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1. MR E=

‘f—{‘%jﬂz Register File
1Fiala
5 cycles
c BERNEFHOERFLIEREFIHRNEZEHF—FTT K, T Dat}_cache
WIER FEEZERE™ENEE OEM 48KB, 12-way
C AFAERERTMELFRAES, BRERIESS ! 14 cycles
BHERRZ, SBFRBRLEEN, BEESLTERNT 12
1280KB, 20-
. SR AR B R =
. ROB I 39-45 cycles
s LLC/core
. %\ﬂ%ﬁﬁ%yﬁ 3MB, 12-way
y Zi?:f f‘iﬁ'j I 200-400 cycles
* FFRAS!
DRAM

Intel Tiger Lake (2020) B EFEE R 5+

* Sudhanshu Shukla et al., Register File Prefetching, in ISCA, 2022 4
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' W 4, PRF 128, ROB 128

49 Q=R L1 32K L2 256K L3 IM |
s WT—AHFFZERRER, &8 SIS 434917 E, EFROBHEL L&A
EE&EMFHN AR LGERFNITEBEEEILH

bfs sssp pr cc bc tc gcc astar Gems leslie omnet mllc soplex bwave libqua mcf gobmk MEAN

M rOB [ #EFEFRE W 25805 W 577G 5
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o
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Percent of Total Cycles (%)
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1. MR E=

G &8 OS5 X FEAYF2 0
« X[E473.astarH—NMAFEEENRE

1 func makebound (boundl: List[int])

2 for p in boundl do

3 for g in 8 points around p do * P*fHE—,‘/ij(, E?ﬁ%ﬂ&, %5&%4’7?2%$mi58
: eomons moa « AT M missTEROB, PREFTHIIE SR
6 done 55%“??, 3F3Eﬁ§$iﬂj%ﬁéﬁiﬁ¢?

7 done

8 endfunc Rename ROB

) &R = ) B

\ J \ J
Y Y
process (meta) T process (meta) T

load waymap[J] load waymap[g]
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B &8 OEHX FE A2

* ROBAINEZEIJIKHNIES, TEXENITHNES

- Bt HEMAMSF (MIESFHE. LS50S, WiTExTF) BEER

« MNREEREEROB, ZREASIRFMITHAIES, BT IASCILTE
Issue Queue

= ALU

Rename ROB
) R B
\ Y J \ Y J
process (meta) process (meta)

load waymap[J] load waymap[g]
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HHIMTT (Runahead Execution)

« FRHE—TEHERE, 2 AHEEEIMRunaheadiER

+ RHEROBHN — REEREMIRA, #H ARunaheadt®z, k&R, X5 . TS
- PHEROBHELZEHH — MEGREMRE, REEEER

* RunaheadiZfFEH Mloadfg < B A ITINE

stall stall

mist [ ] 1 | 11

5 (2

Runahead#& = ..] .:-:.

load
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Pre-executing Under Miss (ICS'97) . £ R 7 /K% _FfffRunahead

Runahead Execution (HPCA'03) : B B BirEEI FAHIERS Ef#Runahead

Techniques for RE Engines (ISCA'05) : Bi#tRunahead M §E fY— L3515

Runahead Buffer (MICRO'15) : {& FiLoad SlicefX &M 1T IES

Continuous Runahead (MICRO'16) : {3 FHERSMN B EFH FTRUnahead R T,

Precise Runahead Execution (HPCA'20) : 2i# 1 Load Slice 3 #1i# H Runahead 4 1\, 594/
Vector Runahead (ISCA21) : fERunaheadt 2\ M HEEIS

Register Flush-free RE (SBAC-PAD21) : IR Runahead E R R B RN T
Reliability-Aware Runahead (HPCA'22) : #f3tRunaheadid #2 A A9 l{5iE [o] &
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2. Precise Runahead Execution

BB EIST (Precise Runahead Execution, PRE)
PREZFrELIERS F ROFEHBRIHITIE
= B 2 AEBERKE, AFWITHERES UENEFs
B R4 AYRE 4 o] SR 4

fEgemb5iEH &5 £ SCILPRE
PREEIZETER/KEL H1&3L, tb¥Ecache L1EMHIBOP. SPPEE
PREFR B AR EIOUE, I B BEMEEH4E X
PREFVIZTT AR, FEiRilas b o] IME it EE &I



2. Precise Runahead Execution ez P

PEKING UNIVERSITY
H
PRERY T {E/HIE
mispred .
Fetch — Decode Rename Issue-Execute i mem Commit
pre -Writeback 1 order
unit , _ |
- mispred free list : f
PC A T T
1 A\ 4 v : :
fetch inst y .| fetch m rename | y score , : m
—> > > > > > > >
buffer | |decoder queue w map board Inst queue exe : wb commit
LSO
> > reg
. "LLOAQ file > ROB
» icache port dcache port [«
A A
v | | ‘
mmu | | mmu
TLB v M e
L2 bus L2 bus

12



2. Precise Runahead Execution i&fmémm

PRERY T {E/RIE

———————————————————————————————————

:’ @ #I#r{aT B3k B Runahead 8 3%, \: -
o A 1 HROBHH E
e MR HPFROBAMMIEL T URZR | | RO

13



2. Precise Runahead Execution

PRERY T {E/RIE

ghist"

1t

bpred
unit

RAT"

— o —

o o m mm m e e M M e e Mmm M e Mmm Mmm M e Mmm Mmm M e Rmm Mmm M e Rmm M M e Mmm M

@ #HARnaheadi R ERFHANE
* RenameMap & Freelist : T & Fss &=
* GlobalHistory & RAT : &N

_____________________________________

free list

rename
map

rename || free list"

map"'

[ e ——

TN )
e 7 ) F

PEKING UNIVERSITY
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2. Precise Runahead Execution

PRERY T {E/RIE

PC

) e

rename || free list"

New PC

ghist"

do

RAT"

bpred
unit

i
IE:

%

— e —

free list

rename

map"'

ARunahead = #HFAD X3
H Runahead = 4 X TN £8

| =)
H
aad

WE E—FREFNER

AN
%
=

IZS

HE AR — 71

3=

_____________________________________________

" ® #n{TIR i Rnahead 82
- REGREMEER :
« &% Runahead##5IkAIF54 : Fbranch maskSLER
- EEMPC : Z# ARunahead B BTN &G —

___________________________________________

B A

D

ﬂu%% at X‘ g
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2. Precise Runahead Execution

Load Slice

* ftRunaheadZX TMITAIHIESEIRER, RSB X oad TEZIEM

457 ALoad Slice

. HE—AAEZER, loadig4 5itEloadHit B ERIFTA

ANEFES

PEKING UNIVERSITY

1 func makebound (boundl: List[int])
2 for p in boundl do

3 for g in 8 points around p do
4 meta := waymap|[J]

5 process (meta)

6 done

7 done

8 endfunc

loop:
1li
add
load
XXX
XXX
XXX
XXX
XXX
XXX
addi
bne

al, S$waymap
a2, a0, al
a3, (a2)
XXX

XXX

XXX

XXX

XXX

XXX

a0, a0, 1
a0, 8, loop

16



2. Precise Runahead Execution

Load Slice

TN
< 3
& )
i ~
= )
> )
1598

« WfaIF#Load Slice : FHFFesMNFZIEXR, EAH T HKLoad Slice
- last_producer it % F 7S HKBIES

loop:
1i
add
load
XXX
XXX
XXX
XXX
XXX
XXX
addi
bne

al, S$waymap
a2, a0, al

a3, (a2) «——
XXX
XXX
XXX
XXX
XXX
XXX

a0, a0, 1

— BB AELLC missHyloadfs< il ALoad Slice

a0, 8, loop

ez XY

PEKING UNIVERSITY
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2. Precise Runahead Execution

Load Slice

« W{aIF#,Load Slice : [FHSFEMNEEXER,

* Fd last_producer HiZ R FFRMKRIES

loop:
1i
add
load
XXX
XXX
XXX
XXX
XXX
XXX
addi
bne

al, Swaymap
a2, a0, al

a3, (a2) ————
XXX

XXX

XXX

XXX

XXX

XXX

a0, a0, 1

a0, 8, loop

PEIRHITE

¥addig <

LT F #,Load Slice

o _‘
'-“ ~'
1598

ﬂtx. 57

PEKING UNIVERSITY

IT—RE8E, ZWa2KFETaddig<

Il Load Slice
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2. Precise Runahead Execution

Load Slice
« WfaIF#Load Slice : FHFFesMNFZIEXR, EAH T HKLoad Slice
- last_producer it % F 7S HKBIES

1 :
“1i al, $waymap TEERERAHEATE T— AN, KPa0KET
add a2, a0, al «—t+— addifg%, alXkFETF1iig<
load a3, (a2) FaddiFI1if0ALoad Slice
XXX XXX
XXX XXX
XXX XXX
XXX XXX
XXX XXX
XXX XXX
addi a0, a0, 1
bne a0, 8, loop

19
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2. Precise Runahead Execution

Load Slice
« WfaIF#Load Slice : FHFFesMNFZIEXR, EAH T HKLoad Slice
- last_producer it % F 7S HKBIES

loop:
1i al, $waymap
add a2, a0, al
load a3, (a2)

XXX =~ XXX ZENRARBFH T AR BTN AFIAKEN S Fe
XXX XXX F#Load Slice5E X

addi a0, a0, 1
bne a0, 8, loop

20
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PRERY T {E/RIE
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« Hlast_producerlfic R FFRMKBIXR : T TENMEREWSTFE, iox L

—%UENBNEFFRNES,

BIE XX FFReig<

- F3Stalling Slice Table (SST) {fffLoad Slice : 3 —%&3557SSTH R}, ZiE
T AR S Fe8 M last producerfIIASST

SST

o HSSTiTZiEAJE FLoad SliceBJ3E2 : #fERunaheadt& =\ T+,

AESSTHRIESE T ARE

© RTEBIEL : LIWINASST, BASHIAT,

HEEZ TN a4 R

rename
map

N

last_producer

TEWK



2. Precise Runahead Execution

PREY T1EJRE

I
1
I
1
1
1
I
|

/

N7z AP
A Iz

_____________________________________________________

® Runahead#® 3 TH & Fea B

* PRE Register Deallocation Queue (PRDQ) : fE;5Runahead#®E =T

HIROB, itxold dstfE &,

free list

a

rename

map

PRDQ

{BAREFnew dst, YA AEERE

_____________________________________________________
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2. Precise Runahead Execution

ANEFTE

PEKING UNIVERSITY

PRERY T {EJ5TE
ghist” RAT"
Fetch Decode Rename Issue-Execute m'Spredmem Commit
bt?r:ietd , _ -Writeback + order
I mispred free list ! f
PC 4 n :
A 4 v 1 :
fetch inst y .| fetch ‘m | rename | | y |, | score - : ‘m
| buffer | |decoder[ queue 't\cw | map "| board > inst queue exe : wb ,@%r/n:t)/
N 1SQ
last_producer [ LO/S reg
SST PLLQSQ file > ROB
» icache port dcache port
¥ X
v | PRDQ ; L 3
mmu | : mmu ROB full
TLB v LA M TLB checker
L2 bus map” | | free list" L2 bus
o g v FEIIEEFMEASST. last_produceris. PRDQ
no ~A N e Yaray N EA
v #t 4 Runahead# . RenameMapZ ] IR AATES T 3L 694 23
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3. RWERS M

A IERFECE
Fregency 2.66 GHz
Pipeline width 4
ROB size 128
Issue queue size 92
Load queue size 32
Store queue size 32

Branch predictor

3 KB TAGE-SC-L

Register file 168 int, 168 fp

SST size 128

PRDQ size 192

L1 D-cache 32KB, assoc 4, 2 cyc
L2 cache 256KB, assoc 8, 8 cyc
LLC cache 1MB, assoc 16, 30 cyc
Memory DDR3-1600, 800 MHz

TN I
< &)
N Jt 7 57
~ ~
A ,
- s X‘
8§90°

PEKING UNIVERSITY

U FMegaBOOMEI 4L TE BS

34192, TR X868 uopfE 3N

A FRISC-VAIE/NTROB, &N

FAEE

BHROBHIIN S

JRX 464,

EREXBARX, RCEHEZUN

PREAYTE {+FF$H

FNESCHR ¢ 7.5KB

SSCI (M5FPC) : 3.3KB

LM (& HRename Map#iFree List
1) 1 2.9KB
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3. RWER ST

IEXEW

v' PRE#H b o FBR o] I/ K M- 1532.6% A9 iR

{5 FIPRERS#HXS JTTPREAY INE L

80

oIIIIl-| |‘.FI|‘III

bfs sssp pr c¢cc bc tc gcc astar Gems leslie omnet milc soplex bwave libqua mcf gobmk MEAN

o))
o

S
o

Speedup to No PRE (%)

N
o
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V EXEREFNENINEILSEIREREE
S I
X ER X : PREAAEL T FBR A I3 —4LIPC
1000 m RA W RA-buffer ™ RA-hybrid W PRE
R
2.5 I
SR X [ SE—— e R R e e T I
= |
ks l '
= 15 e [ el NN W S
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O i
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' |
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3. KERS D v PREEZREAXTMPKI (F31942.7%) AN S
v 5EXHHIE (49%)
ERARRE
{88 FIPRERFP&{ELLC Miss (AMPKIFT) BEL
80

(®))
o

N
o

Percent of Reduction in MPKI (%)
N
o

bfs sssp pr c¢cc bc tc gcc astar Gems leslie omnet milc soplex bwave libqua mcf gobmk  MEAN
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3 KWERITAN v pregi2 EMIBTHIR R AL #EARunahead &3t
v T REREFDE A B ARINahead R BAIE (48.6%)
vk R N .

Runaheadi® 3 B % & S0 17 B HAZ A9 EL 451

bfs sssp pr c¢cc bc tc gcc astar Gems leslie omnet milc soplex bwave libqua mcf gobmk  MEAN

~
o

(©))
o

(&)
o

D
o

W
o

N
o

Percent of Total Cycles (%)

—
o

o
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BIREESRINELL

LR
4H&E : MPKIBE{E-Runahead 5 Et -PREANE L
80%
N |
60% = =
B |
= =
40% - | EC AR
- B A B B
_ _ B AN i B 0B
20% - a8 inlk A i1l
] iR R R B ARl B
B A BB B
_ B A" "R B BN ER R B "R R B
0% - 0N A RN RN AR RN AR RN RN

bfs sssp pr cc bc tc gcc astar Gems leslie omnet milc soplex bwave libqua mcf gobmk MEAN

B MPKIpE{EZE [ Runahead 5t I PRESNEREL
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3. RWERS I

#IPRETESERI I &
.+ IFH=AH
- YESHERNE
. RETAFIA/N

. ROBX/J\ Issue Queue
(T = A
Rename ROB

I = &R 5D ) 2%

\ J \ J
Y Y
process (meta) T process (meta) T

load waymap[J] load waymap[g]
31
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v Runahead 3B = ECY)EF 1745, ﬂ_f EABER, RS ij]n =
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FEHIES 758 58 T PREAAX T TPREMINE EL

80
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D
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Speedup to No PRE (%)

N
o
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0
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« PRET U RESCAVMERERF
PRET] M Sk I 3432 6% a9 4 BEIR T+
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