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Abstract:

Storage tiering is a technique to utilize both SSDs and HDDs effectively by storing hot data in SSDs and
cold data in HDDs. However, it is difficult for conventional methods to follow workload changes immediately,
since migration intervals are often set to hours or even a day. This interval is not short enough to follow
some real workloads in which hot regions move around every several minutes.

In this paper, we propose on-the-fly AST (Automated Storage Tiering) to follow workload changes in a
few minutes. On-the-fly AST fulfils the goal by checking the degree of access concentration and the duration
of hot status.

By applying on-the-fly AST to some publicly available trace data, SSD access ratio and average response
time are improved by up to 45% and 11% respectively compared to a conventional method.
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Bl . SSDADHENZH

T |i|_66|67|68|69| n

........... SSDABEF

TT + 60 |72|73|74||3|4§|65|66|67|68|69| 120

Timeout: 65-69=1

TT+ 600 |83|84|85|

6|7|§|65|66|67|68|69|

Tlmeout 65—69=10
"""""""" HDDN)?E]

LUN=300GB, subLUN=1GB, t=60%}, 0=10 TOEI{EHI
M4 OTF-AST ®»7/)L=21 X2 (HDD i) (4 subLUN))

Server
I -BREEI DD
Log =7 _>SUb_LUN__ dA—YM5MDI0
pool A—F ﬁ%} 2
oA it
T_ User space
15 MR OS space
=] | e ] _________| _Devicermapper
/ Tiering driver i
1
!/ Temp. buffer” |
\ 3 R i
Tiering | 8%, sub-LUN~®D
table dispatcher 10 Hi#

b_4 1 N Ji
_____ [ e JAR 1
SSD up&tEofz / ;ggt?rblf\'z

sub-LUNT# : : - - F—REEAD
Py | DlskI driver | DlskI driver IO(:SSDI'\

| sub—LUN
(1GB)

SSD HDD
—Bn Pl

-
A=) 21— LF LUN
sub—LUNEL{T T4l - B3

X 5 OTF-AST @ Linux | Co3%E

subLUN il & f5rd 5.

tiering driver |, tiering table, dispatcher, temporary
buffer 20 & Ak & % . tiering table 1%, SSD )Y,
SSD/HDD & F4ifi1 subLUN OB % 7> B,
T - R T > Y 20 6 subLUN MR Rk 5 &,
kecopyd *3% Fv»"C subLUN ##f% 17 5. dispatcher |3,
user 10 433K 5 & tiering table # B H{ L, SSD T4 i
subLUN ~ 10 72 & SSD 12 10 % #x% 3 5. SSD/HDD
Fiifih subLUN N\ 10 7% 6, write |% temporary buffer
ANFEEIALe, read I temporary buffer (25 — % 2B L
temporary buffer 2> & A 9. %hL‘lﬂ‘O) 10 1Z£ <
HDD iC 10 #431%9 %. temporary buffer ICHF AT
727 — %1%, subLUN M D - 7 (RIS FEN Yt SSD or
HDD 12JXi9 %, temporary buffer |CBJ L Tl¥, 3.3.2 fifi
THFHINCERIAT 5.

*5 Linux device-mapper ICH#Efii SN TS EY 2 — )b
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3.3.2 MEEMENNIEICALYS temporary buffer

OTF-AST T, ¥ A7 LAJHHRFIC 10 SR AT 5
subLUN % Julff Mt L, SSD ~oHii%ir5. o
728, subLUN FICHE S EwfAs ik 2 721 user 10 MERE

WL R ORI 70 D IR 13 2 o R R R
5 7=®1Z, subLUN & [G]—H A XD temporary buffer %
tiering driver WICHE( L, BEEFEN% 1T > T2 subLUN
AD user 10 write % temporary buffer |ICFH ALy Z & T
VAR ZL PN E IRz A 7=,

temporary buffer & FLIF bitmap T179. 512bytes H
{612 1bit H)V YT, F— ¥ OFEZARDTONDS LT
9% bit Z on 1T B L L /-

[T F4N r subLUN N\ write 1342 C temporary buffer
AT 9. HEIABHNIEZ
25 read L, %9 T2y — Z13EMH)7C SSD or HDD

ISRk 5.

& 1%12 subLUN F4#)5C T 1% D temporary buffer & 4§
2t SSD or HDD & o [alJific W T EiH T 5.
buffer B bitmap DME % address IHIZ1TVY, bitmap S

n 1278 - T 2 4 2 Bl 5 SSD or HDD 123 S 1A Ls,

z ODIK,T, [EJHICFE S 10 A% user 10 @ L AR /XTKT%:E
z é RORICT B 720, [ 10 o 7 v — il % A A
72, S EIOFEIETIE, 500iops DL FIE[EHH 10 A3 7e v d%
Eé: L7z, ®@fd SSD or HDD & [ilfifi% 17> T 5D
user 10 1%, user 10 OF ZALSL[GIHAE D - 7= IR 72
& FEhseo SSD or HDD ICiizit L, [@IA% &b - Tl
SEIRZL & temporary buffer 1235 AL,
4. FHf
4.1 FHEBAE

331HITCHMHEI T > AT Lk EZ K 1 TRL
PC RicEREL, iHhZz1T- 72, iFihliE, MSR Cambridge
J—r7a— R [8 ®hre 10 G FREL K2 X %
btreplay command *" T BT % 2 & T{T - /2. btreplay
L1 AFETHEITL, write 2175 -W option &{/HL 7.

Z OFHhERIE T, OTF-AST, static tiering, FACE-
BOOK Flashcache @ 3 DR E 115 72, &I ADE
ITHRAFIEER 3 IR L 72, static tiering TIE3K 2 D EHY
DRV—AFT =% %58 L, 10 BEIC 24subLUN £ T%
SSD I FHIECE L 7=, il 213 srel 1 72 5 1%, 360-480 7r
X R % 3 H1 L, 10 A% 24subLUN % SSD 1< S RIAD
# 9 %. 24subLUN 1, OTF-AST #F{1L /&2 b,
K 24subLUN & CTAMaE]IRFIC SSD BLiE & 72 5 72729 Th 5.
[X] 6 1% SSD up & 7% - 7z subLUN DHEFTH Y, K2 D
7 — 21— RHERK 24subLUN A8 SSD up & 785 72 2

read | temporary buffer |C

temporary

*6 SSD/HDD Okt/h7 7 & A i
*7 MSR Cambridge |% event tracing for Windows 22\ Cilig &
NTW5 DT, blktrace ~NDEIEE (T 5 /=
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F 1 il 27 Lo
PC FUJITSU PRIMERGY TX300S7
- intel Xeon E5-2650L x2
- 32GB memory

HDD HBA 4disk RAIDO
(SAS,10,000rpm, 450GB) x4

SSD intel 520(MLC, 240GB)

0s CentOS 5.4(64bits)

subLUN Fi)IFFRY
(user 10 72 L)

HDD 7% SSD: 2-3 )
SSD 7»% HDD: 6-7 Fb

= 2 Ml MSR U— 2 a— R
J—Zm—R 10 o FAMEAT (9
(b U —2SCIHD & DAL )
1920-2020
480-600

src1.0(293GB)
srcl1.1(293GB)

& 3 BHRDEITFRM
UAESN FAT A
OTF-AST t=60,i=50,n=20,m=60,c=3,0=10
static tiering | btreplay IXIEE R 100 or 120 73]
5 10 FLWIEIC 24 subLUN %
SSD 1 JEHIALIE
block size=4KB,cache size=24GB, LRU

FlashCache

&%, 24subLUN (345 & (203GB) O] 8% AH Y
TLRETHL, FAIME O ET, 5 @ tiering table
ICHEA%H AL 2 & T1r - /2. FACEBOOK FlashCache
b [ A7 i C cache size=24GB THJH{LL, 7T X
23 default @ LRU % %R L 7z. FlashCache (3L T
2L, MoT—% &8T5, Zid cold start
I & cache block 2% 72 SN2 DR A LIET 5720 T
5. AN o, KREEOR RIS 2 [ H o
AR & FOISAT D

Ao BlE, & HAD SSD 77 & A user 10
ARV A& WY 5 2 & TIT 9. SSD 7 7 & AEikIC
W7 T — 212 LT, OTF-AST & U static tiering 13
tiering driver N7 7 & Mttt % v 7z, FACEBOOK
FlashCache 1%, FlashCache 7 7 & et 7z,
user 10 U AR AT, tiering driver @ 10us-1second &
HIFHCL ARy AL A 7T LEIUGT S HAER IV CHI
iE L7z, FACEBOOK FlashCache I, tiering driver @ [
ICHlAIAL = & T, tiering driver OFSRELZ FJH L CTHIEZ
T-7=.

4.2 SSD 7V £AX

KANSSD 77 L AROKAMR THL, £F, MSR
srcl 0 Ol RIS L Cafimd 4. OTF-AST @ SSD 7
7R AT 24%TH L. S 51, 3.3.2 fliTaAL 72 tem-
porary buffer ® 7 7 2 A 5% T 5. temporary buffer
ANDT 7% A, temporary buffer |CH# & iAde & user HJiC
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£ 4 SSD 772K (%)

srcl 0 | srcl_1

OTF-AST 24 46
(temp. buf hits) 5 0
static tiering 1
FlashCache(1 [9IH) | 7 37
(dirty write hits) 0 0
FlashCache(2 [0]H) | 19 37
(dirty write hits) 5 0

FHEARTTE2ZBRLTEY, SSD 77 ALY FHETH
5. Z @ temporary buffer NOT 72 AKETED D &,
29%D 10 M3 SSD 77 v AM Y e -7 & S A 5. static
tiering @ SSD 7 7 ¥ AFIZ 1% TH Y, EAIOT — 71—
RAMTAGR % FC SSD N HRIAE 247> CH, 10 %
HASEEE % subLUN % HIREICIE A & N2 e 3.
FlashCache ICBJ L Ti%, 1[0H 7%, 2[0H 19%& w9 h
b OTF-AST OfEHR % TlEl- 72, FHc 2 B H I dirty write
hits OFIEA 5% EHL TH Y, writeback AT N FA
T5H 2 5b,. MSR srel0 @ read HOFEA] 11%TH
D, write LD T -0 —RKTH5,

RIZ MSR srel_1 oFFllifa RSB L Cikim 9%, OTF-
AST @ SSD 7 7 & A% 46% & 7% - 7= h%, temporary
buffer ®7 7 £ AT 0% TH - 7z, static tiering ® SSD
772 AFKIE MSR srel 0 &6 L < 1% CH - 7z, Flash-
Cache ® SSD 77 & 2%, 1[HH, 2RHAEIC3T%TH
D, Wb OTF-AST Ok % TEl- 7. MSR srcl 0
CIFER Y, dirty write hits 13IZ & A EFREL 2572,
MSR srcl_1 @ read A 99% CTH U, 1%1F read only D
J—7ua—RKThsb.

61, OTF-AST @ SSD iC up L 7= subLUN DIt
TH 5. srel 113 20-80 73D T 15subLUN D LMl
TBY, 46%D SSD 7 7 & AT 5 7=, — )7 srel 0
1%, 40-70 73 @ subLUN BT, srel 1132 E SSD 727
Y AEMNMP P57z ER 5N 5, 24subLUN XL H &
DR 8%MLTH L. ZhiF, 3.2.2.3 fli THIAL 72 HDD
ICEERT timeout (A2 KEDHD 10(K3) & L2 & by
L, DRROPRLVFFKRE -7, timeout H %
K&EL DL, subLUN AD 10 ik - 72 & 12hi <
IO ¥ T SSD THA DRV D 5.

MSR srel_0/srcl 1 @i fjo 7 — 27 1— KT OTF-AST
D SSD 7 U 2 AFKM RS LR E D, 3281 TCHiAL
7NN XM ERT 2 e ARz, F£72, MSR
srcl1_0 Tl¥, temporary buffer ® 7 7 £ AN 5% & 720,
3.3.2 TR L 72 BEfw FFENIRF O — N =~ » RHJTK D 7
D DFHENKHEEL T D Z & R IERL /-,

4.3 user IO LARV A
51T user I0 DFL] VAR A F 2 DT,
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30

==MSR src1_0 <m=MSR src1_1

e

A

| WARR!
WY

0 T T T T TS —T

0 10 20 30 40 50 6 70 8 9 100
HERERE (52)

25

~
o

subLUNGEFA%%
&

=
o

X 6 SSD up L7z subLUN o

& 5 user 10 OFEJLV AR A (ms)

srcl_0 | srcl_1 | srcl_1
(-100ms % T)

OTF-AST 45.4 56.8 9.9
OTF-AST 38.2 15.3 3.7
(HDD F4HfiE L)

OTF-AST (0-20 /1) | 34.2 — —
static tiering 50.8 7.1 6.6
FlashCache(1 [F1H) | 33.6 6.9 6.4
FlashCache(2 [M1H) | 36.6 6.9 6.4

F9, srel 0SB L Cifkim%a {79, Ixf)IC static tiering
IR AT . static tiering @ P4 L AR > A 50.8ms
1S3 L C OTF-AST 1% 45.4ms & 72> TH Y, static tiering
HC 5.4 ms PV AR Y A% BRI 2 239500 5.

{KIC FlashCache(2 [01H) & o [ii%% 47 5. FlashCache(2
[BH) O PV AR 13 36.6ms & 78> TH Y, OTF-AST
£V 88ms JnZeMnhd. MTIFIELET -4 %
CDF *S|CHUR L =4 R T 5. ZofiRE RS &, 80%%
A BT T Flash Cache ICWliz &5 2 &M 5, %
Z TR F ¥ — 7 FATRHTIRIX L 7z iostat log *0 % /M7 9 %
&, HDD 23X F~ — 7 il 20 720 o WA E0 L 7 %
BAIVITIWE EE DL 2 Moz, Z 2 ClEfNn e
20 M ETHOT— 2% CDFALL CHLZ &ICLZ. &6
1231 &0, SSD 25 HDD NRJ A RASSSD 12 1T %
IA OGP LETH L Z e, SSD 76 HDD AR
T % skip L7Z3Hli b 475 2 2ic L7z, K5 &0, &)
D 20 YR O]V AR A 34.2ms £ 74 V), FlashCache(2
[ H) % ElA2 2 &80 %, SSD 726 HDD AR 3L
% skip L 72 OTF-AST @] AR > A1 38.2ms & 72
v, 1.6ms |% & FlashCache(2 [F1H) of R % LAz 2%, 4
U¥F IV OTF-AST LU KIGICUGHEL 72 2 30005,
KErfi R %2 CDF ALL /RPN TH 5. ZofiR &

*8  cummulative distribution function, 5415 EIEL
920 MR TR F v — 2 AWK T T 5 & THRIX
*10 %% util 2% 100%I2ET 5
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0, fxf]® 20 7y @ CDF 1% FlashCache(2 [0/ H) % ¥ -1
Flal5> T Z e hiyhrs, SSD 26 HDD AR 9L %
skip L 72 OTF-AST @ CDF & (%1% FlashCache(2 [0[H ) &
BT DML, ZOFEER LY, user IO & [
[ERENCHES 10 Z2H b T H HDD MBE R I 5 7m0
g T R4V FlashCache(2 [0l H ) & O P L AR >~
2% kD Z s, L, HDD e &
o TLED &, 3.3.2 (1 CatH L 7B RN o A — /N —
~Ny ROz 0FZERLFTCIEEERAHATHL L b
Ah 57z, user 10 OFENITC HDD 2N E R & 72 V) Z D 7%
IFrl%, OTF-AST IC &% subLUN Fififi% — RIS 5 e &
DIFTRMFEA BN, SEROBHE Lz,

RiZsrel 1L Ciam& 479, 485 K U, static tiering,
FlashCache(2 [BIH) &P L AR > A3 Tms HIIR CTH 2 D
128 L ¢, OTF-AST 13 56.8ms & KigICHEAT 5 2 & 2%
M5, ~100ms LTOH TV TETCHE L ARy A%
ROTHDLE, OTF-AST @ L AR 213 9.9ms ~ & K
ISR b o v b5, srell i read L% TH D,
SSD 7»& HDD NOEER LIEF v >V aJgETcdh 5. £
ZC SSD 76 HDD NRE MU % skip L 7z OTF-AST T
i EITo 28 24, 165.3ms &) OTF-AST 4V ¥ F )
oG 41.5ms Bk & 72 5 7=, ~100ms £ TIZFRAUE, 3.7ms
& 721, static tiering X FlashCache(2 [F|H) &V L AR
YAERKEL ERALZ b anDd. FEhiER % CDF 1L
ToAERM9 TH L., ZofEHR LY, SSD 205 HDD R
JHUFE % skip L 7z OTF-AST ClZ, 95%% A VAl £ C
{3 FlashCache(2 [F1H) & gL TUIREESAVBENTH S
Z N5, OTF-AST @ subLUN size 12 1GB TH V),
FlashCache 13 4KB T#% 4. OTF-AST < SSD 7*& HDD
ANRTUIE % skip LTL £ 9 &, FEEMIC cache /il &
o biellb, oz, 1GB DIFIF4 7T user IO MY
RAET L — A TIESSD NDOF — 7 BN HEL 5T 7T 5
OTF-AST WHHM & 7%, 72721, SSD up &7 -7 1GB
@ subLUN &—#R2 LA user 10 2SFAE L pnvr — 2y %
26N, FDOEE1E FlashCache O IR Ze oy L
Nz, 2hhd95%% A VA LIF#IC FlashCache (2 #¥iiin &
NTLEIERKE > T Du[gEE L H D, 2 2 FTOik
WWcd by, F— 2 EHHAZ W subLUN @ HDD N FE X R
L % skip T A HREZ KRR L, 95% % A WELIFERDF — 3 —
Ny REEAYH RN FlashCache(2 [0 H) o MERE%R LA
NHZ MMz, ==~ RitRIE, 95%% A )L
fELIF%: & 72 4 20ms DL F o user 10 23R4T 4 [FIA AT %2
1Tz ECHMET 21T > TuvE iz,

5. F&H

L D77 ANEHEAN L -V - a— RiCiE, &7
OBV T ORI D & B0 10 2 L,
M &) oRIc T 250 5. 2ok — 2
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120%

==HDD

<B-static tiering

100% <~ =iFlashCache(1EIB)
=¢FlashCache(2E )
=#=0TF-AST

A /l

1 10 100 1000 10000 100000 1000000
LARYZEZ ML (micro second)

X 7 MSR srcl.0 ® L ARY A (1)

120%
~«=OTF-AST(I A D205} H)
100% || “OTFAST (sSD=HDDA DFSRIL)
=¢FlashCache(2[EB)
“+=OTF-AST
80%
60%
40%
20% y
’
0% - ~ ; ; ; .
1 10 100 1000 10000 100000 1000000
LARYRAEAMF L (micro second)

X 8 MSRsrcl.0 DL AKRYZ (2)

120%

=+=HDD

=Estatic tiering

100% + =#=FlashCache(1EIH)
=%FlashCache(2[H B)

==0TF-AST

80% - -0-OTF-AST (SSD="HDDADE#L)

60%

40%

20%

0% - T T
1 10 100 1000 10000
LARYAEANS L (micro second)

T 1
100000 1000000

9 MSRsrcl.l DL AR

o — K% SSD & HDD % H\ /= static tiering %> cache /5
A EDEROBEEA N L —Y > 257 JHEALTY, 10
i 2 BIRENC SSDICHR® 5 2 L IFHEL .

Z 2 TIR 21, JORRC o 10 L asse A L - %
Z OB A T SSD ICHHN S % On-The-Fly - Automated
Storage Tiering (OTF-AST) ODIRFExRT -1z, 1ZFEFLT
3, AT ORBEHERE IV, MERER] FAER AR R 5
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MK 2 10 OB & £ ofkflRi i & U £ OHP filtering
T5HZETSSDICIO #FhsEL 2y, IIRINL .

MERETE, 10 S & & 721 SSDICHD 5 2 LAk
T=o» (SSD 7 7 2 A3%) & MEFEN A S L & TEHD 7=
user [0 VARV ZOBRITIT5 72, HlRD 7289, 1EROME
JEA RNV —Y Y 257 L TH S static tiering & FACEBOOK
FlashCache[l] b [ —ZfF Tl 2T 72, R F~—7
1%, MSR Cambridge 7 — 27 11— K [8] &oip 5, 10 Hrh
MAELIZr — A% %A Creplay L7z, SSD 77 & 2%
IR T 46% & 7 1, static tiering @ 1%=° FlashCache @
3% % Falb 2 & HhERL 7=,

user IO @ L AR > A, write 07— 27 1 — R & read
LT — 27 8 — RTHEED DNz, write HU LD — 7 11—
R user 10 U AR AL, BEEFENCHE S 10 & user 10
T HDD AN E R 6 20 — 2 TRl R gEEA ok 7=,
REAHRND T user 10 L AR > ZAHY 34.2ms 123 L C,
static tiering % 50.8ms, FlashCache (% 36.6ms T - 7=.
HDD # @I o313 & L Tld, HDD i H w5 o Z B TH
iz iRo e EMEZ6NDLD, FESERo#Ee L
7z, read LT — 27 v — R, BRoFEEDO £ £ TlE
static tiering, FlashCache 26 OENMEIEFR TR, &=
oLl o HDD N HE SR L & F v )V 555
ZiBIL, 20ms DL E&7254 10 @ 5%0 10 ORULEE /)
S TEN, static tiering & T FlashCache J: V) {#{v 7%
MEEEZ GO ND Z &N T,
6. SEROTE

o write F/.LT — 7 11— RiZHB1F 5 HDD A wfi o >

1 — ]
e SSD up FFICH SIALDNL D 5 T2tk o HDD N &

TRLEF v vV T HEEED IR & I
o KEOIHMICH W5 T-2T7— 71— RToEk

S E A

[1]  https://github.com/facebook/flashcache
[2]  http://www.fusionio.com/data-sheets/directcache/
3]

3 EMC White Paper, EMC FAST VP for Unified Storage
Systems A Detailed Review, March 2011

[4] FUJITSU Automated Storage Tier-
ing: available from (http://storage-

system.fujitsu.com/jp/products/diskarray /feature/i03/).

[5] F.Chen, D.A. Koufaty, and X. Zhang, 'Hystor: Making
the Best Use of Solid State Drivers in High Performance
Storage Systems,” In Proc. of International Conference
on Supercomputing (2011), ACM.

[6]  KiLAI—, FRI5—F%, POz, VR, spike HEK %
UTNE A BICERA N L — DICHET 5 2 & ave] e
BEEA N L — DY 27 LOIRE, R 25 SGE
aAvbEa—54 7Y AT Vol No.b 118-127 (Oct.
2012)

(7] KLA—, KETER, W57, BEA N L — 20
I 72 ] Samba 7 — 7 11— KT & £5E, 2012 4
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