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Tomasulo Organization

From instruction unit

Instruction .
queue FP registers ‘
Load-store
operations
Y . . Operand
Address unit Floatln_g-pomt bt.‘u)ses
Store buffers operations
} § ¥ Load buffers
Y
Operation bus
Yy v I Y I
3 ' 5
2 Reservation ]
1 stations
Data yAddress
Memory unit FP multipliers

Common data bus (CDB)




Tomasulo v. Scoreboard
(IBM 360/91 v. €DC 6600)

Pipelined Functional Units Multiple Functional Units
(6 load, 3 store, 3 +, 2 x/<) (1 load/store, 1 + , 2 x, 1 <)
window size: ¢ 14 instructions < 5 instructions
No issue on structural hazard same

WAR: renaming avoids stall completion
WAW: renaming avoids stall issue
Broadcast results from FU Write/read registers

Control: reservation stations central scoreboard



Exception Behavior with ROB

CPT = CPIideaI + STG”szrucfurm + STG”SRAW + STG“SWAR + STG“SWAW + STCI”SCO”WM

TTpogoxh va diarnpouvral

1. Data flow

2. Exception Behavior , ,
Exoupe HEAETHOE

O©a peAeThooupE onpepa

Oa peAeTROOUYE O eTTOPEVA paBnuara

\

Auvapikéc dpopoAdynon ,
2 1atikég (shoftware/compiler)

evioAwv (hardware)
‘Scoreboard (eAdttwon RAW stalls)
‘Register Renaming
a)Tomasulo
(ehdrtwon WAR kar WAW stalls)
B)Reorder Buffer
‘Branch prediction
(eAdttwon Control stalls)
‘Multiple Issue (CPI < 1)
‘Multithreading (CPT < 1)

‘Loop Unrolling
Software Pipelining
‘Trace Scheduling




Network Interrupt

Device Interrupt

Raise priority
Disable All Ints

add fi,rZ,rB Save registers

subi r4,rl,#4 1w rl,20(x0)

1w r2,0(rl)

addi r3,r0,#5

slli rd,r4,#2
E:} Hiccup(!)
1w r2,0(r4)
1w r3,4(r4)
add r2,r2,r3

SwW 8 (r4d) ,r2

SwW O(rl),r3

Restore registers
Clear current Int
Reenable All Ints
Restore priority
RTE

%Sip Aq pa4dnddatul 2q pino) JO

Note that priority must be raised to avoid recursive interrupts!



Types of Interrupts/Exceptions

« I/0 device request

* Invoking an operating system service from a user program
Breakpoint (programmer-requested interrupt)

* Integer arithmetic overflow

* FP arithmetic anomaly

* Page fault (not in main memory)

* Misaligned memory accesses (if alighment is required)
* Memory protection violation

« Using an undefined or unimplemented instruction
 Hardware malfunctions

* Power failure



Precise Interrupts/Exceptions

- ‘Eva interrupt 1 exception ovopdleton precise v
undpyet pia eviohq (1) interrupt point) yia to onoio:
- 'OAec oL TPONYOUUEVEC EVTIOAEC £XOUV MANPWG EKTEAECTEL.
- Kapio evtoln peta (pali pe tnv interrupting instruction) dev éxel
aAAAeL TNV KaTAdoTaon TG UNXAVAC.

* AUTO ONMOLVEL OTL UMOPELC VO EMOVOKIVACGEL, TNV EKTEAEON

and to interrupt point kou “va mapeig ta cwotd
arnoteAéoporto

- Ito napadeypd pag: Interrupt point eivar n lw evroAn

add rl,
subi r4,
slli r4,

r2,
r3,
add r2,
sSwW 8(r4d) ,r2 8

[
g

External Interrupt
|_l
5

\
J2|puby jux




Imprecise Interrupt/Exception

* An exception is imprecise if the processor
state when an exception is raised does not look
exactly as if the instructions were executed
sequentially in strict program order

» Occurrence in two possibilities:
- The pipeline may have already completed instructions that
are later in program order

- The pipeline may have not yet completed some instructions
that are earlier in program order



Precise interrupt point amautei
noA\anAa PCs étav umdapyouv

delayed branches

addi r4,r3,#4
sub rl,r2,r3

PC: bne  rl,there <:|In'rerrup'r point described as <PC,PC+4>
PCc+4: and r2,r3,r5
<other insts>

addi r4,r3,#4
sub  rl,r2,r3 Interrupt point described as:
PC: bne rl, there
PC+4: and r2,r3,r5 <::| <PC+4,there> (branch was taken)

<other insts> or
<PC+4 ,PC+8> (branch was not taken)

10



Nati xpetaopaocte ta
precise interrupts?

+ Apketd interrupts/exceptions xpeldfoviat va sivat
restartable

- I.e. TLB faults. Npénel va SopBwoet translation, ko petd restart
load/store

- IEEE gradual underflow, illegal operation, etc:
sin(x)

e.g. Na napadewypa @ f(x)=
na x—0

f(0)= g = NaN +illegal operation
Want to take exception, replace NaN with 1, then restart.

* Restartability 8ev anautei preciseness. Qotdoco, pe
preciseness eival moAvU mo UkoAn n €navekivnon.

* AmAOTOoLEL TO AELTOUPYLKO cUOTNUOL TTOAU

- Less state needs to be saved away if unloading process.

- Quick to restart (making for fast interrupts)
11



Precise Exceptions otnv amin
5-stage pipeline:

+ Exceptions prnopolv va cupBouv oe Siadopetikd stages
¢ pipeline (I.e. out of order):
- Arithmetic exceptions occur in execution stage
- TLB faults can occur in instruction fetch or memory stage

* How we guarantee precise exceptions? H AUon eivau
Vo HOPKAPELG TNV EVIOA wg ~Snuoupyei exception n
oxL" kau mepipeve péxptL to téhog tng MEM stage yua va
CNKWoeLg to exception

- Interrupts become marked NOPs (like bubbles) that are placed
into pipeline instead of an instruction.

- Assume that interrupt condition persists in case NOP flushed

- Clever instruction fetch might start fetching instructions from
interrupt vector, but this is complicated by need for
supervisor mode switch, saving of one or more PCs, etc

12



Another look at the exception problem

Time ‘
Data TLB |IFetch | Dcd Exec M WB
Bad Inst . |IFetch |D Exec |Mem | WB
Inst TLB fault é IF»¢Ch | Dcd Exec |Mem | WB
Overflow % |IFetch |Dcd %Mem WB
v

* Xpron tn¢ pipelinel

- KaOe evtoAn éxeL éva exception status.

- Kataypadr PCs yia kabe evtohny otnv pipeline.
- ‘EAege exception otav n eviolf ¢tacer to WB stage

 Otav n evtodn ¢$ptacel to WB stage koau éxel exception:
- Iwoe PC = EPC, Interrupt vector addr = PC
- MetdtpePpe OAe¢ tig endpeveg eviodég mou €xouv yivel fetched o NOPs!

Aoulevel eneldhy yivetau in-order-completion/WB

13




Tomasulo Example Cycle 57

Instruction status: Exec Write
Instruction J k Busy Address
LD F6 34+ R2 Loadl No
LD F2 45+ R3 Load2 No
MULTD FO F2 F4 Load3 No
SUBD F8 F6 F2
DIVD F10 FO Fé6
ADDD Fé6 F8 F2
Reservation Stations: RS

Time Name Busy Op Vi Vi Qj Ok
Addl | No
Add2 | No
Add3 | No
Multl | No
Mult2 | Yes DIVD M*F4 M(A1)

Register result status:
Clock FO F2 F4 F6 FS8 FIO FI2 ... F30

56 FU | M*F4 M(A2) (M-M+N (M-M) Result

* In-order issue, out-of-order execution and completion.

14



Scoreboard (out-of-order compl)

Instruction status:

Instruction
LD

LD
MULTD
SUBD
DIVD
ADDD

Fo6
F2
FO
F8
F10
Fo6

J

34+ R2
45+ R3

F2
F6
FO
F8

Read Exec Write
k Issue Oper Comp Result

F4
F2
F6
F2

Exec Write
Issue Comp Result

15



MpoBAnua: "Fetch” unit

EVTOAEG TTPOC
EKTEAEDON

Instruction Fetch

ME
Branch Prediction

Out-Of-Order
Execution
Unit

~_ 7

EmioTpo®n oto owaoTO path
OTav Byel TO ATTOTEAEOUA TOU branch

* EvtoAég oto AavBacpévo predicted path €xouv nén

EKTEAECTEL.

* Instruction fetch decoupled from execution

16




Branch npéne. va ekteleotei ypryopa
ywa loop overlap!

3to loop-unrolling napadeypa, otnpiyydikape 6t ta branches
gktelouvtal anoé wa “ypriyopn” integer unit ywa va netvxoupe overlap!

Loop: LD FO 0 R1
MULTD F4 FO F2
SD F4 0 R1
SUBI R1 R1 #8
BNEZ R1 Loop

Tt cupBaivel av to branch sfaptdatar andé to anotéAeocpa tov multd??
- Xd&voupe teAeiw¢ 6Aa ta mAsovektiportod

- MpéneL va propolpe va pavtevoupe “predict” to anotéAeopa tou
branch.

- Av pavtebape ot to branch sivat cuvéxeia taken, Ba sipaoctav
owoTol TIC TEPLOOOTEPEC POPEC.

17



Prediction:
Branches, Dependencies, Data

H npoBAePn eivar amapaitntn ywa kaAn amodoon.

Meletioape nwe rtpoPAénovtal branches oto
nponyovpevo padnpato. MOVTEPVEC OPXLTEKTOVIKEG TwPA
npoPAénovv ta navra : data dependencies, actual
data, and results of groups of instructions:

Mati douAelel n poBAsYn?
- Underlying algorithm has regularities.
- Data that is being operated on has regularities.

- Instruction sequence has redundancies that are artifacts of way
that humans/compilers think about problems.

18



NpéBAnpa: out-of-order
completion

- Scoreboard kot Tomasulo éxouv:
- In-order issue, out-of-order execution, out-of-order completion

* Tpomog va cuyxpovioelg to completion otadio twv
EVIOAWV HE TNV OElpd oto mpoypappa (i.e. with issue-
order)

- Easiest way is with in-order completion (i.e. reorder buffer)
- Other Techniques (Smith paper): Future File, History Buffer

19



Ixéon perafy Precise Interrupts
ko Speculation:

* 210 Issue otadlo evitoAwv givatl oav vo MPOPAEMELS OTL OL
NPONYOUHEVEG EVTOAEG Sev €xouv exception.
- Branch prediction, data prediction

- If we speculate and are wrong, need to back up and restart execution
to point at which we predicted incorrectly

- This is exactly same as precise exceptions!

+ Texvikn ywa precise interrupts/exceptions ka
speculation: in-order completion or commit
- N'autd ouvavtape reorder buffers oe 6Aoug toug KatvoUplou¢ emefepyooTéQ

20



Yrnootipi§n precise interrupts ano HW

16éa tou Reorder Buffer (ROB):

Kpdta evioléc oe pioe FIFO, akpBwg pe tnv oepd mou yivovtal issue.

» Each ROB entry contains PC, dest reg/mem, result, exception status
Otav n evtoAn teheiwoel tnv ektéleon, tomoBétnoe ta amnoteAéopata otov ROB.

» Supplies operands to other instruction between execution

complete & commit = more registers like RS
» Tag results with ROB buffer number instead of reservation station
H evtoAj aAAGleL tTnv Katdotaon tTng pnxovng oto commit otadio 6yt oto WB

= in order commit = values at head of ROB placed in registers

Zav anotéAeopa €ival EUKOAO va OVOLPECELG

speculated instructions
oe mispredicted branches
n oe exceptions

Commit path

v

Reorder
Buffer

FP Regs
¥

Res Stationg
EP_Addet

Res Stations

21



HW pe
reorder buffer (ROB)?

| I
e
TR e
o > £ O FP
Q 2 £
X & ¢ & > 8 Op '
",é § E ?’2 'g, S Queue FP Regs
O ¢ B WU o «a T
Reor‘der' Table Res Stations Res Stations
FP Adder FP Adder

Nwg Bpiokoupe tnv tedeutaia ékdoon tou register?

* MNoAuropto ROB ocav va civaw register file

Integrate store buffer into ROB since in order commit. Stores use
Result field for ROB tag until data ready on CDB.

Can we also integrate the reservation stations ? 22



Tomasulo with Reorder Buffer:

Basic Block Diagram

—

Load buffers

Y

Operation bus

Reorder buffer
From instruction unit
v
Reg # Data
Instruction 9%y | :
queue -
FP registers
Load-store
operations
v _ . Operand -
Address unit Floatlng-pomt buses
operations

Store 3
address 2
— 1
Store
data Address
Memory unit FP adders
oa
data

stations

Resenvation |

Common data bus (CDB)

23



Téooepa tadia tou Tomasulo
AAyopiBupouv pe ROB

1. Issue—MNape eviodn and FP Op Queue

Av undpyxouv eAevBepa reservation station kou reorder buffer slot,
issue instr & send operands & reorder buffer no. for destination
(this stage sometimes called "dispatch™)

2. Execution—EktéAeoce evioArj oto Ex Unit(EX)

Otav Kat ot Tipég Kat Twv 2 source regs eival €tolueg eKtéAece
evtohri; &v oxyi, watch CDB for result; when both in reservation
station, execute; checks RAW (sometimes called “issue™)

3. Write result—TéAhog exktéheong (WB)

Write on Common Data Bus to all awaiting FUs
& reorder buffer; mark reservation station available.

4. Commit—AM\age tpn tou dest register pe to

anotéAecpa and to reorder buffer
When instr. at head of reorder buffer & result present, update
register with result (or store to memory) and remove instr from

reorder buffer. Mispredicted branch or exception flushes reorder
buffer. (sometimes called “"graduation”)

24



Tomasulo With Reorder buffer

Dest. Value Instr. Type  Ready
FP Op é ROB7 Newest
Queue ROB6
ROB5

Reorder Buffer

Commit pntr ROBZ L Oldest
FO L.D FO,10(R2) N | ROB1
Dest shows #ROB RCQISTQI‘S To
/ Memory

Dest Dest RoB1 from

\ Memory

Dest *

1 |J10+R2

Reservation
Stations




Reorder buffer (after 2 cycles)

Dest. Value Instr. Type  Ready
FP Op é ROB7
Queue ROB6
ROB5
Reorder Buffer' F2 DIV.D F2,F10,Fg N
Commit pntr F10 ADD.D F10,F4,F(Q N | rOBR2
FO L.D FO0,10(R2) N | rOB1
“2” means ROB2 RCQISTQI‘S To
/ Memory
Dest
s Dest from
2 IADDD |R(F4) ,ROB1 = OTVD emory

ROB2 ,R(F6)

Reservation
Stations

Newest

Oldest



Reorder buffer (after 3 cycles)

Dest. Value Instr. Type  Ready
FP Op é ROB7 Newest
Queue FO ADD.D FO,F4,F6 | N | ROB6
F4 L.D F4,0(R3) N | ROB5
- BNE F2,<.> N
Reorder Buffer' F2 DIV.D F2,F10,Fgq N
Commit pnir F10 ADD.D F10,F4,FO N |ROB2 | ~dest
FO L.D FO,10(R2) | N |roB1
Registers To
Memory
Dest
)€ Dest from
2 %DD R (F4) ,ROB1 ~ _ _

Reservation
Stations




Reorder buffer (after 1 cycle)

Dest. Value Instr. Type  Ready
FP Op ) R3| ROB5 [S.D 0(R3),F4 N | ROB7
Queue FO ADD.D FO,F4,F6 | N |ROB6
F4 L.D F4,0(R3) N | ROB5
—- BNE F2,<.> N
Reorder Buffer' F2 DIV.D F2,F10,Fq N
Commit pnir F10 ADD.D F10,F4,F0 N |roB2
FO L.D FO,10(R2) | N |roer1
Registers To
Memory
Dest
2 ]ADDD [R (F4) ,ROE1 Dest
6 |ADDD |ROB5, R(E6) 3 [DIVD [ROB2, R (F'6)

Reservation
Stations

Newest

Oldest




Tomasulo With Reorder buffer

Dest. Value Instr. Type  Ready
FP Op p——)R3| M[A1] [S.D O(R3),F4 Y | ROB7
Queue FO|<val2>|ADD.D FO,F4,F6 |Ex|ROB6
F4| M[2A1] |L.D F4,0 (R3) Y | ROB5
- BNE F2,<.> N
Reorder Buffer' F2 DIV.D F2,F10,Fq N
Commit pntr F10 ADD.D F10,F4,F0 N | roB2
FO L.D FO,10(R2) | N |RroBi
Registers To
Memory
Dest
2 [ADDD [R (F4) ,ROBL D_es*
3 [DIVD

ROB2 ,R (F6)

Reservation
Stations

Newest

Oldest




Tomasulo With Reorder buffer

ROB7
ROB6

Dest. Value Instr. Type  Ready
FP Op )| R3| M[A1l] |S.D O(R3),F4 Y
Queue FO|<val2>|ADD.D FO,F4,F6 |Ex
F4| M[Al] |L.D F4,0(R3) Y
- BNE F2,<.> N
Reorder Buffer' F2 DIV.D F2,F10,Fq N
: F10 ADD.D F10,F4,FQ N
Commit pntr
FO| M(A2) |L.D FO,10(R2) |Y
Registers To
Memory
Dest
e . Dest from
2 |IADDD |[R(F4) ,M(A2) ST T5TVD emory

ROB2 ,R (F6)

Reservation
Stations

Newest

Oldest




Tomasulo With Reorder buffer

ROB7
ROB6

Dest. Value Instr. Type  Ready
FP Op )| R3| M[A1l] |S.D O(R3),F4 Y
Queue FO|<val2>|ADD.D FO,F4,F6 |Ex
F4| M[Al] |L.D F4,0(R3) Y
-- BNE F2,<.> N
Reorder Buffer' F2 DIV.D F2,F10,Fq N
Commit pntr - - -
10 ADD.D F10,F4,FQ N
] M (A2) 1
Registers To
Memory
Dest
— - Dest from
2 |IADDD |R(F'4) M(A2) S TBTVE emory

ROB2 ,R (F6)

Reservation

Stations

Newest

Oldest




Tomasulo With Reorder buffer

FP Op

Reorder Buffer

Registers

Dest

R3
Queue Com%u? pnir b —

Dest. Value Instr. Type  Ready
M[Al] |S.D O(R3) ,F4 Y | ROB7
<val2>|ADD.D FO,F4,F6 |Ex|ROB6

Dest

Reservation
Stations

Newest

Oldest



Reorder buffer : Precise Exceptions

FP Op
Queue

Reorder Buffer |—

*—r

Many
Exceptions???
Registers
Dest
2 [ADDD |R (F4) ,ROB1 D_es*
3 |[IDIVD

ROB2 ,R(F6)

Reservation
Stations

M
Dest *

To
Memory

from
emory

1

10+R2

Dest. Value Instr. Type  Ready
p—) --| M[10] |S.D O(R3),F4 Y | ROB7
FO|<val2>|ADD.D FO,F4,F§ |Ex|ROB6
F4| M[10] |L.D F4,0(R3) Y | ROB5
BNE F2,<.> N | RoB4
F2 b F2,F10,FgEx|ROB3
.D F10,F4,F0 Y [RroB2

L.D FO,10(R2) \[ Y froB1

Newest

Oldest




Reorder buffer: Branch Misprediction

Dest. Value Instr. Type  Ready
FP Op p—)R3| M[Al] |[S.D O(R3),F4 Y | ROB7  Newest
Queue F0|<val2>|ADD.D FO,F4,F6 |Ex|ROBé
F4| M[A1l] |L.D F4,0(R3) N | ROB5
-- BNE F2,<.> Y
Reorder Buffer — DIV.D 52710 F N
Commit pntr 10 D'D F1C,J F4,FOI N
: il Oldest
///

Branch misprediction??

Registers To
Memory
Dest
e . Dest from
2 |ADDD |R(F4) M(A2) S TBTVE emory

ROB2 ,R(F6)

Reservation
Stations




Reorder buffer: Branch Misprediction

Dest. Value Instr. Type  Ready
FP Op é ROB7
Queue ROB6
ROB5
-- BNE F2,<.> Y
D S 3 B e 7
10 D.D F10,F4,F0 N |roB2
// ’ ’
Branch misprediction ——— ROBI
Flush ROB=> Exception gone * l
] M (A2)
Registers To
Memory
Dest
2 [ADDD [R (F4) ,M(2A2) D_es* from

3 [DIVD |JROB2 ,R(F6)

Reservation
Stations

Newest

Oldest



Tomasulo With Reorder buffer

Dest. Value Instr. Type  Ready
FP Op é --1 M[10] |S.D O(R3) ,F4 Y | ROB7 Newest
Queue FO|<val2>|ADD.D FO,F4,F6 |Ex|ROB6
F4| M[10] |L.D F4,0(R3) Y | ROB5
- BNE F2,<.> N | ROB4
Reorder Buffe‘ F2 BIV.D F2,F10,Fq N | ROB3
F10 ADDN) F10,F4,FO N |ROB2 | Hdest
FO L.D FON10(R2) | N |roB1
What about memory —
hazards??? *
Registers To
Memory
Dest
e Dest from
2 ADDD (R (F4) ,ROB1 3 [DIVD |ROB2 R (F6) Memory
D_‘!ST!
Reservation 1%10+R2S

FP adders

Stations

FP multipliers




Memory Disambiguation:
WAW/WAR Hazards otn pviun

- Like Hazards in Register File, we must avoid
hazards through memory:

- WAW and WAR hazards through memory are eliminated
with speculation because the actual updating of memory
occurs in order, when a store is at the head of the

ROB, and hence, no earlier loads or stores can still be
pending.

37



Memory Disambiguation:

AUon otaa RAW Hazards otn pvAiun

- Epwtnon: Given a load that follows a store in
program order, are the two related?

(unapxer éva RAW hazard avapsoa oto store kat oto
load)?

Eg: st 0 (R2) ,R5
1d R6,0 (R3)

* MnopoUpE va MPOXWPNROOUUE Kol VOu aPXLOOUUE
to load ?

Store address could be delayed for a long time by some
calculation that leads to R2 (divide?).

We might want to issue/begin execution of both
operations in same cycle.

Solutionl: Answer is that we are not allowed to start
load until we know that address O(R2) = O(R3)

Solution2: We might guess at whether or not they are
dependent (called "dependence speculation™) and use
reorder buffer to fixup if we are wrong. 38



Hardware uvmnooctipiln ywa
Memory Disambiguation

Store buffer mou kpatdel OAa ta ekkpepn stores ot
memory, oe program order.

- Keep track of address (when becomes available) and value (when
becomes available)

- FIFO ordering: will retire stores from this buffer in program order

Otav kavelg issue éva load, katéypage 1o head tou buffer
(yvwpile nowa stores mponyolvtal and ecéva).

Otav éxewc tnv SievBuvon tou load, éAeyée tov buffer:

- If any store prior to load is waiting for its address, stall load.

- If load address matches earlier store address (associative lookup),
then we have a memory-induced RAW hazard:

» store value available = return value
» store value not available = return ROB number of source
- Otherwise, send out request to memory

Ta stores mepvave to commit otadio in order, dpa Sev
urtapxouv WAW hazards otn pviun.

39



Memory Disambiguation

Done?
FP Op — ROB7  Newest
Queue ROB6
ROB5
F4| ROB3 |L.D F4, 10(R3) | N
Reorder BUffer'lon ROB2 |S.D 10(R3), F5|N
F5 L.D F5,32(R2) N
: ! Oldest
address in ROB R3| R[F4] |s.D O(R3), F4 | Y |roBR1 &
Registers To
Memory

Dest Dest

Reservation
Stations




Register Renaming

DIV.D FO,F2,F4  register DIV.D FO,F2,F4
ADD.D F6,F0,F8 renaming ADD.D S,F0,F8
S.D w/ﬂ~W|:F6,JM'F(1)W”‘R ‘ 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

* What happens with branches?
» Tomasulo can handle renaming across branches

41



Explicit register renaming

Hardware equivalent of static,
single-assignment (SSA) compiler form

F2 F4 F6
PO |P2 | P4 | P6 | P8 |[P10|P12|P14|P16|P18|P20|P22|P24|P26(P28|P30

Current Map Table ==y Done?

/ Newest

P32|P34|P36|P38| « « « |P60|P62

Freelist ' Oldest

* Physical register file peyaAitepa ané ISA register file
(m.x. 32 phys regs kav 16 ISA regs)

* Zto issue, kaBe evioAn mou allalel Evav register maipvel
évav kawoupto physical register ané v freelist

+ Used on: R10000, Alpha 21264, HP PASOOO 42




Explicit register renaming

Hardware equivalent of static,

single-assignment (SSA) compiler form
F2 F4 F6

p32| P2 | P4 | p6 | P8 [P10|P12|P14|P16|P18|P20|P22|P24|P26|P28|P30
Current Map Table ==y Done?

/ Newest
p34|p36|pP38|pP40| . . - |[P60|P62
Freelist

Fo|pPo|1LD P32,10(R2) |N| Oldest

* Note that physical register PO is "dead” (or not “live”)
past the point of this load.

- When we go to commit the load, we free up

Issue 1D FO0,10(R2

43



F2

Explicit register renaming

sing

F4

F6

Hardware equivalent of static,

e-assignment (SSA) compiler form

P2

P4

P6

P8 |P34|P12|P14|P16|P18|P20|P22|P24|P26|P28|P30

Current Map Table ==y

/

P36

P38

P40

P42] «

Freelist

- |P60

P62

Done?

F'10

P10

ADDD P34,P4,P32 N

FO

PO

LD P32,10(R2)

N

Issue ADD F10,F4, FO

Newest

Oldest

44



Explicit register renaming

Hardware equivalent of static,
single-assignment (SSA) compiler form

F2 F4 F6
P32|P36| P4 | P6 | P8 |P34|P12|P14|P16|P18|P20|P22|P24|P26(P28|P30

Current Map Table ==y Done?

/ _ Newest

P38|pP40|P42[P44| . . . |P60|P62 —- BNE P36,<.>
r2| P2 [ DIVl P36,P34,P6

FF1QP10| ADDPp P34,P4,P32
FO| PO | LD 32,10 (R2)

b _\
ces Checkpoint at BNE instruction
[pzelpacleadfeas] - fpec]es I

Freelist

Z|lz|2|=2

Oldest




Explicit register renaming

Hardware equivalent of static,
single-assignment (SSA) compiler form

F2 F4 F6
P40|P36|P38| P6 | P8 |P34|P12|P14|P16|P18|P20|P22|P24|P26|P28|P30

Current Map Table ===y Done?
-- ST 0(R3),P40 Y | Newest
FO|P32| ADDD P40,P38,Pq Y
F4| P4 | LD P38,0 (R3) Y
p42|p44|p4as|p50| .. .| P0 |P10 - BNE P36,<.> N
F2| P2 |DIVD P36,P34,P§ N
Freelist L_H-iﬁlo ADDD P34,P4,P32y
FO|PO|[1D P32,10(R2) |y | Oldest

b _\
ces Checkpoint at BNE instruction
[pzelpacleadfeas] - fpec]es .




Explicit register renaming

Hardware equivalent of static,
single-assignment (SSA) compiler form

F2 F4 F6
P32|P36| P4 | P6 | P8 |P34|P12|P14|P16|P18|P20|P22|P24|P26(P28|P30

Current Map Table ==y Done?

/ Newest
P38|P40 P4R O |P10
F2| P2 | DIVD P36,P34,Pd N

Lﬁ-ﬂﬁlo ADDD P34,P4,P32 y

FO|PO|[1D P32,10(R2) |y | Oldest

Freelist

Speculation error\fixed by restoring map table and freelist
)

ces Checkpoint at BNE instruction
[pzelpacleadfeas] - fpec]es s




