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

- I METPO TNG PEYIOTNG ATTOO0C NG TTOU
UTTOPOUE VA €XOUUE PE TNV EKACTOTE UAOTTOINCN TOU
pipeline

- : OTAV TO UAIKO OEV PTTOPEI VO UTTOOTNPIEE
TAUTOXPOVN EKTEAECT OUYKEKPIMEVWYV EVTOAWYV

- : OTAV MIA EVTOAN XPEIACETAI TO ATTOTEAEC A
UI0G TTPONYOUNEVNG, N OTTOIa BpioKETAI AKOMN OTO pipeline

- . OTaV €lI0AyETal KOBUOTEPNON JETAEL TOU
QOPTWHATOC EVTOAWYV KaI TNG ANYWNC OTTOPACEWY OXETIKA UE
TNV aAAayr TG PONG ToU TTpoYPANMaTOG (branches,jumps)
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Texvikeg BeATiwong Tou CPI

Pipeline CPI =

|deal pipeline CPI +

register Tpowbnon

renaming\ Structural Stalls + /
Data Hazard Stalls +
Control Stalls A UTTOBETIKN

loop unrolling EKTEAEDN
static scheduling, Y \

software pipelining mpoBAewn  delayed branches, branch

SIOKAABWOEWV scheduling
cslab@ntua 2013-2014



- H Jeival data dependent atro tnv |
H J TrpooTTaBei va diaBdaoel Tov source operand TTpIv ToV

vpawel n |

I add r1,r2,r3
J:subr4,rl,r3
- N nJ eival data dependent amd tnv K, n otroia €ivai data
dependent atro Tnv | (aAUCida e€apTACEWV)
* [Npayuatikég ecaptrocic (True Dependences)
- pokaAouv Read After Write (RAW) hazards oTo pipeline
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+ O1 eCapTROEIC €ival 1I010TNTA TWV TTPOYPOUUATWY
- H mTapouadia piag ecaprnong utrodnAwvel TV
mBavoTnTa gpgavions hazard, aAAd 1o av Ba ocuuBei
TTpayuaTIKA To hazard, kai To TTéon KabuoTépnon Ba
EI0AYEI, €ival XOpAKTNPIOTIKO TOU pipeline
- H onuacia Twv e€aptnocwv Oed0UEVWV
1) uttTodnAwvouv Tnv mMlavoTnTa yia hazards

2) KaBopilouv Tn o€Ipd CUPPWVA JE TNV OTTOIO TTPETTEI VA
UTTOAOYIOTOUV TQ OEQOEVA

3) BETouV £va Avw OPIO OTO TTOCO TOU TTAPAAANAICUOU TTOU
UTTOPOUE VO EKUETAAAEUTOUE
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- Name dependences: otav 2 evTOAEC XPNOIPOTIOIOUV TOV
id10 kKaTaxwpentn N 8€on uvAung ('name"), XwpPic OPNWC
VO UTTAPXEI TTPAYMATIKA por] OEQOUEVWY METALU TOUG

- Anti-dependence: n J ypa@el Tov r1 mrpiv Tov diafacel n
I

|: subr4,r1,r3
J:add rl1,r2,r3
K: mul re,rl,r7

- [NpokaAouv Write After Read (WAR) hazards oTo
pipeline
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- Output dependence: n J ypaoel Tov r1 mpIv ToV ypawel n |

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

- [1lpokaAouv Write After Write (WAW) hazards oT1o0
pipeline
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- ECauTiag Twv £GapTACEWYV TIPETTEI Va dIATNPOUUE TN “OEipd
TOU TTPOYPAUMATOC

* gEIPa TTPOYPANHOTOC: N OEIPA YE TNV OTToia Ba
EKTEAOUVTAV Ol EVTOAEG, aV ETTEGEPYALOVTAV OEIPIOKA, Hid
KABe popd, OTTWG UTTAYOPEUETAI ATTO TOV TTNYAIO KWOIKA
TOU TTPOYPAMMOATOG

« okotrog HW/SW: va ekueTaAAeuTOUV TOV TTAPAAANAICUO,
dlATNPWVTAC TN OLIPA TTPOYPAMMPATOC OTTOU KATTold
aAAayr) Ba uTTopoUCE va ETTNPEACEI TO ATTOTEAEOUA TOU
TTPOYPAHMATOG
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DIVD FO,F2,F4
ADDD F10,FO,F8
SUBD F12,F8,F14

- dependence petacu DIVD kait ADDD
- Kavéva dependence yia o SUBD.

« Dynamic Scheduling: AANayn TNG O€IpAC EKTEAEONC
eVTOAWV (out-of-order execution)

- 0100PAAICN TNG OCWAOTHC PONG OEOONEVWIV
- 0lIdo@AAION CWOTWYV exceptions
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- MrtTopei va dlaxeIpIOTEl TTEPITITWOEIC OTTOU Ol
£CAPTNOEIC DEV €ival YVWOTEC KATA TO compile time
(TT.X., AOYW EPUECWV avaPOopwWV O€ BETEIC PvrUNG)

- ATtTAoTroigi Tn AsIToupyIikOTNTA TOU compiler

- EmiTpETTEl TNV ATTODOOTIKN EKTEAECN TOU
TTPOYPAMMATOC, AVECAPTATWCS ToU pipeline yia 10
OTTOI0 METAYAWTTIOTNKE AUTO

- Kavel duvarTr) TNV UTTOBETIKN EKTEAEON EVTOAWV

cslab@ntua 2013-2014 10



« XapaKTNPIoTIKA
- in-order instruction issue
- out-of-order execution
- out-of-order completion

- To kKAaoiko ID Tou 5-stage pipeline xwpiletal o€ 2
KOMJMATIO

- . ATTOKWOIKOTTOINO N EVTOAWYV Kal EAEyXOc yia
structural hazards (in order issue)

- : AlaBaopua Twv operands otav dev
uTTapyouv data hazards (o1 evToAEG kAvouv stall or
bypass-£0w EVTOAEC UTTOPEI VA TTPOOTTEPACOUV AAAEC-
MTTaivouv 0€ 000 execution)

cslab@ntua 2013-2014
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- [MBavoTnTa KQl hazards

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

- antidependence: (2) kai (3)
- av 10 SUBD ekTeAeoTei TpwTto dnuioupyeital WAR

. (2) ka1 (4)
- av ekteAeoTei mpwTa 10 MULD dnuioupyeital WAW

cslab@ntua 2013-2014
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1963 yia To CDC6600 scoreboard
EtriAuon WAR hazards

» Stall WB péxpi va diaBaoTouv ol registers

» AldBaoua Twy registers povo kata 10 Read Operands o1ddio
EtriAuon WAW hazards

» Avayvwplon KIvOUvou Kal atropuyr €kdoong (issue) eVTOANG

1966 yia To IBM360/91
EtriAuon WAR kait WAW hazards pe xprjon Tou

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

ADD.D F6,F0,F8 ADD.D S,FO,F8
S.D F6,0(R1 S.D S,0(R1)
SUB.D F8/10,F14 SUB.D T,F10,F14

MUL.D F6,F10,T

\

MUL.D F6,F10,F8

\

DIV.D FO,F2,F4 DIV.D FO,F2,F4 SUB.D T,F10,F14
ADD.D F6,FO,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

cslab@ntua 2013-2014 14



- AtToBnkeuouv TouG operands TwV EVTOAWY TTOU TTEPIMEVOUV VA
EKTEAEOTOUV

- Madi e Ta
- O KGOe evIOANG avTikaBioTavral Ye 10
, TO OTT0i0 Ba TNG TTAPACXEI TO
QTTAITOUMEVO input =)
- Atmmopuyn WAR, WAW hazards

- epioootepa RS a1ré rpayuartikoug registers diaoc@aAi(ouv Tnv
aTTOQUYN KIVOUVWY egaitiag name dependences Trou dev UTTOPEi va
ETMAUCEI Evag compiler

ammoreAéopara ota FU amd 1a RS, :
, AAAG TTAVW ATTO TO , TTOU KQAVEI
broadcast Ta atroteAéopaTa o€ OAa Ta FUs

Load,Stores avtipetwiriCovral ki autd w¢ FUs ye RSs

cslab@ntua 2013-2014
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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.

16



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 2013-2014

Load-store
operations

From instruction unit

Instruction
queue

A

| Address unit .
Store buffers

_* 1Ir_'r Load buffers

. . Operand
Flnatlnlg—p-mnt blses
operations |

FP registers I

Y

Operation bus

L Data L

Memary unit

3 a

2 Reservation

1 stations
yAddress

L L L

FP multipliers
Common data bus (CDB)
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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 €TTOpEVN evioAn atro Tnv FP Op Queue

Av uttapxel eAeuBepo RS ( ), OTEIAE (iIssue) o€
QuTO TNV €VTOANR, uadi ye Toug operands (

. EKTEAEON OoTnNV apIBunTIKA povada (EX)

Ortav ka1 o1 duo operands givail dIABETIYOI, TOTE EKTEAECE TNV TTPAEN.
Av dev gival dilaBéaipol, TTapakolouBnoe 1o CDB yia To atroTéEAeoua

. TEAOG ekTEAeonG (WB)

['pawe 10 atroTéEAeoua o1o CDB yia OAEG TIC HOVADEC TTOU TO
TTEPIMEVOUV. ZNnMeEiwoe Tov RS wg diaBEaiuo

cslab@ntua 2013-2014 19



- . AeITOoupyia TTPOG EKTEAEDN
- . TIMEC TWV source operands

- : TTo1d RS Ba oTeiAouv TNV TIPN TWV source operands

»

- :av 10 RS €ival atraocxoAnuévo ) 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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- Q1 : Tolo RS 1TepIEXEl TNV EVTOAN N OTTOIO Ba ATTOONKEUOEI KATTOIA TIWN
oToV register.

FO F2 F F6 F8 F1I0 F12 .. F30

FU

- A:n effective address Tn¢ B£on¢ pvAuNg TPOg avayvwon/eyypaen
- : Ogixvel av o buffer ival atraoxoAnuEvog i Oxi

Busy Address
Loadl No
Load?2 No
Load3 No

cslab@ntua 2013-2014



- 2uvnBiouévo data bus: data + destination (“go to” bus)

- . data + (" " bus)
- 64 bits of data + 4 bhits of Functional Unit address
- AvTO gival idlo pe 1o O TTedio evog RS, ypdwe 1O atroTéEAECUQ

oTo avTioTolxo V 1redio Tou RS
- Broadcast: évag master, TToAAoi slaves

cslab@ntua 2013-2014
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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 2013-2014
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Instruction state

Wait until

Action or bookkeeping

Execute
FP operation

(RS[r].Qj =0) and
(RS[r].Qk = 0)

Compute result: operands are in Vj and Vk

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;

cslab@ntua 2013-2014
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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

cslab@ntua 2013-2014

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 F4 F6 F8 F10 F12 .. 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 2013-2014

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 2013-2014

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

27



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

*  MOAIC n evTOAN yiveTal issue o€ KATToIoV RS, T ovouaTta Twv source registers

F30

Load?2

Loadl

avTikaBioTwvral (“renamed”) yéow Twv TTEdiWV V 1 Q Tou RS

* 1 €vioAr) oTov Load1 OAOKANPWVETAI - TTOIOG TTEPIMEVEI VIO TO ATTOTEAECUA?

cslab@ntua 2013-2014
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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?
Mult2 | No
Clock FO F2 F4 F6 F8 FI0 F12 .. F30
4 FU | Multl  Load? M(AD)  Addl
* n evioAn oTov Load2 oAoKANpwVETal - TTOI0C TTEPIPEVEI YIA TO
ATTOTEAEOUA?
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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

« apxilel n avrioTpopn pérpnon yia touc Add1, Mult1 (load: 1 cycle, add:
2 cycles, mult: 10 cycles, divide 40 cycles)

cslab@ntua 2013-2014
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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

- nADDD vyiveralissue edw Tapa tnv name dependency otov F6

cslab@ntua 2013-2014

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
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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 evioArpotov Addl (SUBD) oAokAnpwveTal - TTOI0C TTEPIMEVEL YIA TO

ATTOTEAEOMA?

cslab@ntua 2013-2014

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 2013-2014

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
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Instruction
LD

LD
MULTD
SUBD

ADDD

Clock

cslab@ntua 2013-2014

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 F6 34+
LD F2 45+
MULTD FO F2
SUBD F8 F6
ADDD F6 F8
Time Name
Addl
0 Add2
Add3
5 Multl
Mult2

Clock
10

« n evioArjotov Add2 (ADDD) ohokAnpwveTail - TTOI0G TTEPIMEVEI YIA TO

ATTOTEAEOMA?

cslab@ntua 2013-2014

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 FI0 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 ypagei To atToTEAEONA TNG

cslab@ntua 2013-2014
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Instruction
LD

LD
MULTD
SUBD

ADDD

Clock
12

cslab@ntua 2013-2014

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 F6 34+
LD F2 45+
MULTD FO F2
SUBD F8 F6
ADDD F6 F8
Time Name
Add1
Add2
Add3
2 Multl
Mult2
Clock
13

cslab@ntua 2013-2014

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)
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Instruction
LD

LD
MULTD
SUBD

ADDD

Clock
15

« n evioAjotov Multl (MULTD) oAokAnpwveTal - TTOI0G TTEPIPEVEI YIA TO

F6
F2
FO
F8

F6

34+
45+
F2
F6

F8

Time Name

Addl
Add?
Add3
Multl
Mult2

ATTOTEAEOMA?

cslab@ntua 2013-2014

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)

« ...eKKpepei TTAEovV povo n DIVD (div: 40 cycles)

cslab@ntua 2013-2014
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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 evioArpotov Mult2 (DIVD) oAokAnpuwveral - TTOI0G TTEPIMEVEL VIO TO

ATTOTEAEOMA?
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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

* 2UuvouyilovTag:
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34+
45+
F2
F6

F8

Name
Addl
Add2
Add3
Multl
Mult2

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)
Kl
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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 trpoBAéTeTal cav TAKEN

cslab@ntua 2013-2014
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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
Iter-
ation
Count
_ osb sz RS \“pooeéoape Store Buffers
Time ~ Name Busy Op V] VK Q] Qk Code:
Addl | No LD FO 0 R1
Add? No MULTD F4 FO F2
Add3 | No SD F4 0 R1
Multl No SUBI R1 R1 #3
Mult2 BNEZ R1  Loop
\ Instruction Loop
Clock R1 FO F2 F4 Fo6 F8 F10 F12 F30

0 80 Fu I—I
N

TIUN KATAXWENTA TTOU XPNOIMOTTOIEITAl VI OIEUBUVOEIC Kal ETTAVAAAWYEIS
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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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Exec Write

ITER Instruction ] k  Issue Comp Result Busy Addr Fu

1 LD FO 0 Rl | 1

1 MULTD F4 FO F2 | 2

1 SD F4 R1

Time Name Bus
Addl No FO
Add? No MULTD F4 FO F2
Add3 No SD F4 0 R <
Multl | Yes Multd R(F2) Loadl SUBI R1 R1 #8
Mult2 BNEZ R1 Loop

Clock R1 FO F2 F4 F6 F8 F10 F12 F30

3 80 Fu |Load1 Mult1 |
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ITER Instruction

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

cslab@ntua 2013-2014

Exec Write

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

S1 S2. RS

Busy Op Vij Vk Q] Qk
No
No
No
Yes Multd R(F2) Loadl

FO F2 F4 F6 F8

Busy Addr Fu

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

0 R1
FO F2
0 R1
R1 H#O <
Loop
F30

Fu |Load1 Mult1 - I
- (n evioAn SUBI -0¢ Bpioketal otnv FP queue- yivetail dispatch)
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ITER Instruction

1 LD

1 MULTD

1 SD

Time  Name
Addl
Add?
Add3
Multl
Mult2

Clock R1

- Fu | Loadl

« (toidlo 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 1rot€ dev “BAEtrer” kaTtrolo load atrd tn B€on 80

cslab@ntua 2013-2014

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 P2 F6 F8 F10 F12 F30

B e

* 1O register file geival atroouvoedEUEVO ATTO TOUC UTTOAOYIOWOUC

* N 1" kai N 2" emravaAnyn EMKAAUTITOVTAI TTANPWG
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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 €evTOA oTov Loadl oAOKANPWVETAI - TTOIOG TTEPIMEVEI VIO TO
aTToTEAeopa”?

» (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 OQ | Vk 9| Qk 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 oAokAnpwveTal - TTOIOC TTEPIMEVEL VIA TO
aTToTEAEONA”?

- (n BNEZ yivetai 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

- egmmopdevo 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 unVv KAvoupeissue 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 JNV KAVOUUE iSSUe Kal TpiTo store?
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Exec Write
ITER Instruction ] k- _lssue Comp Result
10

1 LD 0 0o Rt [ 1 g
1 MULTD F4  Fo  F2 | 2
1 SD A0 Rl | 3
6 10 11
7
8
S  S2 RS
Time Name Busy Op V| VK Qj Qk Code:
Add1 [ No LD FO 0 R1
Add2 | No MULTD F4  FO F)
Add3 | No SD F4 0 R1
0 Multl | Yes Mulid M[80] R(F2) SUBI RL  RI #3
1 Mult2 BNEZ R1 Loop
Clock R1 FO F2 F4 F6 F8 F10 F12 F30
4 64 Fu [Load3 |

* N evioAn atov Multl oAokAnpwveTai - TTOI0G TTEPIPEVEI YIA TO
ATTOTEAECHA?
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ITER Instruction

Exec Write

j k  Issue Comp Result
0 R1
FO  F2

0 R1

0 Vj VK ' K Code:
LD
MULTD
SD
SUBI
BNEZ

1 LD FO

1  MULTD F4

1 SD F4

Time Name Bus

Addl No

Add2 No

A0 \ O

Multl No
0 Viult
Clock R1
15 64

* n evioAn otov Mult2 oAokAnpwveTal - TTOI0G TTEPIMEVEI YIA TO
ATTOTEAECA?
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FO
F4
F4
R1
R1

FO F2 F4 F6 F8 FI10 FI12

0
R1
Loop

R1

F2
R1
48

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 |

« livetarissue 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 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 yivelissue kal To 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 |

« ...OAOKANnpwveTal n ekTEAEON TOU 1°V 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

* ...0OANOKANpwWVETAI N EKTEAEON TOU 2°V 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] o
oreyy Yes 64 Multl
S1 S2 RS
Time Name Busy Op V]j VK Q] Qk Code:
Addl No LD FO 0 R1
Add2 | No MULTD  F4 FO F) <
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 Mult1 |
«  ZuvowilovTtag yia aAAn pia gopa: : Kal

cslab@ntua 2013-2014 67



- Register renaming

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

- Reservation stations

- ETMTPETTOUV TO iSSUe TwV EVTOAWYV va TTpowOnBei o€ oxEaon ue TIG integer
control evTioAég Tou loop

- Kavouv buffer TIC TTAANIEC TIMEC TV registers — atro@eUyovTal TTARPWS TA
stalls ecaitiac Twv WAR hazards
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* N KAaTtavepnuévn AoyIKn yia Tnv avixveuon Twv hazards
- Katavepnuévol reservation stations

- AV TTOAEG eVTOAEG TTEPIPEVOUV 1 ATTOTEAECUA (KT £XOUV TOV AAAOV
operand 0Ol0B¢0iyo), TOTE WTTOPOUV Vva  «OTTEAEUBEPWOBOUVY»
TAUTOXPOVa OTaV auTo Yivel broadcast oto CDB

» dV XpnoiyoTrolouTtav éva Kevipiko register file, T0TE ol povadeg
eKTEAEONG Ba £1TpeTTE Va diaBadouv aTTd eKel Ta OEdOUEVA TOUG,
KGBe popa TToU Ba TOUG TTAPAXWEEITO TO register bus

- n amopuyn Twv stalls ecaitiac Twv WAW kair WAR
hazards

- register renaming aTro reservation stations

cslab@ntua 2013-2014
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. : [1aTi va gnv €xw © " registers waoTe
VO UTTOPW VA EKTEAW TTIO EUKOAQ KAl ATTOOO0TIKA
register renaming;

« ATTQITEITAI ;

- 'Eva physical register file pe repicooTepouc physical
register atro ot ISA registers

- Translation Table (ypriyopa TTpoo1TeAGOINOC)
- Mnxaviouog evtoTTiopou eEAeUBepwyV physical registers

cslab@ntua 2013-2014 70



- To pipeline PTTOPEI VO TTAPAMEIVEI
i0I0 JE TO KAQOOIKO 5-stage
pipeline

Rename

Tabl
- Katda 1o decode kaBe ISA register 1ToU xpnolﬁoﬁomﬁal WG

OploMa TNG evTOANG avTigToIXiCeTal o€ Evav physical
register.

» - ETTIAéyeTal Evag atrd Toug eAeUBepOUC registers kain
avTigToixnon autr) atmodnkevueTal oto Register Map Table (RMT)

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

- KaBe physical register Tou dgv XpnOIMOTTOIEITAI ATTO KAMIA
EVTOAN O€ eKTEAEDN, BewpeiTal EAeUBepOC.
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Instruction Stream

DIV R5,R4,R2
ADD R7,R5.'RI1
SUB R5.R3'R?
1D 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,R?
1D R7.1000 (R5)

DIV
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R1 PR23
R2 PR2
R3 PR17
R4 PRA45
R5 PR13
R6 PR20
R7 PR30

Free Registers

PR37,PR4,PR42,PR19,...

/\

I

PR37,PR45, PR2
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Instruction Stream Register Map Table

DIV R5,R4,R2
ADD R7'R5.RI1
SUB R5,R3,R2
1D R7.1000 (R5)

DIV
ADD
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Free Registers

PR4,PR42,PR109,...

/\

R1I | PR23
R2 PR2

R3 | PR17

R4 | PR45

R5 | PR37

R6 | PR20

R7 | PR30
PR37,PR45, PR2
PR4 |PR37PR23
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Instruction Stream Register Map Table Free Registers

W OBHE (o=
SUBR R5 R3 R2 R2 PR2 PR42 PR19,...
LD R7,1000 (R5) R3 | PR17 A

R4 | PR45

R5E | PR37 <<}:;Ml

R6 | PR20

R7 | PR4

DIV PR37 ,PR45,PR2
ADD PR4 ,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

PR109,...

/\

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 xpelaletal reservation stations
ATToouvdoeon Tou Q1O TO TWV EVTOAWV

- To pipeline ptropei va TTapapeivel attAo OTTw¢ TO KAQOIKO 5-stage
pipeline

Ta dedopeva PYeTapEPOVTAl ATTO Eva UOVAODIKO register file
Atropuyn oAwv Twv WAR,WAW hazards
EmtpEtrel (OTTwe Kal o Tomasulo) out-of-order completion

[TOAANEC OUYXPOVEG APXITEKTOVIKEC XPNOIMOTTIOIOUV GUVOUACOHO
+
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