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|87} £33k LBA 422 Fobd PTEe] 7|28}, PTES] LBA =S

Ji%

O

F7b8) SAE MMUZ} 0|2 Q1A% 4 9UA) gk,

olejst B2 mmap() $WA BE Ho|Ae] sl PTES SFeo2A

W 2] Abgefo] Z7behe walo] qlek. s, o] gt B2 oM =t v
7 AKBY sPlo|E2, w1 5719] 0.2% HE 2 ARrEeh. E3F, mmap()%
ARV Z7HARITHS B3 E8 EAF) ST, olef@ oMsls: 47 o
oJElE Hott QW= okt 2715k WA 2ot euF|Eol]
w2l ALgA7E Adske dlolgiAle] A FeFe FA) et EE HE
1A oR PTES A9t [ 718 Agste] olejst oWsl=g A7AY &
otk

3.4.3 0S9] A2 7%9} 573

71E2] OS 7]Hke] qiE Ho]go A& OS 71do] Ho|x] EES A5}

7, R deidolelg @ AHlolETt. s Sh=glo] quis Holy
ZPEAAL, 08 et olel7} Holx) = Haiet FAlo] el 517 ¢
w2l B715k £AVL WA & ok ol 5715k £A1E A A9,

St=dlel qiiE Ho] g2 WigteE 71'd A E KptedE AHg-ttt. o= 3}
Edlelz A=E HolA] EE FEE £35te, 0S9] HgtH|olHE dHo|E



2 Jdsttt Kpted= 57124 0 2 LBA-augmented Page Tables
~7M8th Kpteds LBA-augmented page tableo]A] SFE 9ol 2] =] 92wt
059} £7|5}4E] 7] 9ke PTES-S BHalgic}. o] LBA bit&} present bit7} B5
A%l PTEo|t}. o]2|gt PTEE ZSITHY, Kpted+= S PTEE 0S9] H|o]%]
WAE 1%+ LRU listo]] 4F¢¥staz, wo] =] 2 718k OS Hetd|o]H & Ao Eqt
o 223l s Hjo] A& OS mo]z] FHA o] Al et =, s PTE
o] LBA bitE A7t e = s PTEZ} OS¢} 57] ok 5= EARM:

PMD addr. | LBA bit | Present bit

PMDP1 |O 1 Skipped

PMDP 2 1 1

PMDP 3 1 1

NULL 0 0 PFN LBA bit | Present bit

Page Upper Directory (PUD) LBA 1 1 Skipped
L PEN3 |0 1 Synchronized

PTE addr. | LBA bit | Present bit NULL |o 0

PTEP21 |1 ! ) Leaf Level Page Table

PTEP2-2 |0 1 Skipped

PTEP2-3 |0 1 Skipped

NULL 0 0

Page Middle Directory (PMD)
Figure 3.3: Kpted2] H|o]Z] & 7|35}

SHA|YE K= PTES A7sk= A2 Al7to] e A2il, thE e A AE9]
Ad Js2 st & Qld. HEtH olE fdHlo]EVE B a3t PTES #WE7
HA57] fl6f, st=glol di= Ho] A=Al SMUCAM = s PTE {4t
o] ofUjg}, Hlo|] Elo]E9] 49| Y@<l Page Upper Directory(PUD)2}

Page Middle Directory(PMD) 2] AR-8-5}2] o= H|E-E LBA bit= 285 s
PUD/PMD?] 5}9] NE 2|04 F7]8t7F D 23k EAFTh Kpted= 0] 7]
gHlo]E2] PMD, PUDE =&A35HHA PUD2] LBA bit7} 0o]2td s PUD
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of et B4e AYF L th PUDE B4t 287] ¢ichd, sig PUD]
Skl PMDE-2 gttt mpxbrbz] Wi 0 = PMDO| LBA bit7} 0o]2td s
PMDS| ©41g 71 H 1, 10]eh4 s|g PMDe] 5t9] PTES-S 245}, 1
Z LBA bite} present bit7} 191 PTEE-S 0S¢} 57|35t} 18 Kpted
7} LBA-augmented Page Table EHA5H= ofjA]o]t}. PUDO|A] PMDP 1<
LBA bit7} 00]|R2 WHE g™t ¢11 A Et. PMDP 29} PMDP 32
LBA bit7} 10]B &, o] & 022 Bt W 575 FAGHT. PMDof|A & apt71A]
H o 2 PTEP 2-19] Y2utS g5t PTEP 2-29} 2-32 AU ® ). u}x]
o8, PTEP 2-10] 7}8]7]+= leaf-level page tableo]] A LBA bit @ present
bit7h B 191 PTES ] letelo]el $7]8ksk LBA bitg AATH}. of
Aol A= PEN 30] st Kptedi= 57|12 5% PUDQF PMDo]| £5}=
PTEZ} SMU¢] oJ5ff Yo E & 7-%-¢f tiH]sl, PUDF PMD WiF 45 &
Ast7] Aefl LBA bitE WA 005 A4ttt o]= F718 Fofl SMUZ} PUD,
PMDS] LBA bitE 18 4450 24, SMU| ¢]s} o] Ex= PTEY} t}-&
719k Aol w glo] A 2lE 4= 2l
089] HgtdolE & HF7Ho® dHolE 7| wiie], OSoA= 54
A #hst7] o] Fr|ekE AT Bart Ak 2
fsyne() 21221 munmap() A28 22 Do) F2S P5H7] o] OS 1
Eteloly s7|oks WA 3. 9] w2 vigE LS siAlstE mun-
map() AN 2®F] 7%, SMUOA 2 2|7t = Ho8 & 57| 8lolA] =Tt
H e Faprh AT 4 Qe o] A& WAIsHY] flsl, HolA] HolE 4
EgE APolr] o]de] 0S= SMUZF A2]5<l BE #Ho|z] ZE7} ¢had

w7 Zckel Fofl $7151 © munmap() A& S,
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3.5 7]& A9 AHE

71E8] stedo] 7|9 e ol A+ +=
2 o e 7S AARAE, x86 A|LF A ] g o] dwt

A
AgeolElEre olgal WIS Adstect. oldd WAL A5 B s

Edlol=z Hojx] EES

ol

At e B S QAT A% A2gA Tdo] FhsatA el ofx
AAR SESol2 AT YS te] A Bl ol FE9l] et L)
Z2517] §I, &AM FPGA 5

g3
B A F2HoHe RISC-V CPUSE )32 4.15 79 AHa-ato] A7 A2 ge
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Al 4 % st=do 718 e Ho] g o] FPGA ++4

4.1 StEH SHEF

2 AolA = Sifiveo] ] LEAAR AFSHE freedom [27] EWE-S AL
23] 19 Z-e Xilinx VC707 FPGA HEof t=¢o] tuic

7150l #+@%H CPUE 2055l 3lth s S &-2 FPGAS| T2 1HST
1= RISC-V Rocket CPU, W2 2] AEZ, NVMe SSDE 228t 4= Q=
PCle Root Complex, 2|52 H8-S 9|5 SD7IE 2] H, AbgAtete] Qe mo]4]

S 918 UART QIE|Ho] A5 A gl SgiEolth. 71402, PCI Express

ClE]H|o]| AF o]-gdl= NVMe SSDE #25}7] 9]8] Hitech GlobalAte] FMC

Figure 4.1: VC707 FPGA evaluation board

) Ral e R
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Freedom ZZ2 4350] Rocket Core [§]5 CPUR ARgSHtt o= @

re

AAR A FEE Chisel3 7]5H2] 5-stage in-order RISC-V CPUo|t}t 2 &

ST

S}
=

>,

oA+ Rocket Core®] MMUE s=4sf st=¢o] t#iE o] 2
QA W=, SMUE Tilelink 7]¥Fe] MMIO stEg|o]2 135ttt Tilelink
= Rocket Core W59 74 8 4F0] SAISH: Hlo] AMEE+= HA Z2EE
olch. E [41}e FPGA S & T AlAH9] AFFS Aajgt Ao|t.

Note

SIESo] 29 E | Xilinx VC707 evaluation board | Sifive Freedom U500

CPU 4-Core Rocket @ 100MHz MMU £ 9 SMU 7}
71d #A Linux 4.15.0 st=go] guls wo] A A
] L) 1GB LPDDR3

NVMe SSD Intel optane SSD 32GB M.2 PCle 3.0 x4

Table 4.1: F@of| A&7 FPGA ZE 9] ALA| AJoF

Freedom-u-sdk [28]% Sifiveo] 4] A|-&35l= RISC-V 7]¥t ASIC ¥ FPGA
HZoA FEo] 7hert g=2 #Ad 7 OSE MEsty, #go] datt
23 ouA & st eE AL AT EJofo|t). o] 5 o] g5l stEof H
WE wo]F 7]5& AYshe 2L 4.15.0 712 7|HE OS o|u|A] & SD7t=
of g 75yt upA et o 2 Freedom-u-sdkel] A 445 SD7FES o] &4,
RISC-V g% 7|4 0SS 15519},

4.2 LBA-augmented Page Table @ MMU

2 7o A= RISC-V o} €14 9] wo] 2] Hlo]E 722 4 LBA-augmented

Page Table2 @3} th RISC-V o}7] el A of A AF&E] 7] 9F= PTES] 99 bit
£ LBA bit2 AFg-319ct. 13 4.2f= AA] Lol A AFESH PTES] go]ol2-&
UerdH Zlojtt. &, 7]&of Aot st=Efo] e mlo] 7[HofA] HE 4

2

=
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LBABIt (9) Present Bit (0)

| Page Frame Number (PFN) | Reserved Bits |0| Protection Bits |1|
(a) Present PTE

| Logical Block Address (LBA) | Reserved Bits |1| Protection Bits |O|
(b) LBA-augmented PTE

Figure 4.2: A7 @04 A& PTES] flojohs:

2 o] 2] 7§9] NVMe tjHlo]| AE 2] Q96}17] £ Socket ID @ Device ID ==
T2 EE] A A= A=kE] 9t} Rocket Core Y52 MMUZ} Non-resident
pageS &<15t3S wf LBA bit7} 1o]H MMIOE Ff SMUA E &< Wz
A ATE #ERlste 22 FAskth SMUZF @47t Hjo]2] Z2E] 2]
MMUE #l2e] " 3g-2 AL, 12 4] frhH He o st=q
Q] WYAIA 089 H|o|x] Z2E WE2|7t Ho]x] ZEE Aot

5 A7 AL SEF o] UE Ho]H& FPCANIA T3] 9, ol o]
22 Aok 19 [Fe £ SMUS AAHe 728
5% SMUE 08 2 MMUSHS] §41 2|1 F5:8 o]

d
N
w2
=
c
o
1

Hshe SMU AAEE ], NVMe AMES A5 t23 1/0
2]= Submission Unit, NVMe I/07} ¢ 5= AL 3telsl 1 b
A

o] ES}= Completion Unit2] A 7}Z] A QAR o] Fo]#]
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Core #0 Core #1 Core #2 Core #3

% | Interface register set |

S | PMSHR | — Memory
) _ - DMA Module

= Dispatch Logic |

£ g

S | [_Memory Interface || || Memory Interface | | 3

2 o NVMe
3 | |_Free Page Fetcher || || PTUpdater || 5 | SsD

£

3 | _cmd. Generator || || CQ Poller || £

Figure 4.3: Storage Management Unit(SMU)

4.3.1 SMU HAEEH

w2

MU HEE#+= 0S, MMU 1211 HQ] WX 2]ete] FA4lS it &
g FEH 240l Eolgte W ol FAStY, 22 AT A3 HEe He
85ttt SMUE vz v ¥ 1/0(MMIO)E E8f AH&2HO0S 74,
MMU)SE §415H: 240, o]8 9is) SMU AESeE CPUAA mlwe]

AEHO|2AE Tl AAY & e dE T oL HALHE 7HAAL . OS

19 oy N =
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Core #0 Core #1 Core #2 Core #3

I I T —— I I
@O PTE/PMD/PUD Addr, LBA | | -1 Poll completion

SMU Controller
| Interface register set
—| Memory
@ PMSHR Lookup T @ Update result
PMSHR
PTE Addr. | PMD Addr. | PUD Addr. | LBA | PFN | V |
- . NVMe

(® PMSHR miss (insertion) T ® PMSHR update 1 sSSD

| Dispatch Logic

@ Request /10 | ®-1 Failed ®-2 Completed

A 4

Submission Unit Completion Unit

Figure 4.4: SMU AEE2 9] %

DMA Module2 7}#] 31 Qlt}. o]+= Submission Unit W Completion Unitof| A
f5h= w2 F2(A7]/27)e A4 efstal, 1 S 2% BEo
HEdEt SMU HEZH = Yol @4 454l Holx] EES] 4EE &
+ Page Miss Status Holding Register(PMSHR)-S 7}A|a1 Qlt}. ©]&= Miss
Status Holding Register(MSHR)™} H|&=5E 122, SEH @4 A2y &
a3 23 [/0E WAlste dg2 sttt PMSHRE] Z424e] EZ] =
AA A2 F<l Holx] EE i 4EE HAL . o]= PTE
ALg-51= Content Addressable Memory(CAM) %22, SE5 PTES] tfgh
axo] Soler] whas Tkt 4 ek

2RI SMU FES 217} 9528 4951 7142 Liehd Aol (1)SMU
L1/0 59 W ol Hol AoIES o MMURRE ah=glo] A2

§ Rk T



ID(HART ID), LBA, PTEQ] %4, PMD9] 4, PUD9] 45 Hgutirc}.
glo]z] EE A 3ol 50l H, SMUE (2)PMSHRe| A 22 o]z ZE
£ AT Aol A=A WA . s PTE F40] sigst= ¥o]A|
ZE7} o] HelFol2td, A2F<l 2o EuiztA] tir|sta, A7t ga
= o PTES @43 MMU¢| afjgsh= st=flo] Bz A Eof s #o] 7]
ZE7F AEE 2HE ddlo|Edt. (3)84W2 PTE F40f disl A 2|%<!
Zo] glrtd, HEZ2]= PMSHRO] HART IDHA AE ] sl Ho]z] EE
of g5t AR -2 4¢3t} (4)71 %, Submission Unito]] LBA9} PMSHR ol E 2]
IDE Ags) Hlo]z] ZEE AulstL= F 3t} (5)Submission/Completion
Unito| A 427} $a=H SMU AEE2+= (6)3Fct= PMSHRS] AEZE
AAsH, (7)3F s PTES 2343 MMU| tf-8-5h= st=glo] 7] 28 2

4.3.2 Submission Unit

Submission Unit-2 SMUOJ|A NVMe I/OE 43¥5}7] ¢l W22 F7HS
aFolal, NVMe AWM EE 2HJ5107, NVMeof I/OE @43ttt o]+= Memory
Interface, Free Page Fetcher, Command Generator= -4 &]o] QJt}.

Memory Interfacet= Submission Unito]| A A 7]= RE M2 2] 52H-S
SMU AEE7 9] DMA Modulez2 Hgstyl, A5 Wi 14842 HAdol=
et P} Free Page Fetcheri= OSollA 25l & Ho|X[E 7H- <bA
I/O°] &85 4= Q17| Sl= Submission Unit2] -4 @ A-o]t}. OSE= Free page
poolo|gh= ¥ F& ABASHAL, SMUZF AMEE 4= Q= #|o]#A] 9] PFN=
Y=tk SMU= o] RS AWA 1/00]] &gttt T4l QI Ho] X #A 2~
HE Sl o]FolXIth. Qe #o] A #| 2| 2~ H 1= Free page pool®] Base address,
Head ¥ Tail -2 711 Attt OSE F %25 AT 0 Base addressE

21 :



SMU Controller

Submission Unit

PMSHR, I/F register set Memory
Dispatch Logic NVMe
SSD
@ Request I/0 @-1 Update PMSHR Memory 1/O
@-2 No free page (Failed)
@ Retrieve 0
Free Page Fetcher PFN S
Prefetch Buffer ® Prefetch _%
next PFN g'
(3 Write S
Command -
@ Ring SQ
Command Generator Doorbell
Notify C . unit
n_submitted © Notify Comp. uni
Figure 4.5: SMU Submission UnitQ] -3
SMUE] st=go] g AE o] 7] &3ttt E3t 22 w|o| 2] 5 SFA] Ho]2] 2]
PENZ Fofl fod i Tail g2 2~ H & gt ddo] E-ttt. SMUZL #|o] %]E 74

WA A o=
OSef| ¢t

(D2 Ho]x] ZE 2] @3o] E0jeH,
page pool®] Head/Tail &
o]

WA geigt. (2

©]5] PMSHR®] PFN =2

e

H, SMU HAEZ2 ] o]z
EE 142 089 mloj7] EE

Head X AEE HUHO|E

ZE0) Aep} An S
M= 7} #2854 Hrt. Free Page Fetcher”}

A 2EE HAL H R Hojx]E @EY = A
o]z & gt=d A43sHH oA Heols dulolE
AHO|E et (2-2)Ho]AE TS 4 8l

oreiet. o] 9] wo]

g o]z & &gt tiH, Command Generator—= SMU AEE & of| A Agit

22
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LBA g H o} g2 H|o] 2] & o]-&ofl NVMe AW EZ A/deteh. 12| o@

PMSHR < E g9 djgst= AH X EA|5H7] ¢J35H, NVMe submission 7]

L 9] emdidzto]] PMSHR I E 2] HE S ¢t} (3)0]F, SMU H1EE2 2] DMA

HEE 5o Wi¢l wlE o] AMEE EAFSEL, (4)NVMe SSDO| T o] 2 2] A~

Elo] ZHe 2L 70 2 NVMeE SxA|71t}. (5)0]9} BA] o] Completion Unit
|

o 2% nsubmitted HALHE HGUo|ES] Mz AWES IEH=

ftlo

Submission Unit® W& A2Ie T, the WAL WA AL & 9)

A 517] Sl lmel Hol A2 me] A0 prefetch7]s-2 7443 e of
E2FS Completion Unite]] NVMe AWMEES AEg)e-S A& Sof Free page
fetchero]] 935} o] Fo]ZIt}. Free page queue®] H X AEE Q15 v X 2] oo]
A5 dite & o v 2] Ho]x]E TRl Free page fetcher W2
Prefetch registerol] 2175l =ot. o] 2 A A4l = -2 W oEEs W
ool wl=e] g2 glo] ME=A NVMe AWMEZS A4S 4 QA shof, SMUSJ
B2 O AASAIT TSl AT Hol A HA oA stk
H, Submission Unit-2 SMU HE E2| 2 5F tf3 B g5 ©7| 9Jsff of7] gt
t, Free page poole] H|o] QlojA H o|4} Ho]Z]E 7P 4= gl n]e

shds] & #|o| X7} gitka ®AlskaL o 7] g},

)

|

il

4.3.3 Completion Unit

o
ji

S131, Al e SMU AESe] LT 7152 @@} Completion

Completion Unit-2 Submission Unitof|A W& HEgo] 4R E =2 =

Jot

UnitS Memory Interface, CQ Poller Z12] 11 Page Table Updater= -4 & o]
1t} Memory Interface= Submission Unit2] 1713} uzl7}2] & Completion
Unitof| A} WA 7] = BE w & 2] H22 SMU HEZH o) dgstal, 23E U
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%))
<
Memory PMSHR, I/F register set C
S
=
NVMe Dispatch Logic o
SSD . o
Memory 1/0 @ Notify completion
E (6 Update 9
o Page Table _g
S @ Get PUD, Page Table Updater o
3 PMD, PTE S
% ® Ring CQ g
wn Doorball ® Update counter
@ Poll CQ CQ Poller
@ Notify Submission J | n_completed
Figure 4.6: SMU Completion Unit®] 4-3
B 4042 AYsts 93 SAPTh CQ Poller: NVMe CQIIA o]
ShaE= AS FQlskal, NVMeoAl B0l HaH A2 gl stedlofo]

=
t}. Page Table Updater= ¢t= ¥ A H o ot} Ho]x] Hlo]lES dHle]Esta
SMU ZHAEE2]o] NVMe [/02] 2|7} &z 53le2 <drct.

A= Completion Unit2] 2 2] 742 vebdl Aot} (1) CQ poller:=
Submission Unito] A W& 5 9] ZA<4=(n_submitted & &~ E])2} Completion
Unitol 4 A 2] 92 9] 22 (n.completed)7} T2, (2) CQ pollero] 4
NVMe completion queue (CQ)E BHolte] NVMe AWM o] Hz] Ante =
sttt (3) A7t gaE AL 3eIsHH, Memory InterfaceE ©]-835] NVMe
SSD2] CQ doorbell HAAEHE AYo|ETO 24, NVMeo| A i comple-
tion A H7} A2E] o8 otalrh. the.0 2, Page Table Updater'= CQ entry
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9] emdid YEE E113], o| PMSHR NE & 5ot AWMET} A2 =]
A1, (4)PMSHRO] gt ¢lo] dd°]E sfofg PUD, PMD, PTE9]
T4 9 g AaFoA 7FA 2 o8 7t @A )= Page Frame Number(PFN)-&
7}A-2tt. (5)Page Table Updater+= @RS F4 0] dg5l= PUD2} PMD 2]
= oA, LBA bitE F71Rt g2 dullolERttt. 184, g2 PFN2
0|83 PTE 32 A4Sk, Protection bit, LBA bit 2 Present bit2 37}3f
PTEE do]Esttt. (6) ©]%, n_completed A A 2] ZF2 1 F7FA]A com-
pletionS 2|5l TA|S}. (7) upA]2t o2 Completion Unit2 SMU
A= 2o oE PMSHR U= o] sigsh 4ush Aejsglr) oel,
2T NVMe AWES] S o7jgh

4.3.4 Submission Uniti} Completion Unit A}o]9] FAl

720 AR SFESe] 719 e o4 Z|Hel A NVMe 1/0
Sao] gl 2L st 99 v Ao] EANAL ot A
H

— -

n
=)
o
[}

<
B

5

£
(0]
>
ofo
ot

%\1

=}

X

d
=)
=
S
(@)
il

4

rit
wn
=
!

2

>

I

o

N

Q.
o} S e Be A4 Ko w Wme S2-g WAAZ] 1, o 2 s v
2]

3 %
olet. vlme] EYo] B2 Ao Fi FFL Aok S5, B el
2 wEH vz 9AE 2

Unit-2 n_submitted HAAEE 71X 2L

L
rr
=
©,
=
2
>
)
e
Z
<
=
@
2]
w2
S
=

I/OE A o Zho] 19hF Z7Fsttt. Completion Unit< n_completed & %] A
Bl 7122 913, o] H|A AE] Q] Zh2 NVMe SSD2] 1/0 ¢t & 5118 ujnjct
1 Z715HA Et}. Completion Unit-2 o] 9] 2047 thE wjof|ut NVMe CQ

€ EYdeEH, 2Ead vre 2 oM shald. olHT TrRESS
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qagons BNAT AR Ao £Y & %S B o2, Submission

- Glo] $2 ATIE SHIT 4 2tk NVMe
=9 +AHE NVMe CQofl 7IRHB=, FAlo o7
7§18 NVMe 1/07} &= &AL Completion Unit2] 2] Fof 1/071 &a &4
2t Completion Unito A= ©]& At oz A& 4= 9ot 5hte] NVMe
[/OE lstal A2lsh= ¢ the A= A 4 fle FxXolAw, T30

upo] L2}l (pipeline) 52| 7| < F4f o€ 715 &= 9l& Zott

FLI
rlo
e

4.4 +IAA A4

A3y AR st=dlof e o] 71H-2 ko] B {0 (instruction) &
AFES] SMUSF OS7F BA15H= 0]t} shAqt o] #HH.e MMIOS T2 &
ZE AHESte 2 A9 FPGA F# o= AR 4= glo], OSellA SMUe]|
tlol8 & A2 o] MMIOE AHS-SHE = A 5k3I T SMU Q] QIE Ho] A 4]
2AHO| BA F2AE FRA5H, 0|2 0S A9 7MY W e] F4-of ujmajA]
AdolA W2 I/0F Saf HLS & A== FAskn
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A 5% ds 87t

51 A¥ 84 94 gaz=c

2 Aol AE 4ol A F@E stEgle] Ju WE Heol o] Ae B

7] 9J8 FIO [10] Mx|u} 22 AFgstoich A3o] AHeH FPGA ZHZ o)

S-S BT FYstet. FIO WAukat ALgA7t A4 e, AdE A%,
(

A GAI/0 7)), A2 W9, fa=E A7) ot I/0E sk, 1/0

N
-~

ol
=

dloelAl 9l Bl =g Hoheh x| mkLolct.

No refill | Small | Large | Note

el 97 320MB | 4GB | 16GB

A2 37 64MB 64MB | 2GB | A=

Free page pool 27] | 320MB | 4MB 4MB

A= A 1 1,2,4|1,2,4

2 Ao A ol o o] Ha 4SS 745} 919, FIO 3.19-
o o8 sAsiel ALgSILh SHE RES 0aut 2k el
HUE Hol gL AT o, mmap() o] EALE F7hstel OS7} LBA-
augmented Page Table2 AA5}A 5ttt Tt HE|AHE g4 9] 4-¢ FIO
W2 2= 2425 A =7t Foi stdof tis) mmap()= 3sh=H, o=

Zzko] 2d|E7t 2 A vt ey, A2 ThE X Hlolg Jelg
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LY =T 22 7V F4E vhetE A skl

& dFoldE stEe] 715 Holx] EE HAUS A 9] 45 o5,
SIEFO R sig WA USS 222 A= W ds T F= ALl =
gst7] f1sl, st=dle] 7IRF e o] o] A 71| F+ofl sl 5= B7t
Sttt A HA @2, stEfe]l e Ho]g e e= ojx] EE
A= g ol&dll 2nEF oz g Hgo] AT Zoltt (Emulated). F HA]
i, HolA 2E YA dFH <l Holx] ZE9} v = EfE 25, 059
Ho]x] EE ASolA s Ho|x] EET} stESO] 7|Htez A2E 4
o, SMU| &S WA Holx] 2EE A ste @ o|tH(HWDP-trap).
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Abstract

FPGA Implementation of

Hardware-based Demand Paging on
RISC-V Architecture

Jeonghun Gong
Department of Computer Science and Engineering

The Graduate School

Seoul National University

Operating System (OS) controls disk I/O with a dedicated software stack.
The software stack’s overhead was negligible when hard disks were used as
primary storage, which has relatively long access latency. However, with the
emergence of modern low-latency SSDs, OS software overhead became sig-
nificant in I/O handling. To address this problem, user-level I/O frameworks
have been proposed and utilized for I/O latency-sensitive applications. User-
level I/O frameworks can minimize the software overhead of I/O operations;
however, those approaches can’t be applied to demand paging where an OS
handles I/O operations via page faults. The emerging alternative to the user-
level 1/O frameworks is the hardware-based demand paging, which mini-
mizes the software overhead for page faults. However, its effectiveness has
only been evaluated in the simulation, and thus it is unclear whether the

proposed scheme is effective in real hardware. This paper proposes a design

A7 :



to implement hardware-based demand paging in real hardware and evaluates
performance over traditional OS-based demand paging on an FPGA-based
system. With proposed design and implementation, hardware-based demand
paging eliminates most of the software overhead in demand paging on real
hardware and improves the performance of FIO read random benchmark by

up to 85.4%.

Keywords: demand paging, virtual memory, operating systems, CPU archi-
tecture, hardware extension
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