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Abstract  The vast file transfers among virtual machines or between virtual machines and physical
machines in cloud environment bring large overhead for the system. Shared file system for the
virtual machines on a same physical machine, i. e. , co-resident virtual machines, and the underlying
physical machine is an effective approach for improving the performance of file transfers. Emerging
Non-Volatile Memory (NVM) is a promising high-performance storage for shared files for the merits
of NVM, such as near-DRAM speed, high density, byte-addressability, and persistency. However,
existing shared file system designs rely on either network devices or virtual I/Os, which cannot
fully exploit the benefits of NVM. This paper proposes a new design of shared in-memory file

system that supports efficient file access on the shared files of co-resident virtual machines and the
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underlying physical machine. First, the proposed design sets up a dedicated NVM zone on the
physical machine as the sharing storage for the shared in-memory file system. The files of the
shared in-memory file system are organized in a “shared page table” that is in the same form of
the page table of the processes. A file on the shared NVM can be exposed to the contiguous virtual
address spaces of multiple co-resident virtual machines and the physical machine by embedding
the shared page table to the page table of the processes of the co-resident virtual machines or the
physical machine in open operation. Those processes whether running in virtual machines or the
underlying physical machine can access the shared file data with high throughput via the continuous
virtual addresses. The traversal of the file index, i. e., the shared page table, for locating the
shared file data can fully take advantage of the hardware MMU in processor. Different from the
approaches of sharing file using network and the virtual I/0O, the proposed design highly reduces
the overhead of 1/0O software stacks and redundant data copies by directly accessing files using
virtual address space and hardware MMU. Second, the Virtual File System (VFS) caches of the
operating systems of co-resident virtual machines may cause inconsistency of shared files for each
VFS cache maintains a copy of the sharing file metadata. We solve the inconsistency problem by
proactively synchronizing the metadata of the sharing files in each read/write operation. Third,
to ensure the concurrency of file accesses, we present a new synchronous mechanism for shared
files. The variable of the shared semaphore is stored on the shared NVM of the co-resident virtual
machines and the underlying physical machine. The atomicity of the updating operation of the
semaphore variable is maintained by the atomic instructions supplied by the primitives of CPUs.
Based on the proposed design, we implement an efficient shared in-memory file system StargateF'S
in the KVM platform in the Linux kernel. We conduct extensive experiments to evaluate the
performance of StargateFS. The experimental results show that the average throughput of
StargateFS achieves 64 times, 172 times and 191 times higher than VirtFS, the state-of-the-art
shared file system, Samba, and NFS, respectively. Besides, the performance of the shared
semaphore on StargateFS is 2.3 times that of the semaphore on Nahanni, the state-of-the-art
shared memory mechanism of co-resident virtual machines.

Keywords  virtual machine; shared file system; in-memory file system; shared page table;
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W /D AE AN [ B 1S 5 MR AR R 48 L as 47 BPF i T

51

|13

H{Jiﬁ[vﬂ.

B L = G PR DU UPLAE D BE R O3

BE AR R ML B e tr 24N AE RGO K b i
FTHE— G WL L, s (5 AL 1) B3 17 T 0.
B AEA ATFEL L Linux J 7 AT RUTE 2 SLBL AR
1247 Windows Z 48 S R R F¥ » 10 AN 5 276 7 4
ARG Z U], EMR 55 4% b 8RR UL BOR LA
Al BRAS (9 Linux 2 48 7] N 32 17 76 9 B0 R 55 4% . LA
W P 6 R TR Linux REAS 75K 76 i P Rg I
AU b L T R R oK R 1 LT AR B T —
& HEALL AL B8 05 A7 28 M 17 A6 0 T A 1 9 0 R
R B ML AR R Z B AR Z
HE AL XS 35 45 R 50« ol BO% L I FH A Y 19 2 T

BRI T e AR 55 £ AR L P A 1 2
0 A5 AELE R ADUAIL A B 5 1 ok 45 [] B K #0000 =2 18] 1
B HEAUAIL S i AL =2 1) 3 =2 S0 PR AV RRd A AR K 1k
REJT 6. 7 B SUVBL AP 7 ) 4 32 AL sl G At RSB0 AL 1Y
SRS A PRS2 (D) $E83% 305 D12 A1)
BLHF 5 (2) 7E7E J2 WL S A K 00 v 25 3 S A 55 %
HESAHLAE D 0 )7 3 15 1) SCPF. e i A s B 7 30
s ZAE REAUMLIA] | HEAUAL A T2 AL IR 9% DL SCPF. AR
o3 I S v SO 78 HE SULTE] R 4D i =L
(] 5 D1 — U sl L 0 R e 22 28 B % SO P R
TV 22 KA HE I S 5 b iR UL Z 18] R 4D 45 i



802 it "

Hl

i 2019 4F

2,
5

E L2 1) 5 B A i SR

WA A [R5k FAALIR] | g AL 1 S B 1] 3 = 5
Phas g Z A2 IR il U RER K . SE Ry 3k
AL i SMB/CIFS™' (Samba® #1528 |
NFSUVA] R F 7] 5 kg #AHIL 1) | 6 4800 1 = L TR] 3
AR AL G I T SO R G BN HE AL
AWML S AT SR IELET
P e [F) 38 R ARUBIL 1) MmO L 5 1 2 WLz ) S
(P RE. DA RE LR A8 T 2 A7 7 1 HE 046 A7 it 7T LA
[i] B o 2 31 22 jE SULBL S8 B0 SO R e =2, HoMERE EL %
48 I SO R G B R SR B P B A TE R
PG ARy R A A A R 52 B 22 1 #U 0L 5 & [
RS R G ViedES i) i LR 1 R 582
Mk 55 45 10, S IR) 3 e A HLZ 8] RESAAL 5 1 F ALz
15119 B S 1 WA s A o S N DR s A L= ||
VirtES ffi i VirtlO-™ 38 22 vh X JF 1774 B 1% 3 A
BARAL M AFTE 2 IR N AEH5 DL S FH DL b SRk 52
ik AR SO R GE I AR KRR R A 1 S0 i
EIERE.

AR 5 2k N £ (Non-Volatile Memory,
NVMOU T P Z 1 i a5 (1) 5 DRAM A 24 1 Uy
IR L 5 (2) A7 it 85 L 15 (3D BEFEAR; () HATIE D)
B (5) AT F Ak (6) Al HHEH B R4 B 4.
B # 3D XPoint® % 37 B HE B 2k M A2 19 & e,
20 B R 6 N AE SCIE &R B SIMESHS
NOVAM (HINFS™ . 7€ (g 40 #L [F] 5 () 3R 55 T, 7]
DA T 3L N A7 SO 2 48 00 10 e 4 o 6 2 SO U5
[ VERE. A SO 2 G B H 4 SO T 80808 A S 8
PEAE A AR B I R s (D) R L G
Femy /O st , 2 A5 s 9 SO e 5 PERE 5 (2) 7) 4%
T T HERL E U7 [R) SCAF R 5 (3) AT LA A S
HCAIE 1)y B O I G 3 R A R A0 b bl s A fif
JH 0t R #2013t 1k D7 ] SO St i SIMES i i
“SCA HE AU M B S TR] 7 A E AR O g A A A R
MMU (Memory Management Unit) Jjji i# 17 [a] ¢4,
RE % 1K 1) 4 00T N A7 B 47 0 Y SCF 308 132 5 PR e

BEXF LA Ta) REUAN AL, AR SC 1T 18] [R] 3E R U B4
A S N A SO R G LSRR
SERE AP 18] Lk AL 1 L =2 1) e skt 3 52 5
. B IEiZ 3T A SR F KVM(Kernel-based Virtual
Machine) V- & 7E Linux RGP T — 4 m AL
=N HF XM R 4 StargateFS. StargateFS ¢ 25 7E
i E LS M LI R LR Bk v N A .
StargatelF'SH| HIHT BLAE 55 & M N A7 AT DL B 45 H: 302

PN A SR 2R R] 1 S ik R e (o R S SO TR
U T SO ) ESCHRE P B DT S B i AL S A 32
ML B 9 SC A K 100 1k 2 [, 3 2 F 400 b ik A BE A
I MMU, ffi § CPU [y load/store #§ 4 H Vi
[1) e =2 SO Bt S S IR UL Z (8] R AL E EALZ
[i) fe 8 1 S

N RG T X R GG R R
FUE RS TTEUE (5 B G S 9T, StargateFS fifi [
LT 1 T WAL S5 AN () R AL A 3 AL o A A
P& A% (8] 6] 25 H 7 1) 3 = 0 g, Linux &R 48 VES
(Virtual File System) $2 it iy H S0 . & 5] 5 £ 5
TP AF LR AT e S BUR ML VES S22 5 B .
i EHL VES ZArf5 R 5= NF X R G i fE
A, StargateFS $2 ) 1 41 fuf 38 G 4[] JE UL
fi EHL VFS ZAEEE BA— B 7 k. £ % WL
N A 5T 2% & A2 77 3, StargateFS $2 4k 7 3k 5
55 i SRS R SUAL L A AL 2 A4 F P R ()
[Fi) 2 3l 5[] ] — A~ e 52 50 4

AR 3CAH ] AR e 3K T2 2 FIO (Flexible 1/0
tester) Ofilliz, StargateFS PALL TR N 2 & T2 A [6) 538
PR /ING) SO 35 P Re. DU 25 S 38 B SR 352
5 BEMLES 1R e A 1R K By $& T, StargateFS -3
BEE PERE b H RTPE R B U A S U R GE Vit FS R
64 1% B H 3 B9 Samba NFS 43 Fil4 & 7 172 4% .
191 1.

A EESTEREL S DR LA D7 I

(1) T 4] [ 9% /i AL 7 —Ff 56 F SO 44 1 40
Hiu bk s 8] Y S S A SO R ge it s SCHr R 5 R AU
BLZ 1) R AL 5 1 32 WL =2 () v 20kt o 52 S 14

(2) #F KVM F &, & i F-7E Linux W% sE
BT — B SEEN AR S R GG StargateFS;

(3) BT RESUML 1 3= L) Y 3 =5 oy £ ot I 5
WAL ZAE 5= A 6] & g8 1 i A 1] () it 1] [
— TR PR S R 25 B 5

() XF LMK StargateFS FUH 530 R 58
FESL S AE ML N A SCIF R G2 EXT4-DAXY 1 11 1
A, 50 06 4% B J2 B StargateFS H H 1 4 B8 i 8 19

e

Samba. https://www. samba. org/samba/docs/Sambaln-

tro. html, 2011.11. 27

@ Intel and Micron Produce Breakthrough Memory Technology
[ Online ]. https://newsroom. intel. com/news-releases/
intel-and-micron-produce- breakthrough-memory-technology/ ,
2015.7.28

@ Flexible I/O tester [ Online]. https://github. com/axboe/
fio, 2005.12.4

@ Add support for NV-DIMMs to ext4 [ Online]. https://

lwn. net/Articles/613384/, 2014. 9. 25



4 1 AT RO T R B R UL A O N SO R G 803

VirtFS t 64 5.

ARSCH 2 A G 2R S B 1 B HLA S 4 3
WA I AP SR R S S 5 4 A
AR ) R G T R A B[R 26 5 55 5 45 HL B 4% b
PFFE I RGO R I A BT RE 2 35 48 6 W A
A TR 55 7 5T R,

2 EitmmSIEN

2.1 igitEie

FE T I8 ) (W) 55 R UL AL B L =2 A SO R S
H o B 55 00 B 8 T A% 52 3k 52 S0P R g8 4 = N A7 SO
INF AT e A7 1Y ] R k=2 YA SO R G0 0 A% 48 5 R
T3 A P Al

(D 1 E WL F 223 N A7 SO R g8 R TS 58
T FH 25 38 TS0 R GE U Samba \NFS, 8 HHE 7 3|
REAUHLH 5

(2) B %F gAML ) 8 1 2 455 AL > Rl 4004k iy 3¢
PERGEEE .0 VietFS! Sk 15 ) 15 £ WL 0 A7
ARG

DL BRI 85 A AR DL SR () A S R 5
EXT4-DAX F3Eml , NFS Fl VirtFS R 48 %, 43 54
X Wi R 7 L Wil 1 Fr R, NFS fil VirtES &8 5
T i IR 55 e i 0 R L FE g F LR B I
BN T3 4h ] VietFS 76 /g L1 ] 2L =
ST B AE ENLRY SR

NESH: =4 VirtFSHZ= 344
H P 2s H P s
AR | VES VES | ARE

RPC/XDR

NFS
TCB/ T VirtFS% /' i
Virt10 R%§©<}

NESJHRZ % Virtual NIC QEMU VirtF?H&%ﬁﬁﬁ

2Pk
\ VES | Wiz
RG] L NFS RS2
Detizgin] > XIS BREEYH
TCP/1P
NIC

B 1 NFS.VirtFS 4 [

fd ] NFS 76 g #UALZ (8] L L5 1 FE L Z (8]
TSR I 2 s AR 55 9 il id RPC (Remote
Procedure CalDHLH| 3473 15, 24 & 5 ¥ Uy (7] IR 45
Ui b N AE SCPERE L NES % 7 35 ) @ RPC T 55, 9F
] NFS JIg % s & 3% RPC i 3K o ]k 55 s B SC R 55040
3 3 B AT B R E] 25 % P . NFS 2 30t T
N7 ) FRAIL =2 ) S SO B Sy M UL AL B B A8

LM deAe. B LB 2 A T W — ) BEAL iy 24
REFIALZ 8] | K AL 5 fiF T AL 2 ) 3 52 3044, NFS
7 2285 1 25 1T [0] ) 285 18 00 )2 O 3 A R
RETTHH. 3 — J7 T » M A AL ST P ) 40 R 4% 13 4%
Z & Al 9E fE DB 52 B 2 52 4 i T HLAIY B ) 45 3
o BT AR 2 J2 B U 58 S 9 T4 5 LR RE AR X
TR AR AT 2

[l VirtFS 7E L2 8] RESUHL 5 18 F L=z
Ji1) 52 S S S A Vil O™ o i) 388 % o (X AL i
Bedls . AE K B 7 n) R 2 SO I ViedES IR 55 di
SO S AR X, VirtFS % 7 3 2% wp X
PO . VietES 7R fy S48 S B0 SO &R 48
P18 458 VE 2 49 BURT R 400 15 7% K 2l 9 45 4 L o O 7 24
X HE FUh 15 K Bl 4 R A e A ) i AL S R GE Y
AE. VirtFS SE 52 300 1 1 R AH e NFS A — @
JEREE TR H VirtFS HBE# I VirtlO BUE 19 4% 5(
HEAT B A% i OF H SO B0 2 48 A48 Hh 22 b X
23 P HE AR I RE T84

STE Z s LA BRI 30 RGN RE STy
KAEAE EAL RN AR SO RG0S 307 ik e
REATR ) 7 SR 3 5 MR, i LA B . vl #)
FH2E M A4 2k 22 S0 R O UL, 45 5
A7 3O R GG A, 080 () B R A UL =2 1) | R DB 1
FHLZ B SO T/O BOPFJ2 U 4 s = 30
5 R) P BE.

2.2 igitEm

StargateFS 4§ LA B it 2 ) .

(D) S BN A7 FE 55, 16 5 UHL AN 16 AL Z [
TR — By BN A7 5 ) T 22 3 S N A S
ARG N AL TE £ LN AE S ) 25 )
WNAESCIE R i W1 6 52 N AE b R U0 PL 0 7 f) ) 3
Hihilk GPA(Guest Physical Address) 5 fi 3= #L %} L7
A4 3 ik HPA (Host Physical Address) 75 2 —
— XN, HLAE HE AL AN A B T AR R 98 8 1 S
UL 41k 245 [1) T B 3 5 1] 31 K i 4 B L AL = N A
& HEAUALAN G AL 23 018 39 19— D N AR BRIX
LR ALIL T A 1L A A P 5

(2) g J HL =2 1/0 B ik, = A 1 E 0L
FRE SABLINT 5 50002 A b ) B A7 25 ) A 7 BEAE 1l
FABLFN A T2 AL =2 1) 4% g SO 3 5K L A 5t gk A 3k =
1/O BRAFARVE RE 7 JF 4. 3k 52 9 A7 SCHF 3R 40 0k B
5 % ;i / Ik 55 o 3k 55 SCMF R G SR &g Y
W 2% Virt1O v ] 5 )2 5

(3) Pl 7 SO H 4l 48 DL L A U R e %%



804 it =N L & i 2019 4F
LA S A ke T R FUML 2 8] L SRS AL BHT RS IR E M T RE N6 B E BT
Z )48 DL s s e Rt . 2R = A SO R S ) S R Y. StargateFS W7 4if 25 (0] 45 Jmy e o0 £ 8% X R 4K

RN LA O_DIRECT B AT IT i e 32 5 SO 84
I AE VES 11 2% 1% (Page cache) FA#5DL;

C4) T SCAFEHis R 51 A W AE SO & g2 mT
A R S H5CHE 1 40 3L 0 e IR 8 A R ) R AL
HEZ3 [ 0 L S B MMU i 3 &% 51 SR e, 4t
N SO AR G i B R — Flod A SO B R
S5 4L AR AE R VL AE LR GE AR REE i SO
R AU b ik 25 (8] ) MIMUU i3k 35 ) SO 5804 5

(5) 5 il oC EhHia i — Bork. mE LA E E L
VES $2 S2 e pL il . G247 SO & 42 b 045 5L fn se i
R W AER. HHEH MR VES 5, VES 3
BA 7 BB A7 A5 B TR B S R g R, R T
O AL 1 EAUH PN VES G247 A 4 1) JIE g 5C
TERGAF B 75 B 5 A N A B DR UE R S0 AL Y
VES iy G e (5 B 5 Z X R 5 B —
ks

(6) [m] 2L 5 [m) I 52 506 . 24> ME AU P 1 LAY
P BEREIE R U5 1A S 2 A SO R e P BRI R
I AR B T RE S S RO E R . SN
A7 30 R GE N B Z2 WL AZ [R) A5 AL 425 ) AN 5] kg
B A VLA B A WL A SO R G
(14 Il 5 9% U5 EL R M U [R). R AR R 2 A A 2 AL
R [0 1) [ 20 AL 4 £ 22 A e ULBIL A = ALAY T P i
i [ ) 25 b 15 5 A ) St 52 S0

3 RFZITE5ILM
3.1 2git

= N SO &R Bt StargateFS 22 26 75 i #HL
515 FHLIE R BLE B M N AE R, R 8L P
FAE E ML WA 2 Bras. B AR AL 2 SO B

FEALLL R AL
RS RIS
xS | VFS VFS | RS
HE A 2 18] HE A2 18]
sezcprig 0] ([ e xcpkoi
| |StargateFS| |StargateFS| |
TIEEPIAE : DEPIAE

N i ‘ Bl s
TR S
\ bm@mas AL 25 ]
ﬁ?&“ﬁr[ A%; Bk ¥ \ e :
AL RERES | amm @ LRI
B 2 SRS RS IRER E

I XA . T XA AR R R 5] R KA
55 DX B DXy ST R R SO T3 4 L A
ZS 0], 78 B UL A s E ML B4 B H 28 StargateFS
J& s HEAUAILE P A LT P AR RE U7 1) 5 N A SC
F RGeS
TE HE UHL AN A AL =2 18] 3 52 SCPF I  7E i AL

o AT RA T PR A UL M B s R (L 3.4 3D Bl AR B
S5 DX H SR AT T SO 43 T — B ST R 40 b ik 23 ], 48
SCH Y A = SO SR A A B 1 AL N A AU b

ZS [a] %F N ) N 4% T 3% PGD(Page Global Directory)
R R TERE UL b DTICER 10 P9 A% RE 40 bk =5
[F1) ) 25 e 555 DX R FT I SO 2 TE — B SC A Mg 40 1 ik 25
(] 1 S A ) 52 S e A A3 RSB R R
L0t 1k [R] X 7 B A% 54 11 PGD 2 st 5t v,
Kl 3 Frs. S & AE g FUML b A A 32 AL B RT LA i
2 E R ST HE A8h 3 2 1] 77 1) 52 SR o R i)
Hiu o K PUBLIHAT SC A K2 H00 1 i 31 SC R 50 s 47 B
FY e 40 0 R 30 A U e 4 T AL R e

— VR b ik A 4

L AL PIE it

GERTE pup

! PGD \ :

= o S

L3 L2 L1 BT

A JEEAFTUR |

: E \ PMD PTE‘} Pe

e \= \ : \

iR T = 4

K3 A= TR

e HE AL 22 18] 3 2 S0 B 43 331 AAS [] g 481401

TOUEA 14 P9 A% K A0 btk 253 ) 2 25 B 5 DX e Ry 4T SC A
Am BESCA A0 Ml Bk 7 T 8 S 52 S04 T 3 4 i)
18 A B[] JE SUABIL PN A% Mg 40 2t il 2 1856 7 79 P4 A% L
& PGD Z i I, 52 3 4L ML 18] A SO 3L 23X
Fh i i e 08 i R LA R 4F 4

(1) T[] 38 B PR, 8 FULATL g AR i 32 AL g 8 ] LA
FI A 4 MMU s 5 457 3C 14 £ 4 ot

WAFAE BB 0 MMU 8 CPU 7= A 19 1 481 3tb ik
TR JOGT IO ) A B b ik 22 ) SR



4 1 AT RO T R B R UL A O N SO R G 805

F SO R G B4 RS R g1 4540 F 30 1 ok
P8 S50 1 2 0L 4tk Xof 07 SC A ) B b kL A R
o FAE 4 MMU i 1) SCHFE R Ge s SR 51 14
FOE L KA R B A RS R 5] 218 A
K PERE I £, 1M 78 StargateFS o, gy T 3014 4 4
KE| 455 Linux R 58 00 3% 19 45 49 A5 &1, A MMU
(A0 BE . W JE 0 22 . TR L A R JBLAL o ) 3
EESCARRE BT LA AE A MMU F i #5041 SC A4 19 SC
4R35 1K SO B A R 400 b o 28 9 U i ik % i R
FUBIL A R 00tk 3] 2 0L ATL 174 0 L e ik, P B 1 2 L
{18 ) B a5 4 ) T B A7 8 SR B A B T 5 R T
FE WL U 0] 3 22 S ) SR BN ) UL H i 23 (]
2 MMU — IR i bk % 4 B 422 78 A 31 SCF 5o 9 22
Ui, A, 78 StargateFS H, fig #UAL v A1 1 32 AL ity #40
A LA R RE A MIMU i s o7 e =2 SR 2504 ot

(2) 135 He 5 SO RO A i 0 15

Linux WA F-4iEA PIRNE B2 5 8 MMU fil &
BSR4 R 0 B 3 4 R bk A ST bk
Bl 5 O 2R CRI G0 i 5 @ & AT WG 5 3/ op X Iz 174 M
HEAR R CPU 42 1 ) B (i) 43 b bk J& F B i
I ASH X)), StargateF'S S 7 78 1 1 Filr 52 55 B
USRI B0, B R« 24 4T JF StargateFS L2
SCA IR L ST SC A K A8 M 1k s ) 2 3 S R
HGT 2 R) (A S OC FR o FLIZ W B 0GR v ) b ik R
AILAgE CPU J 4 Ui ) (19 AE 5 2 o 0 A7 9 B3 atb ik
4R P A i e SR B B ST BROHE T A A
O A S S TR R A R S O R 3 S A
AN BRI R, 2R P R ) 2k S SO B B
B T SO AR, G R b R 5 R R AE
— 6 A O A AT R B OG5 AR B
G S S EN RS AR R S EY/BL WS S I P
AP0 R 420 T LS 52 SO B th A &
77 R DU IR

(3) FE K LA 1 32 HL L 4B AT {8 ) S 1 400
k72 (R U5 9] SCA 50 o A N A7 DL S
SO ECHE.

SEPK PP T E R LR 3 A S ] R

(D) HE WML N FE AL 5T — 287 19 b ik 23
V] i SOLAIL A7 B 1t k25 ). R POLAL I B R A h 1
LAy 3 btk AR 2 S P 1 4 B b k. SR T L R BELATL Y
Py B b kAN B B R 2 B S LN R G R
5 VMM (Virtual Machine Monitor) 7 3% & # #1
Xt K FLATL 0 BE M Bk 9 1 0] R LR 45 B e 32 AL
st ak. b OB T R AL U BE GV A (Guest

Virtual Address) Z| i #0114 3 b il GPA, 111 5] 15
FHLY b it HPA /Y 795 K b bk 5% 6. >4 /g AL N
AE -1k B 75 2 R b ik e 5 A g U7 0] 30 4 L
(14 F1E 4 B P A7 5 1 s 2 LN AF Sk T — R
HEFe A 5 B DR AN [R) 2 52 v 19 SO R 400 3t il 5 1]
FEAS[R) A itk 5% B AL AT B 6% 1 6 b 17 1] 28 SC R4
T 4y B T

(2) AL A gE AL #RT DLGE o SC
RPN O LU SO RGP R T
PR Z AN TF] 3R Gt ) ik AR O & 3 7 [ =2 Y 7 SO &R
4 StargateFS 1 [yl AL %R

(3) ML G EHL VES ZERAE ML T A7 HL
il MO AEE sc 5] VFS 25, VEFS )2 WA or
B Z A EREHR ARG . WERHREZA R
4 VFS G A7 5 8 5 30 R G i B — 2

T A 2 i DX B )RR G O HEROR , DL Rt
AR AT &R GE StargateFS (152 9.
3.2 NBHE=E

T SUBLIA) 35 i 2R 58 T o L 52 A7 W] DUAR T
FUHLIE] B 1 B HLIE BRI aE . T
S 1T i) [ 5 UL ATL ) o 25 L S AR SO R G
StargateFS fiff F 2 52 iy B AR 55 2k M N AR 1R S 77 At
25 [A].

£ KVM V-5, B G g L0 R 1E E Bl —
A QEMU F pv it #2505 S50 AL (4 4 2 4t ik 235 ) 2
QEMU H F F 72 i $9 3th hit == (8] o 75 BH 1 — B g 401
4 b 1k 23 (). > R DB L OE A7 TRCROE B KVML 3 i
BT WAL QEMU  HE R 3% B 0 b ik 253 ) O 401
ML B b hE 25 (8] B 553 30 15 = AL EOE 59 9 B .
U FT RAAE BT R $UL AL A 4 24 b ik 25 ) e o TR —
BOAH TR /NI DI A 25 8] ff 75922 B D3 A7 25 [ 0 e 2
1 AL —BOH R R/ 3% B2 04 1 3 Hb ik %3 1], DA
SEELHE ML IE] A S AE S 55— 5 T L A LA RUR
Vi 1) 5 ELBL AL 52 P A7 I X R 4 A S AL B O, T A
FE AL A X S Py B T S 3 A T2 ML AR A R 0L M ik
273 (], BE A S B R UL 5 1 E AL =2 ) 1y P A S 2

WE 4 FF7R 26 AUNL 1 AR LB 2 v 43 51 35
BT — B[ E B B b ik 2 T, 43 5 e B ) A L
r ] — B 190 BA 1Y) S 3N A A ) SRR AU BL )
PN AF L — MO0 4R B b i ) 1 F2 L
Py 34 btk ] B S G R I B ML Y. Y R AL R )
ST B N AE 5 B 5 W SR AN A 7R i ALY
P b hE S A5 S AT B Ak BF UK b Bk R e i S G
Z,CPU gt £ 7= Bl TURS U2 L 2 Bk 0T 45 1% i 18 £ AL



806 it " GilN &5 i 2019 4¢
th KVM g e 4b #1175 4L H KVM B2 BE AL H W
T — B A PR A 49 3 s T L A ST R UL AL ) B M. e PageSize N .
. axFileSize= <—> * PageSize,
B 15 F ALY B Hb Bl Y B . OC &R W AE StargateFS PageEntrySize

L fiE AL AR TR Y W Bt s ) A i 32 AL Sl
E 7 BC 58 B, PRI » B M DU vh 39T 58 ) 4 2t
23 [A) £ P W 55 2 g 32 AL v BER A B B M ik s (]
Bl AL 1 AR AL 2 Jr i N 4 GB JF 4R . ST
8 GBI /IN Y Wy B PN A7 23 [ o 2 4 i Jf) 21 1 32 AL
16 GBIFUG T BR (19 8 G IR /IN 114 4 B IA A7 25 1] o i 40
LA 95T B Ay L2 1) ) O i 49 B M ik 0100000000 £k
PEBR S 2 1 AL TR 00 ) B S ()R 4G W B b ik
0x400000000.

ML HEAL2
AR HER2 AL R
AL ] Wf@hkéw
L ] L%
CEELZ T

B4 NS

[) B o 7 i 5 B A R BB A =2 PN AF BT X 1Y)
T AL B T e S B A S AL AR R 0 R AL i s e
SEHLRE WOBLAE ALY N AE L L e R UL R A
BILZR 55 43 590 38 0 — A 3890 16 DK/ IN A [ ) D9 A7 4 B X
ZONE_SM {E RiL = N7, B StargateFS 45 Hidk =
PAE 1 43 B A (] . ZONE_SM i K /N & B P Al g
B ME F BB AT — A A AL, B SE
JtE EVLR G RS 0 BN AE S (8] TR 9%
PR R % ZONE_SM i K /.
3.3 XHHEHE=E

FEA 28 SO L 2 2Z i 1 e A 40 L S A S
R4t StargateFS i UM R 5| 451 = 30 F ik
SR 5 A 2R TE M AL [) 3 1) PR T, ey S B0 R 4DLBL
(i) K $ELBIL A0 7 5 AL TR] ) SO Sk =2

A A MMU i 4t = 50 04 B0 ot 1)
#5|, StargateFS fifi F ] 4k 52 1 BT 3% 45 44 78 g SO
BRI R G 450 R B 45 FR R SO pe .
WA IR EE S Linux KRG TR 64
£ Linux RS 5 ok H 4 9o 7B R SE 30 N A7 =
kT DA RSSO DR S5 T DU 1 8] 4 9, LR
TR R AT MR 8 5 8 S 1 SO B K OR/IN AT TG
AN T) B0 =2 S0 BT 38 T SRR 1 SO RN B O i

Hrp MaxFileSize Fmigx KX K /N PageSize 3
N KN, PageEntrySize 278 TR KN, N £
7 SRS R B R AR TR B R 3
FEE SR R 1 B 5] 4 A A 2 = SO s ) B
T, TR /NN 4 KB, T 33 K /K 8 Bytes, WK 5 fiF
7R3 A SO TR B K SCHF 512 GB R/ 3L
. A 24 iR 2 B R BIR ) A S SCPE R B R RN
32 GB. 7E A i) o g7 SO Y M S0 ik L 9F
£ StargateF'S U R 51 45 1 R A AL R A7 3 523
IR L3 9 0 3R 0T (W FE bk 1 9F SO, fE 4
L3 9% D13 UL JE $b hik 44 B R DT 2 I 4R A B N A% T
M PGD G b, {545 SO H0H T LA S 21 i 40 3t hl
23 ) A

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, FrdE T
FEE TR T 2R

12 §

%38 L3 |
o v B

KT S LU i AL i AR U ) SO
TETE EAL AT I SO i, 08 3 =2 304 on 3R 4 AT 32
BLrp HE AR 0 0 b 7R M AL AT I SO, fE S
SO IR AT AR AL P R ) D

SR S AE 24 Rif T AY x86 24y wb , B {4 4 B N 17
EPIfL iR AL EPT (Extended Page Table)™" #Li
B PR 2 T E SRR i LM B GVA B i
WML Bk GPAL P2 45 EHLY Bk HPA 19
PR M bk 5% 4. RE , 7618 0L 1 H 18 AL 20
3k HVA(Host Virtual Address) £ 15 3 #1403 b 1l
HPA — ik % 48 1 3 =2 S0 iR AN e B 448 A
S AL R R T8 E AL A E R DR v R
Tt i UL HE Ml Bk R 2 15 32 AL 0T HE 5 HEN (Host
Frame Number) , M J 20 AL H 19 35 7 1 35 ot & 10 v
(1) DUAE 3 bk £X 2% JE UL DT HE 5 GFN (Guest Frame
Number) , B f5 F 1 QEMU 12 & #01 #h 1l 25 18] 19
— AU Y S SO B R A A B R AL b Y
FE TR FEFUML P A7 T 0k 2 3010 3 414 348 b ik Y
VE & R UML) Bt 1l o o 5 BOR SUBL N AF - HE R

T FE R UML) T R Bl A R AE 18 E ML
{18 — Y b 1l 5 4 0 B 1) T R 400 b ik 2 () OE B b 17 1)



4 1 AT RO T R B R UL A O N SO R G 807

LTS EE L 5 BB P A JEL I A D ) . — O AE
B NSO R G 430 R i UL R A E AL A
[Fi) 7 ST A T 3% i DR B 4RUAIL ST 4 DT 3 A A 2 ML ST
TR BE 1E 8 b 1 18] ST B A 5 O — bR B R H
0 S BT A A B R AL b R R DT R L B
W EPT 5T {45 2 52 o4 A7 b Jig #0011 47 24 b ik
T E ALY B Bk — — X R . LR X B AE A TR Y
FERLAL Y B st b 2833 EPT 405 i EANE . 55 —Fh
%%W@@UMi#ﬁ%WEWWEEMMi#ﬁ
s H A — A SO PR SO T 3% — BOrE4E 9 R4 oK.
PRI s A SCR 28 — Fh Jy & el EPT /) 5T 3R 30, 52
PR FAML A F2 ML I 1 S 2

Jfdi GFN & EPT #3056 A28, i 2 it
B N AE A B . B A T (D) B AR
REHLIL = N AE AR (- B bk 5 s EALE R AT
FR 1 B kAR ] 5 (2) BT KVM gk
EPT T3 PTE(Page Table Entry) 2% T1 3% 3 ¥ #4)
BRI (75 K AU ML L S N A7 b i B T 5 A E AL
£ NAE P P BT — — X R G 6 R . A0,
PIBL T B AL %WT*GNMEMNWWOMEH
PL 5 ABE . 253 EPT iR )5, LR
,AﬁﬁmgHFNﬂkEOﬂmmwaLLt%¢vw+ﬁw
TCie S 1 HE ML SR E000E 2 51 7 O b ik 7 4, a8
SEAETE F ML — U Hb hE e 5  StargateFS #R g A1 F
BE A MMU i3 2 037 S5 48 4 33 0t

YN PUD PMD PTE

“GPA
— > GPA

GvA PGD

N
\‘ \"

EPT Pointer >
EPTH &

ez

Kl 6 EPT JUaRTiE N

3.4 FBEMHLEEER
T141HUX*9ﬁ$$EﬁE?liﬂi¢ [ 4% %] 53 Ky P
ATy R R IC IR BT P AL R N A
?‘.‘}\%‘KTU#H F—iar R N A BT ENES
A RE Tk, B P9 A% R $0L ik 23 7). StargateFS 43 B 78
JE LB AN 15 = ML P AZ R 003t bk 2 ) BRI 4y — B R GE

B (1 R AUt ik s 8] T U 1] L S SOPE s 7 R
715 » TR HE DL 3t 1k 2 [ 23 B B — B 2k g
X 0 — B s s me g X, Hi 3 StargateFS i, L
PP RGN R X ST AE S XA 1) ) B hE s
[F1) £ P e S 31) kg DL A i AL ) R 00 3 ik =5 (] £
PSS DX M D3t ik 2 1) 8l 25 W S DX AE AT I ST ik
R SCAF 53 E R AU B ik 25 1)

REA AL E] LRPEWUN X B AU X

PR It = i) TEHUE

SCAFH

Bl 7 BiER R DM ik S (]

Bl S WL DX AR 43 R 22 AR ) R /N 1Y 3 282 i 4
Hb k7 [R] e Bk Ok SC 1 HE 00 b ik 2 1] 7 S
00t 1k 2 8] B /IS8 ] T SO 3R G2 S 9 B K SCAF
FRT . Bl A5 WS DX 3l 25 43 T [ Ac 6 s 77 38 i 400
HuhEHe. A E LA AT IR S SR T FE L
(1) 2y 5 B S35 [X 4 FiE — B Mg 400 b ik =3 Rl s FH SO &R
| 25 8 S T S B A ke SR B 3% R AU b hE S ][R
FEHD S 7E AU AT I 2= SO DR AL R Y
Bl AR WL DX 73 BC — B % Sk 04 R 400 4t ik 2 )L 240G A
SCAF B s 1l W32 S {6 P A9 R 00t ik 25 [R] L SO HAE
AT I i A R 400 4k 2 )Ll ] 2 25 4 I [l i o
WG A7 LS 174 R 0L bk 233 () AT LA A [ 43 T R A
b ik 2 1] TR 9% 5 55 U 23 BE S 3R 48 S I ORI
0 b 1k 25 TR] S BE A% 3 B S IR/ 1 K I S Y R AU
Hiuhk 23 (] 39 K Y b 58
3.5 THERY

StargateFS W54 77 AR L= A T 2
RSB R 0 2 A AT R AR AT DA T SO R G d
HEHE 1 Uy Il B . U 0] SO R 40 0 Bt — i
PEPI R AE AR P R B s s 7. 2 24 i
TRy 15 [ e 52 N AE SO R ot R 2 S B =2 38
IEsEyim g aE. m— a8 B2 R E S
RE ALY 224> 1 72 T A Ui 8] SO &R GE i 1 00 28 15
SRR TG UL B 2 A 3R I K U 8] SCPE &R
GEME O Linux A% $& 4 T 8 22 8] 25 AL n i+
BE B G R%E N TE T AEEMILNZ
MHEBRME TEEINHBRE T AR RENZ A
HERE) I K V5 R I A S RGO . A e L%
i Linux WA $BE A9 T 50 5 G0 09 [ 25 HL .

J& T A6 R GE M 24 i I i Inl = N A7 S
R G 5 E AR 1Y L S BT P 2 - ST U S



808 it <A

Hl

Es i 2019 4

PRECHE . SCIFBCE 1 R AE 58 4 W ihie. Jo it
FHRAPEL R TAFEE BRIGEL . SH=
)4 22 55 R R G0 1) 2 A HF R OE & U ) e 5 o0 8k
5T ] A S OB 7 A R AL — TG e 3k 5 T KOs
T ey ) ) [ A5 o) . 75 2 25 R TR) 45 11 o0 B30 80 4 4
LB QU WIvk €1 R e LY E & P W
PR BCHE He s 2% 23 IR 510 A 5 — 2 SR o B
W AR SO I H SRS R 51 5 B AR S
TUFREEN. 55— 7 1, Jo e A B AL 3R e 8 A2 i 2L
RY, VES JZ AR SR T 2 AZ L Y f UL b i i
T T B SO TR 15 B S » WA B ) 25 21 A
WML AE EHL VES R, S B RS 19T
Bl (5 BA— 2L

X5 e i ) 4 52 on B PE 19 (] 8, Linux P #%
AW A CPU 8 & R FHRE . ATERE (5 5
B AL X S B E B B R G T LA AL
M e e T A [) A ) R AR PN R TR A BT R g
PRAE—A> 2 G b A4~ A% 48 Tl i A8 0 b 2 T 30ai 1Y)
A ANBEORIUE 2 4> 2R 4t ) % 36 =2 50 504 1) %%
Siia). BB ML IR 5 AE — & 1 F AL B AR A
JICAE 3 52 P A H ) S S ML T RE A5 AR EAS TR R 4 N
A% A il i A2 %k 2 2 ST B B R 1 ).

Ivi) 5 ML ] 1 52 B0 4 75 9 Ay 28 48 1) (Polling)
FIBH ZE (Blocking). #8141 [ Jie B AL i . 2F 5 978 21 Hh
3 9% R A5 T A0 BRI FT fig 4 AR CPU 1Y
AR BHLZE G R S AL S BELZE AR A T BB R AT
. b Tl CPU B8 U5 1Y R 9% , StargateFS fi 55 2%
Tl P R E R A AN [ R G D A% 4 T i A o A
EEOCHEE R VTR, 2R TR &R e Hp i kAR [ 3 )
R A L R B - 2 R — AR
G5 11 N A A o B A% T GG AL DX AT L BH 26 LB i R
LB A XA R LA B A ML P R O B O
HERRVR AN [ O 0045 5 BB HRL Y k2 R B R
JBCHSE o AR AR5 ) B 9 e R 56 1 BA 37 o ) BEL 2 3
HEA NG A DXPRAT . SR L 7E e R B S 1 B )
Hh i) BHZE 3 FE IS AT BE 2 S B0 B D ) A % R R
FE T 65 R B A 1 A B o R T AR R TS TR R
PIBL B 1 £ ALY L.

JE SUTE StargateFS 3 =2 YA b iy 3k 52 |7 e B
A A AN 7] 3R 45 22 A 30 72 0L b 1 ) 2 =2 e B4
HIRHASFEE R AF RS MR ks g
i BTN 2 375 ) 21 [] — 9 BE M A1k 23 ). 7E x86 AN R
3 3 AT R R A 7 3 ARIE 2 A RGN
P il B AR DA b A B B i A A A i 1

XoF T 0 B — SOk [R) R i LA T LR S
) VES Z4 4t 7R 5197 5 s AL H sk
HEAELE. B SR I 3 g A TR s B S 4
AL 3 A NS Bl B SO RS K,
TR R WAGEN . S EMIL 1 T
HERE VT 0] SCOF S8 T REAUAL 1 v VES 247 19 ST
RS AE B BT VES 2047 m5 HL - %A
SRR R & 51T RF S A StargateFS i,
SFHEUERAL 1 VES drCER 51 S B S
Bl 2 b VES iy X RS HE BA—B AL 2
rF A R AR U (8] SC AR B 1 18] 80 A SCE R S AE R
ARERE IH IS B

fiff DR 33 A T) BB 7 3 A PR AR s — Tl R AR R R 3
% — ] O_DIRECT #50, 284 VFS 22
BEAYZEAEL X ST ZR 511 U5 R 8 3 3 T
PRGN T — RS E L R b F 5
Al VES A7 iy R 511 s A5 B R 22 28 30 R 45
B DR R R DT 18] R 5119 RS AR R 1Y 5 — b
J5 2 ZR R ULERAE RGN 1/0 BEA2 MO & 1Y
16 25 3k LA T 31 2 A M LI E R g .

A, StargateFS 5% H 85 — F J5 1 R 5 46l A [H]
4t VES ZEooBda i —3ohe. 1 SO TIF 35 i,
StargateFS F 34 3C 4 &K 51 15 25 B [F 2 3] VES
O AF R . 7R XS T O W SO B
StargateFS £ 341 VFS 2472 5|15 pi {5 B 58
BRG] AP RSO RS SRR,
BLTE WL VES s 2 £ 05 B R SCIE R 40 b i ST 808
B RS,

3.6 XHRERHXIH

SR R AL 3L = N SO R gkt e
Linux R H 3T KVM 28 & 80 = N A7 S &
4; StargateFS. iy T % StargateFS, X g #1115
FHLH Linux REHATLLT 3 A~J7 HPE

()i i DRAM 48 3E By P A7 2 iy
T30 7R G0 48 L A7 6 25 ). 8 oo f J2 L J S ML
Linux RGN 0 N A8 BB, 20 591 D\ 47 34 b
hkZ5 B 16 GB - 4a 35 Jm— A8 i K/ 8 GB I
X ZONE_SM;

(2) Ay S 3K BUALIA] K LML i 32 AL ) 1 k=2
WAF BB E EHL Linux W KVM B, 48 1
ML ZONE_SM ¥ 2 iy bt 25 ] 28 1 e 5 2 15 3 4L
H ZONE_SM 9 2 Ml 1t 75 1] 5

(3) FEA48 F AL HE ALk StargateFS 43 i) i
B — B N A A (5 A 1) R 400 b ik 25 ) S 9 () =



4 1 AT RO T R B R UL A O N SO R G 809

SCAF A

StargateFS R ] Cifi § 45 . 7£ Linux N
B $B Linux HEUUSCHE R S8 VES il il SC PR 7
R 43 ) S B0 SO FR S8 SCE DL K H S ) L ERAEE
WSO R G L VB RAE L SCIF T VS
KPS I I5 S5 4 AE  SCF TR PR Y A ) 18 ek S R AR
StargateFS £, & U 58 8 B+ &R 48 o B al 45 B
T ARG AR W E BT RO A A BT R4
SCPL StargateFS ¥y il 43 (8] (14 K04 A7 =) #0045 B L 175
75 PR 3L T L S A0 bk 2 ) ) 43 E R T 25
F1 L8 StargateFS W, TE fill_super AP RILR 1L
Py B3 8] (8 800 A J5) 5 9F 23 Bl LS8 StargateFS 1Al
VES W) superblock Z5H K. S EHE B ¥ R 4
] VES 4@ 8 E SO i #1558 BLSCF i B A
B A, ST B B B R e ) VES JZ 32 4845 S
R ou B S T U R HE 0 IF S SO R G0
Bl SO TR R A

StargateFS SR FIAF IAE 2L = N A7 i 3= [ g
B TS ) 2R 48 22 A 0 AR L e b D ) 3 =2 0 B
U TE L S TR 4 M AR b i i S = B B B 2
2 1E BUAIL PN A 4 o] % A () s ][] — 2 52 e 4 i
BEURIT B UL A A% A5 ] i A2 AR R — S HE BN 5
FEIGE IR LL 8 B O A HE BN S 15 2 i 3 = oo o B
S AL A LS B R A S A A L AN A A T (]
T TR B

StargateFS & 7F Linux N H 2B A, BE A HL
FHP 18 EHUR R R o SO R G O SR SCF
YEZR S8 )i [n] StargateFS 1 [y %% Ji. StargateFS
it R AL 1) L 2 00 ML A = BIL ) ) S 40 e =2 9k 5 2k
P NAFVE R AEAif a5 18], i StargateFS 4 B 25 [8] /Y 73
P R [0 AT A 25 55 W) i = B 2R 8 M UL R 8 A7
23 [A) A A B DT U7 1) 3 52 S 1 R 400 b ik s ) 2
PR A% TR 9 R 0Lt ik 2 D) SR B8R 1 U 8] B4
WE{FPHAT  StargateFS N 23 51 ;g S HL & 48 sl 1s £
PLZR 6 P 808 19 22 4 1. 24 StargateFS % 3% 58 i
Ja AL P 1E EVLH B 3 E S PATALR
VEILZE SO AE UG B9 AR op o FAT T 92 B A =2 30
X A 6] 2 G2 1 FH P T T3CAS ] 64 7 18] AR
3.7 lgESHR

TE HE U0 AL 1] 5 1 BF 55 b, JE 80 AL P 3 S 5
5] 1 FEATL b g HE At R 4PL AL A S B, D ) e 2 S
PERPEREF 8 E 2 T WA 5 (D EHIAL VES
28 EHL VES 2 DL KT J5 5 & A O 2 I 3K
PRIRARAT T4 5 (2) I3 S0 B 2 I A7 #5 DL i)
FHES.

HR A5 K AL T = D [ P 252 S0 18 1 BB T8 1) R
U5 53 B StargateFS U E HERERI L. LA VirtFS
VERRT AT G2 T Lviees Tl Lsuargaers 73 591 2R 75 RE UL
M P i) VirtFS $hs2 15 41 EXT4-DAX k30
{4 ) B} (8] I 55 A1 StargateFS wp 3 52 30 {4 ¢ i 8] T
!ﬂ% s Lvinrs ﬂl LSt;\rg;\teFS Ef %:277( j‘:’
Lvines = Loy 1 Lyiese + Lviro T Lviness T Luy +3 ¢ Ly
LStargathS :LGV +L(GV.GP) +L(GP.HP) +LM'
Horp, Loy 7 [0) 252 3CPF I JE AL R VS JZ 1)
B TE) 85 + Lvinesc ~ Lvieio ~ Lvierss 78 3 78 VirtFS &
I EE T VirtES & P g VietdO PR VirtFS
JI% 55 it 4 B6F 8] T 55 » Ly 2R 75 U5 ) 3 22 3000 i i 2
Pl VES JZ B A IF 8. Lv.or 7 HE SUHLRE 20
Hohk % 35 R B AL B PR M HE 9 B R B S Lerone
7N HE AU ALY 3 B 45 O fiE AL A B M hE A9
6] 75 . Ly RE UL P Y A7 45 DL % i ) T 4. %
F Lvines Tl Lsiargaers » 5] AL 2300 R G rp AL 5230
{EFEKJH:J‘I‘ETJ%%%EE%HH L((}V.(}P) \L((}P.H}’) \LME LVirlFS(‘ A
LVirlI() \LVlrlFSS \SLM y%ﬁg ﬁrl_j L((}V.(}P) N L((}P,IIP) HE] 6;@ ,ftF
MMU 35§ Lyinrse ~ Lviao « Lviess B VirtFS 2L 5255
RS DR ZE R E SRR IR TE 2
U AF B+ DL B F MMU $01 7 H bk 5% $6e 11 B[]
TE AN FY ) » B R AR PRAT B 1) 7 SRR 8 531
LA BT 18 B[] O 22 /0 T A U AR AT 8 I )
JF 4. . StargateFS SCHF U ) 3 B2 #UIE b I
VirtFS .

X H VirtFS, StargateFS f1E E L # R T .

(1) StargateF'S T 4% i H] i L AL 1] | K 40 BIL 1
F LIRS AL AR By 5k 1k N AE AR S A7 it =5 ) L 7R
FEAIALE K , Stargatel'S 5L Ay A7 U1 &R 48 5 9
T IEE SR 1/ O B R R = SR R
I (80 A5 DL

(2) StargateF'S fiff ] M =2 30 {4 5 3 21 414t 52 3
AR50 DU 1 S R A0 ik 2 8] A E 4 MMU i
U G P o €I i A L o e
F 5| B[R] 5 0] L.
3.8 XHRGEMTHFIRE
3.8, 1 SUF R G 2 4 R 2

LG L] A S N A S e U L
mount Ay 2 1E LA FE E VL &% StargateFS,
KE AL P g AL P # mT LA U5 9] A SO &
4 — V5 IR] Stargatel'S. Sy i 5 57 A B9 R S AL 72
LS R G A% AL L B A R R e
e 7 2 et ks, M BRI E R T T 1
IRF BT A B R AU BIL A 22 286 SO 2R e I AN X SE 5



810 it <A

Hl

2,
5

i 2019 4F

FEEAT RS Ak SCIF 2R e AR U 3 =2 P4 A7 12 B ) 113,
BEFN 2 fi A5 R TE N A% Th B 0 46 Ak 722 2 RN
RS G IF 8 S RGBS KGR
DX S DRI 00 SO R SR B Sf 55 25 0 19900 46 1k,
TE EI AR SCAT 7 Ge I o A 22 2R 1R 0ol 1.

3.8.2 SUFHRE

BB .

(D) FTHHEAE. S P B open RGETHH
FTHF SCA B s A SO 43 e — B SO i #0 b kil =25 [ . 4
SO AN o 3 SO iR A AR R L e
BLEY I AZ DU P L 3R ] SCPEA IR A 5 TR BT T 19 3¢
A A L S o SO R I — R R R
175 A5 T R T ) B TR SO SR S SO TR L AR
S W T SR T RS A B N A TR R [l SR A
RAF 5

() e AP BRI read 7500 H 3
SR B B 3 38 2ok A% A0 S R A AT T B 2
B AR B K 0L b B 23 8] (9 S i 1 hE R A SO
i B k. 38 3k S R 40 b ik 2 ) AN 3 = S0 i R R
FH MMU ip 3 2 A7 3C 4 550408 9 38 00, I8 SO B8
P2 UL P 28 vp X SR A 48 4% 50 1 T 52
AF . 28 LSOO U AN T S48 R SO EE R 51 4
1 AR B SR A K 00 ik BT

) GHAE. U P AN write RGEHHE
N BSCHE I AR A S 2 i R /N 524 i SO I A% Y
ZEAEANE ANBUHR RN R R B AR5 3 Fh 2k
AR TR GBS ERAr B NS . 5 AR R
BB, B E SO /N P B Bk 3t B . LR
FG% wp X 0 4 DL 3 SO B T 25 A U K
B INE R4 N B T 5 O R 0 SR S
USRI SRR ML= SO DU L dme S B T 2 o DX B
¥ VLB SO 8 v

() KHAEAE. G P R close REEVHH
KPR SCAF I B S A SO S T as 2 A o 0. i
Rl AT Eas R 0, FRBIECA R P 2 B AE Ui [R) 3% 3¢
1 DA A% D035 N 63 e = SO e Xz i) PGD ¢
VLI, BTS2 SC A 19 o 400 i ik 2 i) 5 SR S5 1
TR EE AN 0,51 B 1.

4 HENHESE
e 3.5 RIS T AN AR G0 A% F i s A SC

F AR G ou B 1 [R) 45 5 1] AR 1 398 4R A — Fif
[ 25 AL o il Ao A [R) 28 S8 224> P sk e T[] 48 i

[71) ] — A~ e 52 S04 1 SC 1 B HiE . StargateFS w32
PFERIN L O_DIRECT #ExUHTIF , 325 SO 400 i AS
Zat VES J2 0 B P G A7 A 45 2 2 SO0 B0a0 14 1)
AR A L

E—A R G WA P E AR DL S A o ]
FTIFAR A SO 5 AR I L 45 — A BER 5 A 3K
W S A RS AR . X R T
AR R 32 A R A — A SO X & o R A T
BHSCHmA . WA B T2 B RHLRS . £
LR G 2 4> i & 6] i) 4T I StargateF'S w4 [] 5C
IS ABHER . B E AR B S5 S AR
WA as. 3 A AE— N F b S n AR 7 T R A )
S IR, 2 A AR T R A S ] —
A S 2SO B

FELL BN A b TR BRI — AL i1 2
A HERR R 26 b 25 S SR A R G P R
[ ) 25 1) S B 07 300 2 Ffr s — o 5 4 AR DY A%
P, 4 System V IPCH F 5 &AL 0] F 45 18]
RAERG A O Vi 5 5. 50— e el s
[F1) 52 B 43 [R) 26 4 A0 30 o A 22 2 AR A
K R G FIAE IAZ S 58 B W Futex™ . 248 T
i) 22 56 9 22 A 1 P 3k e () Ik 352 65 A ) ST ik o
PR — BB ML L (675 R ) R g0 b i kR 2 s i
i) — A~ 3.

S22 F G R (A ] — b =2 S R 2E  [) A
PRN 7 1%« — o2 5 L 52 N A S IR B LT o5 —
Fofr S 3d 2 5 B ML L BT A R LR T TR —
B 0E AL 8 2 5 N A S AN [ R UL L 1 2L
JH P R ) g [ 2. S B =2 PN A7 TR 4 L o 7 — o
7 PP 388 A ) A — A = SO I R e = S AT
B g . 3 Ay X A R R A e SR S B R A
AR 8 . D — Rl 4R S R S A B U I L
ENAE AR RS RG] AR SCR S ROy
2SI F e N A7 1) 22 R G0 0 AR T 0 [R) A5 BL A
53 BIAE E SUALARE EAL R S B i — & v ) L =2
RGP,

N T AEZ REAUML A LR A R — Rl oA sk
(14 3% F 3L 5 9 A7 1 [F) 4 BL I StargateFS 75 [ #2141
16 ENIE R AR TR T — B BN A7 25 (R A7 i
HEAFS 8, WA 8 frR. I (55 & X 1 4 2 i hik
25 [70) 3 J31) e St 810 g DAMIL 0 7 AL v 990 6 0 00 b ik 2
() 2 P B 53 X 3 otk S A 5 i XA A I R 400 ik
AL AE SR A 4 5 AT Db sk o o BN IR A S
A (] 23 PR 2 =2 0 5 i s ) 0 B A L R



4 1 AT RO T R B R UL A O N SO R G 811

3.5 1 rh A Ry Sk = g e B0k R R RN
P XS LT g R A H R 5] O 10 R A [ 3
it 2R TR P 23 ) 0 P9 A 25 1) 2 33 5 B AL 2 AP A

2 R iDEOT (R

FEUALL SEUNL2
i DRk RS
BEEN RS
Teste.set Testg.set

O s Hublzs 1
I i |

S
- Cea——— )
W AR SR,

SRR SRR YN

. B FiF1
S TEPT s TS
Teste.set
YIBENAE HEGSEX o R A

K8 JHEFSRIH

i g A AE S A B AR AN R R AL 1
BILAE = R ) =52 g P A v 592 B0 ) e = A A
{55 ik SRR R B HLL. B4, 4548 Pthread™”
JEFRALAY B e 2544 Pthread_spinlock _t & X 7E 3k
ENAE P SE I Z A AN TR R G800 P kA TA] [ 2 15 0]
[] — e B SO R Rt P s R AR N AR S
) ST EEAE R BUALR A AL R G b oy ) e A
S NAER R GV LSSV AS TR R 58 P R
LT 5 4 X E S 5 05 5 o A7 i 25 [R) L O B S
B P23 ).

WAZ = A5 5 B R N P B U = N
SR A I ) ] AR R A S P O RAE
KRR G 0. B A RGER 24 R i
DA% 25 [B) 22 YA A 5 0 B U7 1) ) — 2L 5 S %
RIS S A ) e =45 5 1 1 L 0 Dy o 5 SO 9
AR AT e A A T R R L =
SRR R DB B BB U T R AR AR
UETZH B 1Y S5 1 DA ik A 22 > 2 R[] i G ) 391
IR AT . — PO A 3.5 WA 4
8 e 2 B A ) 1R — B 220 A — A~ P9 A% 3 ]
RAEAR I I SOk =05 5 B E. 5 — Ry S
F Test&set™ 15 & I 3R [o] 5 {H J57 F 45 1F 45 & 45
il W 8 v TR SISO IR T I A S A S
R € e RN S L NI 7 e € K (E )
LAY I B R B 1 HR Ml Eoas JBUE A
0 Yy AR VT Al 2L 2 SCPF VR, i F Test&oset J&
JRFEAETR 2 2R TE P AUH — R IR
BHE A 0 B R IR M 1R E S 1Y 3
FRIEFR M. B, Test&set 54 A 58 s 2 4> HE 2

[F] P G 000 380 36 52 SO BT U AT AT R B MO AR S
{ELAY 7] AL

40

5 g

A 3 StargateFS By P G . I 4 M 3 45
oy N S 325 A 5 R S 3 = A SR A
T VA StargateFS (PR GE. f F AR i 3L A F1O
IR [ 6 52 304 22 B 1) A ik o 5 3 2o 78 AS [R] R 0
Bl EB 4T B E R 85 Ja 13 A — 2 52 S0 i isf
[ FF 4 o i e S A SR . 53 Ah i T A S
FH T R T 1 B[] 4.
5.1 XBREME

AT DELL T7910 16 4% TAEAE R 45 EHLSE
B SE 5. 15 HLEEF 24554 Intel (R) Xeon(R)
E5-2630 v3@ 2. 40 GHz 4b # 3% . %5 & 128 GB i R
2133 MHz N £, Intel 1210 Gigabit M F. 15 FHL FH
4t % Ubuntu 14. 04, N #% ik 4~ 24 Linux 3.11.8,
KVM 4 2. 0.0 A, QEMU K 2. 0. 0 BiA. 78 A 45
SUEEH P DL T B A B BLAL A L 8 A UL A B 2%
vCPU,32GB W A£, E1000 BN K. AL R 4R
Ubuntu 14. 04, N #Z X4 & Linux 3.11. 8, E I HL
L NAT [ 28 Hi il 5 4 455 542 A 9 45

EfE EAL AN AE 16 GB TG T 8 GB
KNI 23 ) RS 400 T AR 5 2k MR 8 A AFE A E LA
ML R Ge 4 5N 16 GB 4y 328 77 JF 46 37 44
8GB K/NK 174 X ZONE_SM. & ¥ 15 £ 4L
KVM #5425 80 HL ZONE_SM i 47 38 b Hl 25
[ 2% 1 e S5t 3 75 32 L ZONE_SM o [y ) B 1 41k 25
(] 5 5 B RE AU AL ] kg $ULHL 5 1 32 AL ) 4t == N A7 1)
il .
5.2 ESMHEAENIR

B FIO T H %t il i StargateFS 5 H
A 3T KVM HERE SR AR M 3L S S0 R 5 VirtFSH |
£ 5 i L 3250 11 2 %5 Samba , NFSH2 43 5| 4 =2 py £
MR YL EXTA-DAX BSOS 5 it &

EXT4-DAX J& Linux 24 T £k 5 RN FF
MY EXT4 SCB N A7 X R GE © Seid 147
HIRERE ARG R WA & 20K, EXT4-DAX
BRI E e K&k ol 6649. 4 MB/s, i Ul
HLIA] L S5 1 S AL D)8 i 420 09 R A Vit IO 38
B W i R 4 31 R 250. 3 MB/s.2585. 6 MB/s.
PRI fff 7 E L B N A SCE &R 48 EXT4-DAX
HEAT DN AAS 23 52 e 3 2205 V6 00 SO 32 5 M e il i



812 it "

Hl

2,
-

i1 2019 4F

S 56 v T 190 ER B A AE A BLIX. ZONE_SM 4k
iy StargateF'S (A7 fi# 73 8], 76 15 32 HL AN K $L AL o fi
JH mount 524234 StargateFS XM R %G, 7815 E AL
i E 8 GB Kk /N RAMDisk® 45 % EXT4-DAX
f 774k 25 1] . RAMDisk 18 N 77 8548 o Y 7715 4% (il
EXT4 SO & 42 28 A% 04k RAMDisk, 38 i3 3C
5 85 8 2k Tio dax ¥ 8 X4k EXT4 1
RAMDisk #:# 2] H 5% /mnt/share.

Samba ,NFS ffi L = E1000 5 17 F HLil
{2, VirtFS f#i | Virtio 515 E ML (5. Samba i iX
AN 403,11, 7618 EHL EFCE Samba ﬂﬁ%l‘ﬁ'ﬁ/\%ﬁ
FHLH 5% /mnt/share, & P AL L H R ARSI
fth 2 K0l 1 BN BL B . F S Samba iR 55 . B AT 75
B FE S TP Fidkss H S 4 2 e EL B H
SEEERIML. NFS % F] NFSv4 i 4, it & 5 Samba
[ B 19 SC 4 7 1) AL B . VirtFS fif Fl Squash 5 5t 3t

8000 Bl EX T4-DAX_Samba
70009 JEXT4-DAX_NFS
6000 EXT4-DAX_VirtFS
50004 EEINOVA_VirtFS
1000 1= SIMFS_VirtFs

0 StargateFS

5 30004

= 20001
ﬂ@looo—
H 24079
¥ 200
160
1201
80
40

0-

HHRHR /N /Bytes
(a) BHALEE

8000 Il EXT4-DAX_Samba
70001 EXT4-DAX_NFS
6000+ EXT4-DAX_VirtFS
5000 BB NOVA_VirtFS
1000 JE=ISIMFS_VirtFS

) StargateFFS

Z_j 30004

= 2000
1 1000
+ 2409
¥ 2004
160
120
80

A H AR/ /Bytes
(¢) MifFis

1000 ]EEISIMFS_VirtFS

3000
= 2000

~ 40007
2

233000
2000
110007
_H
#2004

15 FHLH 5%/ mnt/ share., & i 31 8L 5 RSO
K HTERIAC B 8 KB.

TE LA b 52 56 e 8 58 80U - 76 R U BL 48 T FTO
TR 5 AT A 2 R SO B MR RE I K. T
T 56 % I:l:%%%ﬁi#’ﬁl%f‘@ At SR J5 70 M 22 2 R 3
TS TR
5.2.1 i%%ﬁiﬁ‘ﬁ@g‘@ﬁﬁ

TERE ML A FIO T H ) 3 B 28 2 Bl B 332

H W F3EEE Samba, NFS, VirtFS Pl M StargateFS
EF‘SC#FEI"J‘T&FHba{)JﬁjC#FjUJ\jﬂ 512 MB. B2k #4 3C
S PERE I AE R a1 9 Fr s & b B0E B R/
F7R FIO B IE R /O S RK/h. sEga 25 Rk,
StargateF'S B AR SO 325 M BEAE B A i 38 H] 1] v
HRAL T Samba,NFS, VirtFS 2= J5 ik, F ¥ & it &
[t Samba NFS, VirtFS #£ = 75 F#1 EXT4-DAX X
ER G5 M 117. 7 £% (121, 6 £%.59. 3 f5.

o JIET Dl

600091 ZAEXT4-DAX_VirtFS
50004 EEINOVA_VirtFS

StargateF'S

B kN /Bytes
(b) LS

8000 EMEXT4-DAX_Samba
70001 JEXT4-DAX_NFS
60004 ZAEX T4-DAX_VirtFS
50004 EEINOVA_VirtFS

[ ISIMFS_VirtFS
StargateFS

2404

160+
120
807
407

ﬁwﬁﬂ%jﬁd\ ’Bytes
() W55

B9 HERE SO

StargateF'S # 4  3C 4 5 332 # ik 4 59 33 EE
Samba,NFS, VirtFS #t % EXT4-DAX £ 28. 0 &

@ RAMDisk [Online]. https://www. kernel. org/doc/Docu-
mentation/blockdev/ramdisk. txt, 2004. 10. 22



4 1 AT RO T R B R UL A O N SO R G 813

234. 0 f%.27.5 & 273. 9 £%.30. 0 F 100. 8 1. i |5+ 5
kA B 53.0 & 253.1 4%.51.5 & 185.1 4%,
28.1 & 91.7 fif; B2k B8 Bl ML 32 & k& 4 J H
Samba ,NFS, VirtFS 4t 22 EXT4-DAX it 28.5 &
199. 6 £5.30.0 & 239.6 £5.29.9 & 95.6 £5.Mi¥L 5
Tk 47.3 & 329.1 £%.50. 4 & 169. 1 %,
23.4 F 81. 1 1%.

BRSO S HRE MK S R RE T 3.7
WA R S A R R B L StargateFS
SO Y PE BE A T Samba, NFS, VirtFS 3t 5 J5 k.
StargateFS L iF LA P B 3% U5 (0] 2L 5 A7 i
S A0 22 B 2 ORI SO Bl A B8 G2
D TR L R T A MMU Jin 3 2% 51 SC o 5
G, FeE SO S R RE A BIAR K B B -

HHT . E R EAEAEAR 2 50 3 i B AR 2 R PE N
A S, I NOVAM [ SIMFS™™ | 3x 86 3 4 £
G AR M N AF U R B0 5 I StargateFS Jg 3 F 5 Al
A T JR Pk A7 TH 0] [) 5 R 000 B e S N SO &R
gt HA K FRAETE T 5 BULIE] | 6 UL TE AL &
R SR PR, AT A FTO 23X bl 3k
StargateFS 5 VirtE'S 43 5l 2 5245 F 1 _F A7 SO
4 NOVA F1 SIMFS [y J 28R SR 125 M RE. 78
fi EAL LA A DRAM 4331840 8GB K/NAE 5 2k
PENAF A E S NOVASIMFES (1) £7 i =5[], {87
VirtFS 3t 5 15 F 4L E i A A7 SO R 48 NOVA,
SIMFS.

SEEG G 25 A K 9 TR . StargateFS 2R i
SEH A 4y B L VirtFS 4852 NOVA | SIMFES it
73.5 15 164. 6 5. S5 285 L WA U WD 0 Sk 0 ik
VirtFS 75 jg AL IA] | i 4B 18 32 AL 1) 3 == SO0 19
REJFAH R ALy e e 5 98 IR 7 = S0E i
BEEYERE. T StargateFS ffi J g #0 AL 18] L K 2L ML 16
F L 1] Ay S T Y A A O A i A e O R R
MMU i3 2 o7 52 SO B0 o, s b 3 52 SCfF 5
[5] P R A J2 ORI A R A R S S SR R B T
B o A R0 e T S SO B 1 U 1) R

AL T T StargateFS 51 i) SO 8 e 5 Al
PA7 e MMAPS Y [X 5. MMAP 85 ] 245 kg
00t 1k 7 8] o AN S5 18 7 [ 5 e BORT SC A ook g
FHERAE. BR MMAP Fl StargateFS H1 iy SO
B W FR 2 B T I SO A SO B A 3 DT e S
) 2 0 b hik 2 R] U IA) H R P A AR Y X 5
(1) StargateFS jZ#t 4% POSIX i 4Lt 52 P 77 S0 &
Gt T ST B e DU B S 3 T0ER A N A% R UL ik

235 )R] B 52 R A S = S0 K8 P 2R T ik 5 3 1
F2 AL PN A A0 b Bk 2 () R HRLAIL P A R ULl ik S
[E]. 1 MMAP J& — A~ R g0/ 1 #: 1, H SR e —
AN RGeS SO s OB A P R U b Bk 2 JE]
(2) StargateFS ¥ ¥ mmap J53E, 54 [ mmap J7
B StargateFS T (1 SC A4 B 5 2 P A4S 8 0
Mk 23 6] S o 6 SCAR B0 B4 U ) 2 A7 ). Bk
T A2 AE i AL ] MMAP B G VirtFS 3t
EAE EAL L EXT4-DAX SO, 3R PR R A2
VER 2R UL VirtES AN SZHE mmap Jiik.

5.2.2 ZEBCESPERE

J T VFAd StargateFS £ 28 8 OR35S 1 g L 72
FERLAL i F FTIO TH 3 310 StargateFS Xt
Samba ,NFS, VirtFS 3t = 15 £ L N A7 30 R 48
EXT4-DAX 7E 2 A4~ .4 A~ 12 15 1] BF A 31 32 5
AE . BN RS 1Y SR/ 512 MB, 2 A4S 2
A2 1 SRR 2 B ol 1 GBL 4 A 2R AR IR 1 S
B Sy 2 GB. il 1/0 R/ A 128 KB 3 K
F) 2MB, 3 15 41, a4 R an &l 10 i,

WE 10 s, 78 BT A 2 2 fE I ] o
StargateFS 3L 3 5 1 8 #F i T Samba. NFS A
VirtFS. 76 2 MMM, StargateFS 3 SC {4 32
¥ g8 4 B b Samba., NFS, VirtFS ff 178.3 .
195.5 f%.61. 2 fi5. 78 4 DL FEM K # . StargateFS
S SO S P RE 43 I B Samba, NFS, VirtFS it
222.5 % .256. 8 £5.71. 5 £.

W 25 5 5] B 2€ | StargateFS {8 I 3¢ i 30
Mtk 7S [8) 42 U R) S AR A MMIU i sk 2%
SISO B L 3. 55 5k, StargateFS Z2 &R NT 32
B EREE FREALEESE o 6E Qi i& 10 Ca) Fl (o) B
TN TE 4 LR PERE I L 4 AR Y R R K A ik
WO 252840 MB/s, 4 £ 8 B AL 2 e K&k i ok
23273. 0MB/s. J& HAE T E Ny 525 ot f2 oy — A~
AR W7 5] 3 6 5080 T e b oy — A E R U )

FIG H A XS LG 8 G REIUMLF B %5 StargateFS
5 VirtFS 2205 F L E WA O R % EXT4-DAX
r LSRR PERE. T EHL CPU B80A R
BEBPILSE 4 4 vCPU. X B H 5 BRIV &R
it a5 Internet B W] [ 25, 76 5 & 5 ML A fd
Linux # Crontab IR 45 [6] B FF 46 $i AT FIO PRk R
AT 55 B K B A DU 3 S K/ 512 MB. i
e A E 10 fros , EXT4-D_VirtFS(VMS8) %R
8 & Mg AL A B 5 0] EXT4-D_VirtFS =250 352
B BUHE B R /N ik i ) R, StargateFS(VMS)



814 it " E I 2019 4
60000 WEXTI-D_Samba(12) 60000 ®EXTI-D_Samba(T2)
JoEXT4-D_Samba(T1) £ 4 a
50000 AEXT4-D_NFS(T2) 30000
40 000 4“-EXT4-D_NFS(T4) 400004
$-EXTI-DAX_VinFS(T2) -+
30000 1-DAX_VirFS(T4) 300004
S(T: Sta
7220000 >Sta
)
% 10000
o
il c04
s 250
K 2004
1504

@fﬁwxxhiwwmu«%%@ qﬁ@x@

Bie kKN /Bytes
(a) BEALEE

60000 Texms
OEXT4-D
50000_*[‘@\ D,
400004
300004 :
2200009+ s
2
210000-

\)\ \ml-S(H)
S(T2)

B 2504
& 2001
150
100
501

o S %%%H\L%\L@L eSS

;ﬁo qiq% N9,
B B K /N /Bytes
(c) st

100+
50+
O_

&ﬁ&%%%%%%ﬁ&&%@@

%@Eﬂ%)\/J\/Byles
(b) FNLE

60000 W EXT4-D_Samba(T2)

I~ _|-EXT4-D_Samba(T4)
°0000 -4 EXT4-D_NFS(T2)

40 00042 EXT4-D_NFS(T4)
4-EXT4-DAX_VirtFS(T2)
30 0004 -<-EXT4-DAX_VirtFS(T4)

752000045t
.

glomm—ifﬁm@éﬁﬁng
R S
® 250 y
& 2001

150

100

50+
04

Pt xu RERS \Lq,xkyooxkb% AR

KN /Bytes
(d) fr5

K10 PR ERE EE

IR 8 & MEUMLIA B V5 [A] StargateFS =g CfF32
G Hr e B P K /N ik & ) R StargateFS(VMS)
- H S 3 5 M g e EXT4-D_ VirtFS (VMS8) it
330. 8 .8 ﬂ%ilﬁlf]ﬁfkkfﬁ £ S0 R A

[FAE 7R T StargateF'S i I SC {4 ki 484 4th Bk 25 [1]

F AT 4 MMU i3 2 5| 36 2 304 5080 710 7 6
P .
5.2.3 FEEEHEIR I

BT ERAS [R]  E SO R mE SR SR
TEREE S H W S 5 rp, J8 o 15 F LR P AR ) 2k
EESCAF RN — 5 BOE B s T) L b R AL e ik
T A2 R 52 S e S o R ) 5 1 s D o D gt
EOCFRRER . TEAE T 2 AL AE S Rk
H B HE SRR 15 EALE P R — A
B S, L E B AT JF, 3 5 B 1 KB, 4 KB,
IMB ) 1/0 Bt R/NE A 2 GB 8. 2418 EHLH P
R TE TS A G HE UL P iR 430 L 1 KB,
4KB. 1 MBH 1/O e K/ X 2 GB 1 SCHF 54 152

BCH ok i sk fs EPLIERE 5 A B e 2 i S P00k AR 5
SEECHE B A B Rl 43 B T Samba, VirtFS,
StargateFS $L 2 J5 g Y I 4E , Samba , VirtFS f{ B0 &

[ 5.2 99 A RN % 1 Fros.
F 1 X=ExHAtE (BRA :9)
e R Samba VirtFS StargateFS
1KB 843.52 239. 94 9.632
4KB 457. 33 66. 86 7.067
1 MB 117.73 63.52 5. 828

2 1 ik g5 5 R, StargateFS {1 F ¥ 4k
=2 4y W e Samba., VirtFS 1 62. 9 £%.16. 4 £%.
A B[] R R VR P R AR 2 R A wrrite
read Z G5 P8 . MK 45 2 22 B, StargateFS fifi F 4t
=2 INAFAE A7t 25 18] BB A R0 20 ST 58000 1) 4% DLk
B, 38 2o SO R A8 b ik 2 18] R MMU i3 15 (8] SC
A SO L S R X Samba, VirtFS 2852 97 7%
HARKA T
5.3 HXE{EFSEMRK

StargateFS 52 N £7 15 5 5y A [\) i UL L 16



4 1 AT RO T R B R UL A O N SO R G 815

FAL 2 A (A] [m] iy [ A [ S = S 4 R 1) 25 4L
il S 7R A S N A AE S PR RE T B L d i AR
AL b 22 U0 R B R L S 5 100 B[] Sk X AN TR
{55 A TERE . LI L E A 5. 1 7. Stargatel'S 3Jjl]
TE P 23 A R A% 25 R) S B T L2 45 5 AR i i 4
PR g sl i P SR EE S EMAZS LT
55 1Y 22 U R I R TR0 B TR A
5.3.1 M A&E=EESENR
MPEtEF S ERETAFE B HE
BUFT P A R] Y 3k =2 Y A7 52 56 rpoxr B i i T
StargateFS #£52 #7553 F Nahannit*? 4152 Py 77 52
I P S SR A 5 i I R Y B R O SR I
?ﬂﬂiﬁ%%ﬁﬂ% 2 PR,

x2 APSHEESERERMMNE RAms)

StargatePS M sdk=EES A 0. 308
Nahanni ] PP A3k 2 554 0.713

2 A S5 R R B L BE T StargateFS L=y
A7 P 28 32545 5 B 3E R i A 1] L £& T Nahanni
HENEFAPSLEEES R 2.3 5 AP SES
A LA Z ML P R AR ) 1 S 52 Y A R 2 (R P AR
i PR AR TT 4 32 B AE T 2L S N AE Y S R BRI
Nahanni # 7 A 7] J2 B L 1 32 ML P a0k 2 1] A 3t
ENFAT 3 N (1) Nahanni i i POSIX 4L
ENAVRERS ZVUH P RS QEMU 3 (JE
AL 8] 52 BN A7 352, 78 QEMU i #& R 5
B 3 shm_open REAT I L AR X 4, I
it mmap RGP I N AE B B QEMU i /%
CHEAL 19 BB U hE 25 18] 5 (2) 48 QEMU H s i
1 PCI & £ ivshmem , >4 i AL 5 3l iy fE 480 PCI
WA ivshmem 73 BB A A7 5 (3) 78 JE AU AL b Jd i
UTO® $ R 4l 48 PCT 5 4% Hh 1 4t 52 P4 17 e 5 31
FEAUMLH P 2E AR . PR, Nahanni 78 8 57 6 52 N £F
BF 2T T or L N A7 1 B L PCT 3 4%,
AU AL PCT B4 Hh 1 A 7 25 (8] Bl S 3 P 23 ]
B [H] JF 4 K. StargateFS ] J7 25 3 52 N A7 B 2 15 &
UL AAE AL R 500 F AE A% 2 ) 15 E

) PN A7 55 ) W B 21 P 43 1) R 9 I # PCT % 4%
) B4 . Bsf 1] T4 708
5.3.2 WESHEESEMRK

jﬂTﬂiﬁ?V\ﬁZ B EAGS 50 T RE . 7 UL
g3 6 P % 7S ] 2 S AF 5 5 AT Linux H System

VIPC {5 5 8 HEAT AT 7 R0 . I 4 2R 2 3
HRTR.
£3 ARSHEESERERMMEE  CL.u
fig o &t I [1) T 4

7.128

N2 A5 5
H 12. 405

=)
System V IPC {55

RAEF 3 PR R WESEEFS RN
I BN 8] L System V TPC {55 5 1R 1. 74 5.
P AZ 23 1) 36 2205 5 5 0 9 B 45 ) 100 20 0 e A L
[ 5 e 555 2] P9 A% 0 R 80 3t ik 2 ) o, FR OO RROR B
Fe B 75 1] 43 B AR System V IPC 5 5 &2 H P
HEREVIH] semger ZGEW MG 7 AL 8 7 B — B

23 [ B I N AT G2 BRI . A% 2 DR 22 N AR

2 1 B B RS (] EE System V IPC {55 &

6 MHXIE

6.1 314 & #lith 4k =5 5]

SIMFS! 8 W 7 S kg 01 ik 4 ) - S
TR RS A AE 4 MMU i SC80is 32 5
P BB I8 B HE T N A7 B4Rl 98 W 3l ). StargateFS fif
YESCAF T P RE A B ) Bl AR R LB R R
Hi bk 5% 40 55 7E 1 AL — O kB e R 51 S S0
B ) L 5 SO BUER S 58 B IR B R ARLAIL R R UL BL
T AL E] A A A MMU (55 % i 3k 52 50 R, X 1
SIMFS #l StargateFS, F %4 LI T IX 5

(D&MB%ﬁﬂWﬁi#%%ﬂﬁﬂﬂ*

LG L Z CE R G VirtFS NFS 254 6
ATMIMiE B LHL . SIMES w30 {4
StargateF'S Jg& [F] 3 i A HL 8] | i UL ATL 7 = AL 1) 1y 4t
LN S R GE  HA% SRR R ST K AL | R AL A
F ML I = S

(2) StargateFS i i 2 i #0461 & B LML 75 &
BLIE S5z 012 i SR S T AL IE] | 4L
FHLIA] Y P9 A7 SE =2 SIMES A 3 K% 51 52 UL ) |
AL EDLE A AR

(3) T 78 1B S PR 15 32 HL AR Ae fi A A
MMU i # 15 7] 3 52 304 ¥l » StargateFS i ] 3k
LSO DURR A 3k S SO B a1 AE R AL
PN A7 S 5 O Mtk 5 e AN FE i AL B AR SR — K

@ UIO [ Online ]. https://www. kernel. org/doc/html/
vd. 12/driver-api/uio-howto. html, 2006. 12. 11



816 it <A

Hl

2,
5

i 2019 4F

b bk 7 0 7 Ta) S = SO B A Y [R) 5 T SIMEFS H
REAE N M SUUBL B 1 32 AL A A SO R 5. P AL 2
SIMFS {1 by i S L A0 A 3t S 2R Ge ik, HL S i 3%
A 58 AR HULHL Y B 400 3t 1k 3] R 00 ML AG 0 PE b dik
(4 % 46 L T A BB 58 B UL AL 19 K 40 b Bk 2 i 40 B
(1% 0 30 M ik, T 30 4 3 BL Y 4 B b ik ) TR UK e
[ B . 24 SIMFS fE b 15 AL 0 A b SCF R gt
SCF TR HORE S8 B e PR R U b Bk 2 1 32 B
Py Bk hE 0 e A s TS SRR R LB A A T R M ik
LI

(4) StargateFS S8 1 [A] 35 g SAAL[H] , AN [7] &
B N A% i 1 42 [ B 7 18] StargateF'S 4k 22 50 %5
P 0 R 25 ML s SIMES i SZ i) & — A R b 24
PR A 4 il B A o S = ST B3O 1 ) 26 U T 5

(5) StargateFS fif g T [7] 35 fi UML), AS [ ji2
LR G VES )2 3R G A7 B0 KR 51E
BN —F () i SIMFS ik & VES 475 B —
S0 a) R 5

(6) StargateFS $& fit 1 I 52 ]y 775 5 & L
A5 R [6) 22 58 224> F P a0 6 D) () 25 1 ) [ A ] 36 52
SO 5 SIMFES ok o Je Je 5 (55 6t
6.2 EMHMAFELEERA

15 K AL IR 35 09 7 2 0 F 5 5 BB A AE A TR
R FUALIE 22 1 AL BE P9 A7 i R REMES . — i
A REAUNLIB AT [F]— A R G A [ 52 5] a8 L
Vi) 3, 5 A ) 540 B o A e = A S LA ) 5540 4 3
FERIBLSs. R 76 JE 4DLAL F) 3 09 3R 45 s o A7 Jk 2
A LUA RO 8 18 E ALY A IR, S — 7 L A
o EE bt L] R AL S HLIE]AT DLGE a2
2 AL P A ST A TE R i A% e A
s P AE 250 W] DR & i UL ] | 4L 1 32 HIL )
R 30A R0 AR AN [) 1) e oK VF 2R AR R B

TR EREE T LA A7 =

1E KVM -5 A7 22 R $i b 5 oy A7 5
PR TT A LIRS O 3 2 55 — 2R 2 N Aig 3 ML o
R R — BotE F AL AE A AL UL PCT %
2 AU HE L PCT 35 45 G HE 2 1 U HL 76 K UL i
b A UK S B A B D A e B R UL N A A
(i) o e 2 il S 8 g DL AL T s ) s S 3 UL ATL ) L 7
FAHLHE B Z 5] (Y P A7 35 5 40 Nahanni™™ 5 55 —
R M ELH QEMU T2 )7 RE 98 B #2157 /i U
B Bt il 2 18] 79 R 1 R 552 B EL AL 1) R UL BIL 7
FHLE B A AEILE =, W Socket-outsourcing™ 5 5f =
&0 M RE UL s i 2%, 78 kg SULBIL b Wi 4 i AR O o
ity B AR Y BN AR B AL 5 8 0L 15
GIRCR R LR PSR o = = v N = A= Y S E 7 B2 T
FFi 3L mmap TR fE F AU PR R R L
Mtk 2 18] 52 BR AHL T e AR S e L P gk A
[F] 6 9 A7 365 A Zero-copy™*.

DA A7 S R S 3 e 5 P A R £ ) B
VU2 B AL 23 A0 5 1 T BL Y B b ik = 6] op YL O R
M RGP X B AR A ] L 5 A X sk
WAF T 1200 75 T8 DR ES M TE 18 F L E— b hk#%
0 F0AE HE AU LGB 17 Bly 7 R 001 9 2 bl % 46 )
ML AT SE B R AL RN AE ALY O N A
AR GE AR SCHE R BUWL A A =B 00 ) o — B
Py B3t ik 2 ] 5 R ARLBIL v R S ) B A S )
LAk WS B Am AL b R 43 00 ) BN AE S (] S B
FEAEEE I A5 R SUL ML P YK Ml Bk 5 R A S AL — K
b ik % R RE U7 0] 2 4 3 HL A (W] 0% 4 3 b ik s T
£ KVM R & F A 7] 4 A7 L 52 HR 1 % L
e 4 Fros. AH EH A [R) 55 Mg SUALE] R AL S 18 3
BIL I e =2 A 53 o Rl i Wl S35 52 30 N 7 R 22 0 VR Y
NG 5 ) B b S

®4 FHEMNBEZAFETELR

Nahanni Socket-outsourcing Zero-copy K153 e S5t
- Wit PRI A e W S s
BB FRRERS  EBLEN S29 ViritlO 5 3 5 S R AT
EEIERI e L 6L e
6.3 B ¥ T 3 SR A JE O AT R R R DA S B R AT 2 Y TR

() 25 B A AR T 3 55 L 2R G B 1 4 416 1) B 1 It

AHUH. 7E x86 i o i 3 BUAT 2 1 48 4 AT



4 1 AT RO T R B R UL A O N SO R G 817

30 1) B I A 75 Ok PR IE TS 4 I T AT

T AL G A BT B S B AP ]
W, 7E Linux WA 2. 6. 25 J5 51 A T HEBA H e 81
(Ticket Spinlock) . B\ B & 81 8l 25 44 43 25 5 4
PR F TS owner FITF — A8 AH & F 5
next s I JEVEMIWI IR E A 0. 24 A% 28 A5 A 37 HF BA
@B o S8 DL — A B4, Jit 5 3th 45 HE BA F Jie
next {E AN 1, FF 3% 8] J5U AR A S #5 DL BS54 19 owner
{H. 32T ORAG B0 L3 #5 DU S5 T 1Y) owner {8 F1HE
B\ EBE B owoner (B J& 75 AH A5, FH 55 U SR A3 8. 24
A% LR B TBCHE BN B T A I D b oK HE BA B e 3
owner fAAN 1. 1£ x86 Z244 T, XF #F BA B ié 8 owner
(LA meae EIN 1 445 A 238 5 I 9 28 19 xaddw
J5 T R A 45 4 5 L.

12 2 HE UL [R] 5E 9 1 #0010 3 55 vh L JE HEBA A
Ji@ A 7% e A7 TR S = N AF I A (] R UL B e
P A% AR TE 58 4 L 2 HE BN e Bl S 4% DL HEBA B g
BEZE Y L I AT 0 R B AR 4 xaddw B
B e B AR 55 B A PL S g LN L AR
[6] P ] 22

System V TPC jil i3 £ ¢ I I 48 45 9 A% 0 5 52
P HEAR ) ) [ 25 N AZ 0 G g 43 1 L S SR AR 2
Gl S (230 S N [ AT 25 v ke 1
) 2 o i rp AN 0 B2 ) R G R R BT R T T B
. Glibc® SZ B Pthread 2 28 2 JE i 15 81 25 1 1)
KRR BRAEAE ] P 23 1) 58 18 A A FR 40 7 2
XERFEAEA S R B AN, )8 TA
(i) K S AL i 32 WL A0 a2 AR ][] 20 i mT DA 3 ok 8 4
e AE TR HE AU LI | R LB AL 2 i A
R A [8] R FH 5 5K o 23 ) A PN A% 25 18] FHT P 5[] 52
T e = g i 44

7 B &

AR SCAE HE AU AL PR B8 L R B R AR S Ok 1k A
Be AT SCAE 2R R G A T 1) ) 3 R JBLAL 4 oy T —
Fob T 1) 5 T SO R A0 M il 5 18] A4 L S L AE S R S
Bt B UL 2 18] R UL i AL 2 e 2 S
PEIE T2 BT I AE R LA A B P PO T —
5 00 3 41k 2 8] 1) B b bk s ()R UL AL o R A
1y 2 A1k s ) 2 P S B e S BIL P TR 14 ) B ik
23 (8] S B R AUAL 2 18] RSB A SE AL 1) sy A A 3

. SO A 5 SO DR S R 2 S R
Yy PR T AL AN 15 AL Jol ol RS A R U
M ik 2 )5 ) SCPE. AT IR SCPR I 8 SO Y 3L 2 30 F
T A B K B AN 32 B i 0 v 3R v, S
SCPEFEEE L IR RS MMU Jin s 5 47 3C 14 506
BT AR M T R SO E PERE.

B TR 0 R 3E R SUBL L A SO R G
i Linux REHEET KVMFSSB T— 1
ML NAE SCIE R 58 StargateFS, I3 F L2 Py
Bt N SR AR AR RE N2 A4
it ) [ 25 M 7 1R) A TR] S 9 g 2 SR R
StargateF'S {-F- 230355 VERE LU H AP BB & 18 19
SRS VIrtFS R 64 ff L G I 30 R
% Samba NFS 23 B & T 172 £%.191 1.

& % x #t

[1] Liu S, Jia W. A survey: Main virtualization methods and
key virtualization technologies of CPU and memory. Open
Cybernetics &. Systemics Journal, 2015, 9(1): 350-358

[2] Ruest N, Ruest D. Virtualization, a Beginner’s guide. Journal
of Biological Education, 2009, 32(1): 41-47

[3] Macdonell C, Lu P. Pragmatics of virtual machines for
high-performance computing: A quantitative study of basic
overheads//Proceeding of the High Perf Computing &
Simulation Conference. Prague, Czech Republic, 2007 704-
711

[4] Wang L, Von Laszewski G. Younge A, et al. Cloud computing:
A perspective study. New Generation Computing, 2010,
28(2): 137-146

[5] XuF, LiuF, Jin H, et al. Managing performance overhead
of virtual machines in cloud computing: A survey, state of
the art, and future directions. Proceedings of the IEEE,
2013, 102(1): 11-31

[6] TIbrahim S, Jin H, Cheng B, et al. Cloudlet: Towards map
reduce implementation on virtual machines//Proceedings of
the 18th ACM International Symposium on High Performance
Distributed Computing. Garching, Germany, 2009: 65-66

[7] Foster I, Kesselman C, Nick J] M, et al. Grid services for
distributed system integration. Computer, 2002, 35 (6):
37-46

[8] Ahmad F, Chakradhar S T, Raghunathan A, et al. Shuffle

watcher: Shuffle. aware scheduling in multi-tenant MapReduce

@ FIFO ticket spinlocks [ Online]. http://lkml. org/lkml/
2007/11/1/125, 2007.11.1

@ The community wiki for GLIBC [ Online ]. https://
sourceware, org/glibc/wiki/ HomePage, 2018. 3. 22



818

it "

i1 2019 4F

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

clusters* //Proceedings of the USENIX Annual Technical
Conference. Philadelphia, USA, 2014: 1-12

Zhang Q. Liu L. Shared memory optimization in virtualized
cloud//Proceedings of the International Conference on Cloud
Computing. New York, USA, 2015. 261-268

van Vugt S. File Sharing: NFS, FTP, and Samba. Berkeley,
USA: Apress, 2014

Leach P J, Naik D. A common Internet file system (CIFS/
1.0) protocol. California, USA. Internet-Draft, IETF,
1997

Pawlowski B, Noveck D, Robinson D, et al. The NFS version
4 protocol//Proceedings of the 2nd International System
Administration and Networking Conference. Maastricht,
Netherlands, 2000: 1-20

Pfaff B, Garfinkel T, Rosenblum M. Virtualization aware
file systems: Getting beyond the limitations of virtual disks//
Proceedings of the Conference on Networked Systems Design
&. Implementation. San Jose, USA, 2006 353-366

Jujjuri V, Van Hensbergen E, Liguori A, et al. VirtFS— A
virtualization aware file system pass-through//Proceedings of
the Ottawa Linux Symposium (OLS). Ottawa, Canada,
2010: 109-120

Russell R.

I/0O devices.

virtio: Towards a de-facto standard for virtual
ACM SIGOPS Operating Systems Review,
2008, 42(5): 95-103

Mittal S, Vetter J. A survey of software techniques for using
non-volatile memories for storage and main memory systems.
IEEE Transactions on Parallel &. Distributed Systems, 2016,
27(5): 1537-1550

Shen Z, Xue W, Shu J. Research on new non-volatile storage.
Journal of Computer Research & Development, 2014, 51(2) .
445-453

Sha H M, Chen X, Zhuge Q. et al. A new design of in-memory
file system based on file virtual address framework. IEEE
Transactions on Computers, 2016, 65(10): 2959-2972

Xu J, Swanson S. Nova: A log-structured file system for
hybrid volatile/non-volatile main memories//Proceedings of
the 14th USENIX Conference on File and Storage Technologies.
Berkeley, USA, 2016 323-338

Ou J, ShuJ, LuY. A high performance file system for non-
volatile main memory//Proceedings of the Eleventh European
Conference on Computer Systems. London, UK, 2016:
12-28

Zhang Xue-Cheng, Xiao Nong, Liu Fang, et al. Summary of
in-memory file system. Journal of Computer Research and
Development, 2015(S2): 9-17(in Chinese)

Gk AR X054, AP SCIE RGBSR, IHEHLITE S

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

K, 2015(82): 9-17)

Liu J. Evaluating standard-based self-virtualizing devices: A
performance study on 10 GbE NICs with SR-IOV support//
Proceedings of the IEEE International Symposium on Parallel
&. Distributed Processing. Atlanta, USA, 2010 1-12
Habib 1. Virtualization with KVM. Houston, USA. Belltown
Media, 2008

Intel Corporation. Intel 64 and IA-32 Architectures Software
Developer’s Manual, Combined Volumes: 1, 2A, 2B, 2C,
3A, 3B and 3C. System Programming Guide, 2012 32-2
Bovet, Daniel, Cesati, et al. Understanding the Linux Kernel,
3rd Edition. New York, USA: O’Reilly & Associates, 2007
Mauerer W. Professional Linux Kernel Architecture. New
Jersey, USA: John Wiley & Sons, 2010

Drepper U. Futexes Are Tricky. Tokyo, Japan: Red Hat
Inc. , 2005

Dollimore J, Kindberg T, Coulouris G. Distributed Systems:
Concepts and Design. New Jersey, USA: Addison-Wesley,
2005

Butenhof D R. Programming with POSIX Threads.
Jersey, USA: Addison-Wesley, 1997

New

Culler D E, Singh J P, Gupta A. Parallel computer architecture:
A hardware/software approach. Amsterdam, Netherlands:
Gulf Professional Publishing, 1999

Dulloor S R, Kumar S, Keshavamurthy A, et al. System
software for persistent memory//Proceedings of the Ninth
European Conference on Computer Systems. Amsterdam,
Netherlands. 2014; 15

Macdonell A C. Shared-memory optimizations for virtual
machines. Edmonton, Canada: University of Alberta, 2011
Lee S, Vrable M, Difference engines

Gupta D, et al.

Harnessing memory redundancy in virtual machines.
Communications of the ACM, 2010, 53(10): 85-93

Eiraku H. Shinjo Y. Pu C, et al. Fast networking with
socket-outsourcing in hosted virtual machine environments//
Proceedings of the ACM Symposium on Applied Computing.
Honolulu, USA, 2009: 310-317

Pinto C, Reynal B, Nikolaev N, et al. A zero-copy shared
memory framework for host-guest data sharing in KVM//
Proceedings of the Ubiquitous Intelligence & Computing,
Advanced and Trusted Computing, Scalable Computing and
Communications, Cloud and Big Data Computing, Internet of
People, and Smart World Congress. Toulouse, France,
2016 603-610

Franke H, Russell R, Kirkwood M. Fuss, Futexes and
Furwocks: Fast userlevel locking in Linux//Proceedings of
the Australian Unix systems User Group (AUUG). Ontario,

Canada, 2002, 85-104



4 1 AT RO T R B R UL A O N SO R G 819

Edwin H-M SHA., born in 1964,
Ph.D. , professor, Ph.D. supervisor. His
research interests include new-generation
memory systems, cloud computing,
operating systems, embedded systems and

software, and communication security.

WU Ting, born in 1991, Ph. D. candidate. His research
interests include system virtualization and in-memory file
system.

ZHUGE Qing-Feng. born in 1970, Ph. D. . professor,

Background

Virtual machine is a fundamental infrastructure of cloud
computing. The performance of virtual machines is critical
for user experience. Shared file system is an efficient technology
for improving the performance of virtual machines located on
the same physical machine (i. e. , co-resident virtual machines).
On the other hand, emerging persistent memories, such as 3D
XPoint, show extremely high performance and non-volatility,
which make persistent memories as the promising storage for
shared file data.

However, existing shared file systems for co-resident
virtual machines rely on either virtualized network device
(e. g., Samba) or virtualized 1/O path (e. g., VirtFS),
which cannot fully exploit the benefits of persistent memory.

In this paper, we propose a novel shared file system
installed on the shared persistent memory. First, the shared
files can be exposed to multiple co-resident virtual machines
via a shared page table. Second, the software stacks and data
copies of the 1/Os for shared files are reduced by directly
accessing files using virtual address space and hardware MMU

rather than the network. Third, to ensure the consistency

Ph. D. supervisor. Her research interests include operating
systems, embedded systems and software, and optimization
algorithms.

YANG Chao-Shu, born in 1984, Ph. D. candidate. His
research interests focus on persistent memory file system.

MA Zhu-Lin, born in 1993, Ph. D. candidate. Her
research interests focus on main memory database.

CHEN Xian-Zhang, born in 1989, Ph. D. , lecturer. His
research interests include new-generation memory systems,
file systems, embedded systems and software, and cloud

computing.

and concurrency of file accesses, this paper presents a new
synchronous mechanism for shared data, such as file data and
metadata. This paper also implemented a real shared memory
file system, StargateFS in widely used KVM platform. As a
result, the average throughput of StargateFS achieves 64
times, 172 times and 191 times higher than VirtFS, the
state-of-the-art shared file system, Samba, and NFS, respec-
tively.

This paper is supported by the National High Technology
Research and Development Program (863 Program) of China
under Grant No. 2015AA015304, the National Natural Science
Foundation of China under Grant No. 61472052, the Chinese
Postdoctoral Science Foundation under Grant No. 2017M620412.
These projects aim to optimize big data systems with emerging
persistent memories. The authors have developed several
persistent memory file systems and optimization algorithms.
Many papers have been published in international conferences
and journals. This paper is part of the topic for optimizing

cloud computing with persistent memory.





