YIA TO ATTOTEAEOUA?

cslab@ntua 2015-2016
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Exec  Write
Instruction j k Issue Comp Result Busy Address

LD 6 3+ R2[ 1 Loadl [ No
LD F2 45+ R3 | 2 Load2 | Yes  45+R3
MULTD FO F2 F4 | 3 Load3 | No

SUBD 8 F6 F2

ADDD F6 F8  F2

S1 S2. RS RS

Time Name Busy Op V| Vk Qi Ok
Addl §| Yes SUBD M(Al) Load?
Add? [y

Add3 | No
Multl | Yes MULTD R(F4) Load?2
Mult2 | No
Clock FO F2 F4 F6 F8 FI0 F12 .. F30
4 FU | Multl  Load? M(A1) Addl
* n evioAn otov Load2 oAoKANPWVETAI - TTOIOC TTEPIMEVEI VIO TO
QATTOTEAECHA?
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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 3 4 Loadl
2 4 5 Load?
3 Load3
4
5

Yes IMULTD R(F4)

FU

Busy Address

No
No

No

M(AL) Multl

FO F2 F4 F6 F8

F10 F12

F30

MultL M(A2) M(AD) AddL

- apxiel n avrioTpopn pETPNON Yia Touc Addl, Multl (load: 1 cycle, add:
2 cycles, mult: 10 cycles, divide 40 cycles)

cslab@ntua 2015-2016
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Instruction J
LD F6 34+
LD F2 A5+
MULTD FO F2
SUBD F8 F6
ADDD F6 F8
Time Name
1 Addl
Add2
Add3
9 Multl
Mult2
Clock
6

- n ADDD vyivetal issue edw tTapda TV name dependency otov F6

cslab@ntua 2015-2016

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
5
= |
S1 S2 RS RS
Bus 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

32



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 evioAr) otov Add1l (SUBD) oAokAnpwveTal - TTo10¢ TTEPIMEVEI VIO TO

QTTOTEAECQ?
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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 S? 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 Fo F8 F10

F30

FU [ Multl  M(A2) Add2  Addl
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Instruction
LD

LD
MULTD
SUBD

ADDD

Clock

cslab@ntua 2015-2016

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) IM(A2)
No
Yes MULTD M(A2) R(F4)
Yes M(ALl) Multl

FO F2 F4 F6 F8 F10 F12

FU [ Multl M(A2) Add?

F30

34




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? No
F4 3 Load3 No
F2 4 I 8
5
F2 6
S1 S? RS RS
Busy Op Vj VK Qj Qk
No
Yes ADDD (M-M) M(A2)
No
Yes MULTD M(A2) R(F4)
Yes M(AL) 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
10

* n evioAr] otov Add2 (ADDD) oAOKANPWVETAI - TTOIOG TTEPIMEVEL VIO TO

F6
F2
FO
F8

F6

34+
45+
F2
F6

F8

Time Name

0

5

Addl
Add2
Add3
Multl
Mult2

QTTOTEAECQ?
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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 Vj VK Q] Qk
No
No
No
Yes MULTD M(A2) R(F4)
Yes M(ALl) Multl
FO F2 F4 F6 F8 F10 F12
FU [Mulit M(A2) QM-M)

F30

- N ADDD ypdoel To atToTEAECHA TNG

cslab@ntua 2015-2016
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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
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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?2 No
F4 3 Load3 No
F2 4 I 8

)
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(ALl) 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
S1 S2 RS RS
Busy Op Vj VK Qj Qk
No
No
No
Yes MULTD M(A2) R(F4)
Yes M(A1l) Multl
FO F2 F4 F6 F8 F10 FI12 F30
FU [ Multl M(A2) (M-M)

40



Instruction
LD

LD
MULTD
SUBD

ADDD

Clock
15

* n evioAr) otov Multl (MULTD) oAOKANPWVETAI - TTOIOC TTEPIMEVEI YIA TO

F6
F2
FO
F8

F6

34+
45+
F2
F6

F8

Time Name

Addl
Add?
Add3
Multl
Mult2

QTTOTEAECQ?
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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

Sl 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 FI0 F12 F30
FU | Multl  M(A2) (M-M)
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Instruction J
LD F6 34+
LD F2 45+
MULTD FO F2
SUBD F8 F6
ADDD F6 F8
Time Name
Addl
Add2
Add3
Multl
40 Mult2
Clock
16

Exec  Write

k Issue Comp Result Busy Address
R2 1 3 4 Loadl No
R3 2 4 5 Load2 No
F4 3 15 16 Load3 No
F2 4 I 8

5
F2 6 10 11

S1 S2 RS RS

Busy Op Vj VK Qj Qk
No
No
No
No
Yes M(Al)

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

* ...€KKpepei TTAEov pyovo 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 Load2 No
MULTD F0O F2 F4 3 15 16 Load3 | No
SUBD F8 F6 F2 4 I 8
5
ADDD F6 F8 F2 6 10 11
Reservation Stations: S1 S22 RS RS
Time Name Busy Op Vj VK Ql Qk
Add1 No
Add2 No
Add3 No
Multl | No
1 Mult2 | Yes M*F4  M(AL)
Clock FO F2 F4 F6 F8 F10 F12 .. F30
55 FU | M*F4  M(A2) (M-M)
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Instruction j
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 evioAr] otov Mult2 (DIVD) oAokAnpwveTal - TTOI0C TTEPIMEVEL VIO TO

ATTOTEAEOQ?
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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 Qj Qk
No
No
No
No
Yes M*F4  M(A1)

FO F2 F4 F6 F8 F10 F12 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 Vj VK Qj Qk
No
No
No
No
Yes M*F4  M(AL)

FO F2 F4 F6 F8 FI0 F12 F30
FU | M*F4  M(A2) (M-M)
Kal
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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
- 1stload: 8 cycles (L1 cache miss)
- 2nd load: 4 cycles (hit)

- 10 branch trpoAétmreTal cav TAKEN
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Exec Write
ITER Instruction | kIssue _Comp Result

1 LD FO 0 R1
/1 MULTD F4 FO F2

1 SD F4 0 Rl
lter-
ation
Count
_ _ S SZ_ RS \pooeéoape Store Buffers
Time ~ Name Busy Op Vi VK O/ Code:
Addl | No LD FO 0 R1
Add2 No MULTD F4 FO F2
Add3 | No SD F4 0 R1
Multl | No SUBI R1 R1 #8
Mult2 BNEZ R1  Loop
\ Instruction Loop
Clock R1 FO F2 F F6 F8 FI0 FI2 .. F30

0 80 Fu I—I
™

TIUN KATAXWENTA TTOU XPNOIMOTToIEiTAl YIa dIEUBUVOEIC KAl ETTAVAAAWEIG
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Exec Write

ITER Instruction j k Issue Comp Result
1 LD FO 0 R1 1
S1 S? RS

Time Name Busy Op V] VK Qj Qk Code:
Addl 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 8  Fu |
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Exec Write

ITER Instruction j k Issue_Comp Result Busy Addr Fu
1 LD FO 0 R1 1 Loadl] Yes 80
1  MULTD F4 FO F2 2 Load
Loady No
Storell No
Store
Store3 No
S1 S2 RS
Time Name Busy Op Vj VK Q] Qk Code:
Addl No LD FO 0 R1
MULTD F4 FO F?2 it
SD F4 0 R1
R(F2) Load!1 SUBI R1 R1 #8
BNEZ R1 Loop

Clock Ri FO F2 F6 F8 F10 F12 .. F30

2 80 Fu |Loadl
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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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FO
F4
F4

Bus

Exec Write

] k  Issue Comp Result
0 R1 1
FO P2 2

R1

Fu

Busy Addr

No FO
No MULTD F4  FO F2
No SD FA 0 R
Yes Multd R(F2) Loadl SUBI RL Rl #8
BNEZ R1 Loop
FO F2 F4 F6 F8 FI10 F12 F30
Fu [Loadl Mult1 |
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ITER Instruction

1 LD
1 MULTD
1 SD
Time  Name
Addl
Add2
Add3
Multl
Mult2
Clock R1
4 80
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Exec Write

] k Issue Comp Result
FO 0 R1 1
F4 FO F2 2
F4 0 R1 3

S1 S2. RS

Busy  Op Vi VK Q] 0k
No
No
No
Yes Multd R(F2) Loadl

FO F2 F4 F6 F8

Busy Addr
Load
Load
Load
Store
Store
Store
Code:
LD FO 0
MULTD F4 FO
SD F4 0
SUBI R1 R1
BNEZ R1 Loop
F10 F12

Fu

R1
F2
R1

F30

Fu |Load1 Multl I
* (n evrioAn SUBI -0¢ Bpioketal otnv FP queue- yiveTai 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 id1o ka1 n BNEZ)
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Exec Write

] k  Issue Comp Result Busy Addr Fu
FO 0 R1 1 Loadl] Yes 80
F4 FO F2 2 Load§|
F4 0 R1 3 Load3] No
Storel] Yes 80 Multl
Store
Store3] No
S1 S2 RS
Bus 0 Vj Vk ' K Code:
No LD FO 0 R1
No MULTD  F4 FO F2
No SD 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 ] k Issue Comp Result
1 LD FO 0 R1 1
1  MULTD F4 FO F2 2
1 SD F4 0 R1 3
6
S1 S2 RS
Time Name Busy Op Vj VK Ql Qk
Addl No
Add2 No
Add3 No
Multl | Yes Multd R(F2) Loadl
Mult2
Clock R1 F2 F4 F6 F8

6 72 Fu

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

« O FO trot€ d¢ Ba “ypaprtei” atrd 10 load otn 6€on 80
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Loop

Y —
F2

R1
#8

F30




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
7 Store
Stored No
Time Code:
LD FO 0 R1
MULTD  F4 FO Sy —
SD F4 0 R1
SUBI R1 R1 #8
BNEZ R1 Loop
Clock R1 F0 F2f F4 |F6 F8  F10 F12 .. F30

BRI e

- TO register file gival atToouvOoedEPEVO ATTO TOUG UTTOAOYIOUOUG
- n 17 Kal n 2" eravaAnyn ETMKAAUTITOVTAI TTARPWG
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ITER Instruction ]
1 LD FO 0
1 MULTD F4 FO
1 SD F4 0

Time Name BusS 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 12 Fu I I
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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 Store3y No
S1 S2 RS
Time Name Busy Op V] VK Qj Qk Code:
Add1 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 HE m—
Mult2 BNEZ R1 Loop
Clock R1 FO F2 F4 F6 F8 F10 F12 F30
9 72 Fu | |

* 1 €VTOAN oTov Loadl oAoKANpwVETAI - TTOIOC TTEPIPEVEI VIA TO
QATTOTEAECHA?

- (n SUBI yivetal 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  Bus O V] Vk ' k Code:
Addl No LD FO 0 R1
Add?2 No MULTD F4 FO F2
Add3 No SD F4 0 R1
4 Multl | Yes Multd (FZ) SUBI R1 R1 #8
Mult2 BNEZ R1 Loop G
Clock R1 F2 F4 F6 F8 F10 F12 F30

-Fu| |

‘N EVTO)\F] oTov Load2 oAoOKANPWVETAI - TTOIOC TTEPIPEVEI YIA TO
QTTOTEAECUA?

- (n BNEZ yivetal dispatch)
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Exec Write

Busy Addr Fu

0 Rl <
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 V] VK Qj Qk Code:
Addl No LD FO
Add2 No MULTD F4
Add3 No SD F4
3 Multl | Yes Multd _M[80] R(F2) SUBI R1
4 Mult2 BNEZ R1
Clock R1 F2 F4 F6 F8 F10 F12
11 64  Fu

- eTTOMEvVO load oTnv akoAouBia
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Instruction status: 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 Load%
1 SD F4 0 R1 3 Load3y Yes 64
6 10 11 Storel} Yes 80 Multl
7 Store
8 Stored 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

* VIOTI VO PNV KAVOUME 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

* VIOTI VO PNV KAVOUME issue Kal TpiTo store?
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Exec Write
ITER Instruction ] k- _lssue Comp Result
10

1 LD FO 0 R1 1 9
1 MULTD F4 FO  F2 | 2
1 SD F4 0 R1 3
6 10 11
7
8
St S22 RS
Time Name Busy Op V| VK Qj Qk Code:
Addl | No LD FO 0 R1
Add2 | No MULTD  F4 FO F2 <
Add3 | No SD F4 0 R1
0  Multl | Yes Mulid M[80] R(F2) SUBI R1 R1 #8
1 Mult2 BNEZ R1 Loop
Clock R1 FO F2 F4 F6 F8 F10 F12 F30
4 64 Fu [Load3 |
* N €vioAn otov Multl oAokAnpwveTal - TT0I0G TTEPIPEVEL VIO TO
ATTOTEAEONQA?
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ITER Instruction

1
1
1

Time

Clock

15

* N evioAn atov Mult2 oAokAnpwveTal - TTOIOC TTEPIMEVEI YIA TO
aTTOTEAEOHA?

J

k

Issue Comp

Exec Write

Result

LD FO 0 R1
MULTD F4 FO F2
SD F4 0 R1
S1 S?2 RS

Name  Bus 0] Vj Vk ' k
Addl No

Add? No

AdQ \ O

Viult

R1 FO F2 F4 F6 F8

64
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Code:
LD FO
MULTD  F4
SD F4
SUBI R1
BNEZ R1
F10 F12

0
R1
Loop

R1
F2
R1
#8

F30

Fu I Load3 I
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Exec Write

ITER Instruction j kIssue_Comp Result Fu
1 LD FO 0 R1 1 9 10
1 MULTD F4 FO F2 2 14 15
1 SD F4 0 R1 3
6 10 Storely Yes 80 il
7 15 -16 Store
8 Stored No
S1 S2. RS
Time Name Busy O Vi VK ' K Code:
Add1 No LD FO 0 R1
Add2 | No MULTD F4 FO F) <
Add NO SD F4 0 R1
4 Multl | Yes Multd R(F2) Load3 SUBI R1 R1 #8
Viu \NO BNEZ R1 Loop
Clock  R1 0 R F6 F8  F10 F12 .. F30
6 64  Fu |Load3 Multl |

« [iveral issue 10 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 Loadly No
1 MULTD F4 FO F2 2 14 15 Loadi
1 SD F4 0 R1 3 Load3} Yes 64
6 10 11 Storel] Yes 80 ][80]*R2
/ 15 16 Storea
8 Stored Yes 64
S1 S2 RS
Time Name Busy Op Vij Vk Q Qk Code:
Add1 No LD FO 0 R1
Add?2 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 Multl |

 ...MTTOpPEI va Yyivel issue kal 1o 3° SD
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Exec Write

ITER Instruction j k Issue _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 1 Storelf Yes 80 [[80]*R2
! 15 16 Store
8 Stored Yes 64 Multl
S1 S2 RS
Time Name Bus 0 V] VK ' k Code:
Add1 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 #Q
Mult2 No BNEZ R1 Loop
Clock R1 FO F2 F4 F6 F8 F10 F12 F30

18 64 Fu | Load3 Multl |

* ...OAOKANpwveTal n ekT€EAEON 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 V] VK ' k
Add1 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

P —

F30

Fu I Load3 Multl I

* ...0AOKANnpwvetal n ektEAeon Tou 2° SD
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Exec Write

ITER Instruction j k (rsstA Comp Result Busy Addr Fu
1 LD FO 0 R1 10 Loadl} VYes 56
1  MULTD F4 FO F2 Load
1 SD F4 0 R1 Load3 Yes 64
orell No
Storeg] 10
orey Yes 64 Multl
S1 S2 RS
Time Name Busy Op V]j VK Q] Qk Code:
Add1 No LD FO 0 R1
Add2 | No MULTD  F4 FO F2 <G
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 |Load1 Mult |
«  ZuvoyilovTag yia AAAn pia @opda: : Kal
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- Register renaming

- OIaQOXIKEG ETTAVAANWEIG XPNOIUOTTOIOUV DIAPOPETIKOUG «QUOIKOUG
TTPOOPIOMOUC» WG destination registers (dynamic loop unrolling).

« Reservation stations

- EMTPETTOUV TO iSSUE TWV EVTOAWYV va TTpowBnBei o€ oxéon Je TIC integer
control evioAég Tou loop

- Kavouv buffer TI¢ TTAAIEC TIHEG TWV registers — atro@euyovTal TTANPWGS TA
stalls ecaitiagc Twv WAR hazards
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N KATaveunMEVN AOYIKN yia TNV avixveuon Twv hazards
- KOTaveEPNUEVOI reservation stations

- AV TTOAAEG EVTOAEG TTEPIPEVOUV 1 atroTéEAEOUa (Kal £X0UV TOV GAAOV
operand JI0B£0IPO), TOTE MTTOPOUV VA «QATTEAEUBEPWOOUVY
TAUTOXpPOVA OTaV auTO Yivel broadcast oto CDB

» AV XpnoigotrolouTav £va Kevipliko register file, T0T€ oI yovaodeg
eKTEAEONG Ba £TmpeTTe va dlaBadouv aTo ekei Ta dedopéva Toug,
KABe popd TTou Ba TOUC TTapaXWEEITO TO register bus

n amopuyn Twv stalls e¢aitiac Twv WAW kai WAR
hazards
- register renaming a1ro reservation stations
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. : Mati va ynv €xw © " reqgisters waorTe
VO UTTOPW VA EKTEAW TTIO EUKOAQ Kal ATTO00TIKA
register renaming;

« ATTauTEiTOl ;

- 'Eva physical register file pe repiocodTepoOUg physical
register atro oT11 ISA registers

- Translation Table (yprjyopa 1TTpooTTEAACIUOC)
- Mnxaviopog evrotTiopou eAeUBepwv physical registers
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 To pipeline ytropei va TTapapeivel
idl0 JUE TO KAQOOIKO 5-Stage
pipeline

Rename

Tabl
- Kata 1o decode kaBe ISA register mTou xpnolﬁo%owiml w¢

Oploua TNG evTOANG avTioTolXileTal o€ £€vav physical
register.

» - EmAEyeTal Evag atrd Toug eAeUBepouUC registers kai n
avTIoTOIXNON auTr) atrolnkeuetal oto Register Map Table (RMT)

» : XpnolyoTrolgital n TEAEUTAIa avTIoTOIXION TTOU Eival
arroOnkeupévn oto RMT

- K&B¢ physical register Tou dgv XpnolyoTrolgital atro Kauia
EVTOAN O€ eKTEAEDON, DewpEiTal 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,PR109,...

/\

R1 | PR23
R2 PR2

R3 | PR17

R4 | PRA45

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 PT42,PR19,

LD R7.,1000 (R5) R3 PR17
R4 PR45
R5 PR37
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

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 xpeialeTal reservation stations
ATTOOUVOECH TOU Q1o TO TWV EVTOAWV

- To pipeline pytropei va Trapapueivel atrAd OTTwG To KAAOIKO 5-stage
pipeline

Ta dedoucva yeTapEpovTal atro Eva Povadiko register file
Atropuyn oAwv Twv WAR,WAW hazards
Emtpémel (OtTwg kal o Tomasulo) out-of-order completion

[TOAAEC OUYXPOVEC QPXITEKTOVIKEG XPNOIUOTTOIOUV CUVOUAOHO
+
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