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Abstract

In recent years, amount of global data is growing tremendously. Various storage media are developed
and produced to keep up with the storage demands. In early 2000s, hard disk drives (HDDs) were used
as major storage media. After that, storage media using flash-memory were produced and solid-state
drives (SSDs) were rapidly positioned as main storage media due to its high performance. In 2019,
non-volatile memory (NVM) modules that applications can access via memory interface were produced.
These various media have unique characteristics. Hence, hierarchical storage management (HSM) that
moves data among media based on data access patterns to optimize its total performance, capacity,
cost, and etc. was studied.

On the other hand, from perspective of software interface of storage, even recent applications for
smartphone, enterprise system, and cloud environment continue to use file and POSIX interfaces for
storage accesses. Even though the more sophisticated interfaces such as key-value store and object
based storage are introduced, the middleware implementing them uses POSIX interfaces to access
underneath media. That is, the file and POSIX interfaces will keep used now and in the future, and it
is expected for HSM to support the current software interface.

The goal of my research is to establish a practical HSM to improve applications’ performance.
I addressed two challenges to achieve a practical HSM in this paper. First, the HSM should be
transparently applicable for existing applications. The term “transparent” means that the technique
is adopted to existing applications without any modification or rebuild of application codes and does
not cause any erroneous behaviors such as time out error or severe performance degradation. Second,
data should be placed optimally on storage media to provide better performance.

I focused the file and POSIX interface and my proposal leverages that interface and determines
optimal data placement based on access patterns of files to solve two challenges.

This paper covers three topics. First, to use newly developed media, existing data in an old computer
must be migrated to a newly deployed computer with such media. In this topic, I focused a file
server migration scheme without long downtime and response time. Client computers and applications
running there should keep running during data replication between servers. Existing solution based on
pre-copying data requires long suspend period for clients before the completion of replication to confirm
all files in both servers are synchronized. My proposal utilizes post-copy based file replication and it
replicates file data on demand of clients accesses to the new file server. It achieves little downtime
(i30s) for switching server and does not cause long downtime for on demand replication.

Second, multiple virtual machines and user-developed applications run on a single computer in cloud
era. In this topic, I propose a data prefetching scheme for HSM between SSD and HDD. Though HSM

works effectively when it can predict future data access, various applications and a deep storage software
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stack weaken temporal and spatial access locality and make I/O pattern prediction less accurate. I
notice that access locality in consecutive file blocks in a guest OS is maintained even they are stored in
scattered locations. Hence in my proposal, an agent program installed on the virtual machine obtains
mapping between file data block and its location on a virtual volumes. It transfers this mapping and
other information to a host OS. The host OS prefetches consecutive file blocks from HDDs at once and
expects the future I/O requests will be issues to SSDs.

Third, NVMs for memory interfaces provide different interfaces and performance characteristics from
conventional storages. To utilize its performance, applications should be modified to adopt its interface,
and current file semantics is too strict. In my proposal, a user-space file system library is attached
to a target process and it provides isolated directory for each process. Accesses to the directory are
handled by the library, and the library reads and writes NVM without any context switch and system
calls. Hence, its performance is better than conventional file system. Furthermore, its interfaces inherit
POSIX and do not require existing application source code modification or re-build process.

Using these research’s contributions, an HSM that migrates and place data among computers and
storage media without modifying existing applications. Hence, the HSM with new storage media will

provide optimal data access to improve better application performance.
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b= VBHEIBIT T — NI DOWT R T 7 A NIZT 7 ATEBHREE DT AT Y M 2ERT 3, &
DY FBAT T — NITIKIET 205, BHO 7 7 A VY —NZlEAAy 27y THIZE 7 7 A V2SR TE
27 HT Y NOMHEREREL TEORBEL XRS50\, fitlf T, A M —VFHFEIBIT LY — 2B W T
ZI—REONV—FF 1 L7 MY ERERL, BT —NOEERGKOEET L2 M) T L7 M) 2B
WE2X5129%, ZOMRTAYT I Y RERPETARELREDT, 27347V DT 72 A%ZITH
I RUENNTET T 5, ZOEEIR. HETA L7 VVBICHEINCITS 2N TES, TDEH, N 1D
P—NBITELHRETH 5,

BT — N 0 X IZEE L, A ML= VEHEREIBAT ST - NOREELEELTT — X 2B HO AT
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BB L, 227472 MEUBBITEY — % remount T2 &5 T, Lo T, DEBGFLY—1DOF—
REFIFHRINT, T —ROEEEITIHEFBTHATHT — /NTHER L TORIT R0 5 0 REg & 7
5, ZORETIRELEBITET —NIZRBEL=F T4 L7 MVIZHIET X I —REDOTFT 1 L7 MU LELLE
LTWRWA, AV Ty FEEPEN LD TIDRR T 747 2 BT AT =N o EED T 7
TNVRA%EBBAREL 72 5, CHlERT, 24T VBRI 74N C/AJE KT 7 ALES LT
522, V=1t T 1L 27 MJD lookup MEEATTHOI, ZFDOEEN— T« L7 b UBRKX I —REH S EERIE
CEBTHLEBIE, M— b FA L2 h)FIEAI—REDT 4 L2 b ) /A7 /B </C BIEK S h 5,
BelF T, 77 2 AR ROISAFRRD 72D “/A” H¥ lookup T4, “/A” HEEIRAEIZ /25 LFRIRFIZZ D FIT
“JA/D” “JAJE” “JAJF HX I —IRIEE LTIEREND, BEIC. 2547V ME “/AJE OF—X -
ART—REDIEAREL &5,

BAT Y — N BT —NOY O FBEZIZBI 527 547 2 O remount WEIZ A #ETH B, 771
WHAEIZEWTH—RNEI 747V b oDHERICHT oy ¥ a VIEREABRERLTH D, REETH
LHIRO T T, BITRY — NP OBITRY — "0y ¥ a ViEREZG ST RV TH S, remount AL
HOMBIX, 77Vr5r—>avDI77ANVT 7 ARMEIZ LD ERD, B—7 74 V% open Lt} 27 7
Vr—vay, FIZEXA 71 AT 7AVOFEY 7 3P, T—XR=ZAF—=/NZEWTIL, remount IZ4E
W7 74D open/close #EFT 5, 7SV r—Ya ilio TR IOFEIIEEHEH 20 EE TS, W
Wifl] 7 7 1 V% open LCT — R & HARAL T — A, HlIZIEEMBEE 2 —7 % Web ¥ — N, remount LI
HDT 7 ANT ZRAMPTAIRVEZT T, ZEIDLITPTHS, D remount 2145 FIFRIEAHETH 5 73,
vy a VIERE S ST VEBEERBATICB VTR ER IR TH S, F/2. remount 2358 T TIUET
TV = a TP T I K OB AT RE & 7 B,

Y—NOY O, 70 —F@3BITEY —NOHET 1 L7 M) REROBEREITD, BT 7 AVDT —
R RARTFT—=RDEBEITD, TOH, ARXRTEATVEAN 0I5 70—F 13T U CE-TIEE ST
B, ZORMTRTIRSET LD, ANV —VEHERIBIT Y — N 2EIETREE 125,

24 JOMNJIILVEEONGIER

ATk, ERBEIZBWT T 7MY —"\BiT2475 ECpER, Ju bhaVEEOEEE ZNIIHT S
M DWTHRR B,

241 FUOERESLVID EE

T7ANTZRATOFANICE ST, T/ RAMP LY —ID OEFHLILIZELD b, TD7D,
EBOTO N AVIZHIETE 7 71V T—NTE, ZNSEROEHEGEICH LNEIRIZY 272 AED < v
VYR, WAMIZEBZT> THLT 5, ULHELIZDOHNID Y Y ¥ 23T — NN DEEEMAE T
HoTHRPOIMET B LN TET, FHERR~ Yy VIV —E 4\ [BR BY] 720, BTk —Ncs
WTHBATILY — "D Yy ¥V TOHBIZTE RV, 2—HF—IDIZDOWVWTHHKT, 71427 MU T =N
DR WEBETIX, NFS 285 uid/gid & SMB 2815 sid 137 7 1 V¥ — NN THIGA I PE R S,
AN & Z DR IE 2 HLD HE 7200,

W, ZL DT —ATEBIZHEHASIND 7 7 AEOZREIIRENTH Y, M7 7 AHDOT Y ¥y
TOXEBNEN ETHBEL R RETRV, TI T, ABGFFEICBWTIE, NFS & SMB i 5%z ¥
R—PTBT77 AN —NOBITTIESMB 252 & 2H#ET 5, ZHiESMB D7 7t AHEDHREN
NFS & 0 ki Ciibon b7z, SMB O 7 7 & AN WA BTG — N\ S5 BATET — N icEl- L, BT
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KT —N"NHNTNFS DT 7 AEDOTvEVYTERWB BB LZRIEMITFENEHTHD, ID HHEET,
sid DA ID OELY 5 ZEDHFHAA W2, SMB Tsid 28E# U725 2T, uid/gid % N TGN 1
LZONRREV, BB, TVEA—T I AEETITAE T« L7 MY —N"PEHAINTE D, ID OMIGIET «
L7 M) —NRTHFLNELEDT 7 ANV —ANHNTONIGIFEL DT —ATARETH 5,

242 774D truncate JLIE

RPISTATHRARZEO AFEIZEVWTIE, AR T T 7 A B WTHEHIFEAT — XESOEHEIX, 77 1)L
DO7ay ZHEEBARE D YT IOy 7 DEREHANTITS, 2770, NFS O truncate WL 24753546, 77
ANY A ZDIREREST D ERRBIHRRE DS TTRYy ZHELS, 2070y 7| \ﬁﬁcﬁﬁé
nr-H0h, HERERFEEZRTHONIDO X ETIRHUELA DLWV, £I T, KAHRNTIHAX 7RI
HSIAA 72 minsize” 7 1 =)V KOEZ WD, ZOfEIZ, b= "BITHBEURIIETZ 7 7ML 14 XD
BMEZ R U, BITHBEOD truncate 12X 0 YA AAM/NUBRICHETHT S WS, 2OV 1 XL BEADL
AAAN L:z@éﬂ%iﬂ DY TTay 7, BITRBBIZERINZEDOTH LI Db nb 72D, FDMHEEA
DT 7EARZT —REHE2FE LR\ T 5,

NFS D & D #i7clenN—a 4.2 TR, A—VERGENENE Nz B0, ZO@METIE, 771 NVDOR
BUADMBEIZRE D LT T Oy 72 ERTESLD, “minsize” 74—V RE2HWEZRE-L T O Y 7 O]
EITZR0, ZOMELE LTI, 78y 70 extent HH L ZINEE/ REMFSAEHT LY vy
TEEREFT IR EZOND, ULErLINEIE-HETETCOHMEE IV, 771 VDT —XT 7 & A
RZEEE Y by y TOSBEET 5720, HEETOERKIIRS, oG hiEE LTiE, 771 VYR
FLADT Oy ZEFOMMEZUGE L, REIV Y TT Oy 212, REEPEHEO R -V AR N T AR
HEZ2ENT 27772 BMT25Z8THE, ZTH0IENLIHAS 70y 7 EHONBLIE L Z AL
L7OMRETIIELAEELRWD, 77 AV Y AT LD EHEM MRS NG 25, BURS TR 4
LT 7 AT = NIZBWT NFS N—=Y a v 4.2 IZIERIGD 72, A=V ERGENOH)IEE RLEM L
LTW3,

243 N—=KUV7Y

PISTHADIH TR ARIEY . A X TEHIIIBAT Y — NHD AR T BT Y —NHD 7 7 1 VOIS
BRENZZIZE o TREFT 5, 22T, BITAEY—"NIZEWTBIT LY —"HNON— R V7 FEFREZR
MU WEGES, BITAY—NATHEWIN—=FY I OBRIZHZEBONRA2FEDT 74 VH, ThEhn
RN — NIt T, N—RN) Y7 OBBERbNTLE S MENEL S, ZORBEDOH KDz
B, BT — NS NFS 78 AV TT7 7 AV EEBT LB 774V Dinode F5& Vo HhT Vb
EWRTE, VoAV IR 2 EDESE. TDOT7 7 ANIEHDONRAZTN=R) Y7 ENT 714V %
BRLTWAHEENENH S, LU NFS 70 ha)LTld, BEEAN—R) Y 2ENh=7 7 VIEZRET S
A VR=T =A%V, TITIOLIRGE, BT —"OBRLT 1 L2 bV diZ inode F5
MOERINLMTZ RO —T 7 A VEER L, ART7 7 ANV EEBT Z2 L ZD—T 71 VT
N—=RY VI %iESD, & UFA—D inode HHZFFOMDNAZD T 7 A WHBEBNR L - 72856, RRKIC
inode ZHEN S~ 7 7 A VDNRAZERTHZ LT, BITET—NZBVWTAN—RN) UV I7BGRERHEORNE
T ANDPRETE S, ThoD—7 71Uk, HERTHRICHIKRI NS,
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244 T Ut BEANDTIG

REHRNTIE, 2HROT 7 A NVEEETET 1 L2 MICEREN OV BXBRIDTT 7 ATHEE, %
BDART 7 7 ANEERT 272D BRI EL 25, NFS N—Ya Y 3.0 FAT— ML A7 b
ANTH 2720, WREOERORELHRT 2 FRELL, BWERMEVPETEL LI I4 TV BT 7
ANTIRADRA LTI FZT—¥ML, 77V 75— avoEb23&LILTLES, ZOFHE
ZAEES 5720, AFIETIENFS TEH S NS NFS3ERR.JUKEBOX =5 —a—K2fHT5, 2O
F—a— NiZtx 57— THESET — ZBSICHRA D50 8A T« 7TOMHZBELTED SN D
T, ZOTI7—a—FE%F7747 v M, —ERRRICHX %2175, Linux OFEHERZ NFS 27 5 A
TYMEXOTRHOXRA LT Y MFEFS, NFSSERR.IJUKEBOX %2 11Hl% & 5 BMBICH%EE2RA D,
ZIZT. AMEIZEIT 27 7 AT =N 0.5 BPANIZ AR TERD5E T LiwEé, —H NFS ¥ — B
7Y NFS3ERR_JUKEBOX %39,

NFS D56, NRADLV Yy 27 v TIIZZ 54TV "N WREFT L0, T4 L7 M IZKEnESnz
TrAMIT 78 ATEEE. 1 T4 L2 bVUEIZNFS3SERRIJUKEBOX [SEWHREL 7 7 A AADT 2
AR ELS B2 ZeREZONE, ULELEDS, NFS 75147 2 MRS E Tk \WikE % 1
TEBDT, RALT Y MIEBITI—IFELHRV, ZOBMIzOWTIE, B62IHIC TS 5.

245 BERYLIRAI

Windows DT ATH—=F—%, T4 VL7 MV EFASLHFIZHIHEBET 7 A NVRPXET 71 IVDY L%
AVEGEFERLES T3, ZOFEZ. 77 A LVTF—ZOEEDEOA YTy RE-EL 47
RS H D, ZHIZED, ZHROEBRT 7 A VERINT 2T 1 L2 MY ZRKE. 2547 2 b ADIRER
MO ERELT 28N 25, T7A70—5—Tlk, Windows D7 7 A VY AT LATEZEEINDI LT 5
1 VBRI S EINT WD 7 7 AWK U, B L3 VEGRIERZ LT 5, ZOEEIX. HR7 710
F—TEOHEIZBBTERVEFRIIEMEINTWEZ L2 RTOOEETHE, 22T, AEZEIZBW
T SMB TART 7 7A4NVD7 7 A IVEEESBT D47 T4 VEELPHEIND LI L, FAxA
JVEGRIER 2L L TWW 5,

25 EE

A TIRHBEAROEEIZOVWTHEAS, BT —NDY 7 Ny o TR R R T, AFEET
., -V —EfoTassL LT 77 NVEEY— AT s S L, 2u—5, JryABRETOS S
LAD=ZD207A 75 LWEET S, IMAT, H—RIVHAD T 7 ANV AT A ETAR TEBENEIET 5.

251 77A4ILHEEY—ERTOT T A

T7ANVEEY -V ATl I hF, 25147V MINTET7 7 VILERRERIREET 2, KFEHEIZE
Wk, BFED 0SS D715 Lz, BATITHRARS Fu ~ 3)VEH QMBI G ZEM L THAL 7,
NFS i & 2#4121%. Linux 77— %)L 2.6.30 23D nfsd ¥ 7Y A F A, SMB 12 & 5 3#4121% Samba 4.1.0
%Wz,



2.5, EE 23

D54 T Uk BirooH—n
TPAILTHER  TrAILEE

TJ7AILEE TIFALTHIER
H—EX y0—> ISATIINED2—IL
70535 A T7AIVERETOT S L
| ASTEIEED |
| FJFAINSZAT s |
BiTkY—N

X 2.5 V7 box TR

252 TJr7AIEETOTI A

T7ANBIRT 0T T LiE. AR TEEBOEFIGE U TBITRY —ADNST =X - AXT—REHET
5, 77ANVEIETOS 503 C EETRRAINZI—Y —EfTHFETEZ 0I5 0THE, I—F)
NTEIET 5 A X 7T L X, UNIX domain socket FIZFEFEL =W HAIF 2 —%2 N LU CHEET S, A
RTEHENE, T =X« ART—REBGTILEY—N"DSEELAZVES, ZO0Fa—IZ{HRT 71 IVDIIRA
EHRLAEVWART =& - T=2A4 7%y b2ERUERATY FEBINT S, 77 ANV T0T T LFZ
DOF a—ZERNTy MAEMEINE L, ZONBIZIGEUTBITAY—N"DT =X - ARXRT—XEHH/LT
T7ANDT =R - ART—REEHLZOL, AR TEHRIZINET 5,

77 ANEIRT 0TI LE BT =N OEEETT D 2O ITBRINT R Y N T — T BEDIGERH N
BB, ZD1d, ELILST =X - AXT—ZPMETEL LS AV Y T =)V & A THEBE OIS E K
EAUFNIEFTTELLIDIZLTWDS, 72, ~EBIINBETE2T7T— XV AEBTLEI 74TV FOTERY
ARLFE—BUBRVEIIZILTWD, KETELTFT—XIEY 1 Ak, BUF5E T £ TR 0 0 IR E I
MBAMOTLES, KNS TELT—XWEY A XTI, U7 7 I NVDT—XERETEDIZh05
WEEBAEATLEVRIE D RPE LRV, —IZNFS ® SMB LB 58 —~7 72 ADT — R i%k%
B A ADERNR1MB THB I ehod, ARETIRZOHESYE LT 10 MiB B THS 2475, Z Ol
ICBUIBARERT— DY =7 VY v LT 2% ZAMEIZ OWTIE BEAT CEHilliZ47 >,

T7ANVEET AT S LAEBT LY —AAANDT I ADRD, T baANFDOTrANVT IR ART T A
Ty hEYVa—-LEHWS, NFS 27547 h& L TIE, Linux #—3 VDD NFS 7547 > +%FH
L. SMB 754 7> k& LTI, Samba 2ME#t3 5 libsmbelient 71 75V 2H\W5, BiTHEKBT 5L
By —NEEMAAARER 05720, BT — DT —REEHFINLV, TOFREOE LT, 75
47V hOEFENRT A= RIFEHEREN TR L 78D X DICFHE Lz, NFSZI4 7Y MZBWTIX, 1V 72
ITAMNDTF—=RBEETFAXE 7B ANV ERD 1 MiBIZEEL, £H22714T7 VY MARXRT—XFyy¥a
X1 HEME L TWS, SMBIZBWTH, 77 A IVOEEMED K\ SMB3.0 2RI U, FEE A5 2558
BEEHAWTIEEZ SE L TW5,

TrANVIE TS MR, 77 AVEEDO O ha)l e LT NFS A=Y 3> 3 7213 SMB3.0 & W
b, INSE 77 AN T N AVOEREETH D S, HHICHDIFIETRTOT 74T —N
MOEBITTEDLZ LS, APV —VUFEHEINFS N—Ya >y 3 & SMB3.0 WTFho7a kazHn
ZHRERTEETH DA, 7 aVEEDAXTF—XIIEN L7270 b a)LoYLrERTERY, 0
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7=, BT 7 7 AN —=ANTEE UTHAINZTa IV EAVEDRHE LW,

253 /0—7

su—J@3Ny 75 R Tue AL UTEES 22— —EMO TS0 I LTHD, 70—F13H
FHRY—NEZ T b ENEZBT LY —RND T 7 ANV AT LERR L, NHDO 7 71V % POSIX 1~
R—=Tz—AEHVWTT 22T 5, f—POSIX iZ&EENHRVA VR —T 2 —AL LT, AR THEHIIZ
T7ANVPARTNES pEHWEDLE S ioctl VAT L= VEHHT S,

PR2FCHARALED, 20 —FF T 7ANDT—RT7 7 A%2BEEETO Y JBATIT S, TOLOT—
ROEHPPIEDORAIZ I DT Oy VYA X, FRIIHD, ZoTay %A XE7 7 A4 VEET
0275 ADEEIZELE 10 MiB & Uiz, Z0OH 1 Xid 1 Gbps DBEBTT — X 21755E12H 1 AT
THEPTE TSI L06, AL —VERENHNZ IR 256120 Z Y2 ERR CHETE 5,

254 R4 TEEI

AR TEEIEA T O Z O FEFN M 72 FE %27 o7, £ TVYR—=T I AHT7 74 VY =Tk
ZRDY TAT VMK BEAMBPNBEDT, BITHT T UBITHEREA — N~y RO S K 5 sl
FELULIRW, I, AR TEHEIENFS % SMB @O 7 v A VA 7o b avz i URHAZ D
TR, 77N —NHNOTB T I LZEBR =T 72 AZERMIGTERTNIER SRV, TNk
T7 AN —=NIZBWTW I IA TV N T 7RABMIE, NI Ty S T—=REM, VINVAFzv o
REDHRBRTU—ANT 7R AVTONDE D TH D, IOICEET 7MY AT L EHHEDOTINI N
T4 AZERIT RTINS DBEBITLRREE L 25720 F L2,

FENZ BT D WL OBEIRIED D 20, EHEREREAZTNTNRE L, £9, AX TEHEHOEE
IZiE =Y - e 7 — R VEEOERE Y D 5, 12— -2l DGE. BEREOMNIMED & < FEH - fRAFH
BHT, SBOA—FINN=Va Ty T NOBHELASGTHD, LirL, 2 —P —2EMELEIC &5
F—=nny FIAEHTERY, flZIE2—Y—2ETT 7 A IVY AT L% EBT 2 FB L LTI Filesystem
in Userspace (FUSE) FHMEETH O, H—T 1+ A7 % AV 2R TIERWIERED 5 &\ 5 e 7 s h’
H5 Blll, L2ALINEHL £ TIRERBICHET 25 TH> T, CPUDFHRIE 42d (B—T 1 A2
TH Y75 1CPU D 31% 2HET D) 7=, BH~BET 1+ AV 2 MA DTV R —T 71 ZBREETIEEF
RBTER, TOEZOSAINEIN—FINVEBTAR TERRZ2FEE L, LA LD S, a—V—2=2MI3MaE
B THZROIXAENRBHTH S, BIE Linux IZBWTEERI—F -2/ 7 71V Y AT L EEE]
$57VL—AL"T7—2Td? Zero-copy User-mode File System (ZUFS) [62] BRI NTWVWD, ZD LD
BRIV —LT— I PEAAGE L R o 2B IEEMRGT ORI D 5,

ROFEFUL, AR TEHIE 77— 2 VN EEHELE L THARAD», A—RVEYVa—)be UTHIL
THEETENE VI RITH B, BHENITIE, AEREIE T — XV ONEEREZDOTEY 2 —)Le LTHN I
TAMN=Yary 7y TAOBHEETIEEE L., LAl REETIET 71 VD X I —REER LB
THEHY, H—FVNHOEENPAAREZ 57z, R2A TRUBY . AR TEHBOEEIZIE—HE R
X7 —=REENRFA YD inode ZAFF L R IT NI R S4\0, 72720, Linux 71— R IIZEWTAE Y iz ff
FFEN/zinode DARXRT—XF ¥ v aiZ VESEOT «+ L7 MV EBEEBIZBERLTED, =3O
P ZRBRE o TE D ATEY 2 — VOHFEDMUB TIHEHRTE R, TD7H, SHOFERNTIE A —
2D VES JEZEREHRL, AR TEREZEAL T,

=ODOERL, VIS BEAEZ2ET 2HEELNE, EZICHET I W NTHD, 5L VFS D
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#*2.1: RS 5%

2547k BiFEd—n Wit —
CPU Intel Xeon E5-2430 | Intel Xeon E3-1231 v3 | Intel Xeon E3-1231 v3
DRAM 32 GiB 32 GiB 32 GiB
T—RT AT L SATA SSD x 6 NVMe SSD x 2
OS (NFS #l7£i§) | Ubuntu Server 18.04.1 LTS 4 i& % A Debian(Linux 2.6.30.1)
OS (SMB #iIEK) | Windows Server 2016 on VMWare ESXi 6.5

RN % EEEGE T A1z, EixRd FUSE % Stackable File System # A5 & W5 FEREH B, £z,
Ty ANEES—ECATO7 I MMICHEZITD WS FELEZ SN, Hlx1E 0SS DFERT 71 L4t
FH—E 27877 LTH% NFS-Ganesha [63] X Samba (&, 7771 VEY 2 —)VIZ K DREEEILRD AT
B2 DIZRoT VB, UL, 7700 —NEIERO 7B IV EHRABIHERHDILE, U—7
NI 7ANT IR AZERMETERTNE RS BN s, REETIE—7H M3z UHAHIETE RN
T7ANEEY - AT0 ST LAORE I fThRNI & & Uz,

INSDRBIROFER, AR TEMBEIIH -2V VES BREIIZEWT, XFS 7 7 A VY AT LD EIZHE
FLtz, TOBARTHERIET 7 1 N OIRBHEIS S HENT E 2L & Uiz, IERBEEIEEITOEEY 7 1
WYAT LBIFEMATOWIHEEETH D Z e h o, BEFIERIMO 7 7 A VY AT L EBGITEAWHET
HBLERD,

26 HFA

A TIIREFIRICB T AWM 2175, FHIISRIE. BITRICB 28021 L, HHE2ED-E
B, BEBRO I 7 AN T IR AIBIIEF =N~y R, BIFHDO 7 74T 72 A28 3 52K
Ths,

26.1 RIRHER

RN RERICHEHALAEZZ 547 bBLOY —NOMBERZRT, WECHEY, BEEAL—T Y
m(ﬁu%%ﬁ (B64TE) THHELWHED 3AD2 517 v hEAWE, TOMtl. X7 21 AOREER
(E6278) R OISER M OREER (B65IE) TIZZ 51 7Y MI 1 ADAHEHLTWS, RE SR % FE
L=y —Nizb Wik, &L 7z Linux 7 — %) 2.6.30.1 25 L HEHD Debian 74+ A MV a—v 3
v &AW, NFS & SMB i FOEERIZEWTHWZ, Z® Debian 1, &#H D NVMe SSD O )& K Z 1
NERRWED, (KB UTEEI BN NR=—NIPFIZLBESATASSD TIab—varviENL
TEHESETWS, 25147 Y bBLUOBITTY—/N & LTIE, NFS OHIEERIZIE Linux 5% (Ubuntu
Server 18.04.1 LTS). SMB Dl F5# 12 1& Windows Bl (Windows Server 2016) Z i\ T\, Zh b
R OMREF 2 —= > Z 134T > TWB A, 3— ROBEIX T TV,

HENEDO T baMTiE, 2547 T 2R 77 A4 IVEBNITTNFS N—Y a > 3 & SMB3.0
ZHW/, NFSNN—=Ya v 31 POSIX HtORXARXRF—R %KL, AF— b LV ATHEY YTV Ta b
aANTH5, —/SMB3.OIFAT—h 72T aba)VTHy, 727 AHEHRER S DOS 7 2 & AKD
B, 77 ANVARY TR E NFS ITHARERRR A R T —RERD, TD7d, —f&MIZ NFS &b SMB ®
FMT 7 ANT 7 AR R R ARDRT S B [B9).
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NFS ] NFS
(Pre-copy) = | @unmount (Pre-copy) Dopen
NFS [} | @mount NFS Oread
(Post-copy) ] (Post-copy)
SMB 1] SMB
(Pre-copy) i (Pre-copy)
SMB ] SMB I
(Post-copy) — (Postcopy)
0.0 1.0 2.0 3.0 4.0 0.00 0.05 0.10 0.15 0.20
BYUUNET EFTOMLERRE () T7AIGHAHTE T FTCOMNIBRRE (F)
BECSZEP (b) 17 2 & A D RS

2.6: BUNBR (X 1, 16 10) 1B 320 ¥ 24 AL QAT 2+ 2D

BEtEIX, 77107 22 AT 10 Gb Ethernet TEHINTWBIEHL, BT —NeBITED
¥ — NTIZENT 10 Gb Ethernet DEMEERERH B, DD, 774 TV NT 7R T — REHNH
HEA - FET LI 23R,

MBI RTIIERE RTINS 3EM EEBL, ZOFEBEZI->TW5,

26.2 Y—N\YPUBRIBOFLERE

RBEFEIBVC, $=—NOYOEZIEVELE 27107 FOFAELRMIE, Y—"DOXT v R1 L
T 72 2 ERED 585, Y=—NOX TV RALEETTA TV NP Y =N T 72 A TERWFHE
U, #IET 7 A BRI — N YO BERBIH D7 7 A NIZHIOTT 72 AT 5 & & DRERM
5, DFBHEHIZDOWTRTWL, ISR 2 LTl Pre-copy 2 X 2E#-EHY EiF5,

INSDORELIFHOMEIZHZ0, UFICRTERE 72, £F, Birxb—NCEXB 7 7 IV EHE
BIERLTEL, i, BEOT AN 0TS 0% 7547 NTEHESES, ZOTANT0T T LI,
BATTY—NZBIIE 771 % open L., TDTF— R %MD SIHIZ read LTWL, TDEIZ 5147~ b
DAEVHREIVELDTF—REFRLILT, 7747V MOR=IUF v v aDEBERHRT S, H
FTOZIAT Y MZTH =N O BEZETD, TAN TR ILET72ALTWS 7 74 )% close U,
BT To T4 7 MZLBBATIEY —/ 0 unmount &, BATHY — 3D mount 2475, mEIZ, TANTS
027 LMEEUNSADT7 7 A IVEFIE, close FiDHE & DF — X % read 3%, unmount & mount XKD
FTALVZMVEREILTHY, TAMN T IAEZRUANARAZRZTY 2R AF 52 LT, mount BIZBITHY —N
ENUCH—77ANMIT2RATEHILNTES, TANTBTILIEY VYNV AL Y RTH D, mount
A read DIGERRNIMOLE ZZ T TITEMICIND Z D TE D,

BATHRY — NIz WTE 7 7 1 M d 2 4[E open BRIZH L TlX, FDT 71 VN % LT D%
DETAVZ PVDONEETRTIEL, TALZ MV IV M) OARE X I —REBOAXTT7 710 L
THER U2 T NiE7% 572\, open BRADINERMIZIZZORMEEENS, TD/-H,. open BRADIG
BHEMIZT 4 L2 bV ) — DR T 72 ARNEKD 7 7 A VO BEOHEE 1T 5, Znoz2HET S8
TA=RELUT, Z77ANVDHEI (W—bT A4 LI NIDRSHRT 7 AINVETITUERBEDNHDT 1 LI b
V) T4 L2 P OIE (*DT 4 L7 M) DEFIZRREINE 7740V - T4 L2 b)) 2ED 5,
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A—RTHET 2,
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Lo THFDENDH DL DDRARDKH L ANFIMETE 2, T0bL, XV VXA LIMR3IMLUT L
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# 2.2: BATIRREFEGOMH T — & &2y b
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AHITIE, EBRICBENT7 74NV —NDOT =Xty NEHWTERMHEZEL ZBEICBWT, BTk
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1V (JEEF%.c, .h, . bmp &) 2 HERLEL, 77 A1 XDEHE, 774 NVF—NEED VY
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FREHERHIZBWT AR T — 2G-S D O BB R L TWS,

REFIEIZIZL AL DT — AT Pre-copy & D LBV, ZOHDIXEE: Pre-copy & WiKT % &, &M
IZHWT NFS T 2.30 5. SMB T 3.39f5TH 5, [## Pre-copy & iKd % & NFS T 1.38 £, SMB T
3695 THD, ZNITREFEVERBRAX T —XE2EHEHL LS T 57-0BFRBMERIL L, XV
TRV REHHARICANT N A ZDT =270y 72 HWTE D, BEFHREHEED T Pre-copy (ZHARZ)
KPBNZ L&D, REUVREFEOX Y VXA LARBIREZEZ D L. T OFE RN O/ 137 A
FHE&EZ5,

HEfER 2 R T WS &, RERRMIZT -ty b, 7B a0, F— RERIERIKIZ X > TEAL
LTWd, FEAEDTr =228 WT, SMB & NFS & O IKED2D>THED, T—XEv b (a) TLT5~
1844, F—&&v b (b) T L5I~1.63 5. F—Xtv b (¢) T2.77~2.87 15 TH 5, Zhlk SMB 2
RF—ZNNFS LV EBETHEILEAT— M7V THERKOZ 70 b IVHERIZ LS, SMB O X
RTF—=RIE ACLEY A ANKEWH, BUFIZIENFS L0 OB 2RKITT0ERH L, MATT—
ZOIWIZEWTH, SMB DIEEIXT — X2 MEI#21Z open, close 4 & B3 2 EBE B/ BINT 5, X
SIZ, MEFETRA VT YV FERDOELEITH 7 0 KM IZ open/close 2175 7=, K¥ A X7 74
OBEMFFIZBERBLEINT 5, — /i NFS TRAXT—RET—EBETNEFN 1 G TRETES, Zh

S OREMEA NFS 12 AR SMB 258 WER & 72> T\ b,

REFEIBVT, T—RBEREIKRTHDT « L7 MU BERIEC T — XEUFME L, a5 RRER o U g
DI, ART— R EATEBIET « Lo DY BERE 2 W75 2 & TfEEE L 0 AR A EAICH B
N, TNTERETT3% OWIMZE Y ED, IFLALIE5.0% A TOSTHS, BFT X DFT & v k&
BRI AR RAMHAR D D0, TOENHHAT 4.8% TH5, fHHE LT BFT & DFT O3 —#{#E
BMTREL RS, INRT—REHROBRTITI LTI 7TANT—NHDOAE Y RRA=—VFryval
UTHIHIN® T A, AXRT— XX vy v VaDBVWHUENDYEEE22OTHS, BFT IZB8WTIL,
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F4LZ MUY bURinode DAZTF—X %% AEVHIZERLTEE WO ZOHERRIZRS
=HTH 5,

F—=ZEv b (c) IZBWVWTIE, BREIERIZED S A RF— 2 EFEEIC» D 2 REOEE D E Y, F—
Zx v b (a)(b) T NFS TH/N 62.4%. SMB T 48.5% DI GO TW=h, F—ZE v b (c) I& NFS T
26.3%. SMB T 13.2% (2% 5, ZhiZT—ZEv b (¢) TERFEHT 7 A1 AhKkEL, K7 7
ANERDRNT=DTH D, TOFERIZT — XEREIKIC LD MERAED/NST T IZERNTWS,

MUT, 77— X EHBIEIZ B ) 2R ERRHANDOREIINI Y, TDd, A ML —VEHENRT—XE
B 2 DD L XX, MMOBRFIH, FIZIET7 7 AV T 72 ADIGERME2HKEL T2 W TEL, I
BRI DWW TR RS THIC TR 247 5 6

264 BITHOT— S EREMRE

I TV — B EE T OREEENDHEE R D720, ZO0FEREITo72, —2DHIEZAYA X7 7
ANDTF—=REBY = Y ¥ VIZHIAAR, TDANL—Ty v2HE L, ZHET 71 IVDTF—XT7 7%
ZUZHd MRl HE LT0wWd, “2oHIBEBOEEO 7 7 A VT 7w AERIZE T BET — 2
O—FiZBWT, REY7Z0 OEEEEZHIE L, THORAZRT—RET—RBEANDT VA% E
A, KOFERHNBRT -0 —-Re 525, MERICEVTIE. FiloRWE B L THE 2T -5 72,

(A) B1TR: 77 AVEBATIE Y — N TER L, A YTy NERZGRIZULRETY 74 7 v MIBAT
Y —NIZT 7 AT 5,

(B) BT TH’: 774 NVEBITEY—NTERL, Ny 7750V NERERZETIEEZIRXTOIIMT YV
MIBATHEY —NIZT 2R AT B,

(C)BETVER: BFXfTOLT. 27347V MNET 7 A MER - 7 7 A VT 72 AHITBATHY — it
LTHi 9,
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BERBRIZIZGAT VDY Y a vBEBR—-DGE L EBROGETERL -, Bi7%Y —/3TlL, Linux
DNFS 27547 MZBWT, A—IP 7 FLAA®D NFS 7272 AR AFbE nanwZ ot LT,
H—OfETFT14 L7 M) EZEBDOIP 7 RVATTY 7 AMBEICEELTWS, -ty arTik 186
DIZIATY ) —REMHAL, —2DIP 7 RVAEOHEETFT 4 L2 v % mount UL THIE L 7z, #HE
tyvarvTlH 3ADIIAT VN —REMHAL, ZThZThr 6 =20 1P 7T NV A LOXET 1+ L
Y% mount LT/ —RKdH7=v 3%, 2KTIWFITT 71T 7 AEFVHIEL -,

= e T I EAMREDRIL—Ty b
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CHIERE R 2 RT, #ESHERMF BT S, 2y avDT—XGsAREEDOEFTH
5, WO 7D NV—=FF7araleeyya Bzl TEY, £S5 NFS-HE—t vz
Y. NFS-##itzy>ay, SMB: ¥ —tvy¥ay, SMB:#Efty>ya vitdindd, ZJV—7THD=
DONA—IF, BIRD (A)(B)(C) DRHERMTHE T B, (A) EA Y F v RERZMES O THOMK &
DEHMREME R T 5, —4T (B) & (C) FAFEOMREZ L LTS, Hi—t v ard SMBUADT —Z
Tk, (B)(C) iz xy b7 — 28 (1200 MB/s) IZHE B MEREZ L TH O ZThEZTTlEAY b7 —2
MRV Y 2 Lkb (B)(C) OMREESRIETERY, —~HXy 7 —2ZNRR LAy 21285 RN
vy arDSMB DT —ZATH (B)(C) CHEDHARARENLT NG Z Lo, REFEIBITHI
TAVTIY RERO-DIEEETAEL 20D, BITAE T UBIEFHAAAERANDRE LT
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AEBRTIHIREY — 20— FOHBDZHIZ, Filebench [30] v1.5.0-alphad % i\ 7z, Filebench (&%
M7 —oa—RE28EH8T20, ZZTEREE7 7V —NEE LT fileserver-new 2 FIHT 5, KRE
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THEYANDEAL Y RIFFA—DF =Xty bE2HWE77D, 771V EFEIELEBERIETHZELT, BV
WZHUZ 7 AVIZHERET 22 20730 E S, ALy RETHMMZILD 72085 RAFLD 7 7 1 )V % Jegih S IE
T 72 ALTWL, ZOPHLIRIZZ 5147 Y FATITONZEDTT 71— NFES LA,
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H35, SMB DL, ARXRT—XOEARIZFERZ» 00D A v T~y RERORHE N NFS L EW/zH, 20
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MazEd s, ZOERTIE, B230F =2ty b (b) 2AWVWS, BITHIZEF5254 7 D774
NT 7R AGA YTy FEBIZEHEDT A L7 M) OBITZ2BIERITDT, 774V T 7D
R ASMERERI R AHIZ BT B 7280, WIEARFHIIZIX T 7 % AR — VICHBEEE T ER S 72200 - KIET
X, TRy MIBWTT7 71V %E TV XLIZ1000 EERLTT7 7 L AEZEED, EXVF =1
BWCRHIL 7 7 A VEIR - 772 A2V S, T4 T7MI1ATHD, HnNd 70T ILE
Python Tl L7z Y 7NV ALY ROT O T I LA THA7720, £TOT 7 AFESNIfTbhE, 2O
077 LTI 1000 D7 7 A VEZ—E%RSIRU T, 7 7 1 IVIEIZ open LT 1 byte #t#AIAA T close § %
EWVDEEEAEDIRT, ZOBRSUBIZ 2 h 5 R 2 i8R U T <, BAPRIUTIE U 7= BESRIERGIE 0 78
EWERT D720, Ny 2750y RE#EE 0%(A VT~ NMEHOR), 25%. 50%. 75%. 100% (4758 T
FH) ORETHIESE, 20T s T LERET UL, RESEITIET« L2 MY BRIE, RESHITET—
ABATIEZ BT Bl 247 o

T4 N)BERIE

ZIZT, TEBATEE —FREEICER L EAICB TS, T4 L2 N VERIEIC X 2MREANDHE %
HET 2, Y—"BTOEEIZ. 7710 - T L2 VIKTHEET S, 32bb, BiITE&0o77 10 -
T4 V7 MVBIZRT 2BITRTIEADT 74V - T4 L2 N)VBOIEREES & AT,

BFT & DFT Tk, A—DO =t v 7=V 774N - T4 L7 MR HIZABBITINZI L ER
WUV, BET &7« L2 M OBITRET LY T, DFT &7 7 A VOBITBREITLR TV, AT,
Ty AT A ZART 1 L7 MUERIZE—TIRRWEZD, A—0 =Yy T —VILE S TIPS RS
HipoTWb, ULBELEMRS, = A"BIFICOWTIZREITATHMBE L@ D X & T — ZBA7H 5D 5
IEREWD, BITETO#EEBTHEADT —XRETHHTS2E0E 7700 - T4 L7 MVEKTHE
HT2DBEREEZD, 774V T 7R AICETBIERMZ2 YD 2 LEMZERNIZ, RE2TATIHRA
WBOMEDT A L7 N ORILIETH D, ThERE X THESEZ DT 5,

B[2.13 127 7 A )V open 29 27 7w AGERMOMERE R %2 RT, RFERIZADOES S 71X
NFS. FBD/N\DDFEZ Z 71k SMB OfiRZ /RS, A7 J 7 ORERBEITNEMTHE ZLITHETSZ
Co CREE INY 7T REE AT TORWIREE, “EEE T IJERE AR T L2RBT, 2n T
NEBOEEW X 0%, 100% & A%T, fioEHIZ, DFT RO BFT 281 2 EMOEBIZRIE L7 7 1
)V open O T 7 & A REREZ RS, #Q BFT &R UHEH O DFT IZEARTEWEE T 7 & 2B R
MERT, M— NFS © 75% EHBEFEDO A BFT O HHBRRID 00505, ZHidZ OBANIZ DWW Tk BB T
%, B ZIZEEES 50% 2B W T, BET 2B WTIREY T 27 & 2 RS2 NFS Tl 51% 3 (826 ms).
SMB T 69% J% (326 ms) &7 o7z, ORI, BFT 2327 7€ A GER %2215 & < T 2808 T
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1 %'3%67 el
. n 0%
1.251 RER(O%)
NFS 5o e00 ODFT(25%)
Hots7 BBFT(25%)
0.003
ODFT(50%)
1.068 O BFT(50%)
0.641
0.484 ODFT(75%)
SMB - 32%.505
H 0,
- 1|7% 275 OBFT(75%)
[0.011 ' D55 T (100%)
1 msec 10 msec 100 msec 1 sec 10 sec

T7A)LopenDEHT IR IHERE

2.13: DFT & BFT (2813 57 7 2 2 & RH

HBZERLTWED,

I, DFT(%#) & BET(S6) 1281327 7 4 VT 7 & A KO BRERS %2R LT3,
BEE X BB AT MERNE 7 7 1 )V open D IGE R 2 W BEI TR LU DTH D, HBBALMHHTIX.
NFS 7272 A®D 78%. SMB 7 2% AD 79% HMIGEWRM 1 BUAIR 72 o 7208, EHM 25% A FEMT, 3
TIZNFS 7272 2D 82%., SMB 7 72D 88% MMERM 1 MU TR oTwWd, TD &S5 ICHEHEN
BIFET 7 AWERMO A — T WA T HAICBEIT 5, & 75% OBBETIE, 0% A ED T 7 1L T
77 AGEREN 1 WUNL 5, BFT & DFT 2igd 5 &, T nOMaeriEr & D kL 7 5,
BFT Z—MIZ2T 1 L2 MVIZH B 7 7 1 M L% nE M2 ke 52— 5T, DFT i3—#DF «
L2 MU 552N AR 2T 5, ZOKE, DFT X BFT IZ R BRSO /N S WG E R
EWH, WINZF ORI L, RESSHETIE BFT MENh 5, 777U NFS 28158 75% @
fROAHISNTH B,

ENFS 2B 2R EZRLTWVWS, RUT, 78 3V O¥ME 2 KL T NFS & SMB &
D ISR HYE O, EED—BILKKTH D, EBIMD 80%~95% DREIRIZ, BEEMNEDT
W5, Z1ix NFS3ERR.IJUKEBOX T5—a—Rik%275147 > bD 5 BEIOEXELIZL> T,
HIREICHEBN R ERE U2 itk b, 11 B, 16 BRICHETORENR N D DX, FRICERAFET
F—aA—RNPRELEZZEIZLE, Ny 270y NERBPEG Dz, DT« L7 VDA VTRV
REHOEEIZH Y . NFS3ERR.IJUKEBOX T 5 —I— RORAEMESE TS0, BEEIGERMILRED
LTWw<, EREW 50% OB TIX, 10 WP EoInERMIX DFT Tk 24% 72> 7225, BFT Tl 1.4%
Iz ¥FEFoTWVWA,

& SMB 2B 2 HERERZRL TV, 2ARZRMEIE NFS RIUZD, HTRRSHD
Hontz, £9. I—TIZBWVWTNFS IZH -7z & 5 BREEHNAZ(LIER S ah o7z, RIZ, WTHhoOH
ERRIZBWVTE 3 ms~10 ms OFEFATIER P LREENRONDE, ZNIFERETHEEE TV I e h
5, EREIGARC FEELZVWHEEHIZE S, BARMIZIE, 72747 MiIlTtHE T E N5 Windows Defender
M, 24T MIEB T 7 ANF =T VBT — R DK 2 HAAL=OITG U5, — Iz T7 7
A IVDYEIEE KRBT 2 [MFEARAAREIT D 72012 (v F v REED 2 < TH)10 ms FEEINERAE 2 %
DL 0ONA BT 7 ANTIHZ OFRARARED 1 [, 32 KiB L FO/NF A X7 7 1 )V TlE Z DA M
Bl &5, ZREPEUL, £ SEAWEZT =22y hTRTZEANKD 1% B 0N hT7 7
ANTHY, 25% BN A XT 7 AIVICHETEZ NS I DX S BB E /-, EFE, EHETHD
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100 sec
— KRB (0%) —— DFT(25%) 100 sec
| — K1 H(0%) —— DFT(25%)
—— DFT(50%) DFT(75%) f — " "
. 10sec |- BFT(25%)  ---- BFT(50%) ¢ = |— [B)E((g(s)og ; _____ [B’Eggoé, ))
% BFT(75%) —— R H5E T (100%) E BFT(75%) —— M= T (100%)
ﬂ[[ 1 sec ﬁ[[
e = 2
% 100 msec = % 10 sec
[¢] (0]
o A Q
O 10msec 7 = ) Q i
S T A Y = H
T e N |
1 msec P h
[ T N E
0.1 msec 1 sec ‘;" ,:
0% 20% 40% 60% 80% 100% 75% 85% 95%  100%
T7AIVEBOREERSH T7AVBDOEEER ST
(a) NFS (b) NFS (—#BHLK)
100sec T Emown) — DFT(%) | 100sec [ ——FiBO%)  — DFT(25%)
—— DFT(50%) DFT(75%) —— DFT(50%) DFT(75%)
T 10sec | BFT(25%) ===-- BFT(50%) | by ———BFT(25%) =---- BFT(50%)
# BFT(75%) —-— 55 T (100%) i H BFT(75%) —— 852 T (100%)
i /-
& 1sec 4 12
S S
c < 10sec
[0} [
© 100 msec o
o o
= =
\[\: 10 msec \[\:
N N
1 msec 1 sec
0% 20% 40% 60% 80% 100% 98% 99% 100%
T7AVBORBEHS T T7ALBORBERSH
(c) SMB (d) SMB (—#HEK)

2.14: 7 2 & ZIRE IR O SRR R

HETI, BREEBOA 25% OAID S 10 ms ML EDIRERME 2> TWwWb, Wiz, BREERN A ETO
PEIFHIEIZ &> T 20%~80% LB E 3% 205, 2FHIZ 10 ms EOILERMTRIX DB P REEND
5, TNEART—=RDOA VTV RE-MMTONZZ8IZED, 1 77AMIHLULTART—RET—4&
DA YFZY RE-BRET D L, 10 ms 275, SMB TlEARTF—XOHAFIZ NFS & BRVREA A
M52, INERHIL T 7 A VOEBPTE TIFEARNE S MBS HEL 2T 5,

—iahk X (B 2.04(d)) Tlk. £fk& LT BFT 28 DFT & 0 GBS AE W Z e b h b, EEE
#50% 1I2BWT, 99% T 27 AN DFT TiX 6.8 W h 54, BFT TR 478 TH 5,

e B B5ERTH B, NFS OHEW 75% OFERIZOVWT I D FMIZAH L TWL, T 2 TIREHISE R
[ (R[2.13) T BFT »° DFT & v WAL, BERERE (B 2.14(b)) T BFT I DFT K v Ev, Zh
X7 =&ty bORMEYE, NFS ORIz &5, fidd & B0, NFS OJSEREIE, NABROBRFTED
% NFS3ERR_JUKEBOX T 7 — 2 — ROFAFBUIED FEH RO E 2R ZIF 5, DFT IZBWT,
EWTF 4 L2 b)) 2 ERGEITHNCERE L 254, 20T —OFRAEHEIZAHEIIK TS5, —/ BFT TIF
BVT A4 LI RVIZDOVTHEERNICUNRBESE LB T IR, HHRELUT, 207 —ZADAEEIRE
KA DFT O A5 BFT &b $H< o7z,
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B REE(0%)

B —{EE R (25%)
OART—H5E17(25%)
o —{EHEH(50%)
OAZT—42547(50%)
0 —fEE R (75%)
OART—R5EFT(75%)

[0.022 ' O #8858 T (100%)
[0.011
1 msec 10 msec 100 msec 1 sec 10 sec
T7 4 ILopend I 1 s & i RS

2.15: —fEEB L A 2T — 2 GATHEEIZ BT BT 7 2 AR

100 sec | ——R#E®(O%) —1EHEB(25%) 100 sec
----- — 45 H248(50%) —{EHE 8 (75%) — _*zig(/ﬂ) ) — —222525%;
_ _ iy - 75%)  ==—-- - 50%)
—— ARTF—B AT (25%) ABT—B45AT(50%) =

g 10sec e - e  ABT_BE(QE%) —— AAT—H5AT(50%)
TH_I"_' ART—BFAT(75%) —— EH5E T (100%) i{[[ 10 sec BT SEF(TS%)  —— HHSET(100%)
1 1sec 2
‘Ié % 1sec
S @
= 100 msec o
7} o
o = 100 msec
S 10 msec N
N PN
Y
B 1 msec N 10 msec =
N

0.1 msec 1 msec

0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%
TFAILVBDOREER ST TTALBORBER S
(a) NFS (b) SMB

2.16: —HEEBE A X T — R ETEBIZE T 5T 7 & AR R O R E 5 1.

—fIZ, RHEDOHRTEZ D LA ML —VEHEFEIZALT Y MG ESRITEY R 2Dl % H
WT 2720, FHRERH LD RELERMZUINT S, 207, < DT —ATBFT DAV
L\,

T— S BSIE

ZZT, T4V 2 NUBRIEEZ BFT ICEEL, T— RO —fiEHl e X X5 — X B EHMO L2175,
REITIE, HROEW % 7 7 1 VTR ERIFE TS, ZhidA R T —2eEFE s wTidkicse
T7ANWVART—ROEMEITS 720, HHTT 7 7 1A NVEBERAWAEEBIIERETRWAZDTH 5,

B215 17 7 4 VT 7 2 A &R 2R, KoMSEE 213 LML Tthds, —RLTr T 7
MOLNRLEY, WTNOBBIZEWTE A RTF — R ETEHMO /2, —FEEE K0 £ IERRI A, R
12, EEBHPHEDIEE ZOEIIFHCT WL, #EH 50% IZBWTIE, A X F— R EfTEHTIXRERRNE O
T NFS T 42% 3% (796 2 V). SMB T 71% ¥ (277 I V) TH 5, & 75% 2BV Tk, NFS T
74% ¥ (427 I V). SMB T 88% ¥k (130 I V) TH B, ZD X IIT. ARTF— X IATEBITHE 12 pF
WY T 7 A SRR & 0 SRS L TW L,
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E77ANVDT 7 ARERM ORI %2, —fEEE (FR) & A X T — X BT EE (F4HR) TF
hen7ay bULizEDTHDL, —FEEEIE, BEES % 7 7 1 VBT < EATR 17 5 st izR214
CFAUMRTH L7280, 77 7BV THIREAUMRTH S, AXT—RETEBTIE, EFFEE RV
DBLIFART =R UNEHL LW, BEERODIRNHFATIE, 7204 VT Y NERPEL 257
IREREE S —FREHE I DRV, LALIELAYD 7 74 LI L CTiE—FHER L D EOFMTHREL TS
D, WTNDZ T 71280 TH, F—DEWTHIEREBEBD K E WK TIEEMRD RO A Tk TW»
%, H#EH 50% 2B WTIE, 99 =k VXA INIZBEIT ST 7k A GEREIX, —iEEH T NFS T 11.25
. SMB T4.63BE0R2DIZ8 L, AXRT— X7 HEBTIE NFS T 583 %, SMB T0.82Th 5,
HE 5% 2BV TR, A X T — X EFERTIENFS - SMB WENhd A X F— X DHFFE T LTWS, %
DO Z DO T 7 v ARERFIIEEZE TR IZIFAETH L, RELERHEZRTH NFST37 3
., SMBTT76 IRz EE 3,

ZDTITTITBWVT, ART—REATEE (50%) DR A R F— 24788 (75%) & NFS TIXRRBE
¥ 50%. SMB TIZERER 90% OH7zh TRELTWS, AREHINED I E T 27 & A SE R IIXE <
BB OEIRELBWETTH DM, SROHEERIIBE W TER SR L 2 > 2B Linux OF ¥ v
VaEHIZH D, EH50% OBE. EEEREIEL 1LEAEBDOA R T —XIETH S0, BiTkY—10
AEVIE, ARXRT—RFyvrallflEIns, BHUNPEAT—XEHUNFBINE L, AEVIET—X%
IS 272D R—YF v v allffbN2EEPENT 5, TORKE, AT VHITEMEINZA LT —X
FrvvalBOWHEN, J7ANT 7 RARIIART = RGEARRAARDIZDDT 4 AT 72 AT10 I
WIREDORMA D%, 72770, ZOREIZZ 47V M XA LT D MIZEEWVMETH D, A XT—X5k
FEMOREICERE OB RLRKE N n s, FERMIIE—FHER X 0 X 27— 2 Bf7EBO ST
FLW,

27 F&&H

ARETIZ, =ZD0OHMi% W7z Post-copy BLDF — X M7 T —FIZ X BEMANRT 7 1A VT —1NDK
FTHEIZDWTHRARZ, —2H%, BITITHES BTV R 1 A2 HIMET 2728, BITHBBIEIZZ 517
v N DEREERBATRET —NIHIDEB X, 2547V N T 2R ARICEHBERBIT T — 05 7 7 A L DEE
EIIO5AY TV NERTH D, Z0DIF, BITBROMRBETOMNEE UTEALL, BITHARNY 775
Uy REHOMHATH S, =Z201%, BEEMOBIT2EET 5720107072, BITAY—NZBIT2 A X
TERBBOERTH S, T X BT — O RO ATHEB A 7 7 A )L O dfEPRAE D & B A ] fE
2780 BATIEY — NOREBITRTE LR BT ATREL o 72, 205 OBATIZET 2 BRI atizin
Z, ARETIIRBRET — R 2 WA BERMNZBATYF ) ATRELRLWGENR NNy 2750 v REED,
ZFOBEDT 4 L7 M) BEBIEEIKIZOWTH BN, MAT, EREREO 7 7 VEE B Izl
70 b aVEEDOMEIZOWTH M EEZM U, IS DMEARIR, EBIBHL TWE 771 LY —
NOBATEHNZ BRI E Nz,

AWTIRIEESRDOZ UM ZH U 272D DM DWW T bR 7z, FEEFERTIE, AHRNIBTT
=R ESBITEY —NAANOY OB XTI VXA L IHUTTHD, EEROSDXA LT D M
MEOEWE Y VR LEEBUEZ, £72, BTFO-00 T -2 EEEENZE, AFLTII4 TV T
PR AEZIINITEZEVARETHE I E2 R Uz, ZUTED, 27147 MU, ¥ —1"BITIfES
RALT I N REDRAEGZEIXIITHITRITIZENTESLI 2R UKL, 52, B¥ThDrS14 T
N7 7w ARERE O DD, Ny 7750y FERIZEIT 5T — X BRBIHCHEI ERBERE A X T —
RGATEE G REPHT 5 Z & T, HEOES TN EYISE RS & OREREREDH P 2T 5
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e EMERLU,

ARBIZB I B|MEFIEIR, BV —N"PAHHER EOT TV r—v a vodE2EX T, E-B4T1E
EIIBWTT AV =y a iz URRKEOEIE - J6EREZ2ECSERVWI 26, AIEOHKE T 5,
TV —2a VICEBRNLEBITEERTETWELE XS,

271 REHADOHIREIR

REFIETIE. BREEROBITE2EET 720, T—ZPAXT—XORFITEED 7 747 v b3
DAEHNTWS, TDH, DT 7))L 7 0 b )V THR— b INROEEECRHRIER L, RKAFET
IFEETERWVEIFIREE L 42 5,

—flE LT, —MOEHAT 7 A VY — NG T — X EHIEEERE L U TR EEHRE IR L Tn5, Zh
51378 N INVTHESNBERETIZ AW H, NFS % SMB ik, F—XHlEcET 2 HH2ETsZ &
NTET, METFECTET—RHHEIN-RERZ B -2 FEHUT LI FTERY, 72770, BITEDHE
WELE UCRATRY — AN THRREMPEEHRZITS 2L IXTE S, ZOHA, TILIV ALPNTA—X
DEFENZ LD, BITHIEBETERICFA LT — X HRBRIRE2E 2 Z L1 TERWA, FEA EITREZR W,

BMoOFlE LT, BREZ A —XIEREND D, KRBT +— X —RIZT7 7 1 VIEE 70 b ol cHos Rk
DHEINTESTEEENZTNTN T O N IVDINBTHEIZFEEL L TWED, 774 VIEETa b
VEAUZEIERT A2, TOd, BREIZ A —RXOFREICELTIE, A ML —VEHENPIEECHEY
TBZEIZHD, I2EL—MRIZZ A —RDEEITZTNZELENMNE I NN, EHAEBITOREEL 25
Z & Emwn,

272 SERORE

PI2FACHERLAEY, Ny 275y REHOMERIZYILF AL v NIz X B ERAFLIC & > Tl
EU. ZOMEFRERRH OGO RN A8ERD S5, LU, BESFRNTIEZ ATV T 72 A%
MRFLUEZEENY I 70 RERZTFORIREZIN->TWS, 2947V N7 28 ADT 1+ L2 M) BEAR
STk, KBELRT AL NURBROEERD DEIBRIZBENT, T4 L7 M) 2R RI MDAV Y
FEITEERCERT LI LIFHL, ZDROHTILF AL Y N2 & BBRAFULIZRE/LTDH » 5B O
BETHh 5,

PA2TATH A, NFS N— 3> 4212833 Kk — IV ERGHDONIGIEA R TEHO T — X s ks
ENELT D, £z, TOOOUBE TS INS, BURNFS N—Ya v 42 k2 hFEERLTE
53, AMAOMASEIMENZ e2 s, ERENOIEEZEL LRSI TH S,

REOBILIZOWTIE, R33TATARRZEY HEORMD S 200, BRIV —EM 7075 L0E
%% Stackable File System DOHIZMERER & BLRD VFS EOkikz Lo L W#fTCHZ, TV X —T 741
AEFD7 7 AN —=NEUTHWSIZE, 2—F—Zl70s 5 L0FEIITMEREREL2ET L L, h—
FNVAERDOBZE 2T B2k, VFS EHER TR R %3 2 2 B ELH 5,

BT THROMEIC DV TIR, PEATTERRZBO 754 TV M RI VY ELT 2R AETI T — AL
BWCAYTI VY NERIEZT A AT ETT7 74 VOB LRSI SR LTV, Ny oo 59y NERILE
W= VYUY VT IR ARITOIOIOMEES ERI IR, WEOWHREANDFEL, T—XLvy bP
TORANRR=MIFT B ZANKREL, o252 ET 5,
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VM-aware Adaptive Storage Cache
Prefetching

AETIE, SSD ¥ HDD A 7ZBEA N L —JIZB\WT, T—& %27 7t ARG U TRE ARSI E A
TATICHEBET 2 FIECODVTHERRE, —RIZEEA ML -k, T—XT7 7 2A0EER £ ORI
BEOZPUBOT 72 ANRNR =2 FRIL CEMERGRA T+ TICHET 27— X 28 RT 5, LrL, 7
FJURAVEa—T 4 VIIIRIXI NS, B—OFREBICB W TEROREY Y 2T TV r—Ya v i E)
EXHAHMROHEHBEIZIBVWTIZ, 2BOT 7L ANRNX—VOFHIZE S F—XOBERAH L < 2o
TWd, REFETIR, FEYY V2EFESELEEREREOARA N OSI2EWT SSD 2 HDD O F v v
VAt UTHWAEEA ML =YL, AT I F vy Y a i E R 2 — L2195, AR
BANL—UTIE, KBS VYHADT AN OS WEHT 27 v A7 0y 7 OB icE L, 7
IR ZABERENT Y ZOEFED TRy 7% —FFELTSSDIC TV 72y FT5, Zhlkh, Kilvy
VDT 7 ANT ZRAZENT, SSD ¥y v v allddsF vy Paky bREMEIYE, T RARE
el & KdE 3 %,

3.1 EL®HIC

T TcERA_ED, BEA ML — VIR AR, DA MNEORMED R 2 EMOEAX T+ 7 %
VDT, w32 MBI A MRER ﬁ%&ﬁkéﬁéommﬁﬁﬁk%hf\%DiHDDiDL‘u%
WI/O MR OB, BEH 72 ) OffifkIEF7 HDD & b &\ [8, 8], D728, SSD & HDD ##laHs
DETHETIHEA N L -V, KBTI A MEREZFEBT 2 Z e G TE 3 [, 1, 12,

BERE A N L — Y ORSEIED — D1z, [KERFEEAT 1+ 7T/ L, PEOEERTBAT 1 72 Fvvva
EUTHWARFEDRDH D, ZOFEIZDOVWTINE THRA RIFELRINT WS (13, I, 75, 16, 15
FrvvalZ XBMERAESREIF Yy Yaby VRSO, TV TF—2arvhs T —XIIxAd 58
I R VBRI 72 T 7 2 AD RIS M T 5, B LAEA T« 7TADT 72 AN, RS N8I i)
EINTEY, THLEZTOHEEVPREZRTHEALRVDOTHNIX, ZOFHIED T — X % @72 50 A
FTATILF Yy aTbZeT, MEOREBIZHT AT TV —2a vD5F—R7 72 AERIZERERICIG
Brgee 0, 7V 5= a VRKOWREERET SN TED, KNIZT 7 23N 5 HEIEHRHZA
LAEMESBE., ERATIEAT A TAF Yy YV aTREFERS LTS, 22T SBDT 7L AINET
HA5HBEFHLUC, BERATATOT—XEF Yy allF)7zvFLTELILIE 77V r—
VavitkBAT—RANDT VR ADFyyvaky REMLEIE, 7T/ AROREREZEHESES
=OIZEMTH B,
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U2 U, IaaS(Infrastructure as a Service) IZfA&RI N5, (KA~ Vv OEEEESTHED I T Fa v
Va—7 4 YIEBEIZBVTIE, FAMOSIZBWTEHTE 27 7 ADZEMW - K2 RAE» 20
Fhkbhd, EEKBFECOWTIE, RETYYNTT AN OS BT 57 71 VD F— &%, #ilE
AF 4TI EINDEETITERDA N L =IOV 7 b 27 ARy 22T 55 2 CHEEI NS
ZeThkbhd, FIZIEKEY Y v 2BIESE MBI ML — U LT, 72K~ OS KR A b
OS TZHIZT7ANY AT L%FEDIED, £NENT Logical Volume Management (LVM) @ & 5 7K
V2 — LADAUED A AR, FA N OS IZ L 2T + A7 OB DD, ZN6IE EADOA ML —
VBB DT — X ZTEEE L T RO IZRINT 2728, ARKETY Y HNOT 7V r—varvhs/hTT
7w ADRFTERENT 7 A VANO—FEOMEIRE . YT « 227 L TGRS IGA T 2 560 %
%, BEEEAMEEZLDEIERIZ. 257 Rava—F 4 YBEEICEVWTIE, EHROKEY Y VK
—DARANOS ETYLFFF Y bTEMETE I TH D, xRS VIR EZT—20—RDTF—
RT VR A%V, AT~ & IIBHEBITIER - HIbR - BiTEhS5 5, 207D, FA KOS KHEA
FOAPMLV—=TUVATLIZE ST, TAN OS DFFRDT 71 238 — VIZRERHIIVIC £ EFICE FRIL I
WVWHDEZRH>TWVWAS,

ARETIH, K~ Y EHVE Iy Nava—T 4 VIORBICBIAMEA N — YO % E
U, IR~ Y VISR T 2 M A R U 2B A T« THOF vy vy v a7 ) 7oy FREEZRET S, A
FETIE. FA D OS oy Y HOEHREFHT 2720, FEYY VYNTT Yz M Tus I 0%
X EE, 2OV b TuITITLEFRANOSHHHIL, AL OSREDT TV r—a Uk
S % 22 IR 722 7 27 2 ARATEIC BT 2R E. A A N OSIZBWTHEHT 5, 2WKT 7 & ZJEHT
MERAN OS THRHBTH20D, KAFPETRI -V b Tal 5 00¥MEETY YRIZBITS 7710y
ATLDLAT Y MEREZDT 72 AEHREIF L., AN OSITIER S, ZNHDBEWICEDIE, KA
N OS IFMHT 4 A7 TIERE 7 7 AV THlifid 2T — X 7Ry 72 —fF LTS ) 72w FT52 L
T, FyvvadV 7oy FORREEDD, MAT, RFETIET 72 ARAMEORRIIZ(LE I Z 5 7=
b, KA VNOT TV =Y a v OWREH 2 ERT S, Zuckh, T T avitkbsT ok
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W5 [, Zhid, ZnoDdT IV =Y a YHRERNIZZEDY Y — FEHHMRNICHE T S 2 & 2R L
TW3,

FERXIZ, Ubuntu Linux BEICBWTIALKFHINT VWS 2 DDTFT—XA X=X 7025 L Téh 5 Mon-
goDB [117] ¥ MariaDB [[18] 2047 — XBEEICOWTHAE L, WIhs, 77V r—va v ORE
T77ANVIiE/etc T4V M) BT T A Vid/var/log T4 L7 FUMRIZEML TS, ZTHhoDT «
L2 bV RET 7 AVROB T T 7 AIVOKE L LTEHOT T r—Y a » THEI N TV S,

—H. ToAR—AZKMEINET— 213, TNTREAOT 1 L2 b VICEHLTWa, [TXE 41Kk
MongoDB @ 7 — & 2 & 5 /var/1ib/mongodb 7 « L' 7 b V| [A T 4.iZ MariaDB @ 5 — & 3%
MX N5 /var/lib/mysql T4 L 27 bVIZBEWT 1s IX VY REFEF LTI 74V —EEH N LR ER
T, WINE T 7 1T VOFREHIZIEL A Y mongodb KU mysql &> TWb, 72, 771V D/—=3I v
Yarviroffioa—F -t HEINnTVwARY, iIb. 2o D7 7 A )LiE mongodb KU mysql L —
P —DAMBBBATEETH 5., MA T, MongoDB @D F— & iZ1k mongod.lock ¥ WiredTiger.lock ® & 3 iZ
P 2 B L7727 7 A VDI N T WD, 25 DFHEDN S, MongoDB ¥ MariaDB &t 71 2
Th, HOL—F—2FA LI NIHADT—RELETEZ L2 BMELARVWI EHBHEHITE 2,

YA b 4.1: MongoDB @7 7 1 )VELE

/var/lib/mongodb$ 1s -1
total 184

*1 2z MongoDB, MariaDB, filebench ® pmemfile L TOEfEZRAZD, WFNBEENIZE S Rh > 72
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“rw------- 1 mongodb mongodb 16384 Jun 1 22:52 collection-0-7431864268696936249.wt
“rw------- 1 mongodb mongodb 16384 Jun 1 22:52 collection-2-7431864268696936249.wt
-“rw------- 1 mongodb mongodb 4096 Jun 1 22:52 collection-4-7431864268696936249.wt
drwx------ 2 mongodb mongodb 48 Jun 1 22:52 diagnostic.data

“rw------- 1 mongodb mongodb 16384 Jun 1 22:52 index-1-7431864268696936249.wt
“rW------- 1 mongodb mongodb 16384 Jun 1 22:52 index-3-7431864268696936249.wt
“rw------- 1 mongodb mongodb 4096 Jun 1 22:52 index-5-7431864268696936249.wt
“rw------- 1 mongodb mongodb 4096 Jun 1 22:52 index-6-7431864268696936249.wt
drwx------ 2 mongodb mongodb 110 Jun 1 22:50 journal

“rw------- 1 mongodb mongodb 16384 Jun 1 22:52 _mdb_catalog.wt

“rw------- 1 mongodb mongodb 0 Jun 1 22:52 mongod.lock

“rW------- 1 mongodb mongodb 16384 Jun 1 22:52 sizeStorer.wt

“rw------- 1 mongodb mongodb 114 Jun 1 22:50 storage.bson

“rWw------- 1 mongodb mongodb 46 Jun 1 22:50 WiredTiger

“rW-—----- 1 mongodb mongodb 4096 Jun 1 22:52 WiredTigerLAS.wt

“rw------- 1 mongodb mongodb 21 Jun 1 22:50 WiredTiger.lock

“rw------- 1 mongodb mongodb 1080 Jun 1 22:52 WiredTiger.turtle

“rw------- 1 mongodb mongodb 57344 Jun 1 22:52 WiredTiger.wt

YA DN 4.2: MariaDB @7 7 1 V&

/var/lib/mysql$ 1s -1

total 122936

-rw-rw---- 1 mysql mysql 16384 Aug 23 18:06 aria_log.00000001
-rw-rw---- 1 mysql mysql 52 Aug 23 18:06 aria_log_control
-rw-r--r-- 1 root root 0 Aug 23 18:06 debian-10.3.flag
-rw-rw---- 1 mysql mysql 972 Aug 23 18:06 ib_buffer_pool
-rw-rw---- 1 mysql mysql 12582912 Aug 23 18:06 ibdatal

-rw-rw---- 1 mysql mysql 50331648 Aug 23 18:06 ib_logfileO
-rw-rw---- 1 mysql mysql 50331648 Aug 23 18:06 ib_logfilel
-rw-rw---- 1 mysql mysql 12582912 Aug 23 18:06 ibtmpl

-rw-rw---- 1 mysql mysql 0 Aug 23 18:06 multi-master.info
drwx------ 2 mysql mysql 4096 Aug 23 18:06 mysql

-rw-rw---- 1 root root 16 Aug 23 18:06 mysql_upgrade_info
drwx------ 2 mysql mysql 20 Aug 23 18:06 performance_schema
-rw-rw---- 1 mysql mysql 24576 Aug 23 18:06 tc.log

44 EXE

AW TiE, E3MOANFERZHE AT, 72 AEAEDT 4 L2 b))% NVM EICHSE - 7272 AT
5FEERET S, ZOBEBET A LV2Z VX OS Rt 7 o AN 62 RTERWNVRDYIZ, 772 AEIT
A= T a2 e O EZ L E L T2 28T, TZRADF =N~y FHIE%E X 5,

AKFHEIZ, VEREA — Ay ROUIRE T 7V 75— 3 VOWRENAETH B L 2T 570, 547
FVIT7ANY AT LS REFMT S, BAD Y 7 by o 7HgE R, (a) & NVM RiZ7 7 1)Ly
AT LEMFELUEFEOMEK T, /K70y 2 7N ZAHRCHY T L, TIVr—>a v s (75
DIZFEHEINZ POSIX 1 VX =7 2 —ADEBEZIFOHT &, HH#EFT LTI YNNI AT LI—)LTOSW
DT 7ANYAT LEFTHET, B —FRVAD T 74 VY AT LD NVM _ED 57— X % load/store
TE5ILTTI7RADET TS, (b) BRESLSRNOMEETH S, (b) CRT TV Ir—2avdgs 177
) OBEBEIFCHT L, S 1 75 )ICE5E N 71T IVRCHEUER 7 7 A VY AT LATIATI V%
IFOHT, ZOT7 ANV ATLIAT IV T 22 ARNED 7 7 A VDEET 4« L2 b UAHEL, [#
ET 1L 2 PUVATHNIE NVM % EE load/store T2 & TT 72 A%TS, ZOBIZH—FVE—F
ANDAVTFAMAA Y FRRETH D70, RARXNIA— "~y N2HRTES, BEHT 1L 27 MIHT
DTS 1 75 ) DL Z Mkl U, @ ORERFARIZ S 27 L a— V&I,

K475V TR, MRBICEETIZNSA—R27 TV r—ya VICHETE S, @E, 771 0VY A
FTLATRMERIZTOY 79 A X8RN TRA—=REF a2 -V JAHETH LM, TOHFIZREHNTH



4.4. #Hit 69
Ap | zEsw | | zEsLome
7V —ay TV r—ay ITANL AT L
F1475)
N S4T3Y i
e L __lﬁﬁﬁﬁt PSR
A—H—F—R — -
A AT IR LE load/
EESA(TS EHESA4TS) store
AT L mmap> AT L3—)L
% a—J)L (FEEDEF)
H—RILE—R —= o=
g | I7ALSRTL | DAXH IS T 7 ALY AT L |
h—FI)L h—xIL
. load/store
N—RJTF | ;FE%)HEU | | Z:ﬁ%f%')
(@) BEDERK (b) BREAR

X 4.1: V7 box 7R

L, PIZIX7 7 A NVEER 7 740D T 0y 2314 Xk, POSIX ® OS THNAEME NS, TDOH
EEN AW 72972012, EROXFFIR T 0y 7 2 fFFT D720 A — N~y RHBELE, KF71T
FVTI, 77V =V avORETE 77 AVY A AR T 7 ANVEZERT SV 5= a VORI - T
HENAETE D20, MART7ANEAE - Tav A4 X - R7a v 28 - mR7 7 AVEEEET 1
L2 Y WG @R iE e 5, ZHIZED T T =Y a UDBER U WMERE R 2T 20
DA =N~y FZHIFEL., oL p MR L2 5,

441 T7FVIr—avAnBERAE

AHEREMAAATEHEESELT7 7V r—ra v T, ELTIA 7 VIFCH LB 2 AR A FRE
IS4 TV ERAVCREEITS, TOB, YR ABET 4L 27 M) 2R RNAZLEEBERICTIRET
5, TV —=Yavhsid, ZOBRETAVIMNIMTIR I 7 ANV AT LATIATIVILE > THREE N
57 7ANVATFLELTCR#BING, 77V r—yayEEET ALV PVETIZHL, ThETHED
POSIX 1 V& —7 2 — ADBEKETFOHTZ T, NVM RIS N7 7 AV 2GHmAEETE 5,
T4V M) TFTOT—REA—7T02 ANO ALy NEITOAREEIN, i7vo 2B IO —2 95
S R (T AN

442 SATZVHUHELE

RS A TI3VHDT4 77 VIFOCHELUETI, POSIX 1 VX —=T2—AD>H 774 NT 72 AIZH
THEBTOCHLUEZRA T, 77 AIVVATLAIAT IV 2ROHT, 2EL, 77 AV ATLIATS
VEHEDWERS 75 ) 2IFOCHT T —AZEWTIE, HRNRERLV—-TOREEZS 2D, 75 78K
WZEOIATIVMROBLOEREZGIDZHEALND L SIZLT VWS,
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443 T7AIVVATLSATSY

T7ANVYATLTZAT IV, 747 VIRCHUE» S OBEBEOCHLIZIGLT, 774V T 7 +&
ADUIEFTS, T7 ANV AT LTA T 7 VIGEERIZ DAX WIS 7 7 AV AT L EIZBE—~DKRY A X
T7ANVEER L. ZDOT7 7 A NVEHSGDT F LU A%EM EIZ mmap U725 2T, inode ®7T 1 L2 hY TV
M)RET 7 ANV AT LERKT 5T — ZE 2 EK - il - EFT 5, M. 2D mmap L7z NVM O
AR TV IR, Ty AV AT LEEET 5T —XIE NVM L& DRAM EIZH/ClET 5,
DELEIZ DWW T EL4TAIZ TR B,

BB DIRIEIC & 2BIERR T 7 1 VHIE
T7ANVATLTATIVIE, BESATIVDTA T I VRECHLUE» SR EINZ e &, BIES
ROT7ANANDEET 4 L7 NIADT 7 AV THEH0, BIBEMRIET 5, BIESRDOT 7 A VDBEET ¢
L7 NIVNTHBEE, TOUBIZ T 7 ANV ATLTIA TS TSN E, TS5 TRVWES, EHES 1
T3V RON—=FIVDOUIRNRTHE720D, 77 ANVATLTIATIVIEMES 175 ) (10 %E 5 &
k<
ZOWMEEEA T D@D 175,

T7AIWNRR N RD 7 7 A VHEANALTIRESINSBEBICEL TE, SR EM S ZIZEHBmLZS
2T, TOHEHEFNEET 4 L2 DDA/ —HTE0EShTHET S,

T7AWNTRINTY T7ANT A7) FRITER OS DEID Y THHERTH Sz, 77 AIVYAT A
475V OS TEELAEZIS WL S IZURITNERS RN, ZZT, 7714V ATLS
AT IVIEEBFIZ7 7 AVTAZY) TR %E—EBFHLTEL, TLUTHEHAETALZ NIHND T 7
AIWVBREIZR LTI, TOTFTAZV) TREET LTS, TAZVTRZRE2TFHLTEL LT, @
BTF4 V7 NIADT 7 A VEBEIZHL, OSBRINSDTFAZ ) TRERT Z el nd, Bk
FATIVNTIE, TAZ Y TEPRFRIUEOHFA»E S »iERTHZ T BETA LV MIN
D7 7 ANERTHEAREE 25,

444 T—HYEE

NVM (& DRAM & MhgERMED 725, il 21 Intel DCPMM (£ DRAM & Hilg L T 7 7 & A& R -
RN TNEEH D [, ZD7zdH, 77 ANV ATLDT V7 ANEEEZEDD72DIZIE, 77 AIVY AT
LOEHT =205 b, REEFMEZETHT —XDANVM LIZEEL, S8 - BB S < RN Z
FELRWTF— XX DRAM RIZBIET 5 Z EHREE L,

NVM LICEB BT 2T —%
NVM EIZHlET R EARERMEZ2ET 57— X3, MOBENSHERTERLWT—XTHY, BF 77
ANVATFLTT 4 AZIHINEI N TR T — X8 YT 5,

o 77 AINYAT LARRDENEH

77 ANVARXT =R (inode K7 0w 73w 7)
T4LZ R YTV NY

e J7ANDTF—RTaw Y



45 F£#E 71

e inode 5 DE| D Y TRH
o 22 WIS OB HIGH

RKIA4TZV T, 77 AVEEOHGHERIE NVM IZIEEE LRV, — &R 7 7 1LY AT LTI,
REHEIRE T4 A7 LDOA—N_—=T 0y ZIZKHLTW5S, T4 AZ2FHRE L, PORKEBDTF— X2 X
57 7ANVYATLATIE, 774NV REDHGEEHREZT « L2 M)V —=h 585 5 & IRFEITHEHRD )
M5, o OMEHERIIER OEICEHEZNDAFRLTT «+ AZIZEEAATVWSED, HEIZ7 7
TV DB EFHPITOND RMETIE, ZONMEKRDOEAMAE D, K7 7 AT AT LI1E NVM L2k
LEINBY, TORBEOLERLST L7 MUYV —OBRIIBFEENLHREMATRETTSEEZX5, TOD
720, AHATIEHEHERE X DRAM EOAICHIET 2 Z & T, EIRFHE & 5] S ZIER T 7 2 AO
NVM ~OF ZAADHIHE K 5,

NVM EDF=ZEEIZBWT, 7740078y 2y TDESIZT—)VHOMOME % LR TIHER
NRhs, ZOF, 70y rOMNEEZRTDIEFOAEY T RLAZHAVWSZ2ATERY, ZhE 7ok
AHEEH %, mmap BBIECHLUOBIZ S —IVREAL T FL ALY Yy 73N Z e MRS NR VWD TH
%, TDOART —2FEETIE. NVM ADOAEZ IR LURTERICT —IVOEEMNENPS DA 712y hOFT
RE9 5,

DRAM LICERET 32T —%
DRAM LEizld. 7O AEFHOARELTFT—XD, 77407 7 ABOMBEEIIZER LT — &
EURFET 5, BIEIE. 77 ANVT AV T RGNS D, BHEOEEMITET DT — Xk, Fild#4d 5,

inode DX 4% F—4D—E /XAD Lookup LD EHALD 728 inode D 7V 3 A% DRAM EIZfRKFL T
W53, £z, T—RT7 7 AGEHADED, Trv I3y FIZOVWTHFNIZI S —IVNDOA 7y b
SR T R U AIZEML 7-ffi% DRAM EIZERLTW3,

POSIX EffFERX DT« L2 MY TV N POSIX 1 VR —=7x—ATlk, 4L 27 bV Vb)Y —BEiX
readdir BB OMET 27+ —~< v b TERIBENH S, LPLIDT74+—<v ML, 0JEEDIH
HE YN v ) AMEATRELZEDT, MEPEHOMENRIZENT, ZOoBADF
¥ NVM ZEE#ET 3 Z &3 MRERICir £ L <R, 22 TAARNTIE, NVM ETiETs L2 bV T
MU REEETZY MY OIS THEML, DRAM £ Tl readdir B ICHMR LT — X %
Frovval U THETS, T4V 2 VTV M) OBEBLIRELLES, TOF vy Y o dl#ES
. WRIT readdir BRI N - B THMEK SN 5,

774 WIRAD Lookup 7= 7 7 A NWIRADIET 7 7 1 VD Lookup % &i#{td 5728, DRAM
12824 ¥ inode ZX IS 2Ny Y aF—T N RGBT B,

T 7AIY RT LREHER statfs BT, 77 A VY AT AFOT7 7 A VX T 0y 7 BOEH %K
THENDHD, ZTNODFERIZ 7 7ANVT 72 ARICEHETERINESI A, 27710 z2l5Z
& CHMKATRER 720, DRAM EOAIIZELET 5,

45 K%
451 EBHESATSYRVIATZVRUHLEB

AFHTIE, Ubuntu Linux 20.04 LTS @D glibc @V — 23— K% &KZ L, L5200 Tk~ 7 B %s
W7 7AWV AT LTATIZVIROCH LD I— NEME L,
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POSIX 1 Y X —=T7 2 —RIZBIBT77ANVT 7RAZIE, Z77ANVTAZVTRET/O A M) —LD
DDA VR =T z—ANRREEINTVS, glibc Tk, FIHFZEL NNV I/0 & LU, HBEDI/O A MY —
LRI TR L XL I/O 2 IFOHTHEEL L-TWE, I 7 IVIFUHLE T vy 2 L, HiEx Nz %
FyE & UC LD_PRELOAD % I\ ik [120]) A3 24, 1/O A b Y — LABEED KL~V T/O OIFOH Ui
4T VNTHINIZY > 7 XN THH, LD_PRELOAD THRA D Z LIXTER, TDH, AFEETIHK
LAV T/O OB 2T 5 Z T, FRIZ I/O A MY —AANDXIRS EB U 7,

452 T7AIVVATLSATSY

T7ANYATLTATI VI, C+4+ TEELZ, NVM O T —IUIZHT 2 I 0¥ 7y a VB KDY
A E) HEEHEOEBIZIE, Persistent Memory Development Kit (PMDK)[IT1] 32432 NVM [ 1}
DATY o MEHT A 75 Y libpmemobj++ % 7z,

AT 7 ANV AT LRZED T =V EREUFM T 2DBEA L2 7= V2 RHATEI N TES, LA
S hZ =LAV 5E, BEIRKIC - VRO TF—2 %20, B44HI2RT DRAM EICfidEd
5F—REFEEETE, LT LZ MYV Y —THEINALV inode B> TW2H4E, T4 unlink
JFR A IR ALEL AT TR\ inode 2D T, BEIRFIZHIFRT 5, — T, 7HE ADK TR, BIEX
N7 7 AVHIBRILEL 2 R EMEH TR, 77 AVOEFHIZEAMKIZiTbNE 720, F—2O—EMkich
BIXAE TRV,

PMDK Tl NVM EIZHEHE L7 DAX WG 7 7 AV AT LRI, 7=V 7 71 VEREEHEL, T DR
7TV —va v THEIIES LW EIEEZ L TWS, 20O 7—VHERIZEE L, PMDK & XFS % #l&
HELETHEIGEE, HEHEBEROATIHODT—XOEXu s ) THBELEINS, ZOFF, mmap I N7z
R=VIZHDTEZRAVITONDE L, R=U TNV ELTERZ ) THR T b7, HEENRRELE
b, FIT, AEEIBWTIE, PMDK O 77—V 7 7 1 VOHBRIERFIZ, 77 1V OEERIcEn
FT=REEZAD LT U, ZHLDBIEY O 7 ) T EFE, WENPLAZEIZRE Z 2B,

T7ANVATLDNTA—=REUT, inode#, 774 VTR Y IH LA, TryAVHl-boTay s
B, MR7 7 ANVEAER 7 7 ANV AT LEERICEREERTSZ0NE X5 ICLTWwWS, 2z, 7
TV = avOT—RORMEIZG U EREERATREL o TV 5,

Y- T B
£5175 )T, POSIX 1 ¥ 2—7 2= 2055, FRICKTMANET 7 1 VT 22 AR B4
55 5.

T7ANTF—9T IR 771D open, close ¥, T —RiiAEE 275 BB YT 5,
T7A4I - T4V AT LIER stat, statvis R DOIERIVE 2S5 BB Y T 3,
TALIRMNYYY—E T1L 7)Y M)DSIEP, rename, unlink (29 2 BIAHY T 5,
774)AvY Y fentl - flock MY T 5,

YYiRY w4 1) VY symlink ¥ readlink 2343 %,

AREEIROELETIE, T X ALDREA X T — 2 OBEXENIZIT S, Zhid, T4 A7 AL #
720 NVM @ load/store [ FMIKIZfT DN D 72, FERBMEEZITIBITEL DR AT AL v FDA =N
ANy RPELBZ 2SO TH 5,

POSIX A ¥ &2 —7 = —ATIFIHFAM I/O MR TVDH, KT 77 ) TIEIER T/O0 1TIEHIE L AW,
FELT TV = a ik, ERP IO BEORHIZA TV a vy T v BRI SN Z £ <, EHRIEZ
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£ 4.2: N—= R TR

HH R

CPU Intel Xeon Gold 6240 (2.6 GHz, 18 core) x 2
(1CPU DA f#H)

DRAM 384 GB (DDR4 32 GB €Y a2 —Jx 12)

AHEFEMEAEY 1.5 TB (Intel DCPMM 128 GB €Y 2 —)bx 12)
SEEHD6EY a—)b, 768 GB DA
OS Disk 1.6 TB SAS SSD x 2 (RAID1 k)

Rl & 72 & 72\,

BIAMIZ, unlink FT 4 L2 b UV Y =257 7 A IVEID RS 2 LIERBIZIT S A, 7 7 1 V&R
3% inode # NVM LA S HIFRY 2 MBIEELEL T17 5, ZHid Linux (285155, open H7 7 A VT A2
VT RPFAET R D inode ZHIFRL 20 E WS AERIZEDLE-DTH 5,

HR— b LAV HEE
DUN QfRsRi e BEgE X, BT 27 7V r— 3 Y RRAREDPRENTH 5 dT K- LTHARW,

ILARBME  getxattr, setxattr FAMHY T 5,

IBET 74 mknod BIEAMER T 2IEH 7 7 A VX N— RV 2 FHR—b LRV, K77 AT R
TLRTTANT =EZADT 72 A@#EbeR2 6 DTH L7720, F@E7 71 VAERITER L &3
L7,

memory mapped file AEV Yy U AIHIRTET7 TV Tr—2avid, EEDAX ST 7 A IVY AT A
EHVNEE WD, KT 7TV TR LRV,

tFXa)TF4AVTFRAL getfilecon ENHHY T D, KT 7 ANV AT LA TBRANTHLU 2T« L
NV ERRBRT IO, 77 ANV AT AV THILE N2 F 2 ) T« 82 2089 2 BRMEN
20,

T7ANT I RERMEE inotify FD T 7 AT 7 v ABBEEII IS LR\, K7 74V AT L
T TR AMTT — 22 XETERVZD, 7B E 205 OEFHERIIENTRVWZHOTH S,

4.6 &Y
AFITIE, PERTHE IR U THRETROMERERH 247 5,

46.1 FETEE

FERRIZH W2 —NON—= R = 7R EZER 4 12RT, AY—NIECPU %2V 7y MEHLTWS
2, HIEIZBWT NUMA OFE82HRT 57740, V7 by 2 7HIZ 1ICPU & F2i2245% DRAM KO
NVM OAFHALTW3,

MITY 7Rz T7ORERE, 77 ANV ATLTIATIVDNAS A =2 %2E 431277, XFS OHlE
ZBWTIER=YF vy v Yaz VWA EEORBIZMA, DAX 28 L7/ zIE L7z, DAX 268
LU REETIE, 77 ANVT—RDT7 22 AIZR=VU XY v Y adfHEI NN, @ OIREE & Hig
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#£4.3: VT MU THERK

7y | HHE N=Vay - B
HARY 7 b (0N Ubuntu Server 20.04 LTS
Kernel Linux Kernel 5.1.0
T7ANVY AT A XFS. XFS(DAX). NOVA, REFE
477 glibc 2.31
PMDK 1.8
libpmemobj-cpp 1.10
RYFI—=IV7TH tar 1.30
filebench [30] 1.5-alpha3
LevelDB [I21] 1.22
T7ANYATLTATIY T4 1,000,000 &
DINT A —R TyAnTay 7Yy A4 X 128 KB
Ty ANYD Ty J 256 1
77 ANVEHE 64 Byte

T4LV2Z R N)BHOTVNIE 64

TEIELTR=VF Yy VaDUBRERTHIEeNTES, /-, BETEIX DAX 2H%{LL 72 XFS
ECT—NT 7 NERHELTHD

DAX 2L 2 \WVEH O XFS OHIETIX, R—=YF+ vy aOREE2HIET S720, £/, DRAM
1Y 7y MIEREINS 192CGB D55, SGBETAA VATV L UTHMLE, Thid, A1 VAE
) OHEBENEROT —REy PEAOKREWEE, TR 7 7¥ARR—=VYFryallky hLTLEWL
NVM IZHT 27— 77 AEfe %2 FREICHIETE RS B I L 2O TH B, 127ZLINTER—
VX vy Y aOMBIEERITEHRTE R VD, XR=YUF ¥ v ¥l & RN ARERE2 RTHEEB
BWTIL, EHEMET 5,

462 T77AINERORTA7ORYFIT—Y

AHITIE, 77 A NVDOEZRAAEREEZHERTE-DDYA7ORYFI—2L LT, 2HBOT7 74 VEE
Ctar WRDOT — A1 77 7 AV ERHEFRMEAE) RITERT 2FRETS,

W=7 =54 77 714 V&K 4412777, Linux Kernel ¥ — A7 7 1)V [[22] 1%, /N1 ZDT 7 1)L
EEBELTD, T—HA T 77 A NVOREFICIEA X T — X 2@EICFET 5 2 e BRI NS, &R
= RA [123] 1%, EWFEHOERT -2y hThd, THbLRGEHT—RE2LHRALOIEE T 7
AN Y A AW Linux Kernel YV — A7 7 A WVIZHART 4 FEREN, TDED, ZOT—HA1T T 7LD
Mz, 774NV T —ROBEEESHRIZITRA D Z EBRERI NG,

REBRIZBIIDPETIE, T—=HAT T 7ANVDT 4 A7 GEAABUMIIZE DA NV —I R MLy 798
FELBRVED, T—=HATT77A4NVDT =X DRAM EDR—=UF vy ¥ 2 TS Nz REBTHEER %
19, TNETNHENRD 7 7 ANV AT LI U, tar AX Y R TT—H AT 7 74 VIS N T 7
A NVEREMT S, 72, tar IV FOFEPHEFRIZAT 4 TICRMEND LS55 THIZsync a7 R&2E
TU. TORBZRET 2, ZOPHEIE, FHEICHWT 5 BB ETW, FHE2Z L -7, 28, #ET
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Al RET—hAT 7711

A& T7ANMVE FaLZhIB BI7AVTA X EHT7AVT 1R
Linux Kernel 5.6.0 ¥ — A 67,302 4,438 1.029 MiB 15.1 KiB
TR O — R 106,116 3,020 23.5 GiB 221 KiB

ETIEZD sync Iv Y REFIFEBL TS, DAX BRIFED XFS 12335 synec Ia<v Y Rk, 7—2D
EHAEE MO mmap 2 EELZ TV T 7 A V2RO T — XD flush kA 572D, RER»2E720
ThHb, REFIEIZT 7 A VAEEFIZ NVM £ TRINIZ T — X 2 FHEIAATVWA DT, ERARIL sync 2
< ROERTIFBELN,

WEREREZB4I 127 F, XFS(DAX) & NOVA & EFEF, A—YFrvratflnianizod, sync
OFETRMNIE tar OETFRH L VESMHTELIRETH L, WITNOT—HI T 774 MIZEVTH, £
EFHEIT XFS - NOVA K D BFHWIFHTT 7 A VDRI ZE5E 7 U7z, Linux Kernel 5.6.0 ¥V —ZX7 7 1 )b
(B 12(@)) =BT, LTI 1.78 L. XFS(DAX) ® 66%. NOVA & 92% ORHET T LT3,
HEULIDERIZT -2ty bTRLY, FFEAHI — 2 (H420D)) BTk, REFET 14438
& XFS(DAX) @ 33%. NOVA @ 60% ORI TR T LTHE D, RETFEOMEIPKEHTWS,

WENDARTEH T — X DFeAEE L CPU » 5 AHFEM: A € Y @ load /store f14 TIT 5 Z & 26 A
DEMFTEIZS WV, TOEOZOMEEIIARXRT—XEHOMRIZLEZ2EDEEZILNS, XFSIET 1 A
DRI RBMDT 72 A&HHRE U AR T — X OME 2D 720, 7 7 A IVOIERRHZ & 0 % DR
HMEAEVANDT 7 AR B URRIR PR o722 F 2 6N 5, NOVA LIEFIEOMEREEE, FKICA X
T REFOWRDOEIZLDZEDEEZ OGNS, ZNODT 7 ANT IR A HRIZOWTIE, &ikD
filebench OPEIZBEWT & 0§ %217 D,

XFSGEH) & sync I ¥ N & ED7ZETREIX NOVA REREFEI D EVA, tar I< ¥ FOETHHH

EiFAB EEBEV, T, XFSGEHE) 7 74V T —XDEFEEZIAA%Z DRAM LIZR—YF v v ¥all
TolBETR TS5 895, DRAM & AR EY OMERAICEI > TELLZEEAOND,
R=V XYy Va2V T I LANSARHEAEMAT) OFRAEZIIEITET — 20—
B0, MBS RAME T T 5, LA UMT Bz kb, XFSGEHR) 1 XFS(DAX) &9 &
BHOETRMEZERL, FAFERBI—SACBV T tar 372 R & sync 27 ¥ NOEFEFTHREANIE
NOVA IZIL§ 2D oz EFEx6NE, —DiF, R=IUF vy v VaBlEHFs—K%2—E-DALGZ
ET, 774070y ZEDYETDOART - RUIEPGHEALINDE L THD, XFSBERA-—TVFyya
F dirty T—XE AT 4 TICEEHTRATHO T I 7 ANV THY 2 2EVYTEHD, R=YF v v
Y2 A CTHIE I T — 2 & B2 3 XFS(DAX) TREDDET Ty 70 UTOIAR A k5, 20
TEENFE LD THTOND ZETHIRIBET 25, £5 Dk T—R2EZRAADUIULIZH S, WEFD T
O ZADEEIZDNVWTAS L, NOVA LEREFIERIL, tar THEAZTPEET S720, 1 37 ULEIEL
m\, —f XFS(EHE) O%AIE, tar 7HR AL BANIA=IVF vy D alk LR A X T — X OIEFRYIE
FOHDH—F VALY RABEEL, 2 a7 EBFEKCEIET 25, 20720, XFS B CPU QML
RBRVEEEABRVA, R=YF ¥y vazd 5 & TUHOETTIT L2 WALHH T GE & 7
D, FERELTR=YF vy Y a2 N T MDA -~y FEBH L7z, 20U, ##ESFAH DRAM
X vy ya UTHWED, —HUE %25 d 2 2 & CInERFOEMHORMDEH 2 EZ 515,



76 % 4 3 User-space Library File System for Low Latency Storage Service Leveraging Non-Volatile Memory

3.0 0.06 45 0.00
112 — Otar @sync 43.86 Otar @sync
2.67
220 0.00 230
E\; 1.93 T = 12.13 0.00
TJL': ; }E 24.08
W 1.37 W
# 1.0 # 15
12.90 14.43
0.0 0
XFS(GEH) XFS(DAX) NOVA  REF% XFSGEH®) XFS(DAX) NOVA  REFE
(a) Linux Kernel 5.6.0 ¥V —A7 7 1 )L (b) BRI —/ X
X 4.2: tar A< Y RIZ &3 7 7 1 )V RBIRE
# 4.5: fileserver 7 — 27 10— R
HH FEEAE
AT 180 #
ST v ANV A X 64 KB, 256 KB, 1 MB

Tae AR - ALYy R 17 A -1 ALy R (YU 2ZUHEK). 3 7atAx 15 ALy R (MiFiRERK)
77 A IVE 50000 7 7 1 v/ 7€ A

463 T77AINTIEADEERVYFY—Y

AREITIE, 77 ANVIBTET—R - ART—REZHSE - BHT27 TV r—va v 2L - MEE
T & 7D 72b, BB T T ANT IR AERITFIRYF =2 7 b filebench[30] %\ 7z, filebench IZ
BEND fileserver 7—2 0 — R Tk, 77 1 VAERK - 8L - S HIBRZEVIRL, B 7 7 A VAR~V —
¥ a VR EFHIET 5,

MERDONFT A =R BFELT IRTEY TH B, NTA—ZD>5, FHT 7L XL, TakR -
ALy FEUZDOWTIFEB DM THIE 217> 72,

IR ERT, i filebench 2> v 7V Tav A - ¥V VALY RTEET S V7L
MROEFERTH S, RBEFHEIVTNO T 7 A NY A ATERADAR L —Y a3 VR ERLEZ, 77
AN A ZXPNSVE EFEZDOERFBEEZET, FHT7 7V A X664 KBIZBWTIE, R—=YFyvia
W72 XFESGEH) DR HEALEEL 125,962 ops (2xf U, #EETFHEIE 161,842 ops & 1.28 £ D MLELMEEE % /R
LTWa,

)] 4.3(b) 1% filebench 283 7H& A - 15 AL v K& CPU a 7 8LA LM 4% CEIfES 2 A 5IFEpk D 5
SR TH B, WM TIET — X EPBMT 2720, R=IF v v ¥ aOMERHENTEE T v 1LY A
X 64 KB O XFS(GlH) DAY ¥ 7R & O HEESME T LTV 2, ZhMEWThofllEicsnwT
B, VUM E ORI ELTWS, 72720, XFS TEZ oM EiFENS W, EET 7 Ay 4 X
64 KB ® XFS(DAX) Tl&, ¥ > Z VAL (71,889 ops) & WisiEAk (186,019 ops) T 2.59 f51Z Lh 72> T
Wi\, [Jl—DE&MET, NOVA 2% 101,333 ops 75 819,440 ops T 8.08 i, 2L FIEA 161,842 ops 5



4.6. Fl 77

o
3 3
200,000 & 1,500,000 5
Q) e Q)
g P S :ngl(f%) :;2(;/;0 =3 S OXFS(A%)  DXFS(DAX)
~ - ; ~—~ o N
# 150,000 Lo & E 3 ENOVA RREFZE
A ! N (3¢} N <
A < G 1,000,000 )
P % ‘C_>| Y ©
| 100,000 @ R '
92\ ' ‘—? < ™ ? 3
™~ ® n @ o “ I S o
0 N~ ©
§ (\Lg’o)—;!m N gsoo,ooo g3 L3838 . ®
50,000 89 gk N ¥ =] I 2% =
A S Y g uw N & ! 3 o Y2
5 mll c:ca : “"wlll Fomll Fqik
m@_ 0 |_||:|-- ;% 0 ,_I l_||:' — e - .
64KB 256KB 1MB 64KB 256KB 1MB
FEHITFAINHYAX FEHITFANYAR
(a) &> Z LK (b) TR

4.3: filebench IZ B 1F 2 A XV — 3 v [alEK

100%

80%
60%
40%

20%
o, BN

XFS(##%)XFS(DAX) NOVA RzZ:F:%
B filebench(usr) Ofilebench(sys)
OZFDhh—RILALYR Oidle

4.4: filebench EFR% 37 O CPU iR (2> 2V - ¥ 7 7 4 V¥ 1 X 64 KB)

filebench&/E27 DCPUfE AR

1,205,930 T 7.45 {51272 o722 L L HRB e 0T hTH S, HRAROMEXEEZ R L, M1 AFERET
RS L T 7 ALY A X 64 KB TIHIBETIEE XFS(DAX) ® 6.48 fi7, NOVA O 1.47 f5&
WOFERE o7z, 272U, 7 7 ALY ADMEINT Bz o, MHEER BT RISMENICEAD T 5, ik
77 ANBA XDENT B & T — R OFAEEORBMB LRI E 525, T— R OHHIEZIIHADEIHIC
Wz, ZOFEFMERER ERIRAREA U 72,

FRL—v 308D CPU - XEYFERRKHR

T, ARV—=va vhz 012895 CPU R AT Y HEBOMARRZIHMET 2720, ¥ > 7 VR
TEHE7 7 AV H A X 64 KB IZB1F 5 CPU OFHE L, CPU ® Performance Monitoring Counter D f
ZHERT 5,

1%, filebench 70X ZAE/ELTWH a7 D CPU HllREZRLTWS, ZOHEEIZHNTIE,
filebench 70 AWEET 2 I 7IEWTNE MR 100% TEHEL TWD, I—R IV TEEINS XFS &
NOVA T, filebench 7AX¥ AN T7 7 AV T 7 ADLEETH — 2 IV TEIEST B RAY 8 EILA L%
HHTWB,

I THREET R EIXXFS T, DAX O ST, filebench BIAMZ A — VA Ly ROSEES 5 A
XFSGEH) T 3.4 %, XFS(DAX) T2.1 % %505, ZHid, *R=YF v vy aDEEHLP dirty 72 A



78 % 4 3 User-space Library File System for Low Latency Storage Service Leveraging Non-Volatile Memory

4 5.67 14.37 4.60
8 OXFSGEH) DOXFS(DAX) ENOVA BIZEF%H
5 3 2.76
VAR
2 g 2.12
s, 1.85
o Z 1.65
?5 & 1.43
) 1.00
< E 1.01 1.00 091 0.95 1.00y 91 1.00 1.00
ox! 0.67
B 0.14 0.12 0.17 I
% 0.00-= 0.00 i i
DRAM7 7t ZXE# NVM7 -t R[E% NVM Read NVM Write VT HRRNRAVF CPUm S
(access/op) (access/op) A E(bytelop) A E(byte/op) [E1%(switch/op) (inst/op)

X 4.5: 774V ARL—> a3 vdhHizbo CPU BfERM

RATF—RDMLEL L %EITI 720D VFS K XFS OEA—2 IV ALy RAPFRPIWICHEHEL TV TH
%, DD, XFS IR AT A1y FWREL 5728 CPU OFEHRED S TlE NOVA RERETIEICEH D,

31 77ANVAR V=Y a3 rdHlzh D CPU OEEEREZ Performance Monitoring Counter
TEHAIL, NOVA %2 1 & L7222 EOURERLEZEDTH S, ZOEPNIWVIFE, 7700V —
Ta VIZEEL CPURAEY LRV D, EIREVWE SR 5, REFEIVWTNOHBIZEWTE
NOVA &b H/NE#fEZ2RLTED, filebench DEWHIEMEDEFIT &> TW5,

X, EUDOEBIZAET)DOT7 7 AZETS, A€V 7272 AL, NOVA O NVM 7 27 & A[H
¥z 12U, DRAM RU'NVM O 7 27 & ZE# %59, XFSGEE) TRMEFOT — A=V F vy
VaARPESTLEW, AZXTFT—=REBEHLDZODOET O NVM Write ZFR1J1E. NVM O 7 27 &AM
FEEAEEURVERE > TW5S, XFS(DAX) Tk, NVM O 7 2 & A[E#IX NOVA H 0.14 & —F/h
T WEZRT A, NVM Read 21X 0.91, NVM Write &% 1.85 EAE TR LA KEWV, Ik,
XFS v 7 RBEAIT —REHAEET DD, T7RABHEZVOBREVRKELBoTWEEEION
b, F72, A=NR=T By IRV r—FILDEIR1EIRIDENIVEROEF VI BN L2572
&, NVM Write DEEVPEFHAZEEEZSND, NOVA LIREFEEZRIRT L, RETHAD LREFRIE
NVM Read T 0.95. NVM Write T 0.91 & Z®D3%% filebench OfEFRIFLIFRE <2V, LAL NVM 7
7 ¥ AR TIHIREFIEIL 0.48 £ NOVA O RTH B, 774V T —XDiiAEZIZDOWTIEFHET
NVM O7 7 ¥ AREIZFAEFEL22IETROT, ZOEEFAXRT—XDOBM - FHIBITE NVM 727 £ A
DWANRFEHENEEZ SND,

aAVFFANAAL Yy FEEE CPU @4 #id, CPU BENAIIKRMICEETE 20257, XFS X
H—FIVALy REBHLUTEEST 2720, BARIZZDMELIEZ 5, —J NOVA IEFEIFa V7 x
A DALy FRSL, CPU ZMKRMMHHTETWS Z 25T, CPUMABIZEWTHIRETEII
HARE DAL, CPU Z%FEMITHHTETNVWS Z L 2RLTWVWS,

B4dizT. YU BRIZBWTEERARL -V a D7 7 ASEHEMZ, FHI7 71 B8 LT
77 AN AT LPNZHAG U KR 2R T,

ART—REMEE, 7 7 A VDIER (create) - HIFR (delete) DI Z/RLTW5, Wihbd XFS X
NOVA - 22T L W ARV, 7 7 1 VERRMIZ, NOVA L IEFERAREE Z>TWS, 77
ANVHIRIZ, T—=270y 72 RT 20 E2ET 5720, 774 0Y A X2k > TRBIPHO S R,
727 UDIRETFIRIE 7 7 1 IVEIRZ FERBLIEE L T Wb 728, InEREIE XFS ® NOVA L v W,



4.6. Fl 79

0.04 0.20

W
/
\

o
=)
@
o
[
3]

o
Q
]
o
[
o

o
o
(&)

o
Q
T7 AT Yt ADISEERE(mS)

T7 AT I ADISER/B(mMS)

alm ik el

create delete read write
D64KB XFS(EE) D64KB XFS(DAX) B©64KB NOVA B64KB 2% Fx  DO64KBXFS(EF) O64KB XFS(DAX) D64KBNOVA B64KB REFIA

0256KB XFS(:@ %) B256KB XFS(DAX) B256KB NOVA m256KB 2EFE 0256KB XFS(EH) B256KB XFS(DAX) B256KB NOVA m256KB REFE

o
o
)

(a) YV INEBIZB T B A R T — X gk (b) ¥ ZIVHERIZ BT B T — R

X 4.6: fllx D7 71 INT 27X ARG

100%

80%
60%
40%

20%
0% [

XFS(EH)XFS(DAX) NOVA  REFX
= filebench(usr) Ofilebench(sys)

OZFOh—xILALYR Oidle

£CPUI7DEHFEAK

A7 4 CPU 27 OVHIMFR (QEFHR - 497 7 1 L4 1 2 64 KB)

[B) 7 — 2 #fElE. 7 7 A W DiAIAA (read) - & EIAA (write) DI Z/RLTND, X—YF ¥ v ia
ANDT 7 AT5EAET 5 XFSGRE) 2RIHE. WThor — 2 REFEP RS INERFEZE O, R
ZIAAT NOVA 12343 2 6K R HDY, ST 7 1 )L¥ 1 X 64 KB T 43 %. 256 KB T57 % & K& %
EOFTVE, IN6EE, T—XDOT7RY I A XAPKREVWILIZLDART —REHO I MR 728D
LHElE NG,

CZETOMIZE D, BEFEBZARL -V a3 VIZET S CPUGAHEPAEY 727k ZAEEH XFS
X NOVA k043K, TOMBEEAR L —2arva2ERIZ5E T TE /-2 & T filebench TE WA <
V= a UMRERERTE 22 L 2R L 7=,

SLER D A 51 BE

T 2T, MHIRER ORERE R S, WHMILDE % kT 5,

BC43 1%, filebench EifEtho4 CPU 37 OVHMHEE2R LD TH 5, idle 172D CPU a7 TE
DALy RLEBELTE ST, T4bE CPU LB TH D Z L 2Rk, XFSIE DAX AR TRE~ 26
% LA CPU 2HHTETH S, filebench D2 Ly REZBINL T HEREA NOVA RIRETFHIF C BN
LRWERFPERTE S, NOVA LIEFETIRWTNS CPU 2195 % LA EOREEIEL TH b, AiFIE



80 % 4 3 User-space Library File System for Low Latency Storage Service Leveraging Non-Volatile Memory

100%
§B 80%
it
SR 60%
B3
5% 40%
o
S K 20%
N
0%

XFS XFS(DAX) NOVA REFX

OfilebenchNDOHEMALIE BRALXSA AN OT7AILY AT LNOHEBALIER

B 4.8: filebench 0¥ DAY — FERK (MiFIkERK - FF 7 7 1 L3 A X 64 KB)

%1707 filebench DZ AL Y RBUFNZEETETWB I 2 RLTWS, 8B, NOVA & EEFHEIZ
£ 5 % LT idle KA % 2 A3, filebench BB TS ALy REOHMUIEIZ L 55D THD, 77 AL
TR AIZELBBEDTIERW,

FEEXFSIZBEWT I 7 A NVY AT LADMIIZ & o THFIFERITATVERWI L 2ERTH720,
filebench O BIfEHIZ ftrace [124] % AT filebench D& AL v RO A Y — FEN % fi# i L 7=, ftrace I
THEAREE L B2 EET 2O —XNVADAZYy 7 =A% 1 TEBDT, filebench »°
schedule B (2 ) — 73 2R ICIFIEN 2 B98) 2 REEDO A Xy 7 b L — R % 40 HE 43 EIE L. B
» o ER % 5 U TER L 72,

BLA8 132 ) —TEROOH#ER 27T, NOVA TIE, 774NV T 22 AICHETERA) =713 0.4 %.
BEFETIZON THY, WARIZT 7 AV T 7R ADEDD ALy REOHAMEIEIZ L2 2) — TP & 2
ALy FIRFIFECRWI EDERTE L, AR ALY YT Y 712 X B HHIEIZIT > TWE A, Z
NFEA) =T ZESHH L D IZS 0 IcBETH Y. AP ELCHFETETVIHEBEZRL TV, —
HXFS TR 77 ANV ATFLRNDO IO AR - ALy FEOHMUEIZ L5 A —TELPXAZ A1y
FORREER DB, XFSIZBWTIE, Yy —F U778 RET 74V Y AT LAEKOEF %Ptttz 7 2
Y RATEHD, FHZART — ZEMEEZ /D open/unlink/write ¥ AT A3 —VDIEETAY — THELT
W7z,

—MIZ AN =T ERMES XA ZAA v FiE, CPU Fv v ¥ aX TLB OAZIRIMET LIEGEA — N~y
RAKREN, ZTDD, EKROFEEAT 4+ TEHHRIZR AT AL 9 FERGOBELENR ST 7ANT 7 A%
5RO T 7ANY ZAF LF, NVM OEFIZEWTEIRNIENE E2 5, TDM NOVA L IRET%
AT A T T 7R ADREHERZ L ZHRICRERAC Y0y 7 2HWS 22T, $RILEHETETVS,
%72, NOVAT04 % AELEZT7TANVATLARNDR A A4y FAV—=TTHEMN, Zh5iE NOVA H
HRTIFRLSHI—FIVD VFSBTELTED, §ROEN—FNVDI 7 ANV AT LERANWSZ LIZLDE
U524 —=N"N~Ny NThHb, TORIREANZIVFS BEDZAY —TDVRE LWz, NOVA LA EIZA—
Ny REJBTES AN VWR B,

MEEER MLy 7 DREER

SEHEA L7 NVM Td 2 DCPMM FHADE D 7 27 & A RERHE & #38D W3 hd DRAM I A
REAMEN, D728, BUR CPU OMENRE L NS v AR NTH 5T, CPU OEEMAEL v %512 NVM
DOHERER ERIZELTWE EEX OGNS,



4.6. Ffi 81

2,500,000
A ALy R# 0103 09 @15 @21 m30 m45 W60
2,000,000
#
A
m
N
| 1,500,000
2
K
N
_A\
\P: 1,000,000
&
S
500,000
o 1NN mﬂHIIIII HH [ sl [ mﬂﬂmll sl HH
XFS(&%) XFS(DAX) NOVA REF® XFS(AH) XFS(DAX) NOVA BEEE
DRAM DCPMM

B 4.9: AE VR - ALy FEIZHT 5 filebench DFEATHER (WFHIREE - 57 7 1 V¥ 1 X 64 KB)

(491, 7atv283, FH7 7 AVI A X% 64 KBIZEEL, 77 ANV AT LEHMETEAT 47
BRIAL Y REEZEZ DS filebench Z2FITLFERTH S (AFIALV Y F1 DA 1 Tk ), M
U783 =D CPU X 18 ¥l a7 2## L. HyperThreading iZ & v & 36 {48 CPU CTHEIfET %, TD7=
& CPU OFEMREN» 5T 5L, 18~36 AL v RO THEEVEIT BRI ERX oD, EE AT17
L UT DRAM 2 T5 &, R—YFv v aBfizfh> XFSGER) 2R< L A3 AL v P30 Al
MREERLTWS, —HAT 472 LTDCPMM 2HT 5L, AL v N 15 BETIZIFFI B ICk 5,
ZDREETIZ, CPU DI 7H & filebench DALy FEZMML TH AEY T 7 £ ADRE R DIEILE S 5
7212 CPU OEMARA 100 % & < 1T UMERED EB SR 5,
o T, RO CPU OFEBEMAEE NVM OMEEENT Y 2BV TR, NVM O 7 7 AR ERS T2
EDMERRIBALIZ DB EX 6D, £/2, ARL—=2avdH7zH D NVM OT 27 & AR DN RE
FiEM XFS ® NOVA ITHARER MR o BEREZEZ 6N D,

4.6.4 Key-Value Store DNy VTV RZAML—Y & LTOFA

AEITIEH, IRV TONRNY 2TV RANL =V UTET 71V Y AT L%EBAWEGEDMERETHE %
79, APETIE, HRDI FILY 7 & U THAAA Key-Value Store Td % LevelDB [I21] % H W
7zo LevelDB I3 ¥ — L ECTHEINEZ L I—-RDESEZ, LY bT1 L7 M)AIZERD 7 71 V% fE
L. F—DRIETKEMNT S, LevelDBIZHET A 77V LTT7 ) r—yavitfllarlEnsdzo, L
A=RDT7 7 AZBWT T u AfM@EFXTHLT, T XEELHMA-DA N =T DT 7 AMRED
Key-Value Store OMHEREIZ KL X 197\,

RYFT—=2121%, LevelDB IZHEEERMNINTWE T AN BT I L EA W, ZOTANTBT T L
Tk, B46I10RT 7 =270 —R2ZhTNTV, TORMEZHET 2, AEICEVTE, R=YF vy
Y aDHEEN<7-HIZ DRAM % 8GB OAffHT 5, ZLTT—XEW DRAM X0 %< hbX5,
F—RREIZ 10 GB TH—L. La—FK¥ 4 X1 KB (L3 — K4 10,000,000). L a— K+ Z10 KB
(L 3—F#$1,000,000). L3I —FKH¥1 X100 KB (L 3— K¥100,000) ® =@ H OF— X THIE 217> 7=,

BT7ANYAT L - LI—FRHA RZBF ARV — 3 V0 FnERM 2410 127, &
ERAMIDHEINEZ ARV =V avid, La— RS XDBEMTELEA ML —=IUNDESRAAELINT S



82 % 4 3 User-space Library File System for Low Latency Storage Service Leveraging Non-Volatile Memory

% 4.6: LevelDB ORIFE %

FARV—=va v ARV —va VR REM
HEZIAA fillseq F—DRIEIZHH L a0 — FEZAA
fillrandom F—% T VRLIFHL - NEZIAA
overwrite XTI URLMIEBEVI—- R2EH
T AR P readseq F—DFMEIZL 3 — K Z2FHEAAAR
readrandom F—% I URAILI— KEFHAAA
HiBR delseq F—DRMEIZL a— REk
delrandom F—% 5 VX AL a— FHI
10000 8 a8
§§%3 0BV D1KBXFS(GE#) O1KBXFS(DAX) 0O1KBNOVA D1KB #%F%
oaT TR
. 5N§,§ © S 010 KB XFS(iE#) 010KB XFS(DAX) O10 KB NOVA D10 KB REFH
% 1000 20 g - oo
= Onl 835, OB 0100 KB XFS(# %) @100 KB XFS(DAX) B100 KB NOVA 100 KB #2EF %
i KRg 28 o SI8S
08 =S @ ]
) @ % o o9 ©
g 00 o8 L3 Her 82
BF &g, N 03 il B
N Al N n oSN
g I o 8 ol
“S 10 fgo 0
A ECE Moo 829 353 392 GRE R 383
'I" m' ol |56 - MMM MMM MmO MO B e
i iy ay N §:§3 o) N N g ERE:
3 8% codngeestoos B S CENE <)
4 1
0.1
fillseq fillrandom overwrite readseq readrandom deleteseq deleterandom
ARU—2 3 R

4.10: LevelDB fE¥R Y F v — 271281 5 EfTHER

72, NEREBEINGT 5,

SRIEGFUEARV =Y a vk AT 4 TAOFRHNARESRAAIITDRV, ZD7H, X—YF v v
vazHWS XFSGEE) TEAEBEA T ADT 7 2ANFLALTbNEY, ZTOME, LI—FOD
HIBRD & 5 7/ A ZOEHFEMES ARV =Y a > TRAD R & 0 RGBT THEVIGE IR & 2> TWw
5,

XFS(lH) #R< &, BEFERZVTNOLR L =Y 3 Y iZB W TH XFS(DAX) % NOVA X 9 &5\
BITIHEEL TV, ETEHESRALHEINDE ARV =Y 3 VT, LI — F¥ A XIE U TG RRFE A
E<{%5, 727ZL, La—F¥a X&fbdREFIE NOVA, XFS(DAX) OETIRERH A, [H—
OLa—RY A RZBWVWTH, fillseq. fillrandom. overwrite & 1% IZIGERFMIDE < 755, fillseq &
fillrandom 1& L 3 — R 237 7 A )L D 7 0 v 7 IZHEMA X 15 DIZH U overwrite TIEA MR 70y 7 53
EInsZ ek, fillseq TIRMEA VT v 7 ADF —BIZIER X 115 A filltandom & overwrite TR
BAVTYIABTVELIHEFEINEZ LT, 7747 72 ADEBMPEAL 22 &2 OFEHRIZD
BIRoTW5, TD7/o, FIHBEO filebench OFERDEY | 7 7 1 )L write DMEREIC SIS U 72 B R ENE &
8o 7z,

WIZGARBRIZ DI NDE ARV =2 a VIZDWTHERE R % & readseq TIEE S IAARBRIZL a—
R o D2t U CTRGRHEPEDT, 2 OREFEIN VTN REOIGERMTH S L 0O FERN -,
readrandom (&7 7 T VY AT LHEDAENHIZ K, VA=Y A XEOEE/NIW, £z, LI—R¥o



4.7. HIREIH 83

AN TH S 10 KB OREEPRFTH S L WOFERNPHT WD, 21k LevelDB D3RR 25 ¥ v v
YaDHEMAIZE B, LevelDB i1 v Fy 2 ABHROF ry a2, LI—FROF vy v azZznThfE
a5, fiFELa— R K5 T 2D ERAVNIWZD, LI—RFEDOEZ W1 KB L a— FO#lE
TEFrviaby bLIZKL, 10 KB DAV EWHEREEZBLERER>TWS, —ALI—FDFvy
Y alE DRAM BRETHRES7ZO, WIThDOL a— K31 ZDHIETH, LI—RORT—XEEZHE LT
WEHEFryvaby NRIIABETH D, TDdD, Frv¥aIARDT 1 ATRAAAENZ 5
KY A XV 3= ROHPEHRERRE MR B/ 5, LevelDB Tl F — DHIBRIZ L 3 — FIZHIBRES
AT RMNELTHETT A, I0EHBHIELI— Ry 1 X0FEELZIF 4\, La—RK¥+ X 100KB
IZBWT, NOVA O readseq DISERHIA L 2 — N4 XPLEIZHINL T XFS(DAX) & b BWHELHIEA
HTadH 5, NOVA iF Log Structured 227 — X EH 217 S MG &2 D 72, overwrite DAL —3 3 V(T
K0T 7 ANPREREEAE) ETHAALL TOWSAREEDE Z 5 ND A, EITHDOT7 7 A VY AT LDH
GO 2 BT 52O RFERTH 5,

HIBRIZAFEINAZ AR L =2 a VT, VIA—RY A XRT I AR =L X B RERERIIR SN
Motz, T, LevelDB 2B 5 L 3— ROFIERIZ, La—RIZUHIBRTY 527 %3 T5 & WS EIfETS
T9572d, 774NVOEHFTF—XEDNRL I— KH1 ZIKGFELRW-DTH 5,

EARL—varvEBLTADS L, RUTRETEIMARCHANE O TISETETH Y, TORE

DEXZEH Uz, Fiz, LI— KB - HHP readseq DL 5 7L T — FDAF v D & 51T B
NEWARL =Y a VEBOWKHETIOE TELZ e, 77— a v OMREEIZANT@EH Z 228
WFcE 5,
—F. Bk DRAM & RERMEXEY OMEEXIZLD, —BEF—X0av¥—#2@Nxgs—IY* v v
Y ahHlo THRER EIZ DR r—AERohd, ZOEMIE, DAXXMIET 741 IVY AT LIZEWT
R=—VUF Yy Y aPERICEHL T — AN BB L id, MOMETHEERINT WS (125, 126), 77V 7 —
VAVDT I RANR—VR T RAEEEREER, A=V Xryy Ya s BRNICEHL TS ZEE, T5
7 B MERESGE I I A e B R B,

47 HIREIE

BT 7 ANV AT LD T ZHARED S5 B, REAKVOCEETCORIPRFEIZOWVWTHT 5.

471 TILFTOERREG

ARELETIEH, ZDOOMETYILVF TR AL D T =21 - ART 72 AANDORIGET > TWRW,
—DOHOHHIIMEE N L —RAT7TH D, KRARTIE, 77NV VATLRBRT 2 - HOEHE T —X %
DRAM IZF{ELTW3E, ZNSDEHMT—X%2 7ok AMTHETBI121E. 7 N2z daGL, »o
HHHHMLHE 2 AT ARELNH S, —H T, 70 ABIIEHT— 225548, — 70X AAMNA 72
Rzt U, 270 ANRHEM LU TEERT - X2 HH T2 B8R H DA — N~y RBRKEWV, WThil
Th, MREA — Ay KRB KRT S,

£ —DODHHIZ, TR ADERERTANOHIETHD, HETOLCANT 74NV RLzay 7 LT
FEAREKRTUEEE, Touy 73 fiREINT, Mo TeeAEZT07 74100y 7% KAICHIETE
W, BHO OS TlE, TOX AR THIZ OS 0y 7 2RT 50, ZO0HEEZ OS 2h & 3o, 7
O ADFIEE G725 & O L A — N~y NOBINEET 5,

BidD@EY, < D77V r—va vy TR7avANTT 4 L2 MV RDT — X % iz [l 3 % 53,



84 % 4 3 User-space Library File System for Low Latency Storage Service Leveraging Non-Volatile Memory

V7 MU zT7OENVRBEEER T AR WINCEELEIUT 4 L2 b DT —X%2BBT 57 7Y 77—
Yavebhbd, INSORARIZELUTIE, SEXIEEITOIEREGER) R DI % i) 5,

472 EBESATSYVRNMERBT7Z7 IV r—ray

REFRIIEES S TISVERETDEILT, 7V r—2avO I 7AWV ATLAT 7 A%R BT
by ZDLEOEES £ TS5 ) 2HNEWT T r—y a VZGEHATE RN, fle LT, SvE1 L2y
NAIVEHIZERINY © 295 Go BREDERNT FUPHYTE, ZhoDT7 TV Tr—2a ik, FEfN14F
DORMIZE D VAT LI VIFCH U2 HEMI 522 T, AREEFELASFOWNMEETZILEEZXS
ns,

48 F&H

ARETIE, FHEFEATY OEWEZELL, 77V T5—2av07 74 VT 7 AMiEE2 R ESE 5 R
FL—=YDY T V2T A V=T 2—ADMEFZIT\WV, £V 7 MV 2T ARy 7 OEEFIEIIDVWTHR
Rizo FEFMEAE) OWEEEZ T TV r—>a VOHEPTZOIZE 774V T 72 AZBITEY 7 Yo
TA=NAY REHET S A, £7 7V r—vav2REETHHTE S AATRITNIER S 7%
W, BEFETIEH, 2077V =2 a VBT = XD 71T+ L7 b)) 2P AT 25 2
CIZEHL, TNEAMEAE) LIZS A TSV T 7 AV VAT LREEL, 70X A THETEEEDT 1
L2 M) a5, EARTE, ZOEETALZ MNIADT7ALT 7R AIZH LA —FVE—RA
DAVFFANALYFRRETH Y, TR AMOT -2 EEE2TbHRVI & THMULMEEHIKL, V7
N 27 A=~y REHIET S, £/, 77V 5=y a il Fa—=v 720 $562 2T
SRR EXIREEmO SN D,

REFFIZE MR B R Z2HET 57280, AETIE tar - filebench * Level DB ® 3 2D 7 7V r —
VaVIZBWTRETEL 7 7 ANV T I ADMEER LR U2, ZTOMRE, WIhoT7 ) r—vaics
WTITBEFIRIIMERFIE L 0 @R Z R U7z, R filebench IZ2BWTIX, INFA X7 7 1)L - < ILF
TOv R - IV FAL Y RIEBIZBEWT, XFS KT 6.48 £, BRI NOVA T 1.47 f5 &, fEkTFiE
& 0 KigzrERerm EaER U 7z,

FENZB W TIIERD POSIX 1 v X —7 = —A%ARFEL, BH#ET A 75 ) DIBEO LI REERME A € )
HIGEMAALIERE & o7z, ZHUZED, RS TIVEAVET SV r—ya vy TehhXEHTEE
KB, TOMT, AFEIZ, 207 V=Y a TESBNIZRIHTE S e Wnwz b,

AFZEIZB I 258088 UT, BARDHIBFHTHD, YIVF a0 AREES 175 ) OB Y
VO ERFDLRWT TN =Y a v AORIGRH B, TS ADMIEETD Z LT, RESAOEHEEATX
SIZIERT 2 Z DR TE S, WEEHRTIE. R—=YF* vy v ¥a% 87 DRAM & REERMEAEY MO X
55D T - XEEOREDWE - BEHck b, METESZeW/FTE S,



85

3
o1
1K

b

A off

51 FEMXDMR

AT, @YERERGEA T« T E2TEN LZEANTT 7 2 AROE WA P L —YDEBDZD, T
TV = a VICERNICEHTRETH Y, TR E2RERETEAMEA ML —VIZO2WTH Uz,

BE1=Tld, AMEOERL LT, AT+ 7OBREAWM LAz 2, =227 TV r—vay
REMEAWSNE L 5ITR ol &R L, 2205, KFEOFEL 357 ) r— 3 VIZERN
T — R EBETBAMEA b L — VM OREN AR AT, £, AFEOHKEFBEIZOWTRA, P
DEFTIRARDHHZEDNE D 2B 52T Uz,

EE 28Tk, HIHT7 7 AT —nNEdRe U, BBRBTOROOT - XEHPEEEE L, 7710
P—NOBITIZBVTIE, BT — X2 HEY —ETERT ZBERH L, 207 — XEHIIEHH % %
TS, 77ANMVY—NEDT—R22BTHT7 ) r—Yaicidl, ##lpiz7 7 A VY —
CAZEILEIEEZERBEENTIIRY, KETIE, H7 71T —ZEWT Post-copy TAD 7 71
BNEHHEZHRADZ LT, BEOMBTHAHI 7ANY =PI T4 TV NOREZTORNE BN
Y—NOBTEARE Uk, £/, BHAIIBI 225472 N7 272 AQRERM %2, EHOEHIZHEN
BN 2720, 77V —vavit&kb 77 AVT 7R ADFEICHEDE, F— X OEMIEDOKR %
fiolze ABTHARTIE, 77 A VAV —CADEIERM®, 77t ADORERMZH AT E, EH
EA R R B Z L HER L 72,

EES3ECik, 79V Rava—F1 v IBEEMEL, K<Yy ETHffhO T 7Y r—v a3 vk
U, 77075 —=2a V2 ET 5 2 e R <{@HTE% SSD - HDD OMEA b L — Y OREFEHEE RE
Utze SREFETIE, FEASY VEBOBEA ML —JIt8WTFyyiaky b RETIFR2ERNTH B A
FL=UV 7 b7 ORBIZERE LR, 22T, BEFETE, REXY VATHONE 771 LD LA
T MERERAN OSIMER B Z LT, KTV YRNICB T 2MmEMICEE 27 71070y 2 ORLEZ
ZHRADN OSIZTHRBTELLIIT L, ZOFEHICHEDE, SSD-HDD HITT —XD Y 7 v F %147
58T, 77 RADRFMEIZHEDE HDD 12T 2{K#4 7 7 A2 HIJEL TT — X ~DT 7 ZADFY
VBRI Z M 5, 72, TV T =2 a VOEFRIIC K o TT Y 7 = v FOFATIGH 2 B IZFH%E S
%52 LT, HDD (2T 2@F 27 72y FIZLEMRENEZIAZ I LA TERZ, TNODFHEIZED,
BEOT TV r—2a iz UER21T5 288, Fyviay bROJERSTILT IV r—vay
OMERER EEEBL 7=,

BE 4, MEREALS N A ERIEAEY OMRERTE» L, BT — X 2 GFT2ODA ML —
VAVR=T =AYV T NI T ARy JEBELUZ, KT, POSIX 1 VX =7 2 —RAIZBWVWT,
Juv AT — Il B E R AR ER ORRE ZT D 7201, IVTFANAA v FRTak



86 5 fhim

A OHAMMIEESL < DI — N~y RBPEUTWBRIZEH LUz, FRHT 7V r—2arvo4id, 2ok

ST AMTOTF — X PLATEMOEAZBE LR VAN —VDMHEZE>TWS, 2 TRETFE
Tk, 2= —ZEEIIBVWT T o ANICHUZEAE T« L7 MUBEL, 2 - —2M7 71 VY AT A
FATI7VENUTRETE2ZETA—N~NY FEHIET S, KI7A4T7F7VIFPOSIX A v X —T7 =z —A%
NUTHHTE S0, BET TV 5= a VI UEREZET 2 Z i AEFEEA Y OFEWIEREZ =
TTE5, ZOME, KAFEERIERDOT 7V —Ya VIZBWTAEREA B ) EHICHEREI N7 7L
VATFLED BEWIERERER L T2,

AR TIE, TTRELFEHINTVWAA ML =VDA VX =Tz —ATHB7 71L& POSIX 1~
B—T7z—AZEHUEBEA N — VR RELZ, SETBRRZVWITNOREFIES, AL libh 287
DAVR—=Tz—A%2RFTEHILT, MEOT7 TV r—ya v i EHET 52 845 EBMIZH]HZREE A
Ny—V%FEH Uz, £72. FREFECBEVT, 77V 75 —vavDT7 7w ARR=VIGUTT—X %
MET AT 4 TR T — 2 OBBEZED D LT, 77V —Y a VEFHIZT — X A5 X F 4
TN TE B L5127,

ZDEDIT, AHETET T 7 —Y a v OWEAECTERMIZEHTTRETH L L, 7T =Y 3
VETHIIT — R EEYRAT 4 TICHET 20D ZODMEE IR U ZBEA N L -V ERER L, K
MEOERIZE>T, BEANL—VENUTHRART TV 5= a UDBNEBICEERERGEA T« 7 DR
MEZT, VR EMREEZTED LHEL TV,

52 SROFRE

AHEFVEDOTIEA 7« 7k, BUEB R4 HERRENMTONT WS, RETFIEIZ HDD - SSD - AHFEM: X
Y EARAFROEMBE R TEERGEAT « TEHEL TV ED, SHBOEHBREEZR O AT 1 73
IZHIN G Z L3 BBRICH < v, 2 OIE, HRERIER A VX T 2 - ADERIZE 5 T, KX DRETF
ENZDOEFHEHATERWTRIELNH S, SREXTEOBHHPHZILRT 27201213, TN HmMee
FEET VRS VA =T 2 —ARMATZGEA T+ TICH U CHHEAZR L., FiEZ2NALT 2 Z B nE
TH5,



87

5

AIRFGEOHEEIZ 70, FREL THEHE £ UBEHE ORI SEHEARICITEE#H L ET, ©
HIZHO RS DMEIEH DD, B XDIZHREN ER SR WIS H 0 £ U722, ZOMED Hmk
RHSCHED =D DMK VR BAEAVWIEE £ U7z, BEMT, (E5 I [EERE 2P P HEES
Wik 2RBRABO N TEZ LA, THEHEWZZ2I1E, SEOMEIIEWTH, FH-0ETOER
ZBWTHRIDBDEMELTWET,

VAT LAMERFERO RN EBIZICIE, KFEREOARFHHAR I TRV L, i A LR TPt
A - IREHEE DR LZIZ DOWTHEICE S TIHE, AFEZBMULTHEE L, ZORLBR20T S0
WZEEAPITHEHE, ARl 2HATVWET,

fIFZEE DERRIZH REBHERIZ R0 £ Uk, EHEHKICE, /KM~ Y OBFEICBET 2 MR, i
A=) —DMALTELBOTHERTHE £ Uz, REEHEEKIZIE, BEEEHEOT IR~ 228
M-aXAVM2THE, HR2EBLUCHMZEDDIZ LN TEH LA, 2, EREBOTEPAT Va2 -
PR DM IS ME GRS AD LML T RIVWE Lz, TOMFEEDOHKITIE, HEE
TEHZLDBRVMIENHIZfNIEEE5ZTHE, AAORNE2EDDIRVE o0 LR D Uz,

HIZ SRR DRI KEBIFICA D £ U, BHCESEIIK, BHOBMKITIZ. AZREZ 8L TH
ZEHEKE - BRI LS BO TS 2 THE £ Uz, F720 FHBEHZ I, #RIZE T 282 0&GD <
DIZZTHINTEE £ U7z, TOMBSGOBERKICIE, 2 AL ok#EL LTOTYF2HENZ D, ROFERM
BIzBMNEAVWTHWEZD L WO B THlgE 2 THBEES E Lz, L E, REREEVEBIZHELEZT
LES>ZedbH-o2tbBoo T, HRIEPVHTHELRHVOSEENITTRIZHRY, BHMZKE
Wk z el ELR,

BARIZRD £9A RIIAEEOEK, B BEFROERK, WMITKED Zick b, B2 AHE
TR AERED Z LN TEE L, ZOHEMOELT, EXBLEHL EITET,






89

22 3k

1]

[10]

[11]

[12]

[13]

IDC. Data Age 2025: The digitization of the world from edge to core. https://www.seagate.
com/files/www-content/our-story/trends/files/idc-seagate-dataage-whitepaper.
pdi], 2018.

Jim Handy. Where are we in the current flash cycle? In Presentation of Flash Memory Summit
2019, 2019.

Bob Fontana and Gary Decad. Storage media overview: Historic perspectives. In Proceedings of
IEEE 32nd Symposium on Massive Storage Systems and Technology, MSST 2016, 2016.

Bob Fontana and Gary Decad. A ten year (2008-2017) storage landscape. LTO tape media, HDD,
NAND. In Proceedings of IEEE 34th Symposium on Massive Storage Systems and Technology,
MSST 2018, 2018.

RN #EE. 2020 FOA ML —Y & HDD OS5 EYE. http://www.idema.gr.jp/common/pdf/
news/tenbo2020.pdf, 2019

Chris Mellor. Western digital aims to boost nvme ssd share with this
one cunning  virtualization  trick. https://blocksandfiles.com/2018/11/12/
wd-needs-to-boost-its-nvme-ssd-ship-share/, 2018

Jim Handy and Tom Coughlin. MRAM, XPoint, ReRAM, PM Fuel to Propel Tomor-
row’s Computing Advances. https://www.snia.org/sites/default/files/PM-Summit/2019/
presentations/13-PMSummit19-Handy-Coughlin.pdf, 2019

Intel Inc. Intel Optane DC Persistent Memory. https://www.intel.com/content/www/us/en/
products/memory-storage/optane-dc-persistent-memory.html.

Technical Committee T13 AT Attachment. Zoned Device ATA Command Set (ZAC), 2015. Rev.
0.5.

Chris Mellor. Hard disk drive shipments fell 50% be-
tween 2012 and 2019. https://blocksandfiles.com/2020/01/14/
disk-drive-shipments-50-per-cent-fallfrom-2012-to-2019/, 2019

IEEE. IEEFE 1003.1-2017 - IEEE Standard for Information Technology—Portable Operating Sys-
tem Interface (POSIX(R)) Base Specifications, Issue 7, 2017.

Python Software Foundation. Python f##£5 «4 7°Z 1) posix. https://docs.python.org/ja/3/
library/posix.html, 2020

FOoHLWEVA. Ruby 2.7.0 V77 LY AY=a7T ) file 7 7 A. https://docs.ruby-lang.
org/ja/latest/class/File.html], 2020.

The PHP Group. PHP ¥~=a 7))L ) 77V VA 774 )Y A5 L. https://wuw.php.net/
manual/ja/book.filesystem.php, 2020.


https://www.seagate.com/files/www-content/our-story/trends/files/idc-seagate-dataage-whitepaper.pdf
https://www.seagate.com/files/www-content/our-story/trends/files/idc-seagate-dataage-whitepaper.pdf
https://www.seagate.com/files/www-content/our-story/trends/files/idc-seagate-dataage-whitepaper.pdf
http://www.idema.gr.jp/common/pdf/news/tenbo2020.pdf
http://www.idema.gr.jp/common/pdf/news/tenbo2020.pdf
https://blocksandfiles.com/2018/11/12/wd-needs-to-boost-its-nvme-ssd-ship-share/
https://blocksandfiles.com/2018/11/12/wd-needs-to-boost-its-nvme-ssd-ship-share/
https://www.snia.org/sites/default/files/PM-Summit/2019/presentations/13-PMSummit19-Handy-Coughlin.pdf
https://www.snia.org/sites/default/files/PM-Summit/2019/presentations/13-PMSummit19-Handy-Coughlin.pdf
https://www.intel.com/content/www/us/en/products/ memory-storage/optane-dc-persistent-memory.html
https://www.intel.com/content/www/us/en/products/ memory-storage/optane-dc-persistent-memory.html
https://blocksandfiles.com/2020/01/14/disk-drive-shipments-50-per-cent-fallfrom-2012-to-2019/
https://blocksandfiles.com/2020/01/14/disk-drive-shipments-50-per-cent-fallfrom-2012-to-2019/
https://docs.python.org/ja/3/library/posix.html
https://docs.python.org/ja/3/library/posix.html
https://docs.ruby-lang.org/ja/latest/class/File.html
https://docs.ruby-lang.org/ja/latest/class/File.html
https://www.php.net/manual/ja/book.filesystem.php
https://www.php.net/manual/ja/book.filesystem.php

90

EE P

Oracle Corporation. OpenJDK. http://openijdk.java.net/, 2020.

Chia-Che Tsai, Bhushan Jain, Nafees Ahmed Abdul, and Donald E. Porter. A study of modern
linux API usage and compatibility: What to support when you’re supporting. In Proceedings of
the Eleventh European Conference on Computer Systems, EuroSys '16, 2016.

Vaggelis Atlidakis, Jeremy Andrus, Roxana Geambasu, Dimitris Mitropoulos, and Jason Nieh.
POSIX abstractions in modern operating systems: The old, the new, and the missing. In Pro-
ceedings of the Eleventh European Conference on Computer Systems, EuroSys '16, 2016.
Dwayne Richard Hipp. SQLite. https://www.sqlite.org/index.htmll, 2020.

The PostgreSQL Global Development Group. PostgreSQL. https://www.postgresql.org/,
1996.

solid IT gmbh. DB-Engines Ranking. https://db-engines.com/en/ranking, 2020.

AWS. Amazon Elastic File System. https://aws.amazon.com/jp/efs/, 2020.

Google. Cloud Filestore. https://cloud.google.com/filestore, 2020.

Larry Freeman. What’s old is new again - storage tiering. https://www.snia.org/sites/
default/education/tutorials/2012/spring/storman/LarryFreeman_What_01d_Is_New_
Again.pdf, 2012.

Bianca Schroeder and Garth A. Gibson. Understanding disk failure rates: What does an MTTF
of 1,000,000 hours mean to you? ACM Transactions on Storage, Vol. 3, No. 3, 2007.

Intel Inc. Planning guide: Updating it infrastructure. http://www.intel.com/content/dam/
www/public/us/en/documents/guides/server-refresh-planning-guide.pdf, 2013.
syncsoft. The 2018 state of resilience. http://rc.visionsolutions.com/WP_2018]
State-of-Resilience-Report, 2017.

TechTarget. Snapshot 1: New NAS buys motivated by performance and outdated hardware.
Storage Magazine, Vol. 16, No. 2, p. 12, 2017.

TechTarget. NAS trifecta: Price, features and performance. Storage Magazine, Vol. 16, No. 8,
p- 14, 2017.

Standard Performance Evaluation Corporation. SPEC SFS 2014 SP2 User’s Guide. https:
//www.spec.org/sfs2014/docs/usersguide. pdf], 2014.

Vasily Tarasov, Erez Zadok, and Spencer Shepler. Filebench: A flexible framework for file system
benchmarking. ;login: The Useniz Magazine, Vol. 41, No. 1, pp. 6-12, 2016.

Andrew Tridgell and Paul Mackerras. The rsync algorithm. Technical Report TR-CS-96-05,
ANU Research Publications, 1996.

Microsoft TechNet. Command-line reference robocopy. https://technet.microsoft.com/
en-us/library/cc733145(v=ws.11) .aspx, 2016.

EMC Corporation. EMC VNX Series VNX File System Migration Version 2.0 for NFS and CIFS,
2013.

Marc Eshel, Roger Haskin, Dean Hildebrand, Manoj Naik, Frank Schmuck, and Renu Tewari.
Panache: A parallel file system cache for global file access. In Proceedings of the 8th USENIX
Conference on File and Storage Technologies, FAST ’10, pp. 155-168, 2010.

IBM. IBM Spectrum Scale. https://www.ibm.com/marketplace/
scale-out-file-and-object-storage, 2020.

IBM. Active File Management. https://www.ibm.com/support/knowledgecenter/en/STXKQY


http://openjdk.java.net/
https://www.sqlite.org/index.html
https://www.postgresql.org/
https://db-engines.com/en/ranking
https://aws.amazon.com/jp/efs/
https://cloud.google.com/filestore
https://www.snia.org/sites/default/education/tutorials/2012/spring/storman/LarryFreeman_What_Old_Is_New_Again.pdf
https://www.snia.org/sites/default/education/tutorials/2012/spring/storman/LarryFreeman_What_Old_Is_New_Again.pdf
https://www.snia.org/sites/default/education/tutorials/2012/spring/storman/LarryFreeman_What_Old_Is_New_Again.pdf
http://www.intel.com/content/dam/www/public/us/en/documents/guides/server-refresh-planning-guide.pdf
http://www.intel.com/content/dam/www/public/us/en/documents/guides/server-refresh-planning-guide.pdf
http://rc.visionsolutions.com/WP_2018_State-of-Resilience-Report
http://rc.visionsolutions.com/WP_2018_State-of-Resilience-Report
https://www.spec.org/sfs2014/docs/usersguide.pdf
https://www.spec.org/sfs2014/docs/usersguide.pdf
https://technet.microsoft.com/en-us/library/cc733145(v=ws.11).aspx
https://technet.microsoft.com/en-us/library/cc733145(v=ws.11).aspx
https://www.ibm.com/marketplace/scale-out-file-and-object-storage
https://www.ibm.com/marketplace/scale-out-file-and-object-storage
https://www.ibm.com/support/knowledgecenter/en/STXKQY_5.0.4/com.ibm.spectrum.scale.v5r04.doc/bl1hlp_filesafm.htm

g1

[51]

[52]

[53]

[54]

5.0.4/com.ibm.spectrum.scale.vbr04.doc/bllhlp_filesafm.htm, 2020.

Naren Rajasingam and Ravikumar Ramaswamy. Data migration method using AFM.
https://www.ibm.com/support/knowledgecenter/STXKNY_5.0.4/com.ibm.spectrum.
scale.vbr04.doc/bllins_uc_migrationusingafmmigrationenhancements.htm, 2019.

Alain Azagury, Michael E. Factor, Julian Satran, and William Micka. Point-in-time copy: Yes-
terday, today and tomorrow. In Proceedings of the 19th IEEE/10th NASA Goddard Conference
on Mass Storage Systems and Technologies, MSST 2002, pp. 259-270, 2002.

Ted Anderson, Leo Luan, Craig Everhart, Manuel Pereira, Ronnie Sarkar, and Jane Xu. Global
namespace for files. IBM Systems Journal, Vol. 43, No. 4, pp. 702-722, 2004.

Yoshiko Yasuda, Shinichi Kawamoto, Atsushi Ebata, Jun Okitsu, and Tatsuo Higuchi. Concept
and evaluation of X-NAS: a highly scalable NAS system. In Proceedings of the 20th IEEE/11th
NASA Goddard Conference on Mass Storage Systems and Technologies, MSST 2003, pp. 219-227,
2003.

Wataru Katsurashima, Satoshi Yamakawa, Takashi Torii, Jun Ishikawa, Yoshihide Kikuchi, Kouji
Yamaguti, Kazuaki Fujii, and Toshihiro Nakashima. NAS switch: a novel CIFS server virtualiza-
tion. In Proceedings of the 20th IEEE/11th NASA Goddard Conference on Mass Storage Systems
and Technologies, MSST 2003, pp. 82-86, 2003.

F5 Networks, Inc. ARX series datasheet. https://www.f5.com/pdf/products/arx-series-ds.
pdi], 2013.

Data Dynamics Inc. StorageX 8.0. https://www.datadynamicsinc.com/launch/, 2017.

EMC Corporation. EMC Rainfinity file management appliance getting started guide, 2009.
Datadobi. DobiMigrate. https://datadobi.com/migrate/|, 2018.

Microsoft.  Azure FXT Edge Filer. https://azure.microsoft.com/en-us/services/
fxt-edge-filer/, 2019.

Spencer Shepler, Mike Eisler, and David Noveck. Network file system (NFS) version 4 minor
version 1 protocol. http://www.rfc-editor.org/rfc/rfcb661.txt, 2010.

Justin Parisi and Bikash Roy Choundhury. Parallel network file system configuration and best
practices for Clustered Data ONTAP 8.2 and later. Technical Report 4063, NetApp, 2016.
Microsoft TechNet. Usage of file server migration toolkit. https://social.technet.microsoft.
com/wiki/contents/articles/32299.usage-of-file-server-migration-toolkit.aspx,
2015.

Jun Nemoto, Atsushi Sutoh, and Masaaki Iwasaki. Directory-aware file system backup to object
storage for fast on-demand restore. International Journal of Smart Computing and Artificial
Intelligence, Vol. 1, No. 1, pp. 1-19, 2017.

Michael Vrable, Stefan Savage, and Geoffrey M. Voelker. Cumulus: Filesystem backup to the
cloud. ACM Transactions on Storage, Vol. 5, No. 4, pp. 14:1-14:28, 2009.

Microsoft TechNet. Windows server migration tools and guides. https://docs.microsoft.
com/en-us/previous-versions/windows/it-pro/windows-server-2008-R2-and-2008/
dd759159 (v=ws.11), 2009.

Dell Inc. Dell FluidFS NAS Solutions Administrator’s Guide. https://www.dell.com/support/
manuals/jp/ja/jpbsdl/powervault-nx3610/pvfluidfsv3ag-v2/introduction, 2013.

Arpan Merchant. SnapMirror configuration and best practices guide for Clustered Data ONTAP.


https://www.ibm.com/support/knowledgecenter/en/STXKQY_5.0.4/com.ibm.spectrum.scale.v5r04.doc/bl1hlp_filesafm.htm
https://www.ibm.com/support/knowledgecenter/en/STXKQY_5.0.4/com.ibm.spectrum.scale.v5r04.doc/bl1hlp_filesafm.htm
https://www.ibm.com/support/knowledgecenter/STXKQY_5.0.4/com.ibm.spectrum.scale.v5r04.doc/bl1ins_uc_migrationusingafmmigrationenhancements.htm
https://www.ibm.com/support/knowledgecenter/STXKQY_5.0.4/com.ibm.spectrum.scale.v5r04.doc/bl1ins_uc_migrationusingafmmigrationenhancements.htm
https://www.f5.com/pdf/products/arx-series-ds.pdf
https://www.f5.com/pdf/products/arx-series-ds.pdf
https://www.datadynamicsinc.com/launch/
https://datadobi.com/migrate/
https://azure.microsoft.com/en-us/services/fxt-edge-filer/
https://azure.microsoft.com/en-us/services/fxt-edge-filer/
http://www.rfc-editor.org/rfc/rfc5661.txt
https://social.technet.microsoft.com/wiki/contents/articles/32299.usage-of-file-server-migration-toolkit.aspx
https://social.technet.microsoft.com/wiki/contents/articles/32299.usage-of-file-server-migration-toolkit.aspx
https://docs.microsoft.com/en-us/previous-versions/windows/it-pro/windows-server-2008-R2-and-2008/dd759159(v=ws.11)
https://docs.microsoft.com/en-us/previous-versions/windows/it-pro/windows-server-2008-R2-and-2008/dd759159(v=ws.11)
https://docs.microsoft.com/en-us/previous-versions/windows/it-pro/windows-server-2008-R2-and-2008/dd759159(v=ws.11)
https://www.dell.com/support/manuals/jp/ja/jpbsd1/powervault-nx3610/pvfluidfsv3ag-v2/introduction
https://www.dell.com/support/manuals/jp/ja/jpbsd1/powervault-nx3610/pvfluidfsv3ag-v2/introduction

92

EE P

[62]

[63]

[64]

[65]

[67]

[68]
[69]

[70]

[71]

Technical Report 4015, NetApp, 2018.

Tim Bisson, Yuvraj Patel, and Shankar Pasupathy. Designing a fast file system crawler with
incremental differencing. ACM SIGOPS Operating Systems Review, Vol. 46, No. 3, pp. 11-19,
2012.

Andrew W. Leung, Shankar Pasupathy, Garth Goodson, and Ethan L. Miller. Measurement and
analysis of large-scale network file system workloads. In Proceedings of the 2008 USENIX Annual
Technical Conference, ATC 08, pp. 213-226, 2008.

Dave Hitz, Bridget Allison, Andrea Borr, Rob Hawley, and Mark Muhlestein. Merging NT and
UNIX filesystem permissions. In Proceedings of the 2nd USENIX Windows NT Symposium, pp.
87-96, 1998.

Ellie Berriman and Binguxe Cai. NetApp storage system multiprotocol users guide. Technical
Report 3490, NetApp, 2011.

Steven M. French. A new network file system is born: Comparison of SMB2, CIFS, and NFS. In
Proceedings of the Linux Symposium 2007, Vol. 1, pp. 131-140, 2007.

Thomas Haynes. Network file system (NFS) version 4 minor version 2 protocol. https://www.
rfc-editor.org/rfc/rfc7862.txt, 2016.

Bharath Kumar Reddy Vangoor, Vasily Tarasov, and Erez Zadok. To FUSE or not to FUSE:
Performance of user-space file systems. In Proceedings of the 15th Usenixz Conference on File and
Storage Technologies, FAST ’17, pp. 59-72, 2017.

Boah. Harrosh. ZUFS - zero-copy (low latency) user-mode fs. In Presentation at Linuz Plumbers
Conference, 2017.

Philippe Deniel, Thomas Leibovici, and Jacques-Charles Lafoucriere. GANESHA, a multi-usage
with large cache NFSv4 server. In Proceedings of the Linux Symposium 2007, Vol. 1, pp. 113 —
124, 2007.

Dutch T. Meyer and William J. Bolosky. A study of practical deduplication. In Proceedings of
the 9th USENIX Conference on File and Storage Technologies, FAST ’11, pp. 1-14, 2011.

Allen B. Downey. The structural cause of file size distributions. In Proceedings of the 9th Inter-
national Symposium on Modeling, Analysis and Simulation of Computer and Telecommunication
Systems, MASCOTS 2001, pp. 361-370, 2001.

John R. Douceur and William J. Bolosky. A large-scale study of file-system contents. In Proceed-
ings of the 1999 ACM SIGMETRICS International Conference on Measurement and Modeling
of Computer Systems, SIGMETRICS 99, pp. 59-70, 1999.

Dell EMC. VNX: What tools does Dell EMC recommend to migrate data between arrays?
https://community.emc.com/docs/DOC-63414, 2018.

NetApp. NetApp XCP migration tool. https://xcp.netapp.com/, 2019.

Takashi Sato. ext4 online defragmentation. In Proceedings of the Linux Symposium 2007, Vol. 1,
pp. 179-186, 2007.

Yongseok Oh, Jongmoo Choi, Donghee Lee, and Sam H. Noh. Caching less for better performance:
balancing cache size and update cost of flash memory cache in hybrid storage systems. In
Proceedings of 10th USENIX Conference on File and Storage Technologies, FAST ’12, pp. 313—
326, 2012.

Timothy Pritchett and Mithuna Thottethodi. SieveStore: a highly-selective, ensemble-level disk


https://www.rfc-editor.org/rfc/rfc7862.txt
https://www.rfc-editor.org/rfc/rfc7862.txt
https://community.emc.com/docs/DOC-63414
https://xcp.netapp.com/

93

[84]

[85]

cache for cost-performance. In Proceedings of 37th Annual International Symposium on Computer
Architecture, ISCA 10, pp. 163-174, 2010

Qing Yang and Jin Ren. I-CASH: intelligently coupled array of SSD and HDD. In Proceedings of
IEEE 17th International Symposium on High Performance Computer Architecture, HPCA 2011,
pp. 278-289, 2011.

Mustafa Canim, George A. Mihaila, Bishwaranjan Bhattacharjee, Kenneth A. Ross, and Chris-
tian A. Lang. SSD bufferpool extensions for database systems. In Proceedings of VLDB Endow-
ment, Vol. 3, No. 1-2, pp. 1435-1446, 2010.

Woon-Hak Kang, Sang-Won Lee, and Bongki Moon. Flash as cache extension for online trans-
actional workloads. The VLDB Journal, Vol. 25, No. 5, pp. 673-694, 2016.

Jeanna Matthews, Sanjeev Trika, Debra Hensgen, Rick Coulson, and Knut Grimsrud. Intel Turbo
Memory: nonvolatile disk caches in the storage hierarchy of mainstream computer systems. ACM
Transactions on Storage, Vol. 4, No. 2, pp. 4:1-4:24, 2008.

Mohan Srinivasan. FlashCache: a write back block cache for Linux. https://github.com/
facebookarchive/flashcache, 2011.

Thomas M. Coughlin. New storage hierarchy for consumer computers. In Proceedings of 2011
IEEE International Conference on Consumer Electronics, ICCE 2011, pp. 483-484, 2011.

Kent Overstreet. Becache. https://bcache.evilpiepirate.org/.

Fei Meng, Li Zhou, Xiaosong Ma, Sandeep Uttamchandani, and Deng Liu. vCacheShare: auto-
mated server flash cache space management in a virtualization environment. In Proceedings of
2014 USENIX Annual Technical Conference, ATC ’14, pp. 133-144, 2014

Jun He, Xian-He Sun, and Rajeev Thakur. KNOWAC: I/0 prefetch via accumulated knowledge.
In Proceedings of 2012 IEEE International Conference on Cluster Computing, CLUSTER ’12,
pp. 429-437, 2012.

Jake Wires, Stephen Ingram, Zachary Drudi, Nicholas J. A. Harvey, and Andrew Warfield.
Characterizing storage workloads with counter stacks. In Proceedings of 11th USENIX Symposium
on Operating Systems Design and Implementation, OSDI ’14, pp. 335-349, 2014.

Gokul Soundararajan, Madalin Mihailescu, and Cristiana Amza. Context-aware prefetching at
the storage server. In Proceedings of 2008 USENIX Annual Technical Conference, ATC ’08, pp.
377-390, 2008.

Gong Zhang, Lawrence Chiu, Clem Dickey, Ling Liu, Paul Muench, and Sangeetha Seshadri.
Automated lookahead data migration in ssd-enabled multi-tiered storage systems. In Proceedings
of IEEE 26th Symposium on Mass Storage Systems and Technologies, MSST 10, pp. 1-6, 2010.
Xin Liu, Ashraf Aboulnaga, Kenneth Salem, and Xuhui Li. CLIC: client-informed caching for
storage servers. In Proceedings of 7th USENIX Conference on File and Storage Technologies,
FAST °09, pp. 297-310, 2009.

Tian Luo, Rubao Lee, Michael Mesnier, Feng Chen, and Xiaodong Zhang. hStorage-DB:
heterogeneity-aware data management to exploit the full capability of hybrid storage systems.
In Proceedings of VLDB Endowment, Vol. 5, No. 10, pp. 1076-1087, 2012.

Chaitanya Yalamanchili, Kiron Vijayasankar, Erez Zadok, and Gopalan Sivathanu. DHIS: dis-
criminating hierarchical storage. In Proceedings of The Israeli Experimental Systems Conference,
SYSTOR 2009, pp. 9:1-9:12, 2009.


https://github.com/facebookarchive/flashcache
https://github.com/facebookarchive/flashcache
https://bcache.evilpiepirate.org/

94

EE P

[87]

[88]

[89]

[90]

[91]

[99]

[100]

[101]

[102]

Ioan Stefanovici, Eno Thereska, Greg O’Shea, Bianca Schroeder, Hitesh Ballani, Thomas Kara-
giannis, Antony Rowstron, and Tom Talpey. Software-defined caching: managing caches in
multi-tenant data centers. In Proceedings of 6th ACM Symposium on Cloud Computing, SoCC
15, pp. 174-181, 2015.

Erick Bauman, Gbadebo Ayoade, and Zhigiang Lin. A survey on hypervisor-based monitoring:
approaches, applications, and evolutions. ACM Computing Surveys, Vol. 48, No. 1, pp. 10:1-
10:33, 2015.

Vasily Tarasov, Deepak Jain, Dean Hildebrand, Renu Tewari, Geoff Kuenning, and Erez Zadok.
Improving I/O performance using virtual disk introspection. In Proceedings of 5th USENIX
Workshop on Hot Topics in Storage and File Systems, HotStorage '13, 2013.

Youhui Zhang, Yu Gu, Hongyi Wang, and Dongsheng Wang. Virtual-machine-based intrusion
detection on file-aware block level storage. In Proceedings of 18th International Symposium on
Computer Architecture and High Performance Computing, pp. 185-192, 2006.

Leo Arulraj, Andrea C. Arpaci-Dusseau, and Remzi H. Arpaci-Dusseau. Improving virtualized
storage performance with sky. In Proceedings of 13th ACM SIGPLAN/SIGOPS International
Conference on Virtual Ezecution Environments, VEE 17, pp. 112-128, 2017.

Bryan D. Payne, Martim Carbone, Monirul I. Sharif, and Wenke Lee. Lares: an architecture
for secure active monitoring using virtualization. In Proceedings of 2008 IEEE Symposium on
Security and Privacy, pp. 233247, 2008.

Martim Carbone, Matthew Conover, Bruce Montague, and Wenke Lee. Secure and robust mon-
itoring of virtual machines through guest-assisted introspection. In Proceedings of 15th Interna-
tional Conference on Research in Attacks, Intrusions, and Defenses, RAID’12, pp. 22—41, 2012.
Installing and  configuring  vmware  tools. https://www.vmware.com/pdf/
vmware-tools—-installation-contiguration.pdi.

About the virtual machine agent and extensions for windows VMs. https://docs.microsoft.
com/en-us/azure/virtual-machines/windows/classic/agents—-and-extensions.

The /proc Filesystem. https://www.kernel.org/doc/Documentation/filesystems/proc.
TXT.

Device-mapper resource page. http://www.sourceware.org/dm/.

Chuck Paridon. Storage performance benchmarking guidelines - Part I: workload design. https:
//www.snia.org/sites/default/files/PerformanceBenchmarking.Nov2010.pdf, 2010.
Windsor W. Hsu, Alan Jay Smith, and Honesty C. Young. I/O reference behavior of produc-
tion database workloads and the TPC benchmarks — an analysis at the logical level. ACM
Transactions on Database Systems, Vol. 26, No. 1, pp. 96-143, 2001.

Andrew Bond, Douglas Johnson, Greg Kopczynski, and H. Reza Taheri. Profiling the perfor-
mance of virtualized databases with the TPCx-V benchmark. In Proceedings of 7th TPC Tech-
nology Conference on Performance Fvaluation & Benchmarking, TPCTC 2015, pp. 156-172,
2015.

Michael Strassmaier. Intel Optane DC Persistent Memory Performance Review. In Presentation
at Storage Developers Conference 2019, SDC 19, 2019.

Storage Networking Industry Association. NVM programming model. https://www.snia.org/

tech_activities/standards/curr_standards/npm, 2017.


https://www.vmware.com/pdf/vmware-tools-installation-configuration.pdf
https://www.vmware.com/pdf/vmware-tools-installation-configuration.pdf
https://docs.microsoft.com/en-us/azure/virtual-machines/windows/classic/agents-and-extensions
https://docs.microsoft.com/en-us/azure/virtual-machines/windows/classic/agents-and-extensions
https://www.kernel.org/doc/Documentation/filesystems/proc.txt
https://www.kernel.org/doc/Documentation/filesystems/proc.txt
http://www.sourceware.org/dm/
https://www.snia.org/sites/default/files/PerformanceBenchmarking.Nov2010.pdf
https://www.snia.org/sites/default/files/PerformanceBenchmarking.Nov2010.pdf
https://www.snia.org/tech_activities/standards/curr_standards/npm
https://www.snia.org/tech_activities/standards/curr_standards/npm

95

[103]

[104]

[105]

[106]

[107]

[108]

109

[110]

[111]
[112]

[113]

[114]
[115]
[116]
[117]
[118]

[119]

[120]

Jeremy Condit, Edmund B. Nightingale, Christopher Frost, Engin Ipek, Benjamin Lee, Doug
Burger, and Derrick Coetzee. Better I/O through byte-addressable, persistent memory. In
Proceedings of the ACM SIGOPS 22nd Symposium on Operating Systems Principles, SOSP ’09,
pp- 133-146, 2009.

Xiaojian Wu and A. Reddy. SCMFS: A file system for storage class memory. In Proceedings
of 2011 International Conference for High Performance Computing, Networking, Storage and
Analysis, SC ’11, pp. 1-11, 2011.

Jian Xu and Steven Swanson. NOVA: A log-structured file system for hybrid volatile/non-volatile
main memories. In Proceedings of 14th USENIX Conference on File and Storage Technologies,
FAST ’16, pp. 323-338, 2016.

Stephan Bates and Neal Christensen. PM support in Linux and Windows. In Presentation at
SNIA Persistent Memory Summit, PM SUMMIT ’18, 2018.

Sudarsun Kannan, Ada Gavrilovska, and Karsten Schwan. pVM: Persistent virtual memory for
efficient capacity scaling and object storage. In Proceedings of the Eleventh European Conference
on Computer Systems, EuroSys '16, pp. 13:1-13:16, 2016.

Taeho Hwang, Jaemin Jung, and Youjip Won. HEAPO: Heap-based persistent object store.
ACM Transactions on Storage, Vol. 11, No. 1, pp. 3:1-3:21, 2014.

Jinglei Ren, Qingda Hu, Samira Khan, and Thomas Moscibroda. Programming for non-volatile
main memory is hard. In Proceedings of the 8th Asia-Pacific Workshop on Systems, APSys ’17,
pp. 13:1-13:8, 2017.

Xianzhang Chen, Edwin H.-M. Sha, Qingfeng Zhuge, Ting Wu, Weiwen Jiang, Xiaoping Zeng,
and Lin Wu. UMFS: An efficient user-space file system for non-volatile memory. Journal of
Systems Architecture, Vol. 89, pp. 18 — 29, 2018.

PMDK team. Persistent Memory Development Kit. https://pmem.io/.

Virendra J. Marathe, Margo Seltzer, Steve Byan, and Tim Harris. Persistent memcached: Bring-
ing legacy code to byte-addressable persistent memory. In Proceedings of 9th USENIX Workshop
on Hot Topics in Storage and File Systems, HotStorage '17, 2017.

Rohan Kadekodi, Se Kwon Lee, Sanidhya Kashyap, Taesoo Kim, Aasheesh Kolli, and Vijay
Chidambaram. SplitFS: Reducing software overhead in file systems for persistent memory. In
Proceedings of the 27th ACM Symposium on Operating Systems Principles, SOSP ’19, pp. 494—
508, 2019.

Mingkai Dong, Heng Bu, Jifei Yi, Benchao Dong, and Haibo Chen. Performance and protection
in the zofs user-space nvm file system. In Proceedings of the 27th ACM Symposium on Operating
Systems Principles, SOSP 19, pp. 478-493, 2019.

SPDK. Storage Performance Development Kit. https://spdk.io/.

Krzysztof Czyrylo. Using persistent memory to build a high-performance, fully user space file
system. In Presentation at Open Source Summit FEurope, OSSEU 17, 2017.

MongoDB, Inc. MongoDB. https://www.mongodb.com/.

MariaDB Foundation. MariaDB. https://mariadb.org/.

Intel Inc. Intel 64 and ia-32 architectures optimization reference manual. https://software.
intel.com/en-us/articles/intel-sdm.

Zhan Shi, Dan Feng, Heng Zhao, and Lingfang Zeng. USP: A lightweight file system management


https://pmem.io/
https://spdk.io/
https://www.mongodb.com/
https://mariadb.org/
https://software.intel.com/en-us/articles/intel-sdm
https://software.intel.com/en-us/articles/intel-sdm

96  ZH3

framework. In Proceedings of IEEFE Fifth International Conference on Networking, Architecture,
and Storage, NAS 2010, pp. 250-256, 2010.

[121] Sanjay Ghemawat and Jeff Dean. LevelDB. https://github.com/google/leveldy.

[122] The Linux Kernel Organization, Inc. The Linux Kernel Archives. https://www.kernel.org/.

[123] Vassil Panayotov, Guoguo Chen, Daniel Povey, and Sanjeev Khudanpur. Librispeech: An asr
corpus based on public domain audio books. pp. 5206-5210, 04 2015.

[124] Steven Rostedt. ftrace - function tracer. https://www.kernel.org/doc/Documentation/trace/
ffrace ftxtl.

[125] Jonathan Corbet. The future of the page cache. https://lwn.net/Articles/712467/.

[126] Joseph Izraelevitz, Jian Yang, Lu Zhang, Juno Kim, Xiao Liu, Amirsaman Memaripour, Yun Joon
Soh, Zixuan Wang, Yi Xu, Subramanya R. Dulloor, Jishen Zhao, and Steven Swanson. Basic

performance measurements of the Intel Optane DC Persistent Memory Module, 2019.


https://github.com/google/leveldb
https://www.kernel.org/
https://www.kernel.org/doc/Documentation/trace/ftrace.txt
https://www.kernel.org/doc/Documentation/trace/ftrace.txt
https://lwn.net/Articles/712467/

97

FEFRHN

2.

EfR

—_

Keiichi Matsuzawa, Mitsuo Hayasaka, and Takahiro Shinagawa. Practical File Server Mi-
gration. ACM Transaction on Storage, Vol. 16, No. 2, Article 13, 2020.

IR —, ¥k BE— K& B, A% EB. RDBMS I281) 2% 7 =) ET5HEEHRZ W72 A b
L — VRS HIENC & 5 @ LR BRI A CEE, Vol. 55, No. 7, pp. 1637-1644, 2014.

Keiichi Matsuzawa, Mitsuo Hayasaka, and Takahiro Shinagawa. The Quick Migration of File

Servers. In Proceedings of The 11th ACM International Systems and Storage Conference
(SYSTOR 2018), pp.65-75, 2018.

Keiichi Matsuzawa and Takahiro Shinagawa. VM-Aware Adaptive Storage Cache Prefetch-
ing. In Proceedings of The 9th IEEE International Conference on Cloud Computing Tech-
nology and Science (CloudCom 2017), pp.65-73, 2017.

AR B —, Il @R AR 27 AL A T U YR EBT S AERBEAEY W2 —Y -7 7
ANVAT L E3EIAVE2—RIAT L - VR YY A (ComSys2019), 2019.

AR BR—, BRI e, W1 ERE. AV TV RRONYy 2759V REEIZE S 7 7 ALY —N
AT DS IERERINIEE, 2529 MO v ¥ a— &R Y AT L - VKRV 4 (ComSys2017), 2017.
AR AR —, &)1 @ AR~ Y Y IND T — X EdE & G U 72 g AT A b L — U REEAE L, 5 28
FlayEa—RYAF L - ¥ YRYY A (ComSys2016), 2016.

IR A —, #F BE—, K& RH1E. Application-aware 727 — X BWEEHIZ L 57 7V r— a VAL
HEE LG R, BRUEYS B 120H YATFAY T NI 2T ARV —F 4 V7 - VAT LTH
7e4%, 2012.

IR AR, $53E EFB, B &, b BB 7 7 1 VY — A AL RE DR & % (2) |
AL 2 55 71 [ 2 E K £, 2009.

AR B —, 53 B8, B B, A BB Linux 7 — 3V 8 1) 2 R AR,
HF 2 2 68 M2 EKL, 2006.

FAIR B —, #ist ool MO B, Ik @ BRI K AR R E KBTS IC A — FE AW/
RANERS AT I, ERILEEF 22 55 66 [l 2 ERE, 2004.



98  FFOUH

8. MR E—, KP B—, Al B, PHH A2, P2 ER UL T 5 ARiE0&EEsL v &) v
JFE, HEBEETFE VC Y VRY T A, pp.93-98, 2003.

W

1. Keiichi Matsuzawa, and Hitoshi Kamei. Computer system, computer, and method to man-

age allocation of virtual and physical memory areas. US10235282. 2016.
2. Keiichi Matsuzawa. Data synchronization among file storages using stub files. US9460106.
2010.




	論文要旨
	Abstract
	第1章 序論
	1.1 背景
	1.2 研究目的と課題
	1.3 アプローチ
	1.4 本論文の構成

	第2章 Practical Quick File Server Migration
	2.1 はじめに
	2.2 関連研究
	2.3 設計
	2.4 プロトコル固有の対応項目
	2.5 実装
	2.6 評価
	2.7 まとめ

	第3章 VM-aware Adaptive Storage Cache Prefetching
	3.1 はじめに
	3.2 関連研究
	3.3 階層ストレージ及びキャッシュ機構の実施方法の考察
	3.4 キャッシュプリフェッチ戦略
	3.5 システム構成
	3.6 実装
	3.7 評価実験
	3.8 まとめ

	第4章 User-space Library File System for Low Latency Storage Service Leveraging Non-Volatile Memory
	4.1 はじめに
	4.2 関連研究
	4.3 アプリケーションのデータ配置の分析
	4.4 設計
	4.5 実装
	4.6 評価
	4.7 制限事項
	4.8 まとめ

	第5章 結論
	5.1 本論文の成果
	5.2 今後の課題

	謝辞
	参考文献
	発表文献

