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! E53 {2554 =
IF . ID DP . Ex . Retire
! | : !
Fetch || li I Reservation | | -5 -L !
! . !
InsCtru;tion o : Jﬂl' " l Stations 1 . |+ + > :
ache ns ' : ysical |y |
Buffer ‘lL Decoder | I RS Entry — Register L ALU 41 | CDB :
i | I L File |l | I
Instruction — : R R > i ‘ !
Cache == | PC || I 1 I — —>! |
| |i |Freelist RS Entry —> 1 + i
Controller B YR By | | ‘ ‘ |
A 1 t dif- — - + —-— - A 4 ? 4 — I v |
¢_|= Reofder Buffer (ROB) : _
Mer:;ory Data Cache N ‘ '_H L :
1 Load Store Queue (LSQ) | —

Main

<«—— Rewind Message Flow
Memory

.

Controller 4= “Controller™ ~
I
i Data Cache

<«—— Normal Message Flow

{£552

HFFEMIPS RISC-StyleiE$EERYSuperscalar Out-of-Order Processor
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FIRERHIRBRBURNRRSA, RAFIEESKRNRIREIELIT 44
(£531: ALU

{£532: DCACHEMEM

{£533: RAT/RATTABLE

{£534: SUPER RS

iR AR MEXAMRIRPER KA TIER T IRFERE, REA BRI RENT:

// ============Start ===================
// ==========Descriptions of Functions=========
/*
HEFTRIIBIRER
*/
// =============End===================

,EE\?FQ,\E EE %@#@ <5>
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1. feverilog/aluviEs {4, E MERALUERRIINEERTT, TREDREA, BiE. UBMoitEINEE, EREARL
BRIES % RE MU Project BB BIRRINBEN B, ALUOp FE T AIINBETE sys defsvhip, BT BT
testbench_alu viSsRHITIIIGUE, alu.viRRER43MUIBIR, F—MUIEIRKLI10~2017E4;

2. fEverilog/dcachemem.viE3 {4, H#h2-Way CacheRITHEEIRTT, STRAWIRIEH. SANEE, JEITHE
testbench_dcachemem viEHHTIERIGIE, dcachemem.viREEIER2MEIER, S—MEBRAL20174ER;

3. Txverilog/ratable.viE3{4h, ExMTRKEERATTABLEFEIRAIINEER T, S $FArchitectural Register5Physical
RegisterfVBRGT SEIKINGE, FTEEAITMURER, KE1017ER; Everilog/rat.viFs {4, EilMreelistiBXiZ1E
SCHIXGZSAPhysical RegisterfIRSINSEFT, mal&%testbench/testbench rat vigEEMifiEHRIEITIONE, FEEH
A1MEBIR, KL2301TEFA;

4. fEverilog/superrs.vF2fSUPER RSIEHRAITNAESCER, IEHEERRS (rs.vep) EASUPER RSHERLASIEHBIRE =2/978
SKRIITNEE, AJSEtestbench RSVIEEIMIIARRIAITIGNE, HEEFAITMUEEIR, KLD301745%;
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- Lab 1IRB {4414

---Makefile
---Make.*

---debug out
---vS-asm

---pipeline_gold

---program.mem
---run_tests.sh

---sys defs.vh
---test progs
---testbench
---verilog

BIEEH FREHE

C I »
~ ) oA D
NELFEE
3o PEKING UNIVERSITY

B & B make command
B & FERAImake command, BJFEFIRREGUE RIS ERIRICUF R FIRIR
~ME: make all B BaE{Tprogram.memNBYFERF
make clean MIBREF B JmiEr =434
(FEFER . outs i, RAEAEBRN T CIIERRATFKEAVIRS
MIPS RISCFESHIAssemblerdmiFEas, TS test progsigR FABES Lim{CraEmFE
FYHEXIETL, A program.mem3X{&ittestbench 3A4IE AItbI1EEEN
25: vs-asm test progs/fib.s > program.mem
Exia BRI Ak &kigit, P RERRIERY S write_back.outFdmemory.out,
SFRMBEL R TEIRESER AT
CIRE<SUABAIHEXIETU IS, BtbisEBYE RicacheAYHIN
BITIZIA D] —) R4S Etest_progsABIRTBI LIRS IEEITREER,
FrE BRI ES ISP/ EHYCPI
EXZEAITNNERESEH, TEE)
B EEBFURIEIEAIMIPS RISC-StyleiCZRm L3
88T HE FrENEWIEt S AFIRT I T35S04
BB MEIEZRMEIEIT Verilogia X4, BiERENERTA
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Superscalar: BIF=SAES

* Instruction-level parallelism

Instruction parallelism
Number of instructions being worked on

Scalar Pipeline (baseline)
Instruction Parallelism = D
Operation Latency = 1

Peak IPC =1
D
e
'd ™
LIJ%) | ] | 7
%9 1 2 I s I |F DE EX WB
CDL_) 3 .............
WS 4 |
O[I 5
O~ v 6
72 L L | L L
= | | | | | | |

0 1 2 3 4 5 6 7 8 9
TIME IN CYCLES (OF BASELINE MACHINE)

FIEBH FEAE

) A¢ 7 % '}’7
I50% PEKING UNIVERSITY

Peak IPC
The maximum sustainable number of instructions that can
be executed per clock.

Superscalar (Pipelined) Execution

IP = DxN
OL = 1 baseline cycles
Peak IPC = N per baseline cycle

—_—

[N IF A8

© oo~

WB

<9>
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PEKING UNIVERSITY

« Missed Speedup in In-Order Pipelines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
addf £0,fl,£f2 F D E+ E+ E+ W
mulf £2,£3,£2 F D d° d° E* E* E*¥ E* E* W
subf £0,fl,f4 F p* p* D E+ E+ E+ W

What' s happening in cycle 47
« mulf stalls due to RAW hazard
« OK, this is a fundamental problem
« subf stalls due to pipeline hazard

« Why? subf can’ t proceed into D because mulf is there
« That is the only reason, and it isn’ t a fundamental one

Why can’ t subf go into D in cycle 4 and E+ in cycle 57?

i}

,EL',H*QEE %@#@ <10 >
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Out-Of-Order: FLEHITHIBES:

* Instruction-level parallelism

CUNITIN »
£ @ N
S IIEY

PEKING UNIVERSITY

« CPI of in-order pipelines degrades
sharply if the machine parallelism is _
increased beyond a certain point. 2 }N

3 7

—_—

« when NxM approaches average
distance between dependent
instructions

(O) R @) IF L8

© 0o~

WB

« Forwarding is no longer effective

 Pipeline may never be full due to
frequent dependency stalls!

BIEBEH FEHE <11>



Out-Of-Order: FLEHITHIBES:

« The Problem With In-Order Pipelines

N e X%

R

ZN: I =
1598 X

PEKING UNIVERSITY

A

o | > T >
> : DS
B regfile R
P |
IF/ = ID/ EX/ Mem/
ID EX Mem WB

* In-order pipeline
« Structural hazard: 1 insn register (latch) per stage

« 1 instruction per stage per cycle (unless pipeline is replicated)

« Younger instr. can’ t “pass” older instr. without “clobbering” it
« Out-of-order pipeline

« Implement “passing” functionality by removing structural hazard
,EL',H*EEE %@#@ <12>
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- ELFERIT2EE{EsEm

« Dynamic scheduling

« Totally in the hardware Out-of-order execution

« Also called “out-of-order execution” (Oo00O) Execute instructions in non-sequential order...
« Fetch many instructions into instruction window +Reduce RAW stalls
« Use branch prediction to speculate past (multiple) branches +Increase pipeline and functional unit (FU)
 Flush pipeline on branch misprediction utilization
* Rename to avoid false dependencies (WAW and WAR) Original motivation was to increase FP unit utilization
- Execute instructions as soon as possible +Expose more opportunities for parallel issue (ILP)
« Register dependencies are known Not in-order — can be in parallel
) E?Qg“ng memory dependencies more tricky (much more ...but make it appear like sequential execution
. Commit instructions in order Important
—But difficult

« Any strange happens before commit, just flush the pipeline

- Current machines: 100+ instruction scheduling window Next few lectures

i}

,EL',H*EEE %@#@ <13>
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Out-Of-Order: ELRFHITAIEEE
- _ add p2,p3,p4
. ELEETATCH? cub pz/;?/f 5

mul p2 ,P6
div p4,4,p7

regfile

15 insn buffer

A A

Ready Table

P2 |P3 |P4 (P5 |P6 |P7
Yes|Yes add p2,p3,p4

t | |Yes|Yes|Yes sub p2,p4,p5 and div p4,4,p7
Yes|Yes|Yes|Yes Yes| mul p2,p5,pb6
Yes|Yes|Yes|Yes|Yes|Yes

 |Instructions fetch/decoded/renamed into /nstruction Buffer
« Also called “instruction window” or “instruction scheduler”

« Instructions (conceptually) check ready bits every cycle
« Execute immediately when ready
,EL',H*EEE %@#@ <14 >
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- A dependency ({&ifl) exists independent of the hardware.

« So if Inst #1" s result is needed for Inst #1000 there is a dependency

 Itis only a hazard (/#2€) if the hardware has to deal with it.

« So in our pipelined machine we only worried if there wasn’ ta “buffer”

of two instructions between the dependent instructions.

i}

,EL',H*EEE %@#@ <15>
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- True/False Data Dependencies
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 True data dependency - False or Name dependencies

« RAW — Read after Write « WAW — Write after Write
R1=R2+R3
R1=R2+R3 1
RT1=R4+R5
R4=R1+R5 « WAR — Write after Read
R2=R1+R3
 True dependencies R1=R4+R5

revent reorderin . .
P J « False dependencies prevent reordering

« Can they be eliminated? (Yes, with
renaming!)

« (Mostly) unavoidable

i}

,EL',H*EEE %@#@ <16 >
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- True/False Data Dependencies

R1=MEMI[R2+0] //A /A\
R2=R2+4 // B @

R3=R1+R4 /] C
MEM[R2+0]=R3 //D /

o9

HRrRAW  BEwAw  [BEWAR
,EL',H*EEE %@#@ <17 >

i}
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- True/False Data Dependencies

= * Well, logically there is
A B no reason for F-J to be
R1=MEM[R3+4] // N/ dependent on A-E.
R2=MEM[R3+8] // @ So.....
R1=R1*R2 // TNT— * ABFG

MEM[R3+4]=R1 //

MEM[R3+8]=R1 // — Should be possible.

D E © o
\

g H - Q@ =®2 H O Q w P

R1=MEM[R3+12] // E + But that would cause
either C or H to have
R2=MEM[R3+16] // the wrong reg inputs
R1=R1*R2 // . How do we fix this?
MEM[R3+12]=R1 // N\ — Remember, the dependency
is really on the name of the
MEM[R3+16]=R1 // register

— So... change the register
names!

BrAW BEwAw  BWAR
Bl FEAFE <18 >
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 The register names are arbitrary

« The register name only needs to be consistent
between writes.

The value in R1 is “alive” from when the value is
..=R1 ....

~ written until the last read of that value. (Or right
Before the next write of R1)

BIEEH FREHE
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- F1FeERegisterEip AN Hl

- Every time an architecture register is written we assign it to a physical register

 Until the architected register is written again, we continue to translate it to the physical

register number Architecture register

« Leaves RAW dependencies intact Y EEH ST _ LA
« Itis really simple, let" s look at an example:

« Architecture Regs: r1,r2,r3 Physical register

« Physical Regs: pl,p2,p3,p4,p5,p6,p7 SEfRRYFE B ST E — IR RIE

« Original mapping: r1—pl, r2—p2, r3—p3, p4-p7 are “free”

RAT (Alias T) FreelList Orig. insns Renamed insns
rl (r2 (r3

pl |p2 |p3 p4,p5,p6,p7 add r2,r3,r1 add p2 ,p3}p4
p4 |p2 |p3 pS,p6,p7 sub r2%31 sub p2,p4,p5
p4 |p2 |p5 p6,p7 mul r2 4£35,r3 mul p2/p5,p6
p4 PZ PG p7 div rl,4,rl div p4,4,p7

BEEH FREHE <20>
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- H1FaaRegisterEapZATR

A T

R1=MEM[R3+4 // A P1=MEM [R3+4]
3;;ﬁEﬁ?;;:;T___;7‘;‘\\\\\\\téi\\\\\\\\\\\\\\’P2=MEM[R3+8]

- R1=R1*R2 // C o <;~“-, P3=P1*P2
[:) :Ei (@% MEM[R3+4]=P3

MEM[R3+8]=P3
P4=MEM[R3+12]

MEM[R3+4]=R1 _// D
R3+8]=R1 // E
R1=MEM[R3+12

—

P5=MEM[R3+16]

- R1=R1*R2 // H ]%J P6=P4*P5
MEM[R3+12]=R1 // I v N\ MEM[R3+12]=P6
. MEM[R3+16]=R1 // J l} (J] MEM[R3+16]=P6

HBraAw B waw B WAR

Bl FEAFE

//A
//B
//C
//D
//E
//F
//G
//H
//T
//J

B

=

2
> —
{593

BIXEAN—1Arch Reghiid{E, WF—1FAIPhy Reg

=

\

o
|

<

N e 7 S P

PEKING UNIVERSITY
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« Really simple table (Reg Alias Table, RAT)
 Every time an instruction which writes a register is
encountered assign it a new physical register number
 But there is some complexity

- When do you free physical registers?

« Next chapter with 000 architecture

i}

,EL',H*EEE %@#@ <22>

C



%NTE?T; 01. BIFEITRIRIEHIPE
. ESRSSEFRTET
. SRRV S AT
. EEIMIPSEGEHIS



HSEBSELFRITISIT
- BLEITHOSEHIE S

Reservation Station

regfile

2
<] ~
{593

SEF PR

PEKING UNIVERSITY

* Insn buffer or Reservation station (RS) (many names for this buffer)

« Basically: a bunch of latches for holding insns

« Candidate pool of instructions

« Split ID into two pieces

« Accumulate decoded insns in buffer in-order
« RS sends insns down rest of pipeline out-of-order

Bl FEAFE

<24 >
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Reservation Station

regfile

P
<

 Dispatch (D): first part of decode

« Allocate slot in RS insn buffer
— New kind of structural hazard (insn buffer is full)
« In order: stall back-propagates to younger insns

* Issue (S): second part of decode
« Send insns from RS insn buffer to execution units
+ Out-of-order: wait doesn’ t back-propagate to younger insns

REER FEHE <25>



HSRISELFERITIET
- ESMTRHEE

- Register scheduler: scheduler driven by register dependences

« Two basic register scheduling algorithms
« Scoreboard: No register renaming — limited scheduling flexibility
« Tomasulo: Register renaming — more flexibility, better performance
« We focus on Tomasulo' s algorithm in the lecture

« No test questions on scoreboarding
« Do note that it is used in certain GPUs.

* Issue
« If multiple instructions are ready, which one to choose? Issue policy

« Oldest first? Safe
« Longest latency first? May yield better performance

 Select logic: implements issue policy
« Most projects use random or priority encoder

Bl FEAFE
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« Tomasulo’ s algorithm
- Reservation stations (RS): instruction buffer
« Common data bus (CDB): broadcasts results to RS
« Register renaming: removes WAR/WAW hazards

« First implementation: IBM 360/91 -> Modern x86-x86 Still use!

« Dynamic scheduling for FP units only

« Our simple example: “Simple Tomasulo”

« Dynamic scheduling for everything, including load/store
« 5RS: 1 ALU, 1 load, 1 store, 2 FP (3-cycle, pipelined)

BIEEH FREHE
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« Reservation Stations (RS#)
« FU, busy, op, R: destination register name

« T: destination register tag (RS# of this RS)
- T1,T2: source register tags (RS# of RS that will produce value)

« V1,V2: source register values

« Rename Table/Map Table/RAT
« T: tag (RS#) that will write this register

« Common Data Bus (CDB)
« Broadcasts <RS#, value> of completed insns

 Tags interpreted as ready-bits++
« T==0 — Value is ready somewhere
« TI=0 — Value is not ready, wait until CDB broadcasts T

BIEEH FREHE
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Reservation Stations (RS#)
« FU, busy, op, R: destination register name
- T: destination register tag (RS# of this RS)

T1,T2: source register tags (RS# of RS that
will produce value)

« V1,V2: source register values

CDB.T
CDB.V

Fetched
insns

Rename Table/Map Table/RAT
« T:tag (RS#) that will write this register

»
»

VYVYVVYY

Reservation Statlons

Common Data Bus (CDB)

« Broadcasts <RS#, value> of completed
insns

« Insn fields and status bits
« Tags
« Values

Tags interpreted as ready-bits++
« T==0 — Value is ready somewhere

« T!=0 — Value is not ready, wait until CDB
broadcasts T

FIEEHR F#a5HE <29>
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« New pipeline structure: F, D, S, X, W
« D (dispatch)
« Structural hazard ? stall : allocate RS entry
« S (issue)
« RAW hazard ? wait (monitor CDB) : go to execute
« W (writeback)

- Write register (sometimes...), free RS entry
« W and RAW-dependent S in same cycle

« W and structural-dependent D in same cycle

Bl FEAFE

)
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PEKING UNIVERSITY

CDB.V

Fetched
Insns

Reservation S

o Stall for structural (RS) hazards
« Allocate RS entry
* Input register ready ? read value into RS : read tag into RS
« Rename output register to RS # (represents a unique value “name” )

REER FEHE <31>
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« TomasuloE;XE:

| bt}
e

Y At 7 X
Gios PEKING UNIVERSITY

Tomasulo Issue (S)

i

RAT

VYV A 4

CDB.T
CDB.V

Fetched
insns

»
»

Reservation S

« Wait for RAW hazards

« Read register values from RS
B ER FEAE <32>
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« TomasuloE;XE:

| bt |
~ee

INIELE TS
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Tomasulo Execute (X)

CDB.T
CDB.V

Fetched
insns

>

Reservation Stat‘ons

i}

,EL',H*EEE %@#@ <33>
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. Tomasulo&iEiEE Tomasulo Writeback (W)

RAT ﬁ

& ¥) ke 7

PEKING UNIVERSITY

VV' 4

CDB.V

Fetched
insns R

Reservation Station

« Wait for structural (CDB) hazards
« If RAT rename still matches ? Clear mapping, write result to regfile
« CDB broadcast to RS: tag match ? clear tag, copy value

* Free RS entry
FEEE F5HE <34>
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- Tomasulo&iEiiE Tomasulo Register Renaming

- B
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~ee
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\ A 4 \ 4

VYV \ 4

CDB.T
CDB.V

Fetched

insns

>

Reservation St

« What in Tomasulo implements register renaming?
« Value copies in RS (V1, V2)
« Insn stores correct input values in its own RS entry
+ Future insns can overwrite master copy in regfile, doesn’ t matter
BRREE FE5HE <35>
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« Value-based / Copy-based Register Renaming

s D i xy

PEKING UNIVERSITY

« Tomasulo-style register renaming
« Called “value-based” or “copy-based”
Names: architectural registers
Storage locations: register file and reservation stations
« Values can and do exist in both
 Register file holds master (i.e., most recent) values
+ RS copies eliminate WAR hazards
Storage locations referred to internally by RS# tags
 Register table translates names to tags
« Tag == 0 value is in register file
« Tag != 0 value is not ready and is being computed by RS#
CDB broadcasts values with tags attached
« So insns know what value they are looking at

REER FEHE <36 >
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CDB.T
CDB.V

Fetched
lnsns

\ 4

VVYVYYVY

Reservation Station

* RS:
« Status information
« R: Destination Register
« op: Operand (add, etc.)

e Map table (also RAT: Register Alias Table)

« Tags
« T1, T2: source operand tags * Maps registers to tags
- Values e Regfile (also ARF: Architected Register File)

« V1, V2: r rand val : : i
, V2: source operand values * Holds value of register if no value in RS

,EL',H\?FE\EEE %@#@ < 37>
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« Tomasulof&

BIEEH FREHE

SRR
B REIL

~ee

Insn Status

Map Table

Insn

Reg (T

1df X(rl),fl

f0

mulf £0,£f1,£2

f1

stf £2,%(rl)

f2

addi rl,4,rl

rl

1df X(rl),fl

mulf £0,fl,f2

stf £2,%(rl)

Reservation Stations

FU

busy

op

T1

12

V1 V2

ALU

no

LD

no

ST

no

FP1

no

e lw|/NdIFk |-

FP2

no

2
> —
{593

N) It 7 5
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« Tomasulof&

Tomasulo:

Cycle 1

i}

BIEEH FREHE
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a8 S A HTSER
Insn Status Map Table CDB
Insn D[ S| x[w]| [Reg]T T P
1df X(rl),fl | cl £0
mulf £0,fl,f2 f1l |RS#2 |
stf £2,2(rl) £2
addi rl,4,rl rl
1df X(rl), £l
mulf £0,fl,f2
stf £2,2(rl)
Reservation Stations
T [FU |busy |op R |T1 T2 V1 V2
1 |ALU |no
2 |LD yes |1df |f1 |- - - [r1l] |allocate
3 |ST no
4 |FP1 |no
5 |FP2 |no

PEKING UNIVERSITY
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Insn Status Map Table CDB
Insn D[ s | x| w]| [Reg|T T P
1df X(rl) ,fl | cl| c2 £0
mulf £0,fl,f2| c2 f1l |RS#2 |
stf £2,Z(rl) £2 |[RS#4
addi rl,4,rl rl
Tomasulo: laf X(rl),£1
mulf £0,fl,£2
stf £2,Z(rl)
Cycle 2
Reservation Stations
T [FU |busy |op R |T1 T2 V1 V2
1 |ALU |no
2 |LD yes |1df |f1 |- - - [rl]
3 |ST no
4 |FPl |yes [mulf |f2 |- RS#2 |[£0] |- allocate
5 |FP2 |no

Bl FEAFE

SRHE

| bt |
~ee

2
> —
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Insn Status Map Table CDB
Insn D[] s x| w]| [Reg]|T T P
1df X(rl) ,£f1l cl| c2| c3 £f0
mulf £0,fl,£f2| c2 fl |RS#2 |
stf £2,Z(rl) c3 £f2 [RS#4
addi rl,4,rl rl
Tomasulo: laf X(rl) £l
mulf £0,f1,£2
stf £2,Z2(rl)
Cycle 3
Reservation Stations
T [FU |busy |op R |T1 T2 V1 V2
1 |ALU |no
2 |LD yes |1df (f1 |- - - [rl]
3 |ST |yes |stf |- |RS#4 |- - [rl] |allocate
4 |FPl |yes |mulf £2 |- RS#2 |[£0] |-
5 |FP2 |no

Bl FEAFE
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Cycle 4

i}

BIEEH FREHE

C

| bt |
~ee
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a8 S A HTSER

Insn Status Map Table CDB

Insn D[ s | x| w]| [Reg|T T P

1df X(rl),fl | cl| c2| c3| c4 £0 RS#2 |[£1]

mulf £0,fl,f2| c2 | c4 fl |RS#2 <« |

stf £2,Z(rl) c3 £f2 |RS#4

addi rl,4,rl cd rl |RS#1

1df X(rl),fl

i3 LAY, B 14 finished (W)

stf £2,2(r1)  clear £1 RegStatus
. . CDB broadcast

Reservation Stations

T |FU |busy |op R |T1 T2 Vi1 V2

1 |ALU |yes |addi |rl |- - [rl] |- allocate

2 |LD |no free

3 [ST |yes |stf |- RS#4 |- + |- [r3]

4 |FPl1 |yes |mulf f2 |- RS#2 |[£0] |CDB.V|RS#2 ready —»

S5 |FPZ2 |no grab CDB value

<42 >
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Insn Status Map Table CDB
Insn D[] s | x| w]| [Reg|T T P
1df X(rl) ,£f1l cl| c2| c3| c4 £f0
mulf £0,fl,f2| c2 | cd4 | c5 f1 |RS#2 *
stf £2,Z(rl) c3 £f2 |[RS#4
addi rl,4,rl cd | c5 rl |[(RS#1
Tomasulo: 1df X(rl),fl | c5
mulf £0,fl,£f2
stf £2,Z(rl)
Cycle 5
Reservation Stations
T [FU |busy |op R |T1 T2 V1 V2
1 |ALU |yes |addi |rl |- — [r1l] |-
2 |LD |yes |1df [f1 |- RS#1 |- - allocate
3 [ST |yes |stf |- RS#4 |- - [rl]
4 |FPl |yes |mulf |f2 |- - [£0] [[£f1]
5 |FP2 |no

Bl FEAFE
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- TomasuloEiZSi§ S &YIsLHl (& multf FEE34 cycle5ERk
< sk
Insn Status Map Table CDB
Insn D| S X | W Reg (T T
1df X(rl) ,£f1l cl|{c2| c3| c4 £0
mulf £0,£f1,£f2| c2 | c4 | c5+ fl
stf £2,Z(rl) c3 £f2 |RS#4RS#5
addi rl,4,rl cd| c5| c6 rl |RS#1l
Tom lo: 1df X(rl) ,fl | c5
omasuio mulf £0,fl,£2]| c6 no D stall on WAW: scoreboard would
stf £2,7(rl) overwrite £2 RegStatus .
Cycle 6 anyone who needs old £2 tag has it
Reservation Stations
T [FU |busy |op R T1 T2 V1 V2
1 |ALU |yes |addi |rl |- - [r1l] |-
2 |LD |yes |1df [f1 |- RS#1 |- -
3 |ST |yes |[stf |- RS#4 |- - [rl]
4 |FP1l |yes |mulf |f2 |- - [£0] |[£f1]
RS A 5 FP2 yes mulf [£2 - RS#Z [fO] - allocate B

C
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Cycle 7
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BIEEH FREHE

C

| bt |
~ee
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clear r1 RegStatus

8 &2 94schl {218 multf FEE 34 cycle5ERk
Insn Status Map Table CDB
Insn D[ s | x| w]| [Reg|T T P
1df X(rl) ,f1l cl| c2| c3| c4 £f0 RS#1 ([rl]
mulf £0,fl,f2| c2 | cd |c5+ f1 |RS#2 |
stf £2,Z(rl) c3 £f2 |[RS#5
addi rl1l,4,rl cd| c5| c6| c7 rl |RS#1
1df X(rl),fl | eS| c7 no W wait on WAR: scoreboard would
mulf £0,f1,£f2| c6 anyone who needs old r1 has RS copy
stf £2,2(rl) D stall on store RS: structural
Reservation Stations addi finished (W)
T |(FU |busy |op R [T1 T2 V1 V2 CDB broadcast
1 |ALU |no
2 |LD yes (1df (f1 |- RS#1 |- CDB.V|Rrs#1 ready —
3 (ST yes |stf |- RS#4 |- - [rl] grab CDB value
4 |FPl |yes |mulf |f2 |- - [£0] [[£1]
5 |FP2 |yes [mulf f2 |- RS#2 |[£0] |-

<45 >
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Cycle 8
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Ceg iEs] {Ri& multf FE3 P cycle5Ehk
Insn Status Map Table CDB
Insn D[ S| x[w]| [Reg]T T
1df X(rl) , £l cl| c2| c3| c4 £0 RS#4 [[£2]
mulf £0,fl1,£f2| c2 | c4 |c5+| c8 £f1 |RS#2
stf £2,Z(rl) c3| c8 £f2 ([RS#5
addi rl,4,rl cd| c5| c6| c7 rl
1df X(rl) ,fl1 | c5| c7| c8 mul f finished (W)
mulf £0,f1,£f2| c6 don’t clear £2 RegStatus
stf £2,Z(rl) already overwritten by 2nd mul £ (RS#5)
CDB broadcast
Reservation Stations
T [(FU |busy |op R |T1 T2 V1 V2
1 |ALU |no
2 |LD yes |(1df |f1 |- - - [rl]
3 [ST |yes |stf |- RS#4 |- CDB.V|[rl] |RS#4 ready —
4 |FP1l |no grab CDB value
5 |FP2 |yes |mulf f2 |- RS#2 [[£0] |- <46 >
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Tomasulo:

Cycle 9

i}

BIEEH FREHE

C

(& multf FEE34 cycle5ERk

éx"‘”% »
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Insn Status Map Table CDB

Insn D] s | X|w]| |[Reg|T T P
1df X(rl) ,f1l cl| c2| c3| c4 £0 RS#2 [[£f1]
mulf £0,fl,f2| c2 | c4 |c5+| c8 f1 |RS#2 '

stf £2,Z(rl) c3| c8| c9 £f2 |RS#5

addi rl,4,rl cd | c5| c6| c7 rl

1df X(rl) ,£f1 cS5 | c7| c8| c9 2nd 1df finished (W)

mulf £0,£1,£2| c6| c9 clear £1 RegStatus

stf £2,2(rl) CDB broadcast

Reservation Stations

T [FU |busy |op R |T1 T2 Vi1 V2

1 |ALU |no

2 |LD no

3 |[ST yes |stf |- - - [£2] |[rl]

4 |[FPl Ino RS#2 ready —»
5 |FP2 |yes |mulf f2 |- RS#2 |[£0] |CDB.V

grab CDB value

PEKING UNIVERSITY
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Cycle 10

Bl FEAFE

SRHE

| bt |
~ee

\) e 7K
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=S4 B S0ME) (i multf FEZE 34 cycle5ERk

Insn Status Map Table CDB

Insn D[ s | x| w]| [Reg|T T
1df X(rl) ,£f1l cl|{c2| c3| c4 0]

mulf £0,f1,£f2| c2 | c4 |c5+| c8 f1l

stf £2,Z(rl) c3| c8| c9|cl0 £f2 |RS#5

addi rl,4,rl cd| c5| c6| c7 rl

1ldf X(rl) , f1 cS5| c7| c8| c9

mulf £0,fl,£f2| c6| c9 |cl0 stf finished (W)

stf £2,Z(rl) |c10 no output register > no CDB broadcast
Reservation Stations

T [FU |busy |op R |T1 T2 V1 V2

1 |ALU |no

2 |LD no

3 |ST |yes |stf |- |RS#5 |- - [rl] |free — allocate
4 |FP1l |no

5 |FP2 yes mulf (£2 |- - [£0] [[£f1]

<48 >
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« Dynamic scheduling and multiple issue are orthogonal
« E.g., Pentium4: dynamically scheduled 5-way superscalar

« Two dimensions
« N: superscalar width (number of parallel operations)
« W: window size (number of reservation stations)

« What do we need for an N-by-W Tomasulo?
« RS: N tag/value w-ports (D), N value r-ports (S), 2N tag CAMs (W)
« Select logic: W—N priority encoder (S)
« MT: 2N r-ports (D), N w-ports (D)
* RF: 2N r-ports (D), N w-ports (W)
« CDB: N (W)
« Which are the expensive pieces?

FIEBH FEAE <49 >
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« Superscalar select logic: W—N priority encoder
— Somewhat complicated (N2 logW)
« Can simplify using different RS designs
« Split design
 Divide RS into N banks: 1 per FU?
« Implement N separate W/N—1 encoders
+ Simpler: N * logW/N
— Less scheduling flexibility
* FIFO design
« Can issue only head of each RS bank
+ Simpler: no select logic at all
— Less scheduling flexibility (but surprisingly not that bad)

REER FEHE <50 >
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« When can Tomasulo go wrong?

 Branches

« What if a branch finishes after younger instructions (after the
branch) finish?

 Exceptions!!
« No way to figure out relative order of instructions in RS
« We need a mechanism to predict branch results
« We need a mechanism to ensure finish in order

i}

,EE*EEE %@#@ <52>
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e Direction Predictor

« For conditional branches

* Predicts whether the branch will be taken
« Examples:

« Always taken; backwards taken

« Address Predictor

« Predicts the target address (use if predicted taken)

« Examples:
« BTB; Return Address Stack; Precomputed Branch

« Recovery logic

i}
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« 1-bit history (direction predictor) « 2-bit history (direction predictor)

« Remember the last direction for a branch

branchPC branchPC

How big is the table? How big is the Table?

i}
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- ~80 percent of branches are either heavily TAKEN or
heavily NOT-TAKEN

« For the other 20%, we need to look a patterns of
reference to see if they are predictable using a more

complex predictor

« Example: gcc has a branch that flips each time

Using History Patterns

,EL!,H\?F~\§EE| %ﬁ#@ < 55>
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Local history

Branch History
Table

Pattern History
Table

g10101010

What is the prediction
for this BHT 10101010?

When do I update the tables?

Using History Patterns
FEEE F5HE
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Branch History Local hIStOI'y

Table Pattern History
Table

On the next execution of this
branch instruction, the branch
history table is 01010101,
pointing to a different pattern

What is the accuracy of a flip/flop branch 0101010101010...?

Using History Patterns

,EL',H*EEE %@#@ <57 >
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Global history

Pattern History
Branch History Table

Register

01110101

if (aa ==2)
aa=0;
if (bb ==2)
bb = 0;
if (aa!=bb) {...

How can branches interfere with each other?

Using History Patterns

REER FEHE <58 >
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Local predictor

(e.g. 2-bit)

Prediction
1

Selection table

(2-bit state machine)

Hybrid predictors

Global/gshare predictor

(much more state)

Prediction
2

»
»

Prediction

How do you select which predictor to use?
How do you update the various predictor/selector?

Using History Patterns
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« BTB indexed by current PC
« If entry is in BTB fetch target

Branch PC Target address
0x05360AF0 0x05360000

address next

 Generally set associative

(too slow as FA)

« Often qualified by branch

taken predictor

i}
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Tamosulo
4R 2=
I 25 ik e - Recovery seems really hard
. Squash and restart fetch with right « What if instructions after the branch finish
before we find that the branch was wrong?
address  This could happen. Imagine
- Just have to be sure that nothing has R1=MEM[R2+0]
. itted” its stat ¢ BEQ R1, R3 DONE < Predicted not taken
committe ILS State yel. RA=R5+R6
- In our 5-stage pipe, state is only « So we have to not speculate on branches

or not let anything pass a branch
« Which is really the same thing.

and WB (for registers) - Branches become serializing instructions.

« Note that can be executing some things
before and after the branch once branch
resolves.

FIEBH FEAE <61>

committed during MEM (for stores)
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« Adding a Reorder Buffer, aka ROB
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« Why need Reorder Buffer

« ROB is an /n-order queue where instructions are placed.

Instructions complete (retire) in-order

Instructions still execute out-of-order
Still use RS

« Instructions are issued to RS and ROB at the same time

« Rename is to ROB entry, not RS.

« When execute done instruction leaves RS

Only when all instructions in before it in program order are
done does the instruction retire.

i}
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- Adding a Reorder Buffer, aka ROB

IF | ID |Alloc Sched

Any order

In-order

:EXM

CT

In-order

PC

ROB

ARF

Dst reglD

Dst value

Except?

Pao

* Reorder Buffer (ROB)

T

Tall

— Circular queue of spec state

— May contain multiple definitions
of same register

BIEEH FREHE

D ez xS
« @ Alloc
« Allocate result storage at Tail
* @ Sched

« Get inputs (ROB T-to-H then ARF)
« Wait until all inputs ready

- @ WB
« Write results/fault to ROB
* Indicate result is ready

@ CT
« Wait until inst @ Head is done
- If fault, initiate handler
 Else, write results to ARF
 Deallocate entry from ROB

<63 >
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« Adding a Reorder Buffer, aka ROB
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Map Table R

g

h 4

Dispatch

CDB.T

|

YyYyYyvYY

Dispatch:

i}
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