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Precise Exception

Speculation
Reorder Buffer
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Registers

ApXITEKTOVIKN Scoreboard
(CDC 6600)

Functional Units



Tomasulo Organization

From instruction unit

Instruction -
cquee FP registers l
Load-store
operations
Y . . Operand
Address unit Flnatlr:_g-pclnt buses
Store buffers operations
_,', Load buffers
¥
Operation bus
3 Yy I ¥ I ¥
2
2 Reservation 1
1 stations
Data yAddress
Memory unit FP adders FP multipliers
Common data bus (CDB)




Tomasulo v. Scoreboard
(IBM 360/91 v. CDC 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

TTpogoxh va diarnpouvrai
1. Data flow
2. Exception Behavior

Exoupe peAeTAOE!
Oa peAeTRoOoOUpE

\

Auvapikéc dpopoAdynon :
21a11kég (shoftware/compiler)

gevroAwv (hardware)

‘Scoreboard (eAdrTwon RAW stalls) :Loop Unrolling
‘Register Renaming -Software Pipelining
a)Tomasulo ‘Trace Scheduling

(eAdtTwon WAR kait WAW stalls)
p)Reorder Buffer
‘Branch prediction
(eAatTwon Control stalls)




Network Interrupt

Device Interrupt

MeyaAwoe priority
Evepyonoinon Ints

add fi,rZ,rB Zooe registers

subi r4,rl,#4 1w rl,éb(rO)

1w r2,0(rl)

addi r3,r0,#5

slli r4,r4,#2
E:} Hiccup(!)
1w r2,0(r4d)
1w r3,4(r4)
add r2,r2,r3

SW 8(r4d) ,r2

SW O(rl),r3

Enavépepe registers
KaBapLoe Int
Anevepy. Ints
Enavépepe priority
RTE

¥sip Aq p24dnaaatul 29 pino)

Note that priority must be raised to avoid recursive interrupts!



Types of Exception

« I/0 device request

* Invoking an operating system service from a user program
*Tracing instruction execution

* 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 n exception ovoudalerai precise eav
undpxel pia evroAn (A interrupt point) yia To
oTmoio:

- OAec o1 mponyoUHEVEG EVTOAEC EXOUV TANPWC EKTEAEOTEI.
- Kapia evroAn (pali ge Tnv interrupting instruction) dev éxel
aAMalel Tnv karaoraon TNG HNXAvng.

+ AUTO ongaivel 0TI UOPEIC va EmAVAKIVAOEIC TNV EKTEAEON
awd To0 interrupt point kai “va wapeic Ta cwoTta
aroTeAéopara”

- Z10 mapdadeiypd pag: Interrupt point eivai n lw evroAn

add
subi
slli

External Interrupt
'_I
s

5
J2|puby Jux

add
sSwW




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 araitei
moAAawAa PCs oTav urapxouv
delayed branches

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

PC: bne  rl,there {nterrupt point described as <PC,PC+4>
PC+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)



MaTi xpeialopyaore Ta

precise interrupts?

+ ApkeTd interrupts/exceptions xpeialovrai va eivai
restartable
- I.e. TLB faults. Tlpénel va diopOwoel translation, kai pera restart

load/store
- IEEE gradual underflow, illegal operation, etc:
, sin(Xx)
e.g. Na napadeiypa : f(X)=
Na x—0 X

f(0)= g = NaN + illegal _operation
Want to take exception, replace NaN with 1, then restart.
+ Restartability dev anaitei preciseness. (2oT600, e

preciseness gival mwoAU mio eUKOoAN R Emavekivnon.

+ AmAomroiel To A€ITOUpPYIKO oUoTnHa oAU
- Less state needs to be saved away if unloading process.
- Quick to restart (making for fast interrupts)



Precise Exceptions ornv anAn
5-stage pipeline:

+ Exceptions pymopoUv va ouppPouv oe diawopeTika stages
Tnc 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 eivai
va HapKApeIg TRV eVTOAN wg “dnuioupyei exception
ox1” kal mepigeve PEXPI To TEAog Tng MEM stage yia
va onkwoelg 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, efc



Another look at the exception problem

Time
Data TLB |IFetch|Dcd Exec % WB
Bad Inst IFetch| D Exec |Mem WB

Inst TLB fault

Overflow

Program Flow

A

IFp{ch| Dcd Exec |Mem WB
IFetch| Dcd %Mem WB
-+ Xpnhon tng pipeline!
- KaBe evroAn €xel éva exception status.

- Karaypagn PCs yia kaOe evroAn otnv pipeline.
- ‘EAefe exception otav n evroAn ¢racer o WB stage
- Ortav n evroAn gptaocel o WB stage kai éxel exception:
- Zwoe PC = EPC, Interrupt vector addr = PC
- MeTarpeye OAeC TIC ETOHEVEC EVTOAEC mou Exouv yivel fetched oe NOPs!

+ DAouAelel eneidn yiveral in-order-completion/WB



Tomasulo Example Cycle 57

Instruction status: Exec Write
Instruction i k Busy Address
LD F6 34+ R2 Loadl| No
LD F2 45+ RS3 Load2 | No
MULTD FO F2 F4 Load3 | No
SUBD F8 F6 F2
DIVD FI0 FO F6
ADDD F6 F8 F2

Reservation Stations: RS RS

Time Name Busy Op V] VK Qj Qk
Addl | No
Add2 | No
Add3 | No
Multl | No
Mult2 | Yes DIVD M*F4 M(AL)

Register result status:

Clock FO F2 F4 F6 F8 F10 F12 ... F30
56 FU | M*F4 M(A2) (M-M+N (M-M) Result

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




Scoreboard (out-of-order compl)

Instruction status: Read Exec Write Exec Write
Instruction j k Issue Oper Comp Result Issue Comp Result
LD F6 34+ R2
LD F2 45+ R3
MULTD FO F2 F4
SUBD F8 F6 F2
DIVD F10 FO F6
ADDD F6 F8 F2




TMpopAnua: “Fetch” unit

EVTOAEG TTPOG
EKTEAEON
Instruction Fetch Out-Of-Order
ME Execution
Branch Prediction Unit

~_ 7

EmoTpopr) 010 owoTo path
OTav Byel To atrotéEAeopa Tou branch

+ EvroAéc oTto AavBaopévo predicted path éxouv RdN
EKTEAEDTEI.

* Instruction fetch decoupled from execution



Branch mwpémwel va ekteAeoTei ypnyopa
yia loop overlap!

+ 270 Ioop unrollmg -napC(Selvua oTnpixOnkape 611 Ta branches
ekTeAoUvTal anod pia “yphyopn" integer unit yia va wetUxoupe overlap!

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

« T ouppaiver av To branch s€apTarai and To anotréAcopa Tou multd??
- Xavoupe TeAsiwg 0Aa Ta wAcovekThparal

- Tlpénel va umopoUpe va pavrevoupe “predict” To amotéAeopa Tou
branch.

- Av pavteUape 0TI To branch eivai ouvéxeia taken, ©a eipaorav
owoTOoi TIC TEPIOCTOTEPEC POPEC.



Prediction:
Branches, Dependencies, Data

H nwpopAeyn civai arapaitntn yia kaAn amwodoon.

MeAeTnsape nw¢ npoPAémovral branches oto
nponyoUpevo paOnuara. MovTEPVEC apXITEKTOVIKEC
Twpa mpoPAénouv Ta wavrta : dafa dependencies,
actual data, and results of groups of instructions:

Mari douAelel n poPAeyn?
- 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.



TTpopAnua: out-of-order
completion

- Scoreboard kai Tomasulo &xouv:
- In-order issue, out-of-order execution, out-of-order completion

»+ Tpomog va ouyxpovioeigc To completion otadio Twv
eEVTOAWV HE Thv ocipd 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



2 x€on yetaéu Precise
Interrupts kai Speculation:

* 270 Issue oTadio evroAwv eival oav va wpoPAEreig 4TI ol
TPONYOUHEVEG EVTOAEC dev EXouv 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 exceptionsl!

+ Texvikn yia precise interrupts/exceptions kai
speculation: /n-order completion or commit

- M'auté ouvavrape reorder buffers oe éAoug Toug KaivoUpioug
ene€epyaoTéC



YrnootnpiEn precise interrupts ard6 HW

I3éa Tou Reorder Buffer (ROB):
- Kpara evroAéc oe pia FIFO, akpipwe pe TV ocipd mwou yivovral issue.
» Each ROB entry contains PC, dest reg, result, exception status

- Otav n evroAn TeAciwoel TNV eKTEAEON, TomoOETNOE Ta amoTeAéopaTa 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 evroAn aAAalel Tnv kataotaon Tng pnxavng oto commit oradio 6xI oTo
WB = in order commit = values at head of ROB placed in registers

- Zav anwoTéAeopa eival EUKoAo va avaipEoeic {
speculated instructions

) . Reorder

oe mispredicted branches

n oc exceptions Buffer
— |
Commit path FP 3995

| 1

Res Stations Res Stations

ma




Téooepa 2Tadia Tou Tomasulo
AAyopiBuouv pe ROB

1. Issue—TTape evroAn and FP Op Queue

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

2. Execution—EkTéAcoe evroAn oto Ex Unit(EX)

Orav Kkail o1 TIHEC Kal Twv 2 source regs eival £TOINEG EKTEAEOE
evToAfi; av oxi, watch CDB for result; when both in reservation
station, execute; checks RAW (sometimes called “issue™)

3. Write result—TéAoc ekTéAeonc (WB)

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

4. Commit—AAAage Tiun Tou dest register pe To

arnoTéAeopa 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 flushes reorder buffer
(sometimes called “graduation™)



HW ue
reorder buffer (ROB)?

| S
D
= Reorder
a 3 Buffer
o > £ O FP
Q .9 =
& + ¢ B 5 8 Op |
.5 § Z’ ;?2 G S Queue FP Regs
O ¢ B w > & T
Reor'der' Table Res Stations Res Stations
FP Adder FP Adder

|

- Tlwg ppiokoupe Tnv TeAeuTaia €kdoon Tou register?
TToAUmopTo ROB oav va eivai register file



Tomasulo With Reorder buffer:

FP Op
Queue

Reorder Buffer

Commit pntr

Registers

Dest

- Reservation
Stations

Done?

ROB7
ROB6

ROB5
RQB4
ROB3
ROB2
FO L.D FO,10(R2) N | rROB1
To
Memory
Dest from
Memory
Dest *

1 |10+R2

Newest

Oldest



Tomasulo With Reorder buffer:

FP Op
Queue

Reorder Buffer

Commit pntr

“2” means ROB2 Regis*er‘s

Dest
2 JADDD [R(F4) ,ROB1

- Reservation
Stations

Done?

ROB7  Newest

]

Des1‘

DIVD |ROB2,R(F6)

ROB6

ROB5

ROB4
F2 DIV.D F2,F10,Fq N | ROB3
F10 ADD.D F10,F4,FQ N | ROB2 Oldest
FO L.D FO,10(R2) N | rROB1

To
Memory

fr'om
Memory

Dest *

1 |10+R2




Tomasulo With Reorder buffer:

FP Op
Queue

Reorder Buffer

Commit pntr
Registers
Dest
2 |JADDD [R (F4) ,ROB1
6 _|ADDD |ROB5, R (F6)

=

Reservation
Stations

Done?
ROB7
FO ADD.D FO,F4,F6 | N |ROB6
F4 L.D F4,0(R3) N | ROB5
- BNE F2,<.> N | ROB4
F2 DIV.D F2,F10,Fq N | ROB3
F10 ADD.D F10,F4,F0 N |ROBR2
FO L.D FO,10(R2) | N |roB1
4 To
Memory
Des1' fr‘om
DIVD JROB2,R(EF6) Memory
DesT*
- 1 [10+R2
6 ] 0+R3

Newest

Oldest



Tomasulo With Reorder buffer:

Done?
FP Op -—| ROB5 [S.D O(R3),F4 | N [IROB7 Newest
Queue FO ADD.D FO,F4,F6 | N [ROB6
F4 L.D F4,0(R3) N | ROB5
— BNE F2,<.> N | RQB4
Reorder Buffer F2 DIV.D F2,F10,F§ N |ROBR3
Commit prtr F10 ADD.D F10,F4,FQ N [RoB2 | 5idest
FO L.D FO,10(R2) | N |roer1
Registers To
Memory
Dest f
rom
2 JADDD [R(F4) ,ROB1 Des1' _ a Memory
DesT*
Reservation - 1 [104R2
Stations 6] O+R

&




Tomasulo With Reorder buffer:

FP Op
Queue

Reorder Buffer

Commit pntr
Registers
Dest
2 JADDD [R (F4) ,ROB1

=

Reservation
Stations

Done?
--| M[A1] |S.D O(R3),F4 Y JJrOB7
FO|<val2>|ADD.D FO,F4,F6 |Ex|ROB6
F4| M[21] |L.D F4,0(R3) Y | ROB5
-- BNE F2,<.> N | ROB4
F2 DIV.D F2,F10,Fd N | ROB3
F10 ADD.D F10,F4,F0 N |roB2
FO L.D FO,10(R2) N | ROB1
4 To
Memory
Des1' fr‘om
DIVD JROBZ. R (F6) Memory
DesT*
1 |10+R2

Newest

Oldest



Tomasulo With Reorder buffer:

FP Op
Queue

Reorder Buffer

Dest

Commit pntr

Registers

2 [ADDD

R(F4) M (A2)

=

Reservation
Stations

Done?
--| M[A1] |S.D O(R3),F4 Y JlrOB7
FO|<val2>|ADD.D FO,F4,F6 |Ex|ROB6
F4| M[A1l] |L.D F4,0 (R3) Y | ROB5
-- BNE F2,<.> N |rROB4
F2 DIV.D F2,F10,Fd N |ROB3
F10 ADD.D F10,F4,F0 N |ROB2
FO| M(A2) |L.D FO,10(R2) | Y |roB1
4 To
Memory
Des1' fr‘om
DIVD JROBZ. R (F6) Memory

Dest *

Newest

Oldest



Tomasulo With Reorder buffer:

FP Op
Queue

Reorder Buffer

Dest

Commit pntr

Registers

2 [ADDD

R(F4) M (A2)

=

Reservation
Stations

Done?
--| M[A1] |S.D O(R3),F4 Y IROB7 Newest
FO|<val2>|ADD.D FO,F4,F6 |Ex|ROB6
F4| M[Al1] |L.D F4,0(R3) Y PROB5
- BNE F2,<.> N | ROB4
F2 DIV.D F2,F10,Fq N |ROB3
10 ADD.D F10,F4,FQ N [ROBZ | ~dest
ROB1

M (A2)
To
Memory
Des1' fr‘om
DIVD [ROB? . R(F6) Memory

Dest *




Tomasulo With Reorder buffer:

FP Op
Queue

Jommt pntr

Reorder Buffer

Registers

Dest

- Reservation
Stations

Done?

--| M[A1] |S.D O(R3),F4 Y ROB7  Newest

FO|<val2>|ADD.D FO,F4,F6 |Ex|ROBé6

ROB5

ROB4

ROB3

ROBZ L Oldest

]

Dest

ROB1

Memory

from

emory

M
Dest *




Tomasulo With Reorder buffer:

FP Op
Queue

Reorder Buffér

What about memory
hazards???

Registers

Dest
2 JADDD

R(F4) ,ROB1

=

Reservation
Stations

Done?

M[10]

S.D 0(R3),F4

Y [IROB7  Newest

<val2>

ADD.D FO,F4,F6

M

L.D F4,0(R3)

Y

ANE F2,<.>

DIV

D F2,F10,F6

F'10

ADD.D

10,F4,F0

zlz|2|=2

Oldest

L.D FO,%0(R2)

Des1'

]

DIVD

ROB2 ,R (F6)




Memory Disambiguation:
WAW/WAR Hazards otn pvipn

- Like Tomasulo’s algorithm, 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.



Memory Disambiguation:
Abuon ora RAW Hazards otn pviun

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

- (umapxel éva RAW hazard avapeoa oto store kai orTo
load)?

Eg: st 0 (R2) ,R5
1d R6, 0 (R3)
* MropoUpe va mpoxXwWPNOOUHE KAl va adpXioOUHE
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.

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

- ANoon2: We might guess at whether or not they are
dependent (called "dependence speculation™) and use
reorder buffer to fixup if we are wrong.



Hardware umrootnpifn yia
Memory Disambiguation

Store buffer mou Kparael 6Aa Ta ekkpepn stores otn
memory, o€ 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

Orav kaveig issue éva load, katéypaye To head Tou
buffer (yvwpile moia stores mponyoUvTai amwd coéva).

OrTav éxeic Tnv dielBuvon Tou load, éAcyfe 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 oradio in order, apa dev
urapxouv WAW hazards otn pvAun.



Memory Disambiguation:

FP Op
Queue

Reorder Buffer

Registers

Dest

- Reservation
Stations

Done?

ROB7  Newest

ROB6

ROB5

L.D F4, 10 (R3)

ROB4

F2

R[F5] |S.D 10 (R3)

, F5

ROB3

FO

L.D FO,32(R2)

ROBZ R} Oldest

--|Kval 1> S.D O (R3),

Dest

]

F4

M
Dest *

KlZ|2|2

ROB1

To
Memory

from
emory

2

32+R2

/L

ROB3




Explicit register renaming:
Hardware equivalent of static,
single-assignment (SSA) compiler form

PO | P2 | P4 | P6| P8 |P10|P12|P14|P16|P18|P20|P22|P24|p26|P28|P30

Current Map Table ===, Done?

/ Newest

P32|P34|P36|P38| « « - |P60|P62

Freelist ' Oldest

+ Physical register file peyaAUtepa ané ISA register file
(w.x. 32 phys regs kai 16 ISA regs)

- 270 issue, kade evroAn mou aAAalei évav register
naipvel évav kaivoUpio physical register and tnv freelist

+ Used on: R10000, Alpha 21264, HP PA8SOOO




Explicit register renaming:

sing

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

P32

P2

P4

P6

P8

P10

P12|P14

P16

P18

P20|P22|P24|p26

P28|P30

Done?

Current Map Table ===,

/

P34

P36

P38

P4O oo o0

Freelist

P60|P62

FO

PO

LD P32,10(R2)

Newest

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



Explicit register renaming:
Hardware equivalent of static,
single-assignment (SSA) compiler form

‘PBZ‘ P2 ‘ P4 ‘ P6 | P8 ‘P34‘P12‘P14‘P16‘P18‘P20‘P22‘P24‘p26‘P28‘P30I

Current Map Table ===, Done?

/ Newest
‘P36‘P38‘P40‘P42I- oo
) ADDD P34,P4,P32 N
Freelist
LD P32,10(R2) [N | Oldest




Explicit register renaming:
Hardware equivalent of static,
single-assignment (SSA) compiler form

‘P32‘P36‘ P4 ‘ P6 | P8 ‘P34‘P12‘P14‘P16‘P18‘P20‘P22‘P24‘p26‘P28‘P30I

Current Map Table ===, Done?

/ — Newest
pP38|p40|p44|pasg| ... |P60|P62 ~- BNE P36,<..> N
P36,P34,Pq N
Freelist F1(JP10| ADDp P34,P4,P32 N
1D p32,10(R2) | N | Oldest

_. . - Checkpoint at BNE instruction
\3 _J




Explicit register renaming:
Hardware equivalent of static,
single-assignment (SSA) compiler form

‘P40‘P36‘P38‘ P6 | P8 ‘P34‘P12‘P14‘P16‘P18‘P20‘P22‘P24‘p26‘P28‘P30I

Current Map Table ===, Done?
-- ST 0 (R3),P40 Y Newest
FO|P32| ADDD P40, P38, P§
F4| P4 | LD P38,0(R3)

10| ADDD P34,P4,P3
LD P32,10 (R2)

Freelist

Y

Y

‘P42‘P44‘P48‘P50I--- PO [P10 _- BNE P36,<.> N
F2| P2 |DIVD P36,P34,Pq N

y

y

Oldest

_. . - Checkpoint at BNE instruction
\3 _/




Explicit register renaming:
Hardware equivalent of static,
single-assignment (SSA) compiler form

‘P32‘P36‘ P4 ‘ P6 | P8 ‘P34‘P12‘P14‘P16‘P18‘P20‘P22‘P24‘p26‘P28‘P30I

Current Map Table ===, Done?

/ Newest

P60|P62

F2| P2 | DIVD P36,P34,Pg N
10| ADDD P34,P4,P32 y
LD P32,10 (R2) Oldest

Freelist

Speculation error\fixed by restoring map table and freelist
€ )

_. . - Checkpoint at BNE instruction
\3 _/




