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A Study on Changing Resource Management Policies
from outside Operating System Kernels

Hiroshi Yamada

Abstract

Developing resource management policies of the operating system (OS) is still an ongo-
ing process. Because an appropriate resource management policy depends largely on the
type of applications and their computing environments, OS researchers must continue
to develop innovative resource management policies to satisfy the needs of emerging
applications and everchanging computing environments. Despite the numerous innova-
tive policies being proposed, it is quite difficult to widely deploy a single innovation.
The traditional way to change resource management policies is to modify OS kernel
source code. Modifying a kernel is a difficult, costly and often impractical endeavor.
Modern OSes consist of large and complex bodies of code, and it is almost impossible
to modify proprietary and closed source OSes. As a result, users cannot enjoy a new
resource management policy until the integration of the policy in an OS, which is a
time-consuming task, has been completed. To obtain effects similar to a new policy un-
til an OS supports it, some research projects have explored the way to change resource
management policies at the user-level without any modification of kernels. However,
their approaches focus only on the policies that manage the resources whose state can
be obtained at the user-level. Specifically, they just target the resources such as network
bandwidth and CPU time, whose state is explicitly exposed by an OS. The resources
such as disk bandwidth whose state cannot be observed at the user-level have been out
of scope of the existing techniques. In addition, the policies whose execution is blind at
the user-level, such as TCP congestion control policies, are still difficult to change.

In this dissertation, we propose techniques to expand the scope of policies feasible
without modifying kernels. Our key insight is inference of OS behavior from outside the
kernel. The dissertation first presents DiscNice, a user-level mechanism which enables
us to control disk bandwidth usage. Disk I/O is not always accompanied by file I/O
because the OS caches and reads disk blocks in advance. DiscNice predicts disk 1/0 size

from the file I/O, making an inference of the OS disk access behavior. We implemented



the prototype on Linux 2.4.27 and demonstrate that we can roughly carry out a policy
under which the disk bandwidth of user-specified processes is throttled to a given one.
The dissertation next describes FoxyTechnique, a technique which brings effects sim-
ilar to a desired policy by inferring OS behavior and using information unavailable at
the user-level. FoxyTechnique uses virtual machine monitors (VMMs), which emulate
the underlying devices for OSes. FoxyTechnique controls virtual devices (e.g., modifies
the value of data registers and delays requests from the OS), inferring the OS reaction
against the transformed devices. By using this technique, we can make OS behavior
similar to a desired policy. In fact, we can forge TCP Vegas, one of TCP congestion
control policies, by modifying packets inside the network interface card. The technique
also allows us to forge IdleTime scheduling, one of disk scheduling policies, by delay-
ing OS disk requests inside the disk controller. We implemented these prototypes on

Xen 3.0.2-2 and show that we can obtain benefits of the targeted policies.
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T, T4 A7 71 AICEAT % 0S oEifE 2§22 LT, 7ukt AT
TH2774ANVN0D6T 4 A7 /O VA R2HEHT 2, HEHIL 723 A4 X&2TTIZT 4
2 7S AEZEEL, 7 74V V0 OXfTEGI#ET 5. X512, OS O#Eff%
RIS 2 2 & OB [43] 2 BFREBAR Y o —DBAFEIGHT 2 2 &0
TE 5. AWgETlE, REULEREECHIfEd % OS (7 A k OS) D&EFEE AR Y > —
ZEETZFERZIBRET 2, S VEZS (VMM) TlE, 754 209 74
ATy 7R3y b7 =IOy FEvol—HF L)V EIFRE T8 %
WS, BET22E03TE S, 22T, RETFTIETIE, 7254 2T % 0S D
EZHEM T2, TN ADRLZFEOCZEXNICAEE TS LT, ¥ A 0S D)
EZRGIMEIT 2, Zquc kD, BFEFHERAY S —2EAL L ESITEORRE2ES.

131 A—HFLARILTOT1 RA7FBEDYTRY Y —DEE

T4 A7 1/0 1Z CPUBEERL A EYANDT 71 AW & IR THRBRIE#ETH 5.
ZDld, 4ETHBRL LI, T AZHEBOBAICLLZT7 7V r—var~
DEIINS L v, T4 A 7 AR omE Y [9, 13112 b 200 63, JLUH OS
I 7B AT LT 4 A7 HASEI D M CR2EH T 2 HEFEA Y o — A Z
Nk, 7, INEFTI—FLRXVLTT 4 A 7HEH D B TE2EHT 585
BIEREIN TR, RBREBECTIET 4 A7 772 X127 5 0S OEEICHE
H3 %, OS DEEZHEMIL, 702D 7 74 V10 ZEHTEIET, T4 A
7 asiE O R A2 R 5.

KFL T, =LV TENET 2 7 1+ A 7 HHEHIBRERS T d 5 DiscNice D
aat, FEEEL O VICFEBFERIC O W TR %, Linux 2.4.27 I DiscNice D 7'1
A TRFEEL, FEiriT), vA7uaxXvFe—7, vruxvFv—7r%z2H
=L, DiscNice D74 A7 1/0 A ZDOHEMNAZZHE L7 2 A, RRKTHH
JERREIL 44% THBH L 2WMET D, £y, A==y FH 2% T TH 3.
I 512, DiscNice Z T, BREEDERW 7w ADT 4 A 7z HlRT % 2
ET, TARZWHHAICLB 747777 FIRTIDAN—Ty b5z
MIAJRED> Z MR § B FHERIZ O W T H IR S, FEERIZ X D, DiscNice THIRT % 74
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2R EICIEST, 74779V R RA7DAN—Tv FZ{LZ BRI EE
THHILERT.

132 REIIVEZILARNILTOEREE R O—FTEFE

SH, REILEM IED =P FT 27 vy 7 PC RIZIAS HEXR LT3, KA
i, 150> v RICEED OS 2H# 3¢ 2 RG220t 2, RE(LEREET
X, R~ v E=% (VMM) LENEY 7 F7 272 CPURXAEY, /10 7
WAREVS T RTCOFEERERZEHL, IRETANA ZAZ2RMET2, X b
OS MM T NA A LCHIIT 2 2 &1 %, REFIETIE, 71 2ADIR5 5
X9 % OS DEMEICEHT 5. OS DEifEz#Ell L, RET A ZDIR2 5%
BHETHIET, 7AL OS ICHTHEOHEfEZ S5, ZHUckh, HFREHERY
—HBE ALK R AR S,

KX TIE, 7 AL OS DEJPFEMAR Y > —2 2T 5Tk, FoxyTechnique |2
DWTIhR %, X 518, FoxyTechnique # W EJHEM AR Y & —ZHEEETH %
FoxyVegas, Foxyldle Di&zal, 2357 6 NITEEAERICOWTIAR %, FoxyVegas
IZ TCP HEEEHIEI AR Y > —D 1 2TdH % TCP Vegas [44] DEjfE%, Foxyldle IX7 ¢
AR 2a=) VY ITRI)T—D1DOTH27A4 FNVKRIAT Y 2= v 7 [9] D
BEZED HTHECH S, TN o % Xen3.02-2 BICHEEL, AROS ELT
Linux 2.6.16 % %Ml S ¥ 925217 9. FoxyVegas ICBJ LTI, Linux 23#H L Tw
% 9 DD TR TD TCP FEEEHIE A ) > — 1% L T FoxyVegas ##HA L, ZDHFHH
IO THET 2, HARMIZIE, FoxyVegas 12 8 DD AR & — DR % 5\ % Y]
IZZFE L, TCP Vegas DFIA L7263 Z L %2/RT, F72, Foxyldle IZBIL Td,
Linux 3 L TW 5 4 DD T XRTDT A AT A7 2a—) V7 RY T —IZHL
T Foxyldle ZEH L, ZDFERICOWTIERS, FEEEFEHIEX, Foxyldle (X4 27
RCORY T —DRBZPFOZBYNEEL, 74 NIRRT 2 —Y v 7 DF)
BEHESTILEERLTNLD,

1.4 FHRDOER

H—=FNNDPSEFREHRY) O —%2BHT 57-0121F, OS DNEEEHENICEHIT
HHENSG T 206823 H 5, ZNnF T, CPUMHEOHIHES % v b7 — 7 HiE
HOHIR E Vo7, AT L a—)LEERFREHEINIIZET T 2 ERICHNT 2R
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V=%, RY T —%EHT 25D nBi7 0S ONEHEHRSHIEICIETE %
BOVWNRTHoTz, ZD7D, T4 AZHEED B THRY > —5° TCP i
Ry —twvot, ZOEMEROZEFHPEHRD OS IZ X > THRWICIREtI N T
Wiz, b L IIBEED GrayBox FIETIEHETE R WA Y > —2EHT 5 2 &
ZNEETH B, AWIZETIE, OS DENEZHEMT 5 Z £ T, OS DNHZEEZ 5 —
FUHND 6 LD % CHUREL, BELIICEA TR 2 EIRE R Y & — OHiFH IR
21719,

AHFETIE, 2—=HF LRV T7aLAD7 74V 10 IZFES T4 A7 T/0 D&
DHEHINRETH B 2 L 2R, 612, ZOHEMBEHE DG, FHEICTOVLTHR
T, INZHHTEIETT 4 AZHBROE D Y TERY > —%2 2 —HF L X)L TE
HHRECTH D Z L 2T,

X512, AFFETIE VMM L RLTH A b OS DEFEHERY > —%2EHT 5
FHEIZOWTRT, VMM TlE, OS ET A RALEDR D &) ZERICEHT A2
EVWTEDLD, =P L)V EIFRL 27— ORI, BIEVPTZ S, KifET
I, FoxyTechnique % ]\ > T TCP HHEEHIH A Y > —dD 1 D Td % TCP Vegas, T 4
AR 2=V T RIS —=D1DTHS7A FIVKHIA YT Y 2= v 7Dk
U728 A 2 ATREIC § 2 HERE D EE, FEEICT OV THIRT,

E7:, AR THRE L 7D IZLIZHED OS VMM ETr>Tw 5, EE
IKBIL T, EBO7 7Y r—y avzHuTiive, 2oaHEEZEEL Tw» 5,

AR ZEK 11 DL IHEDT LI ENTES, EOEREHAY > — %
AT 570121, FERIEA—2NVZEILT 2058 D3H 5. [ OS 1 —FVDEIE
T5ILT, MRALEBEREMERY) S —2BAT I ENTE LRI, H—F1LD
BIEE WIS REHhEROONS, 22T, BFREHERY > —Z2MNICEAT
702, A 70h—F)VLYEEREE OS, £ ¥ 7 4 h— )L &> 7 0S D
JRIEDMREINTE T, w470 h—FNIEH—F VN THEET AHEICE > T,
ZHARE L R ) & —BUIZLEE T 5, JERHEOS 13, OS D4k a vy R R—% v b
ZIRTELDT, RAGEREHR) S —2BATEILNTESL. AV 74
A —FIVIFETHRD 2 DD 0S BHIEIC AR 2 L 0S DFE &z mixd 7 TH23,
BATE2EPEHR) -3 20087k, IN6DFEREA—FNVE2EIET
52 LR KEAREHAY) S —2EATES, L, 2OUH60REZZIT 512,
o DS AA TNl A — 2 V2L 2T s 2w, b LL<
X, SNSOEREEZY R—F925 k%9, BIEFHLTw5 0S DA—2 V2 EIET
LINERH DL, 2T, h—FNVEEIETE I LR, A—3Vid o &EREH
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The number of
applicable policies

“ O OO

Extensible 0OS  Kernel

modification
O Microkernel

Introducing policies Infokernel
from outside OS kernel

| Our contribution |

\4

Kernel replacement/modification

1.1: The contribution of this dissertation.

R —DEAZEFLINICAT) FEBITFEHIN TV S, L2 LADS, ZOjEH]
P 7 7' —F LR B L. BUE, A — 3V o BT 2 HIRE
HAY > —ofEZMICT 272010, R4 ZEEHOFFREHRY > —DEAD
TEFIATON TV 2DDBURTH 5. AL TIE, OS DHEHNTEH L, DiscNice,
FoxyTechnique DL %2179 2 & T, A—2 NV o E AR EREHLRY > —
DEPHZIR L2 L EZ 5.

1.5 ZiwEX DB

R X ORI LA T D@D TH 5, 2 W TIRBEMILIC O WTER %, BRNIC
X, A—F N LR E2—F L)L, VMM L L ERA LT, BEEFEOFEIIO N
TRT. 3ETIE, H—2W8N06D 0S DEWEHEHNIC O WTRR S, F32—F
LAOUIZE T % 0S DEIEHEINCIE R, RIZ VMM L ~)UIZE T % OS OE/FEHEH]
IZOWTIBRN 3, 4#TlE, DiscNice IZDOW TR, 7§, 74 2 7 HgH#E O
DBEMEIZOWTHRR, 2—FL RV TT e ADTF 4 A 7B HEZEET 2 7-
DIZERETNE OS DHEIfFICOWTELSET 5, Z LT, DiscNice akal, FE3EITDOW
Tbx, SEER & FEEFER 2R . SETI, FoxyTechnique IOV %, £7,
FoxyTechnique DB ZEIZ DWW TR %, XKiT, FEIEIZDOW T, FoxyTechnique
ZHOGERY) > —EHEBERTH 5 FoxyVegas & Foxyldle D FE¥H: 7% & NI FHEER, 5
BHERICOWTORT, RBIC6ETAMIZ LD 5,



F28 PBEEMRR

AWFZETIE, B — 20 & BRINICE A TE 2 BIREE R VY > — O#IFH D5
Kz4TH, BREEHRY > —Z2ELIISEAT 2 720I121%, A—FLH05 0S D
Wz E) 2 A1 2 DB H 5. REFIETIE, 0S 6B T 2 1EMWMITMZ, OS
DEMEZHEM T 2 2 ETHEK I D 0S DNHZEH %2 L DL IEET 2. Zhoo
ERZAH L 280 rEoBREHAR Y > —DEAZITH, KETIZ, KHFED
BLEAIZEIC OV TR 5, B, BHFEEHER ) C—DEAZEZICTH0D
A —FIVEEGEICBI T 28I oW TR, 2 LT, A— 2o o ERE
RS —Z2HERUINICEAT AEETEICOWTRRS, FT2—FL AL TOE
FEHARY S — OB ZRE AFEICO VTR S . BARRICIE, Z—FL )L
25 0S OWNEHZET 2 R T 2 FiEIC O W TR, BFETEICOWTRT, il
T, R~y v Y2 HOETEIIODWTHR S, 7, KEGEM ORI
DWVTIAR, Klv v EZ S NTHFEZAFRLCEHT LI LT, 7AFO0SIC
REZ L6 TTFHRICOVWTERS,

21 H—RIICEDEREERRY—ZTEDYKR—K

FEIG U - &FEBEARY > —2MICEAT 272012, 71—V OREKRZ
MR PTREIC 9 BTN TE /L [23]. A— RV Z K ATREICT 52 2 & CTH
JFEPER ) o —DEADIC 72 2 ), 36 OREREDHAIA F 7Rl 7 h —
FVEMHTS O NS, £, BHED OS ETcins oz AHT
H121E, A —F V2 R ATRE 2 HEE IS § 2 72 DI — %)L 2 — F 2 KIRICEIE
TH2UEND 5,

<A 7ah—%)[24,25,26,27,28] Tl&, H—FLIET7 FL AZEEOEHSL 7
0t AME & WO RO AR REEL, ZOMOI AT LAY —EREZI—HF L
N)VTEWES 29— N LTHET 2, BAENWITE, TAAAFIA4 107 74
VAT A, 7abanVAyy 7ot E 21— L )LDy —NE LTH
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ESE %, ZUCLkD, MEOEREHEY > —2Y— L LTHEEL, BHED
P—NEELBEZDZILET, ZOR)—%2fTT5Z LB TES,

JEERAIEE OS [29, 30, 31, 32] 1%, AL&ICIGL 72 BEEELERE R Y o — 2 A
TE LR RMET S, 2L 21F, SPIN[29] T, HHDOA—FIVEY 12—V %
SPIN A — 2 )VNICENICE AT A Z E3TE S, H—%I)ILEY 2—)L% Moduler-3
EWRIEN B L R SEETHBRT 22 T, A—FNEY 2 - LDOLEREAR
FHLL T3, %7, Exokernel [31,32] TlE, N"—F7z7DA ¥ —7z—RIZ
MDA V¥ —7 2= 2AERHL TS, ZNZHHL UREOBRFREHERY > —
ZHEBRL7ZI7A4 77V DXH 7% 0SAibOS) ZHEL, 77V r—vaviy vy
SEEESES, ZHUCED, 77V = a il o GEYIZERER ) > —
ERITLAENS, 77U 75— a v 2EfES¥ 52 LN TE 3,

A—FNVDBIEBHETH S L 2EBREL, h—FNVDEIEZTE ST 7%
(L, BREHAV S —DEAZY R = T 2FEND L, £ V7 4h—F)V[33]
TlE, =P L VK Z2EFREERY O —HAZTET 27012, 0S DNEHE
WMOFEMZ L —F L OV 2, BRNICIE, TA A A7y 2a—Y VIR
)Y — (C-look % E) R R—=Y V7 RY > — (LRU % &) £\ o572 0S 23R L Tw
LEPFEMRY > —PHRER—2Y 2 vl 0S OFE 22 NI TSR % feft 3
3. ZN6ZAHTAIET, 2—HF LX) ETOBFREHRY > —LHERKD
FEIEAME T, F7z, icTCP [34] TlE, TCP DEFEEHIHA Y > —DEH 2 2 —HF L
RV TITI 72 DIT, TEET 4 Y FOH A4 R o El#RE 22— L LIS T
5., %A 70h—FVRIBERE OS L w7 7a—F L HRZ L, A—%)L
DIBIEIZIZ DAV ETH 203, JEFED OS 1FNN=Ya v 7y THHEEICR 2
7D, OSRVYFDHR— L TcIhooEfizfIHT 2 EVREETH L. &
72, A—FNVDEIEZETLDT, h—FNDY—ZAa2— FBPAFTERL 0S
D ITHEETH 5.

22 A—YLARITOEREERRY —TEFE

22— L LT 0S OWNEZEH # R T 5 729012, 0S 2RI HREE T 2 N
TERCHMETER, AT La—IVDORVEPLCZDLFEZAHTLIE03TES, Z
NSOEREHNAEZ LT, BFREMAV S —2BHT2TENH L, £/, 21—
PL RV TREA L —ERA2RERT 272012, OS DNERIREEZR X % BifS1 3
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72D DFiE, GrayBox FIEDVREIN T3 [35]. Z4uE, OS DAGRZFIHL T,
HLEEICHT S 0S DRINZE R TZEOWNIIREZ S FiETh 5., ZOFE%E
AR —DEAFELH S,

2.2.1 OS Ic &K BREPIERIZEDOFIA

OS HHDONHEHZ = —HF L VIt T2 2 LT, BFEEHER) > —0l
ALY, A BT —EZARZ—FL X)L ECTEHRIETH 2 2 EBHSNT
W5 [45,46]. ZHUS XD, VTED OS IFHBOWNHERE 21—V L LIt L
T304 %< %<, %< DA O0S ETO0S ODNTBEHRPEIGTE 2 X 51
75T\ 5 [47, 48,49, 50, 51].

Linux Tl&, 70X A7 7 A LT AT L EMIENS, AT LDREZRL -
77ANVZRET S 7 7ANS AT LAZEMLT0E, 702 AT7 74V AT
LT, 702 ADOFEMAEERS S AT LOMHEREZIE T2 2 LN TE S,
72 L Z21F, BUEBE L T3 7 a v ZD4TTRHERR, 1 L 72 CPU FHE, kA8 2
TV AR, BERES2IE T 208 TE5, £, AT L0MEHERE
LT, XBYVOHABRLAYy 7E3NLAEVRE, w7V MEREZIETE 3,
29 LtE A WIS T 5 2 8T, OS BED X I ICHIEL TE b2 E
TRIENTES, LEZ1F, %70k CPU KM ZERTs LT, &
D7ALAPBOSIZEOTAT P 2= VENLLZEABIENTES, %70k
A D CPU R Z 508k L, 22 22T, bAMWRICETINL T nL A%
HET 2 2L TE S, 6123, H2WIMICHML 72 CPU R Z % Z & 43T
5.

72, AT LA VORIEPRVEZEHTSI LT, TR ARED L)
WCERZEHT 20205 2 L TE S, 70 ADFHBEKER~DT 7 £ X3,
OS T2 AT a2 BHL TfTbN 26 TH 5, 72 & ZIE, Linux
ETlE, send() R recv() VoY 7= /O ICBHT A AT La—)
DRIFRR Y EZEMT 22 LT, 70X AD Ry b7 — 7 &2 8§
H2EDTEL, 2y P —2ICEEINDE Ay =YY A X send () THE
TENY 779 A REIZFTHELTED, Zofiziic, 2y M7= Xve—
DRERZIHETE S, £, Xve—YDFERII recv () DR D 5 EE
TELDT, MZEZRLADLDESLZLICLST, 2 v b7 — 7% i
T2 ENTES,
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AFZIZBEWTD 0S et 2 EMEZAHT 2 2 LT, HFEEHA) > —D
BAZTHO> TS, FHEE, 4FHTBR2 X9, T4 A7 EHIRT 2B,
read () P write() EWVWoOT AT L= ILDFIER, OSVBT A4 AT —%
7ay 7 eEERAARRE E\VWo e OS DRI T 2 B SR E A L w5,

222 OSHRHEITIARBHRZAHW L 70—F

Z—FLUIZEWT, OS BRI LT 2 NERELFIH L <, &EFREH
RV —DERINEAZIT> TR LN H 5.

rate-windows [52] 1B P D 70X AD3FA 79 5 1/0 2R T 25 ThH 5. 12
ETHL, = TN —F VTS 2 — )L E LTEBRINTVEY, Y AT La—
N T 7 $THIETLI—HFLVL ETRGICFEET S EWTE S, rate-windows
TlE, 7B ADFIT LT A A7 VO YA XA2{ET 27012, Y AT L4ED
RetEHRE W5, BARNICIX, S AT LABE L T oRITLET 4 227 1/0
PARERT 7ANTO YA REDWHEZEIET 2, InsDFHRIFL—HFL X
LWVTHEATEETH D, ZOEEZHNT7 L AD 7 74 V10 H A A5 RITE
TG T4 A7 IO YA X250 T 5, 20700, E70XADFHIT LT A4 AY
VO A4 XAz iF$ 5 2 LIFFERRICIWEETH 5. L2, T4 A7 VO DFELT
RPWIGICHR L 2 2 0070 ADPBET 5 &, AHINK(E 70 ADT 4 A
710 YA RBHEELBRE->TLE), 207k, B ITO70 v AT
574 227 10 DfllfRZ4T9 T LIZHEL W,

Newhouse 5, 7—FNZEBIETAHI L CPU TR A= a LAY 2 —
7 % FERINISEAT 2 FIEZREL T3 [36,37]. 0S 23429 2 1E#0 6, &
HWTDO7a2 2D CPUMHELZIE T2, 2L T, Ho0L OFE L HHZRKIC
it>T, 7k ZADfEIL, HZ1T). ML FreeBSD LTSN TED,
T A7 7 AN AT L6 CPUHRZIWGL, 7 FLrz2HlvwT7ak R
DfFEIE, FHZFEHL T»w5,

MS Manners 1%, 7477797V KT AT DAN—=T"y b ~\DHEERVIRL 5
£, NI TII VIR BENEIRABARTY 2= VT RY ¥ — 2 i
AT 2B CH % [38]. MS Manners (32 —% L)L ETEIfEL, Ny 277
7Y RYRATDEPRIHE DT RT P 2= v T %ITH., Hor Loy 7T
TV RIATOIERERLTEE, Ny 2770V NI RA7IZAGDER%
MS Manners |SEAT S5, b LEBMET L Tw3 &, MS Manners 138y 7 7
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FVRERIDBT AT T TV RYRI EEREFHAEL TwEERZL, Ny I T
FVYRIRIZEILT S, UKD, BEBEAICLE 74T 777 FF R
DAN—T"y b B2 fENT 5 2 LD3TE S, MS Manners 13y 7 75 v F ¥ A
BT EDEIET 20T E L, Xy I T IV R RIIEREOE
FEZ52 252 1Z L%,

Abe & 1Z MS Manners E[FEIEE, N 7 75739V R RIBE 6T 747777
VRIRITDAN=Ty bRV THRATY 2= VIR v — %t
PINCTEAT 2252 L T\ 5 [39]. REERETIX, Ny 7 77TV FFRY
ET7 ATV TV RIRT EDPRIERITEEHAZ L LVTHRIL, Ny 7
79V IR A=Y LVTHIEIT 2, OSDO7Ta 7 749 v 7Y —)[50]
ZHAMHAL T, CPURES T+ A7 70y JiArirAsE, Fv 7= Xyt —2
DFREREZEEL, Nv 7779 ¥ 27 0&ERMBEARZENT 5, &RHEH
BOEEZHEZ2E 74777V YR EERBOZ LTV ERERL, Ny
7799V RY A7 EEILET S, ZOERNEIX, MS Manners & A, (TEO&EIRME
HEZNY 7779V FYRAIICEZ 252 LIZ L0,

Chang 52 —F L )V CTEHIfET 524 FAR vy 7 2% Windows L THILL Tw»
% [40]. ¥¥ PRy 7 R L TERFEHIHIR S N ETRETH D, v Fhvy
ALTEfET 27 7V —vaviE, 6 LOFRESINLBEOEN L 2R
52 EMTELR, BEFETE, B TITOo7? 7Y 75— 3 D CPU KE, XE
VR, %y b7 =27 OHIREZIT). AT A APL 2 TEETO 7 7
V/r—>a v CPU K, 2 VHHEZIIET 5. v b7 —7HAddfiHEIZ
socket APLZ 7 v 7§52 L THET %, borLob2HEzlzsLE, 77
Vr—yavDETZEIET S,

Entropia [53] 132 —H¥ L ~)LT 7' 0 & 2 D&M % HIR 9 % Windows b T
B3 %> 257 L TdH%. Entropia l& CPU kil X € V) i EOHFIRZ{T> T\ 3,
7, BT 7av AL T 4+ A 7BZRBOHIRD LTnws, Zhsd
HIBRDFEEFEIC OB TERMIER ST wds, 74 2 7o HlRIZ T -
TR,

OS Mt g 20 8y b 2EETIATLa—LEFHLT, 2—¥FL X
WETTCPD 70 b anNRAyy 7 zFE 5 FEDNH 5 [54,55,56]. Tz v
%2 ET, OS OWIERIEHRZ WS Z L% TCP DEEHEIR Y > — L wo &
FEHR)S —Z22—F LX)V ETEHATEIENTE S,

CNSDTFHER, YATLA—NLPOSICko TSN 2 EHREZFIHT S Z &
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THENWRLRFETH S, 207D, 2o DFEOBEMHPIX, —FL LT
HIRINICHE T E 2 EMICKAE L TR D, HEFREHR) > —2ZLH I 270101
SR PIETE R WEA, FTEORY > —DE AL, 207k, ki
X, SNODFETETA RA7HEH DB TRY > —DLHEIIWNHETH 2, ¥
%5, TA4AZHBROMHBIEZL—FL NNV THETELVLERTH 220D TH
5., £, =LV TEET 2720, FEHLLEENC ATLa—LE0woT
OSHEHDA V¥ —7 2 —ARKELTLE ). 2D, VMM ETEIHET 2T
AT O OS (B Fad A8 %4 FoxyTechnique & FER % EBHEMEDMR VW E VW Z 5,

2.2.3 GrayBox Fi%

GrayBox Fi£1% Arpaci-Dusseau 5 12 & > TIRREI N7 FIETH % [35]. GrayBox
FiEZ, OS B —HF L VIR L TR WHNTIREEER 2 —5 L <L & B ]
BICT2FETHS, ZOFIETIE, 0S DY —Ra— FRNEFEIELTE S N R
FaXVh, BOUICTLRU Lo X CHIS N EIFE RO LT EICEI T % OS
DHEEREFHT S, 22Uk D, OSEFTEELR T IV 7Ry 7 AL LTTIERLS Y
L—Ry 7R LTH). COHGERZFIML %035, & 58FICHT 2 0S D
JIBZBIEET 22 LT, OS DNTIRENED X H I > TR 02HA5 2 EVTE
%. Linux E\Wo/eA =7V YV —2AD0S X, V—Ra—FZAFTELDT, 7/
L—=FRy 7 AL LTI,

Arpaci-Dusseau 5 &, GrayBox FIEOGHMEZRN IO, Ny 77F vy a
DREZHS T 2HEL2EHEL C0d, ZoBKIEIHL2 774070y 7033y
77X Yy ¥ aWNICHET 20602 HW 2, BANICE, 77402154 b
TEARIAR, ZDREZBIELT 5, FRAAHREEDIEITIUL, 774 VIEAEY |
ICHBERZZL, Ny 77X vy aWNICHEET S EHET 5, EBIL, 774
NDT—=FIET 4 A6 XE)ICU—FINLERLLT, Ny 77X vy
WiZIZZe W E Mg 5. COEEZAHT 22 LT, grep D7 4 —< v A %M
EI¥Tws, HEO7 7 ANVEUBETZEE, RSN/ grep ZFTHKT7 7
ANDIINY 77X vy ¥ 2 ITHET 20602 M4, Z2LT, Ny 77% vy
CaWNICHIET 27 7 A VDS UIEZLTH, 29§52 8T, grep DETIHZ
FI3MEEMIT 2 2 ERENT VS, fillcd GrayBox FHEOGRAEIZIRINTE
D, inode HHZMHALT77ANVDT 4 A7 LA Tz d 254 [42] ©,
OS DERHLTWE Ny 77X vy v 2 7L ) X L% HE ORI T 25 72
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ERREINT WS [57].
DiscNice b £72, 74 A7+l Z BT 27012, GAAAL 7 7 A VD3N 7 7
¥ ¥y Y aNICHFET 2060 % o FEZIcH L CHEL TW 3,

2.2.4 GrayBox FEZRHW7 70—F

Hifii TR 72 X 912, GrayBox FikZz M\ 5 2 & T OS DSHIRIIC L L T
TONEREZIE T2 L0 TES, COFHEEZHWS I LT, 2—HF L)L
THETE 2 0S DNEIREDS G 2 2 2 LT, HRINAEADBKETH 72K Y
=% A—HF LNV TEHATEILENTE S,

Arpaci-Dusseau 5 1%, Xy 7 7 ¥ vy ¥ 2 DIREBOHFFOMRIZ, 74 A7 Lic7 7
ANPED L) ITHES N TR 202 RINT 2 FEZ#IRE L Tw 5 [35]. Berkely
Fast File System (FFS) Tl, 77 A LVDi/ —FHFSEZD 774 LDF 4 27 |
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o T« RV HIEFIHEBOBIELRR L: DiscNice D TR THDEY 2—)L %1 —
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FLL ETRELTED, £7-0S BEHDOEEZ T Wiy, Z07789,
SATLA—NEDA VI —T7 2 —ADEBEIZFETEZLDOD, H—FL LR
NDT 4 A7 AR B & X2 &, fthod OS ~NOBIEDES TH 5.

o R Y— &K & DIRTELR D BE: DiscNice TlX, 70t ZADT 4 A7 /O W
A R HEHT 2 575 (BEHE) &, T4 A7 VO ZHIRT 2 7DI{TH) 7 7 4L
/O DFATHIR DM ST (R V) > —) ZHHREICHEEL T 5. 2tk D, KXY
S BHETLERIERY - DARDOIERZEETIUT L, T4 A 7 Al
HEOHIBROM:TT 2 ARG TRETE 5.

7u by A4 7% Linux 2427 BIcEE L, 2 LT, EEO7P TV r—rav
o RvFe—2 2B LTCEBLZEZ A, DiscNice (&7 4 R 7 fridfili &=
ZHIRTEEREETT 4 A2 O A4 RAZHERMTE L EBbhrot, £, &
Ry F2—=7 T4 A7WEHEHEZ R > —IWHIBL, Ny 27790 F%
AP TTARAIBEEENTLIET, 74777V FIRATDANV—T"Y
MR Z oD 2 E3bdo7, AT, DiscNice 12X 54— N~y F&GF
W 27012, EEOT 7Y r—2 avZHWT, DiscNice 2B ¢zt &L
ZI)ThVEELEOETGRMZE L. 75 &, FTRMEOEME 12% UFIC
EEEo .

ARETIE, 974 R 7FEHBOBEEIZOVWTRL, 22— L)L ETO
T4 A7 WSRO WEE S IOV TR S, RICEETRE OS DEIfflc20»T
B, DiscNice Daxat, HEE L OEBICOVWTARS, 2L T, REFICAEZ
$LD5,

41 T AV FEHROHEYE EHHES
411 HEH

TART DT 7 2 AL CPU HER X €YD T 7 2 A A TR
IRHETH B, 2D, TAAZ 77 AZWYNCHIEIL 2300, 770 75—
avDANL—=7y MIEFELIETLTLE). HlIZIE, Ny o2 T I73V FY R
MI7AT T IV RIRTERBHCTARAI T VR AZRITHIE, 74T 77V 8%
AT DAN=Ty MIFELIETT 5, £/, REFRAT 1 v 75RE L TEEGE
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7% 4.1: Performance degradation of Sequential caused by disk I/O contention
with Rsync. This table reports the execution times of Sequential without Rsync,

with Rsync, and with low priority Rsync.

Execution | Increasing
Benchmark
time [sec] rate
w/o Rsync [sec] 4.18 —
w/- Rsync [sec] 17.49 418%
w/- low priority Rsync 17.26 |  413%

AFDFERFICT 4 A7 772 A %47 &, 2—HF LDIIIEL 72— A%
TE R ko TLE )RR D 5.

T A AT WBDBEDT 7V r—2 a VA RIZTTORENRKEWI L 2R TR
DIZ, NPT IFIVRIRIET ATV IV PR ERFARICEEIE 5%
Bixfro7., FEBTHW/ <~ % Pentium 4 2.8 GHz ® CPU, 1024 MB ® X &
J, ZLTSCSI CTEf I fen—FT4 A7 %A, Linux 2.4.27 255f# L Tw
5, X973V RIRTELTTI7ANDNy I Ty TRIGHAT TV r—vayv
Rsync ZfH\2 %, Rsync Tl&, 600MB D7 7 A VDX 77y 7ZHF A MIC
RET S, ZLTUND 22077V r—>avn2 74777 ¥ A7 ELT
w5,

e Sequential:200MB D7 7 A V&> —/r V¥ v )L 2Rt AIALE,

e Tar: SOMB D7 —h 4 77 7 A V2 BT 3

FEETIE 74T IV NIRRT ERNY 7T 59 Ry A7 DFETKRE, %6
N ZNZNOFEPFHEHEZEIL 72, FHINERD 3 DDOEMAETTITo7. £7,
Ny P TIPV RIRIZEMEIRLI LR, 747779V FRIRITDA%
ZNETNEES R, RIS, 74T T IIV RIRTENY I TITIV IR
ERFRHCEIES S, ZORWTFTIET 4 R 7RO BAEDRE T\»D, &k
IZ, CPUBKREZ NNy 2059V R R 22757759 Ry 27 L
RRCEI{ES ¥ 7. BAAMYICIZ, Rsync @ nice iz 19 ICERET 3.

TATT IOV RIRI ENY 7759y FFRTDFETRIZF 4.1.1, 4.1.1
2T, Rsync EHERFICEIES Y % &, Sequential DFELTIRFENZK 4.2 5 <
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7¢ 4.2: Performance degradation of Tar caused by disk I/O contention with
Rsync. This table reports the execution times of Tar without Rsync, with Rsync,

and with low prirority Rsync.

Execution | Increasing
Benchmark
time [sec] rate
w/o Rsync [sec] 4.47 —
w/- Rsync [sec] 13.10 293%
w/- low priority Rsync 12.82 287%

oTWw%, ¥/ Tar b, Rsync EFIRFICEIESE 2 £ 2.9 5 D AT 2 2L
LTCLZE9. Rsync DIEREZ T IFTH, 747779V Y RITDANLV—Ty
FMIETLTWw3,

7TV = arvDT 4 A7AASEOHHEZK 4.1 1R d. SCER [52] & H
B, 1 BT« A7 HEEZ 7uay L Tws, —R, Tar OFEfT
R 411 EX41 ETHRZS>TWE EIICHZ S, 1T 0S I X EIEEZ
AANRKNTH 2, BIEEZIAARLIZS AT LDANL—7"y b% EIF 579512 08
Tt TH 5, ZHUCOWTIR 412fi TR 3, BIEEZAAICL ST,
Tar DFETVHET LIS, Tar BRITLAT 4 A7 HZAATRVBIM I 115,

41 X1, sequential & Tar #3Rsync EFIRFICHETIV S E, T4 A7
WIHOBEE 5 2 030D %, Sequential & Tar WHMTENEL 2L ED
T4 A7 HE X Z 0 F N 47 MB/s, 20 MB/s TH %755, Rsync & [HRF5HE
Tl BT, 74 A7 EDY 11 MB/s, 10 MB/s IC £ TiEbiALe, 7 4
TTIIY YR DITHET TS E, Rsync DT 4 A7 titdfli &S HM T
FEL7- L EDETH BH20MB/s I2H E3, K4.1(c), (XD, 72&ZRsync
D CPU DIEREZESREL TH, T4 A7 WHROBEIIMKALE L TRETVS
eV S,

CPUDKR PNV 3y 7 Lo TT 4 A7AfHBDOR T RS Twinl Ltz
RTTOIL, EBho/7? 7V r—arv s 25 L4k CPU iHZE %X 4.2
IR, KD, FEEICIE CPU OEIZEDI100% I8 > Tl &b b,
T7AT T IV REIRIENY I 757 PR ZFARICET L ETEZ,
H<TH 51% O CPU MR TH S, 72, Rsync ® CPUMHHELR 7+ 77 7
Y RFPRA7 ERRFICEHFEIE 2 LFELIE T LTWAZ L2 5, i,
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4.1: Disk bandwidth usage. These graphs show the disk bandwidth usage of
Sequential, Tar (foregrounds) and Rsync (background) on three situations. The
x-axis is the elapsed time and the y-axis is the disk I/O throughput over 1 second. The
first situation is that each application ran standalone. The second is that the foregrounds
were executed with the background. The last situation is that we executed the fore-

grounds with the background whose nice value was set to 19.
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4.2: CPU usage. The
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(¢c) Tar with Rsync

three graphs show the CPU usage of Sequential, Tar

is the CPU usage over 1 seconds. For comparison, we show the CPU usage of the three

standalone.

Sequential ¥ Tar & T4 A Vil z2 T 570, T4 AZHNDOT—% ZH
B35 Z LI 6TH S, ZHUTED, Rsync FHMTEIEL 72 &
ED LX) RUHEETENETE 2w,
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4.3: Memory usage. This figure shows the system memory usage on two situations.
The x-axis is the elapsed time and the y-axis is the amount of system memory usage.
The first situation is that we ran Sequential and Rsync. The other is that we ran

Tar and Rsync.

X 4.3 ICEBEP O AT Ao X vV HHEEZRT. K& D, FEBhTlE, X
TVHFHEIIEERTIGBUTTHE I EBbLS, 74777V FFRTENY
2759 R APEKHCEELZZE LTS, fIHLAXEY RIZFIHRE
EVREUINTH S,

412 T4 RV FEEID YU TEEDOHES

R TRz Xk 912, T4 A 7EBEAPEL DL, 77V 75— avDAL—
7y MIEFELET T2, 20740, 74 A 7HEHED Y4TE2 &S T
WENH B, AR TIE, Z—F LRV TTF 4 A 7HHRE D K{TRY) > —%EH
TOWMEZIRET S, 21— L)L TT 4 A7 VO Gz fl#T 2720121, 77
ANTO ET 4 A2 1O & ZHFECXAT 205035 5,

T77ANIO ET A A7 1O DECERRT S EXK44 %5, 774010 IF
T AL THITEINE 7 7 A NNDRAHESTERTHS, 22T, 774
VIO BT AT L a— VORID HEZ2{TH) 2 & T2 —F L )L TrRAICE 6
Thsb. —T, TAARZUOIZOS VT4 AZIINLTIT) T—%7uyr7du—
R, A 7#ETH B, T4 A2 77 A%2GIHT 2-0121%, 774110 Tl
% T4 A7 1O Ziilf#fll T 2 08E3H 5, B¥%6, 774N 10 DFTIFATL
LT 4 A7 10 DFATRMEDR IO TH S, IEZE, HDLTRLANT7 74
W BIAARZITHOTH, T4 ATHBIABDEL W I LBH S, F7-, FHRIC
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C>process
read/write

a file ‘ user level
i kernel level
(ON)
load/store
data blocks
e File 110
disk drive D ] Disk I/O

~— N

4.4: Difference between file I/O and disk I/0. This figure exhibits the difference
between file I/O and disk I/O. File I/O is read/write requests processes issue to files.

Disk 1/0 is load/store operations the OS issues to disk drives.

F—F7uay 72 —FLTY, 77410 YAXERTA ZADF 4 A7 1O D3
BU B EEFBRSRY., TNSIEDLNICHZET 2 OSIC X IR FEVDIHKTH 5.

e NYT7Xryoa: Ny 77X vy a RITHET 57 7 A VITHT 55
BIABIET 4 AT 10 Z b7,

e 7OAVIYAXFPIER: TH AT 7RAIFT—¥ 70y ZHATTbi
L. ZDD, TAAZHVOYARIE77A4NLVTOY A REEHELWEIZRS
s\,

o 77M1IVESH: AT LLHKDZIL—Ty F %2 EIF37-012, 0S EHkX
N7F—%7ay 7 LEECWL DD F—F7ayr72a—F1%, 20
720, TAAZHNOY AR T77ANTO YA REDKREL BB EDBH S,

o BEEEAH: OS EZENANY 7 703H 5 —EfliztBI5ET, bLIF—
EREFORT 2 EFTCEIDOD T —F 70y 7% T4 AZICESIAE R,
2D, 77 ANEEIAARE T4 A7 EEIAAZIERMICf IO S,

42 IA—HLARILTOTF RAIVBEEIDYTOEE

7 wrig & % 4 3 2 B6HE, DiscNice #1843 %. DiscNice TlE, 77V 77—
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TavoHITTE7 7ANT0 D EFEBRICHEETET 4 A7 1/0 ¥ A Xz #EHl$
5. bLTARZ IO DVEL Ko, TAAZTVOYA RIF0 ERks, HEH
LTt A2 104 R%IHIZ, 774010 2RI 5 2 £ T, BENICZT 4 A
7w R D% %17 9. DiscNice TlX, 4.1.2 fii CidR7z OS DZH % LT D
X9k,

e NYTF7Hxvryoa: Ny 77X vy aNICEET 27 7470y 7D
AE S T T 57O, DiscNice X7 7 ANV 7 0y 703Ny 7 7% ¥
¥ aWIHHET B &2l 5.

e JOVIOYALZXTIEER: T4 A7 /O WA RX%ZHEMT %7912, DiscNice
X7 7ANTO VAR 2T =970y 7D A4 XATHD LTS,

o 77AIL5ESEH: DiscNice 1 OS SEH L TWE 7 7 A WaEATILTY R
LABZIZIaL—FTBRILT, 774V 10 D0EBRICEI S5 4 A7 1/0
YA X2 HEHT 5,

o BIEEZXAH: T4 AVHEZIARIZ7 74V 10 LIFIERMIITDNSG, %
DD, TAAIVHEZAAPRE 2 ETICAELZZFACHEA~ND 7 74 VEHE
ARIZT 4 A7 TO A RITME L\, 72, TAATEZIAADILE 5
FTICER, HIBRINZ 7 7 A VANDFHEIAARD T4 A7 1/0 ¥ A4 RITHFE
Lz, TRHICBIL T 424 i CHEL bR %,

42.1 E%&

TARAZEH D Y TR > —%2EHT 5 7-DIZ, DiscNice TlE, 1) 77V r—
avDITANTYO DT 4 A7 O YA XZ2HML, 2) Y —IfE>T7 7
AV TO DFEATZRHTET 2 2 L CTRIBHNICT 4 A7 1O HHgfi B O 2179
X912 T 3, £, ARG TT4 A Z7FEEI D Y TRY o —DEEERGIC
T2, T4 A7 VOV A RZHEMT 2 A A=A LT 4 A7 HE RO
REVS =2 T2 X91CT5, ZUTkD, T4 A7 10 3 A X% H#E[T 3
ANZALCFZMAS T L, HIRAY > —2HRIGC CTEERREE % 5,

ROt %729 72912, DiscNice 2 FLTF«4 29 E€Ia1—Ib, RUIV—F
Ja—=)l, 2L TAOAYRNIVYTEI2=ILD3DDEY 2a— LA 6%5 LI
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DiscNice
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file
write | 1>l

write-size
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target Predictgd policy rate file I/O file 1/0
application disk 1/0 size throttler
read-size |
predictor policy module throttling module
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read
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cache?
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~——
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4.5: Control flow in DiscNice. This diagram shows the overview of how DiscNice
behaves. DiscNice consists of three modules; predictor module, policy module and
throttling module. Predictor module infers disk I/O size the target application requests.
Predictor module also sends the disk I/O size to policy module, which decides how

much file I/O should be throttled. And then, throttling module throttles file I/O.

VOD5 T4 A7 VO A Rzl 2, 7LT427FEY2—LTIZ0S DT 4
AT 7R AT HIRLEBECEERTHY 7€YY 2— )L TH 5 Cache Detector,
Read-Size Predictor, % L <C Write-Size Predictor 7>6 7% %, RY T —EY 12— )it
HH L7274 227 VO ¥4 X6 7 74V 10 DFATZHIRT 2 &0 % g $
5, Ay P U ITEY 2= VIFRY T —FY a— VI THEEILZ 74 L 1/0
DFITZHIRT 5, HRR) S —2ZEHT 212, RV —EP2a—V2ELE
ZAABETTEW,

DiscNice DEIfEDN 2K 4.5 IR, B TOT7 7V r—>ava7 74
/O 234732 L, 7LFA 7FES 2a— P AT LNTHEETSE T4 A7 1/0
YA RXZHEMT 2, RV —FTa—0NE, VLT 75ES 22— VOHEAIL 72
T4 AZ 1O ¥ A X2, #HARENTZR) > —IfE>TC, 77V 7r—vav
D77 A N0 DFITEFIRT 2 0E0EHRDSL, KUY —FEP2—LIET 4 A
710 ZHIBT 27012, 77V 75— avPBRITLTHIL7 740 1/0 Y4
A%et8 T %, FHEMSRICIEY, 2uy P VIR a— AT S ) r—rav
D7 7ANTO ZHIRT 5.
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file pointer SMB (M)

........ FILE
probed | A T |
quickly slowly quickly slowly
N /] region within buffer cache
1.25 MB (m) region out of buffer cache

4.6: An example of cache detection. This diagram exemplifies how Cache Detector
behaves, where M is 5 MB and m is 1.25 MB. In this case, Cache Detector’s probes
quickly return at 1.25 MB and 3.75 MB. This result indicates that the two regions,
(fp,fr + 1.25 MB] and (fp + 2.5 MB, fp + 3.75 MB], are in buffer cache.

4.2.2 Cache Detector

Cache Detector 1 5 7 7 A VDN 7 7% vy ¥ a WITHFET 2 06502 HE
$ %. Cache Detector TH\»TCTWw % 703 X A% Arpaci-Dusseau & 12 & > T
RINTTFHE[B5)%2F2a—=v 7 L7bDTH%. Cache Detector 137 74 L% 1
NA FHAAURHEZEHIT 2 2L TTR—T7217). XEVNDT7LALET 4
AINDT 7R AERIND E, XEYANDT 72 AIHEERICHE §8, A7 10—
ZEZOBRENHT S, b L 70— 7REPEINUE, 2D 7 7 AV Ok
Ny 77X vy allfFET 5 LHET S, bLRETUE, 77ALEL7 74
DFIFNE T 4+ A7 NITHAHES 5 L HLR T,

BRI TOT7T 7V r—2av37 7 A Vi AiARZFT LI & &, GisiAAz bR
TLHR (7 7ANVKA U, )25 M XA FDFEIBIZOWTOHEZEZITH., %
T, M NA S OfEE m A FOFICHE TS, Z2LTC, M4 L OfEEh o
| M/m]| T 7a—7%479. BRI, fo+m,fo+2m, ..., fo+|M/m]-m OH
Re7a—7%2119. b L, fo+k-m#Eo 7 v — 7R T UL, fr+(k—1)-m
DOIREDS m AN, FOFEIEANY 77X vy a2 NITHET S EHIET S, b L
7a—7kEPRFIUL, Ny 77X ey aNICT S I3 EL BV ERLT,
DiscNice 137 7Y 77— a v 237 7 A Wi AriA A %2 5479 % FEIZ Cache Detector
ZIEOHT DI TR, L7 7V T—2arvD7 7 A NVEAL VIR TICT
U—7%f7o7 M N4 b OMHEZE TR L TWw 54, Cache Detector (ZFFUNH X ¢
WZHIElO e —T7HEREZ WS, Z9 ThiFiuE, Cache Detector ZM-UNH L, 7
a—7 %177,

Cache Detector DEIfERI 2 X 4.6 ICKRT 5. 4, B TO7? 7)) r—> a5
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read (fd, buf, 4096) ZFfTL7Lt L, M & m DEIZNZNS5MB, 1.25
MB ThH 256 %% %2 %. Cache Detector 237 02— 7 %{1-o7-L 25, 1.25MB H
£ 375MB HD 7'a — 730> 72, D& &, Cache Detector TlZ, fp >
5fpp+125MBHET, fp +25MBHD»S fp + 3.75 MB H £ TOREIEAI N v
77X Yy aWICHET 5 L HET 5. 208, 77V —>avdiread(£fd,
buf, 8192) ZFITLTdH, 77ANVEKA VI HIM T —7 L% M X4 D
FEMICE F1 5 728, DiscNice 1% Cache Detector % FEOVH X 72\,

ZITC, MPmOMEFTEEFESRET 20 EBHS, L MPRETESL L,
R & & BT M 31 P OEBORNSZALL TL v, 70— 7HEROKEK
TLTCLZEI. %, MWNITEDLLE, OSICLE 7 7 A VEHASL 70 Y 734
AZXTI7RAIZEST, WIZTZ7ANDT=IBNY 77X Yy 2 llGFET D E
HELTLES. mICBALTOEMKRTH 5. FhiERZITV, BEDO 70 F ¥4
7TIEM%ZSMB, m#% 125MB & LT3, JLADFELEIZZ DT A=)
HixoTwn3,

4.2.3 Read-Size Predictor

Read-Size Predictor (& 7 7 4 WWEt AAARIHED) T4 A7 /0 A XZ2HEMT 2,
EHTNOT7 7V r—> avdread (fd, buf, n) %473 % &, Read-Size Pre-
dictor IZ Cache Detector Z™M-OVH T, H LEARL 7 7 A L3Ny 77 F ¥y v a
WIZHIUE, TA4ARAZ VOV A X% 0 EHMTE, LAYy 7 7F vy aNichk
IF1Z, Read-Size Predictor ¥ n 2 70w 7% 4 X CThHO LTS, 2LTC, 774
WHHATEL 274 A7 10 A4 R%EHD EF n OfEiciNzZs 2 &C, 40
574 A7 TOYARET D,

7 7 ANGERAIZE S TEL D74 A7 10 A X%, OS BRHAL T3 774
WA TN TY) A L% 2—F L)L ETCEIaL— T332 CHETS, 77
AN AL > TELE T4 A7 /0O A RF2—HF L)L CTHIST % 2 &8
HEL . OS D37 7 A VoA DR 21— L )VICEEL w5 TH B, %
T, OSPERHL T B 7 7 A VEGRAT N TY ALY —Aa— P FF¥ a2 X
VIERZBLTHNS, ZLTC FOTNIYVRALELIIAL—FTBEIET, 77
ANFEERAIC LD TEL DT A A7 IOV A R 2—F L)L THUHET 2,
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4.2.4 Write-Size Predictor

T4 AT EERABRYA ZZHMT 27-0121%, OSICXb 70y 794 AL A7 7+
AT Th CEBIEE ZIAADERET 2 0803H 5, BIEEH ZIAAZ, EHFOH-
ler—=87uay 728hdH s —Efixtlis, b LIIE—ERHERLZL T7T—
70y 72T 4AZICHEZIAL OS DIREZIEVTH S, 2D, 7741k
DA CHBADEFIZHAINTLEIDT, TA AT HIAAYAXET 74
NEZIARTA ZBBTLHRELCICRS EIFRG RV, 22X, 270k A
DH7 7 7 ANVEEKL, 4KB DT —¥ 2 HEAR, fil>T4KB OFEHO
2KB DHBIC T =8 2HZIAAL LTS, £F, 70 AN4KBDOT—F 2
At L, OS 34 Fuoiinzay 7z A€ RIMERT % (X4.7(a). %D,
7R AN 2KB DT —F 2HEAL L, OS BRIFEFRL LGN 70y 7O
06, HIEAARDH>IHIBICHEYET 570y 7OWNEZEHT 5 (M4.7(0b)).
DEE, 77ANVIVO YA RE6(=4+2)KB TH 20, EEIZELLT 4RV
VO¥AXIF4KB TH S, T, OSH7iinzay 7 2R LswI Eic
BT 2, £, EdRo#licswT, 2KB D EHEZORO DI, 77 A4 V&I
L788E, 774010V A XE4KB L% 503, FERICAEL ST 4 A7 /O YA
RF0 E%%, BT ADT7 7 A NVHIRZITo7 L &, OS EAEta7T 4
AT 7R AZKT DI, XEVFHOEN TRy 7 Z2HIlRT 520206 TH 5.

BIEEZAAICEK>THELZ 7740V 1O A RET 4 AT 1/0 4 XDiE
WEERT 572912, Write-Size Predictor I& Update Region Table £ \>9 7 — %
W& % PR FF 9 %, Update Region Table (27517 0y 737 4 A7 ICEEZAEN
25T, T—FDEZIAARDVDH 17 7ANVOHEBZRFT 5. BEHTOoT7 7Y
r—yavdwrite (fd, buf, n) ZFITL 72 & ¥, Write-Size Predictor 133
ZIAADD - B E RS, BARNICIE, bZET—F7uy 794 RET5L,
[l£p/b] - b, [(fp + n) /b] - b) DHIBIZHH D3 H > 7= & AT, G54, Write-Size
Predictor |3 Update Region Table Z 2§ 2. & LHEH L 725H82% Update Region
Table IZ& I LT\ 72 6, Write-Size Predictor (350D write () ZT 4 A7 7
7 AzfEb v BT 5, b LERINTOURITNIE, ZOMHEZTRT 5.
L7 7ANDHIERI NS, Z2D7 7 A VBT 25O SRz HIFR T 5. OS
»EN 7y 7% 74 A7 ~NEHEEMT L E, Write-Size Predictor (X Update Region
Table Z M L 2036, BBSN TR LHKDOARNE SDGEHFIZ T4 A7 HZIAAY
A RET %, Z LT, Write-Size Predictor 17 4 A 7 EHZIAAY A X2 HKY ¥ —%F
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A 4 KB file is created Totally 2 KB regions of the file are updated
file

L XL
user-level user-level
kernel-level kernel-level
dirty block
OS creates 4 KB of dirty blocks Corresponding blocks are updated,
but the amount of dirty blocks does not change
(a) When a file is created (b) When the file is updated

4.7: OS behavior in file creation and updates. The two figures show OS behavior
in file creation and updates. When we open a file and write 4 KB data on it, OS creates
dirty blocks. After that, when we updates a 2 KB region of it, OS writes the updates on
the dirty blocks.

Y 2 —)UIHEAIL, Update Region Table D E&HNE #EZT 5.

Ao (K 4.7) Tlx, 7 7 A VDVERINTEHZIARDEL % &, Write-Size
Predictor (3 4 KB Dl % Update Region Table (2 8% 3 % (X 4.8(a)). XKIZ 71tk
AT 7 A INN2KB DT —F 03FH ZIALDY, Write-Size Predictor (% Update Region
Table DINEZHH L 2\, Z4UE, HAID 4 KB OFH ZAARDERIC, FHZIALHHIK
39 CIT Update Region Table IZEFR I LTV 5026 TdH 5 (X 4.8(b)). T4 K
D, oSG 7ay 7% 74 A7ICEEHT & E, Write-Size Predictor |+ Update
Region Table DEERNFINESTA4KB DT 4 A7 EHZAARDEL 5 EHEHIL, 2D
iz R > —FY2—)LITHEAIT 5, @A, Write-Size Predictor 1Z Update Region
Table DEENEZ 7V 79 5.
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DiscNice ® 7’0 } ¥ 4 7% Linux 2.4.27 RICHEZ 7o, 70 b4 7iF
libDiscNice 74 77 Y, write-adjuster 7Bt X, ZL T policyd 7
0t 2A%257% %, DiscNice D7 —%7 7 F v %X 4912789, 1ibDiscNice i&
BHT27 707 —2avic Vv 73X 57008N) 77477V Th5.
libDiscNice l%, Cache Detector & Read-Size Predictor, A0y MY ¥ /€Y 2 —
NEGH, VoI L7 7V r—vavd7 74010 28ER/TS, 779075 —
> avn7 7 A INVits”IAAREZLIT) £, 1ibDiscNice (& Cache Detector & Read-
Size Predictor Z MM L 74 A 73R iABY A Rzl ¢5, 77V 75— av
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Update region table Update region table

File Updated Region (byte) File Updated Region (byte)
test.txt 0 — 4096 test.txt 0 — 4096
The updated region is write(fd, buf, 0.8KB) Because the updated regions are already
registered write(fd, buf, 0.5KB) registered, no regions are registered.
target | Write(fd, buf, 4KB) | write-size target write(fd, buf, 0.7KB) | vite size
application predictor application predictor
(a) When a file is created (b) When the file is updated

4.8: Write-size predictor behavior in file creation and updates. The two figures
show how Write-Size Predictor manages update region table in file creation and up-
dates. When targeted applications write data to a file, Write-Size Predictor registers the
updated region to update region table. When the same region is updated, update region

table is not changed and thus we can avoid accounting the file write size to disk I/O size.

M7 7ANEEZIAAR, L7 74 VDHIBREEIT) £, 1ibDiscNice X%
% write-adjuster IZH#AIT %, write—-adjuster & Write-Size Predictor %
Gl 7me A TH%. Write-Size Predictor 1%, Update Region Table % fii > T 7 ¢
AV EZRABYA R T 2720, 7R ADT7 7 A VEHEZAAR L 7 74 )VHIER
2R 205 03H 5, Z 2T, Update Region Table DEM 2 RZIZT 57D I,
Write-Size Predictor & 1ibDiscNice & ZJHfI ¥ T3, write-adjuster
D7 7ANEEIAR, 7 7 A NVHIBRO@EHAZ 1ibDiscNice 25X\ % &, Write-
Size Predictor ZWFOH L 74 A 7 EFEZAAY A Azl T 5. 1libDiscNice &
write—adjuster ZZNZFIHEM L 7274 A7 1/O ¥ A4 A% policyd 7B+t A
IEHIT 5, policyd @ FHEZ 6N RY ¥ —IfE>T, 774V 1/0 DFFFTH
ZWIESTH 7R ATHS, policydd7 7 AV /O DFfTH % 1ibDiscNice
DABY Y Y TEY 2= NVITEAIL, 77V Tr—2aryD¥fT$57 74110
Z HH$ 5,

4.3.1 libDiscNice

libDiscNice Z 7 74N TO YV 7 A 27 v 735, BURNIZIZ, 1ibc N
D7 7ANTO ICEHTEEEEZA— "= FLTw3, BEOTa ¥4 7T
X, read() & write(), unlink() Z4—""—9 4 FLTW%, ZnsDE
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target application j write adjuster
linked file read file write, unlink process olicyd
e ~N - - predicted P Y
write-size | | disk write size _ PrOCeSS
predictor
- predicted
read-size disk read size
Lo . redictor
libDiscNice P
l T file in cache ? policy
cache file 11O
detector throttler file 1/O rate
N : A J
I N . .
probe ! throttling file I/0 return user-level
\ ; kernel-level
-
oS

4.9: DiscNice architecture. DiscNice is composed of 1ibDiscNice library,
the write—adjuster process, and the policyd process. 1ibDiscNice con-
tains the cache detector, the read-size predictor, and the throttling module. The
write—adjuster process implements the write-size predictor. The policyd pro-

cess determines the file I/O rate based on a given policy.

Bt —nN—54 FT270I1C, E#EIALATIVEY VI TIHREITREDTA 7

FVEDY I RITH IEMNTE L7V u— Fi&REZ H\» 5. Linux TIZBRBIZEL
LD_PRELOAD ZH\2% 2 & T, RED T4 77 Y ZHillliyic) v 795 & T
5,

7 7ANVEEARIARE 7w 7§ HE, 1libDiscNice IFHEHIL 727+ A7 /O ¥
A X% policyd IZBHIT S, 77 ANVEHEZIAAR 7 7 ANVHIERE 7Yy 7T 5L,
libDiscNiceldZ DY 7 T A F% write-adjuster IZ#AIT 5, 1ibDiscNice
I3 policyd® write—adjuster LI TCP/AIP 2% 7> a vl TA vk —
DN ENZEIT), BLHEML 7274 227 VO %4 X030 THIUE, A7
Ot A MG 28T 272012, A4 ZDBHZfTb% 0,

e, B TO7? 7V r—yavBr7ue 2 z2E{LTH, ZOF7uLA
IZ 1ibDiscNice ~NHEIWIZY ¥ 7 N 57 ®, DiscNice IZL>TT 4 A7 1/0
piflflsn g, BHEDO 7T v b ¥4 7T, F7uRADT 4 A7 1O FfTEIZH
7R ZIMBESINDE LX) ICh>Tw 5,
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4.3.2 write-adjuster

B TO7 7V r—vavdwrite (fd, buf, n) Z¥f795 &, libDiscNice
X7 7A4ANVKRA VI DOWIEH E n &% write—adjuster ICEET S, Z L T,
write-adjuster |& Write-Size Predictor Z M- 9", Write-Size Predictor I% 7 7
A NEZIAAD H - 725838575 Update Region Table ISR I 1L T\ %00 E ) 2> % fif
BT A, b LEESRIN TR 6, HEIALHEZ Update Region Table 12
Y 5.

Update Region Table |3 wpred_st MiiEAD Ny > 27 =7V TH S, F—1377
ANDi /) —FHESTH S, wrepst FGEHRIZF7 7 A VD1 /) —F&ES, ZLT
B S a2 R 2 FlA0 6 70 %

struct wrepd_st {
/x file’s inode—number x/

ino_t ino;

/* updated region */
boolean wpos[MSIZE];
bi

wpos (& 4 KB Hf.T7 7 A WOHEFDH - 158k %2 T 5. 4KB TR 2
BUfZ, Linux 2427 374 27 LD 7 7 A VDT —% % 4KB I T7 72 AT
506 TH5. b L wpos[i] DD’ rue THIUL, [i-4KB, (i + 1) - 4KB) O
WEEHOHS>TFEEART, ez, BHINO7 7V r—rarvd7 74l
ZHTAAER L, 100KB DT —% %7 7 A VOIHEP S FHZIAAN L E, Write-
Size Predictor |% Update Region Table IZ#17z72 > MY Z{ER L, wpos BEEFID 0
D6 24 (= 100KB/4KB — 1) Ofiz true £ 5. b L7 7 A4 VDHIRI N5,
Write-Size Predictor (F3%4 95 LV MY ZHIRT 2. T4 AVHFZAAYA X%
#EMIF % 7212, Write-Size Predictor (& Update Region Table H1® true DEE % %X
Z5.

OS V5N 7 vy 7 %574 AVICEHEIANT £ E, Write-Size Predictor I3 policyd
ICHERI L 7274 R 7 FH EIAAY A X% @Ml L, Update Region Table 2 7 V) 79 5.
Write-Size Predictor |3IEIEE ZIAADFAEZ A BT DIZ, 7R AT 7 A VT AT
LD ZEITS., 7R AT 7 ANVT AT LTI, YATLAEERTHEL T AY
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HXAABRRS T2 TES, ZOMOELEEHT 5 Z LT, Write-Size
Predictor 37517 0y 73O T4 A7 ICHEEH I N2 T5. Y AT204
RDIRAEZ Bt 9 % F1513 Linux D OS ICHBEHARETH % L EZ L5, 7%
5, HED OS IFHIDOWEIREZ 21— L )L LI 2056 TH S, H
B%1Z, Windows Tld System Information Function [47] %%, Solaris (Z (& Dtrace [50]
E9 OS ODNHIREEZ IR T 270 DA ¥ —7 = —ADFET 5.

THEART FANT AT LNDT 7R AL DF =N~y P26 Teolc, 7
7 A BHE L7z, B TO7 7Y r =2 avdiurite () ZIFOHT
JEIZ, 702 R 7 7 AN ATLARLT 7R ATLDIEa R FAEV, 2 2 CTHIE
D7 RZATTIE, 500ms ZEICTAEAT 7 ALY AT A EOEEREL T
VW3, 44HITHRNS X9, TDOF =~y FORRTFEIEZ T4 A7 VO YA X
DHEM AN DFELEI D 75\,

4.3.3 policy.d EIRFEDIRY & —

policyd 70X T4 A7 1/O VA X%ZHHF L, policy () BAEZMFOH T,
policy () BBUE 7 7 ANV T/0O Z ED X I ICHIRT 202k 5, policy () D
E 13 policy(pid_t pid, size_t predicted) TdH 5. policy() 70 A ID, ZL
THEH L7274 A2 VO YA AZ518E LTINS, RO fEE LT, pidD 7
0 A ID ZF2 70 AT TRE 7 74V VO DFTHEZET, 22T, ¥
FFROF 7O ZANER L7 74 L 10 A4 A oBEHBEINS, FTLTH X
W7 7 AN 10 OFED HnEiET

7a b &4 7 EICEELZHIRAY > —1F rate-windows [52] Z#FEIC L TWw 3,
rate-windows (& A BMELL N2 T 4 A 7 G DOFEHEZGIR T2 XY > —TH 5.
F4 A7 10 DIFATRZHIRT 272012, TAAZ VOV 7T A2 T225
AT4vTI4VEZ2HCE, AFGAT4 T4 v P 2052 LET, B
HUED7 7V 5= avor4 A7wEfHE2ZHE RT3 T&%, 77
r—2arvdDT 4 A7 HESBEZEA % L, sleep 27 7Y T —>a v
IHALTT 4 A2 1/0 DFATRIBIES 5,

AFAT 4T 74 Y FOKZK 410 1R, BEHTO7 7V r—vavd
TAARAZ VO ZFITT5E, 7u by A4 FICHEELZRY) > —7Tl3 2 EOER
ZRET S, 1ODRMEHILZT7 4 A7 110 4 X, 220DIFREDT 4 A7 1/0
VI IA D5 DOFGEIHTH 5. FEEL 7R Y > —3ERO N BETO 7ax
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BKB

disk I/O

) 4096 8192 e 1024
Size

related 0 200 [ 150
time

N sec
\—» average rate (% [KB/s])

4.10: Rate-windows. This figure shows the data structure of rate-windows. We
record the predicted disk 1/O size and the time elapsed from the last disk I[/O. We can

caluculate the disk I/O rate during the last NV seconds from these pieces of information.

ADT A4 AV HBHFHEZRAIA T4 v 742 v Py 2HWTEET 2, Bz
R KB/s, EHID N WHICFEITINIT A A7 VO A RX%Z BKB &35, HL
B/N < RTohtu3, T4 A7 /0 2¥T L THHEMAHRIZ RUTTH S LA
%Y., 2D, policy() I Ay FY VY ITEY 2—)LIZT7 7 A4V 10 % 5T
T2 L9825, L B/N>RTHIUL, T4 A7 HEDBEZEZ %
DT, policy() & B/R—N 7} sleepT5L) A0y PY UV ITEY 2 — I
WHIT 2. sleept, AUy b)YV IES2—NIE 774NV 10 2FETT 5. B
EDO7a by AL 7T, HR[52]1 2SFICL, N2 1BELTWw3S,

Hn7ay VBT 4 A7ICHEHINS EEFIL, BOMEPKREL EEI LD
5., ¥R, BEFEZAARICLST, OSWBENTuy 72 FLDTT 4 AV
HEMIH»6THS. MRE LT, BEEZAADREERLIC, B/N 2R %z
ACLEIZEDH S, 7R b ¥ A4 7L R > —Tld, B/N DR X DK
{B%T, 77410 ZELEIE T3,

libDiscNice & policyd DMfEIC K B F — N~y FZHAKT 57D, 8@
BREEZE L7z, OS X5 7 vy 72 F LD TTA AZICHEEH TS, 7
TV = avd write () ¥ unlink () ZFFOHTEIC 1ibDiscNice 28
policyd 25 7 7 A )V /O DIEIERHZ G T 5 Z L 3Bk % v, 22T
v %A 7 ClE, libDiscNice I& 300 ms I & IEBIER OISR 21T > T\ 5,
44 FITIBRRD L H1Z, TDOL— 3~y FHIRFEIE T 4 R 7 VO OHEHI~D 2
ZA 70,
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4.3.4 Read-Size Predictor

Linux 2.4.27 £Cl&, T4 2770y 794 XIZ1KBTH%5, 74 A7 LD
7 7ANIIER= YA ZHNL GKB) TP 72 RT 5, 20D, 7ntby47
TE7ay 7% A4 X% 4KB & LT#HfoTw»3,

7 7ANEGRAT LT ALEZ LI 2L — T 5%DIC, Linux24.27 DY —A
a— FZHEL 7. Linux 2427 T, 7 7 A VOEGAZIRNIT) 72D, 2
S2DE—FZHELTW3, 1 2®Iid synchronous €— F, 2 &% asynchronous
E— FT&® 5. synchronous €E— FTlE, 7 74 VDIFEAY A X1 4 KB THE
TdH 5. —J7, asynchronous E— FTlE, 7 7 A NVDGRARIARDY —F V¥ ¥ )L T
HIULT 7 A NDFGEAT A ADIKEL > T (L. £7, Linux (& synchronous
E-—FT7 74V Z25iAd8, 2 LT, KRD7 7 A IVDaiAkAHHIRIDEEAIA
A e LT, asynchronous €— FIZf %, 774 VB> =7 v » )L T
Gt RIAFENAHPRD, Linux |& asynchronous E— FDE EFTH5, L, 774
PEARIARIIS —r v v )V Tl {725 &, synchronous E— F & 7% 0, 774 )%k
AT A AD34 KB IR S,

7a k%A 7"Tld, synchronous E— FD&A%Z LI 2L — bk LT3, asynchronous
E—FDZIalb—yavidT 4 A7 10 YA AOHHEEZ LiFs L3 TED
EFEZ6nsb, Lo L, DiscNice Z 5 &, asynchronous €E— FTD 7 7 A )L
Fei AT A XOHMEH F Dbk, %¥7% 5, Linux 2% Cache Detector D 7°
0U—7%7 VY LatrihHTH S EHEL, EMIC synchronous € — FIZED,
7 7 AN AY A XD 4KB %%, ZD7-®, asynchronous E— FDL I 2
L—2avziToh{Ty, #lKEZRECHELZDLTITTA A7 /0 A4 XD
MM Z2IT) 2 ETE S, HEE, 448ITHBRD L HIL, T4 27 V0 ¥4 XD
MRS 13K T D 4.4% TH D, DiscNice 2\ 3 & 12 & 2 FATHRH ORI
By =7 v v VREHRABEITIEED T 7V r—a v 2 HWTY 3.05% B
TTH 5.

4.3.5 &R

Linux ETl, 774 V10 20T T4 A7 V0 2795 2 £3H %, mmap ()
AT LA=NIE, T7ANEBRAERYIANR Y TT L, v T EINTT T ANIT Y
v 2%F 5L, Linux 5T 4 AZ06 7 74 VONBZGAIAA, XEYIZR—F
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T%, Z20O®, BUED DiscNice Tld mmap () IZX>THEL B354 27 110 2k
HT2ZENTERY, ZDT 4 A7 10 ZWHT %7-9121%, DiscNice % HkiE
TL0ENH 5, BARWIZIE, 1ibDiscNice 28mmap () WX >THL ST 4 A
710 ZHHTE S L) ICmprotect () AT LaA— VZHOWT 774V %22y
L7 ABYHEEZRET 2, RELAATYHEBIZT? 7V r—rarvd 7ok
ALTEEIL, R=Y 73—V DB 1EEL BEITHDT, F—r3~y FlEfw
EEZHNS,

72, open() BRI stat () ZfTHIZI D70 T I 81%, 774NV 10 ZfED
T, i/ = FREFERARAG I EWCE>TTA A7 0 2F(TT5., 2o7ur 7
LADBRKBEDT7 7 ANZUILT 2 L, T4 A7 1/0 PWHBEICHEITIND T ENE R
L5, TN6DT 4 A7 1/0 DHIZ, open () DEEZFHIT 25 Z £ TITH
CEDVTES, i /—FX Yy a2NICEET S 1/ — F2ARIAAR L E L T4
ATHND i/ — FZHAAATBRIZIE, open () DFEITRENCZAZDEL 5 2 L3
LNTED [94], TDFE% DiscNice ICHHAIAL T & T, TNHDT 4 A7 1/0
MM T LI ENTEDLLEEZOND,

EEDOHZT7 7V —> a v OfilflEARGm X OGN L%, BED DiscNice
FEZ, BHEHTZ2T7 7N r—ravziilllTa I L2 IREL TS, 2070,
WEDOHDH7 7V — a i DiscNice Ik BEHZDPW B ENTE S,
7221, BEOHAL7 7Y/ r—avid 1ibDiscNice Tk B 7 v 7 2T
read () ®write (), unlink () ZEZEMNEOHT I ENTE S, 20D %’n
@%%7707—vay«@ﬂmiéﬁwﬁa&?5

4.4 SRER

DiscNice D HEZMER T 2 7D ICFHERZ T o 72, FEEREREEIZFER 44 0@ T
b5,

441 NAANRVFI—7

DiscNice DT 4 A7 1/0 ¥ A4 AOHEPIEEZ MR T 2 701, FEEICEL 72T+
A7 1/0 %A X & DiscNice BMHERI L 7274 A7 VO ¥ A4 R &2 KL 72, FEEEIC
B 7T 4 A7 VO ¥4 A2 039 % 70IC Linux 2.4.27 Z AR L7, BRI
1%, TAAIZT 7 RAZFHITT BRI, EDTOQRANRENLZITDT 4 AT 7%
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7 4.3: Experimental environment

CPU Pentium 4 2.8 GHz
Memory 1024 MB

HDD 7200 rpm, SCSI
oS Linux 2.4.27

7% 4.4: Accuracy of disk I/O prediction (micro-benchmark). This table reports the
actual disk 1/0O size of micro benchmarks and disk I/O size predicted by DiscNice.

Benchmark Sequential Stride Random Create
Actual disk

615,022,592 | 411,250,688 | 491,073,536 | 409,612, 288
I/O [byte]
Predicted disk

615,006,208 | 410,173,440 | 492,625,920 | 409, 600, 000
I/0O [byte]
Error margin —0.00% —0.26% 0.32% —0.03%

AZfTo e Z T2 LR L, TARI T 7RV I Z AN ZEMT S
&ERIC 72 2R ID 2L, T4 A2 772 AT HIBEBTID 278 %, %
LT, ZOIDIC#NT % 70 AMEEIHIUL, T4 A7 /0 ¥4 Azl
5., R LETAAZ VO YA RE 70 A7 74 VY A7 L0 6 UG TH
5., ZOINRZIWEDNS, NToef7uxvFe—r7ar 702 Tk,

e Sequential : 600MB D7 7 A NVZd—7/r v v VICFEAIAL
e Random : 600 MB D7 7 A L% 10 [08] T v & LT EiAIA LS,
e Stride : 600MB D7 74 )% 12KB Z &1 1 N4 binAAAL,

e Create : 774 /)% open L, X5 ’a’ % 400 MB & ZiA{r,

FERAERZ K 441 IR T, TRTOHAICELT, BEMEZZI%NUTTH 2.
DiscNice % f\>T7 4 A 7 {ki#l b él“( %?&Eﬂﬁzﬁ) ZHER T 572012, Sl
EHWwIzwA 7uxXyvF<w—7 Lt DiscNice ZEI{EX ¥, 74 R 74t &% 51
ML 7., Bifiiz 5 MB/s L& L7, ke LT, %9 DiscNice ZH\ 7w & &
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4.11: Results of throttling micro-benchmark programs. These graphs show disk
I/O rate of micro-benchmarks with DiscNice. The x-axis is the elapsed time and the

y-axis is disk I/O rate.

DT 4 A7 RSN EOME L7z, fERZK 411187, x il EREENH, y flild
T4 RSO ETH 5. FEfH DiscNice THIR 21T -7 £ DT 4 A 747
R &, W% DiscNice # ik D74 A7 AidfliFHETH 5. Create
DI 77T, Hh7ay 7RT4 A7 ICEEHINMBETO T 4 A 7 88
METH 2. K4.11 XD, DiscNice 23HELL FIZ 7 4 A 7tk F &= 2 R L T
WhZEDBDDSD.

4.4.2 DiscNice Y 2 —ILDBME

T4 A7 ariE 2 IR 9 A B2 DiscNice DTS 2 — U ED L I ICEHBRL TWw
A FRBELZDIT, UTD4OD7 2 —AhohirRvFe—r2HEL -,

1. Random-Read 7 = — X:200MB ® 7 7 A )L % 10 [0 7 v ¥ LI HiAriAte,
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7¢ 4.5: DiscNice configuration. This table shows the five configurations of DiscNice

we used in the experiment to confirm the contribution of each module.

) Cache | Read-size | Write-size
Configration Name ) ]
detector | predictor | predictor
All-off off off off
CacheD on off off
ReadP off on off
CacheDé&readP on on off
All-on on on on

2. Stride-Read 7 = —R:200MB D7 7 A4 L% 12KB B ZIZ 1 N1 FiiAiALe,

3. Region-Write 7 = —2X: 1 2D 7 7 4 )LIZ 10 KB O 7 —4 % 10,000 [a][H U FH
W EH ZA L,

4. Create-Delete 7 = —Z: 10KB O 7 7 A4 VDAL, HIEEZ 10,000 [FlfE DR,

5 B OHREDEL % DiscNice Z VT, TOXRVYF2—7DT 4 A7 Hih%
HRL 72, 5 HEHOREIZH 442 DB TH S, 5 MHDHE L DiscNice D
£ ¥ 2 — )L (Cache Detector, Read-Size Predictor, Write-Size Predictor) D715 A3 % 72
5. TAAZHHOBEIX SMB/s & L7,

FERZN 4121289, All-off TlZ, Random-Read 7 = — R IZBWT, T4
A7 10 ZBRENHIR L T3 2 &b 5 (K 4.12(). All-off E7 7 AL
VO A X% T4 A7 MO YA XEEZMRL T2, Ny 77Fryra N
DT —F ZnHIAATREEEL 7 7A N0 ZHIRLTWw2%, £7, All-off
T 7 7 A VAR 70y 7P A XTOT 7R AICEDE 774 NVTO0 YA XL
TAAZ VOV AREDTNER) ZEBTERV, FRELT, T4 A7
i &2 Stride-read 7 = — A CIXERfEZ 2 T\ 3,

Cache Detector Z flAiAEs &, DiscNice 135y 7 7 ¥ v ¥ a2 NICHFET 5 7 7
AN L ToFAHFE2HIRL %< %25 (K4.12(0b)). LaL, 774 Vk&s
27Uy VYA XTOT 72 ACE>TEL ST 4 227 VO 2HlIRT 5 2 LidT
7\, ZD7-®, Stride-Read 7 = — AT, T 4 A 7 Hrik{li FH & H5EMl % # 2 T
W5,
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4.12: Results of throttling 4-phases benchmark. These graphs show disk I/O rate

of 4-phases benchmark. We throttled the benchmark with DiscNice, turning on and off

DiscNice’s modules. The x-axis is the elapsed time and the y-axis is disk I/O rate.

Read-Size Predictor Z fH&iA$r &, DiscNice 137 7 A WAtiiARL 70y 73 4 R
TDT V7 RALES>THELEZ T4 A7 /0 %#H[EL, 77410 OFITEFIRT
5. LL, Ny 77X %y aNITFHET 5 7 7 A )VICK L TOHiAE E 2R

51




L7\ dD T, Random-Read 7 = —RIZEIT 574 A7 1/O Z#@FNZHIR L CTL %
9 (Fig. 4.12(c)).

Cache Detector & Read-Size Predictor & % fHAiATr &, DiscNice /&, Random-
Read 7 = — A & Stride 7 = — A IZEWT, @FILHRZ < 74 2 7 i E %
BIELA T ICINA 5 2 L3 T&E %, Lo L, Region-Write, Create-Delete 7 = — AT
X7 4 27 10 BRITI NI H 9020 573, DiscNice (&7 7 A )V /0 % il
L T\2 3 (Fig. 4.12(d)).

Fig.4.12(e) £ D, All-on ST RTD 7 = —AITE W CEFE 2 HIRZ C 74 27
SR ZBMEM T IS A TW3 2 E3Hh %, All-on TlE, Random-Read,
Region-Write, Create-Delete 7 = — X LD, T4 A7 1/0 ZfEb\vw7 74 )L 1/O
DfilfRZ L CWwisvs, 20780, All-on DFED DiscNice 2% &, XV F
~— 7 ODFETRHDPR O Lo T3,

443 NVARVYFI—Y

DiscNice WEEEDO 7 7V r—2 a v D5 4 R 7aridz IR aE 22 fEg2 3 % 7-
DIz, PRV Fe—r7ur7 7 02HEL .

e Tar: 1200 MB D7 —h A 77 7 A NZEHT 5. EBEEBED 7 74 LV,
T4 L7 P )EIZZENFN 6661, 25860 HTH %,

e Make: Apache [95]2.052 Z 2V %4 )V § 5, V—RAa—FDH A XIIf 8
MB TH 5.

e Grep: Linux 1—F)L 2427 DY — AL FX 2 XY F5 ‘epoch’ &9 XL
FHERKT 5. 774 NVDERI A RIEKI200MB TH 5., 7 7 A4 VEUE
25,860 fiTH 5.

RAAZIWCEBEDT A A7 VOV A REHHML 72T 4 A7 1O A A2mRmd, <
JURYF =7 TOREEAEL, RRRKTH 44% TH 5. #H21L Grep ZEIES
HRLEIHETHD., ZOBREEFTALY MY ZRAAARLE EITAL 538E
Ths., BUEO7TB F A4 7 TlE, T4 L7 MY DHAAARICETE 7u—7%
fToTwhnidTh 3,

DiscNice WEFED 7 7V 7y —> a v D74 A 7Bz HR T & 20 2R T %
72012, LERD 3 ODRVFv—7 2ffioTT 4 A 7N HEDHIRZ 1T > 7.
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7% 4.6: Accuracy of disk I/0 prediction (macro-benchmark). This table shows the
actual disk I/O size of macro benchmarks and disk I/O size predicted by DiscNice.

Benchmark Tar Make Grep
Actual disk

435,482,624 | 48,271,360 | 215,965,696
I/O [byte]
Predicted disk

430,954,752 | 46,735,360 | 206, 376, 960
I/O [byte]
Error margin —1.0% -3.2% —4.4%

BfEIZZ N2, Tar XL TIE5MB/s, Make 121X 500 KB/s, Z L T Grep I
IZ3MB/s £\ BfiZ 5272, K413 SRR 2R, x l3RorR, vl 7 4
27 EZ 2 L T3, FEFRIE DiscNice T7F 4 A7 z2HIR L 72 & &0
T4 A7 R, R E DiscNice # Wi o7 L 2D 7 4 A 7 &
TH3., M413 kD, Grep KL TIET 4 A 72 BELI FIC#lZTw3 2
ED3bD 5, T Grep B3, T—F2EFZIALI LD, SEAARDARZLT
IRV F2—7THHILICERT S, TV EHEZAARZITIMMDOR VY F~2—7
T, BMEZEZ 28002055, ZORIZOS BENWNY 772 T4 A7
FEHTEXICAEL S, e ZIE, K4130b) DHETHAZLZTETICHEET 2, T4
A7 algfEM X, LIXo o], BEM N &% >Twa, 2L T, OS5 7
Oy 7% TAAZICESHTLEE, T4 A7 E IR —RIcBIfiE 22 5.,
20, T4 AZ O IFLIFS K FEfTE Nk, 203, DiscNice RIZFEEL 7
RV =274 27BN R 2 BIEML MICIIZ &k 9 £ 957012, 774
VIO ZBIEL TVE06TH2D, K4.1412, BEEZAARDPEL MR TEHE
L7572 A7 8 EZ R 7. X 4.14(a) DFIZIX 4.13(b) D &) LT
W3, [X4.14 XY, DiscNice L 72K Y > —IfE> T, T4 A7 &
ZHIBLTHBZ L35,

444 A—I\~NY R

DiscNice IZ X B4 — "~y FZE T 572012, 443 i THEL RNV F v —
7 #{#i5C, DiscNice Zz 27 L & LW o7 £ EOFETRZFHIIL 72, 2
ZC, A —,3~v FlZ DiscNice Z i\ 72 & E OETRBOMMZ T, &REL -
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wi/o DiscNice
w/- DiscNice
Threshold (3 MB/s)

Disk 1/O rate [MB/s]

40 60
Elapsed Time [sec]

(a) Grep (Disk I/0O threshold is set to 3 MB/s)

40 wi/o DiscNice
w/- DiscNice
o~ Threshold (5 MB/s)
E 30 Dirty buffer is flushed
= . ) Disk 1/0 is delayed
— Disk I/O rate is below
g threshold while disk read
S 20 occurs
)
%
a 10 \(/‘ f\
AL
i WARVIRYLAY
0 20 40 60 80

Elapsed Time [sec]

(b) Tar (Disk I/O threshold is set to 5 MB/s)

6000

w/o DiscNice
w/- DiscNice
& 5000 Threshold (500 KB/s)
£ 4000
L
S 3000
o
~ 2000
)
[a)
1000 d
0 |AM A }\ A|
0 50 100 150 200

Elapsed Time [sec]

(c) Make (Disk I/O threshold is set to 500 KB/s)

4.13: Results of throttling macro-benchmark programs. These graphs show disk
I/0O rate of micro-benchmarks with DiscNice. The x-axis is the elapsed time and the

y-axis is disk I/O rate. The circled region in (b) corresponds to the one in Fig. 4.14.
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(a) Tar
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(b) Make

4.14: Average disk 1/O rate of Tar and Make with DiscNice. The two graphs
show the average disk I/O rate over intervals between the dirty blocks flush and the

following disk I/O. The circled region in (a) corresponds to the one in Fig. 4.13.

B IZ R TH 5.

K444 1HERERT, =3~y Nl Tar & Grep IZBIL TIX4% ATICE &
FoTWw3, F£/, £444 XD, Make DA ="~y FP¥MiORVF2—7 LIk
RTREVI EDDD B, Make lFT 4 A2 1O Zf1) R X D CPU Z i3 %
R DT DR\ 72 9, DiscNice D87  —< v AND 8T K Z ., DiscNice 12
EoTHELDZA =N~y FIZ12% LT TH 5.

2T, ZN6DA—s3~y FIZlZ Cache Detector IZ X 5294 FL7 =7 3G
FNTVE I EIHEREIN, 434 fiTiliR7z X 91T, Cache Detector IZ & %
7u—71%, Linux D7 7 A VA7V AL EHET L0, 77075 —
PavDANL—=Ty MIHET LI ENEZOND, AEBRTIX, Tar BT —2R
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7¢ 4.7: Overhead incurred by DiscNice. This table reports how overhead DiscNice

imposes for real applications.

Benchmark Tar Make | Grep
w/o DiscNice [sec] | 29.87 97.13 | 27.87
w/- DiscNice [sec] | 30.78 | 108.55 | 27.98

Overhead 3.05% | 11.76% | 0.40%

Nr—ATHD, ¥R S, TarlZ200MB D7 —hA T 77 AN =%
NWCHEAALDL S5 TH B, LrL, Tar DA ="~y FlZ4% U Tt EE-oT
W3,

445 T—RARYT4

DiscNice Z {2/ r —AAZ T4 L LT, X9 P T TV RIRIDT 4 A7
WMaHRL, T4 AN AEIC LD 74T T 7V R R DAN—Ty P 5tz
B TE 0% ERT 5, FEiE LT, 4.1.1 HiTir>729FEi% DiscNice # FH\» T
fF>7-. DiscNice IZ X > THIEIEZ 41TV 2 Rsync & [AFHCHIET 2 Sequential
& Tar DFEfTREZ ZNZ NGt L 72, Bfiz 1 MB/s, 3 MB/s, Z L T 5MB/s
BRI TVE, ZNEFNDOHATOIEITRRZ TS L 72

# 44512 sequential DETREIZRT, £ o, T4 A7 idiE % R S
T\ Rsyne EFAKRHCENIET 2 &, FEITRAIZN 45222 03005,
L% L, DiscNice T Rsync DT 4 A7 HEZHIRT % &, Sequential
DFEITRH OIMIFEIH S LT %, BifEZ 1 MB/s &9 % &, FEITHRR ORI
FI6% ITMNZ BT ETES, £7-, Bffiz 5MB/s £ 75 &, EITRHIZA 101%
DMEIMINZ 5 Z LB TE 5,

44512 Tar DFEITREZ 2T, Sequential DA & FIKRIZ, DiscNice T
F 4 A7 HIEHHEEGIRT 22 £ T, Tar DAL—7y FH{LZEHT 22 &
WTEAH., Resync DT 4 A7 aid 2R L v &, Tar OETRRIEHI 3 5 & %
%. L2 L, DiscNice # W THHiE% 1 MB/s & L7256, Tar OFFTRHRI DI
38 12% £ 5. Bz 5SMB/s L9 % L, ETREOIEMZ K 105% £ Tzl
A5 EWTES, EELD, DiscNice #1352 ET, X 7757 FF A
IDT 4 AL 74777 PRI DAN—=Ty b AL Z BT
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7< 4.8: Comparison of execution times of Sequential This table shows how Dis-
cNice alleviates disk I/O contention for foreground Sequential. DiscNice changed

its own threshold; 1MB, 3MB and 5 MB.

Benchmark Execution | Increasing

time [sec] rate

w/o Rsync 4.18 —
w/- controlled Rsync (1 MB) 4.81 106%
w/- controlled Rsync (3 MB) 5.91 143%
w/- controlled Rsync (5 MB) 8.27 201%
w/- low priority Rsync 17.26 413%
w/- Rsync [sec] 17.49 418%

7% 4.9: Comparison of execution times of Tar This table shows how DiscNice al-
leviates disk I/O contention for foreground Sequential. DiscNice changed its own

threshold; 1IMB, 3MB and 5 MB.

Benchmark Execution | Increasing

time [sec] rate

w/o Rsync 4.47 —
w/- controlled Rsync (1 MB) 5.02 112%
w/- controlled Rsync (3 MB) 6.73 151%
w/- controlled Rsync (5 MB) 9.15 205%
w/- low priority Rsync 12.82 | 287%
w/- Rsynec [sec] 13.10 293%
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45 F&o

ARETIE, 2—HFLRLTTFaL ZADT 4 R 7 A48 % HHH T 2885,  DiscNice
IZOWTIHRYE, 2—HFL L TIE 70 ZADFHITT BT 4 A7 110 4 X% 451
% Z EZREETH B, DiscNice lZ, OS DT A4 A7 7 7 AT AIRAF\ICH

57



H3%. 0S D7 7 A VA PEIEE ZAA L o LBff2 T2 LT, 7
Ot ZAD7 7ANYO ) T4 A7 10 DFITREZHEMT 2, L2271 A
710 ¥4 X%k, 702074 A 7aigHEZEL, Hl#EE) > —I
it>T, 774NV 10 DFTZEGIRT 2. 7740V V0 DFITZHIRST 2 Z & T,
I 7a e 2D 74 A 748z HlRT 5.

DiscNice IR DFHEZ D, 1Z L ®IZ, DiscNice 12 0S —F NV ZEIET S Z
£ ATAETH . DiscNice DTRTDEY 2 — ) F 2 —F L )L THEX
NTW5, £, A—FVL UL TDT 14 A7 HAHIHEN & R 2 & B
fmi\>, DiscNice 1 OS A DKEREZFH L TR VDT, AT La—LPT7A4
TI7VDA VY =7 2 —AREHEST 5 LT OS ~NEHEARETH 5. ki,
T4 A7 WASHEMIBERE IR Y > — ESHEIC L Tw B o, KUY —%
FERIIBCTRET S 2 EDITE S,

7 74 V10 Dl R ) > —% rate-windows & LC, 7’0 b ¥4 7% Linux 2.4.27
RcEE L7, EEoT IV =y a v abEREiTokE A, T4 AV 10
YA XOHERFEITRARTD 4.4%, ="~y FH 12% DA Nick EEo7, %
7z, DiscNice ZHWT AN 7 7539V R R %M L7-& 2 A, T4 A7
DAL S>THEL D 74T T 7V FIRTIDAN—=Ty Pzl T5 2 L
NTE,
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F{E55E VMM LARNILTD
EEREEERY V—LTEFE

AREETIE, RKABEECHREI L T 5 OS (7 A+ 0S) DEREIARY > — 2%
W3 23Tk, FoxyTechnique |2\ >TiiX %, FoxyTechnique (3L EREE % HEEE
LTW3aY 72727 Tha{fiivs ve=% (VMM) ZHHT %, {ifiasEc
1%, OS & VMM 232t 3 2 A7 N4 A L CHEId 5. FoxyTechnique Tl¥, 1K
BT NAL ZDEEICHT % 0S DIRZFWICEHT 5. 0S DALKEZFIH L T O0S
DR TR ZHEM L 23 AR F AL 2 082 BRINICERE T 3 2 & T, EHEE
RN ETS A OSICRE S, ZnickD, OS ICATEDEE%Z I¥C,
Bl BEREMRY S — 28 AL L EZLEVWIREZES, L2, 74 ~H
DIARZEAT VY FTBHIETOSBIALATAAZFHHL T3 L) AER%E
w2z, 54 <EDARDRLGERZZEHE TS 2 LT, 7 A OS HOKHDfii
ZB25., COBHREMHL, A4 <EIDIAARDEEED Y A LAFTA ADES
ZHEMTZZ LT, CPURAT Y 2a— )V IRV —%2BHETBHIENTES!,

FoxyTechnique (3 X DR % .

o OS H—RIVDZEEMPARE: FoxyTechnique Tlx, BEHFED OS A— 2 V%%
R FUISH 7  ERE AR ) & — DRI S AL HRETH 5. AT N4
ADIRZFEOZHIFT 2 €Y 2 — Vi3 VMM TEIET 5720, 7 AL 0S &
TR L TWDS, 2070, A—FNEEHETITH 2 &R
V3 —%EANT 5 EHTE, Windows FDRGH OS 1xf LT JHEL L H]
AHETH 5. ZHUTED, OS Ry FPIERICH R — 2T i, FrED
EHREHARY > —2BPINCEATE 2 3 TE 5, DN, (RETNA 2D
R OZHIHT2EY 2 —)V% Foxy €V a—JL LS,

' Z #U1Z FoxyTechnique D&% FiHT 2 7 DHITH %, FZBEIC FoxyTechnique % i > T
OSDCPURTYa—Y Vv RYy—2ZBT2LEITE, A4 DIAADOIERZLEET 5
2 TH, ol EEETRIER S R OAREELD B,
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o RUY—DBIEMDELE: FrED OS ITHKFET 2 HFk% i 371 Foxy €
Ca—VRFEETLHILT, 1 DO&EFEHR)—24 DAL OS IS
T2 EDTEELR S, 2—FLVLOBEFREHR) > —LHFE L
RChH, YRATLA—NFEDA VY =7 2 —ADEHEPAETH 570, &
RYEDSE W EEZ 5N D, KBTI, FEERICH—D Foxy €2 2 — L AkkA
BEREMRY) S —OEREHT LI LERT. LA, 4ODH%2
TAARAIRATY 2= v 7 ) —DEff%—D Foxy €Y 2 — VAFTH
DHDICEHLTwB I E2RT., LoL, ®5HRUFTIE, FoxyTechnique
ZHOTOHEOEFEHAY > —2BATER VLA H S, ZHUBL
TIE 5.1 fiTliR 2%,

o NI A=V ABEHROIERES: HHEHRY > —DfIzid 7 3 —< v AF
WENET 20055, 74— AHROEMESZ, 20XV —D
BRI 5, 7oL 2L, TCP Vegas 1387 v FDF 7 M) v 7% A4
L (RTT) [HHMZPE L THEEEY 4 > oY A A2 _ET 5. b L, RITHIE
L { &lF2uUf, TCP Vegas (Z1EL CHIfEL Z&\>, Foxy €Y 2 —)LiZ VMM N
TEET 20T, (RKEYLICK 24— "=~y FBHEL 27 A0S kD HIE
WEWC S 7 4 =2 Y AEWREZIRTE S, 2D, N7+ —< A EHzEM
WAEFEHA Y > —IE, 7 A OS NEEZEAT S XD b, FoxyTechnique
TEHATLABRLCGAELRH 5, HEEE, TCP Vegas D Foxy €Y 2 —)Lid
A+ OS _ECHIfEST % TCP Vegas & FoxyTechnique TE A L 7z TCP Vegas
& %R % &, FoxyTechnique CTE A L 7z TCP Vegas D D3E A )L — T
F2b757,

FoxyTechnique D EXIEZ R T72DIZ, 2DPD Foxy €Y 22— /L% Xen3.0.2-2 |k
ICHEE L 72, 1 D®Id FoxyVegas Td 5. FoxyVegas I3 TCP Vegas [44] Z{f D Hid
Foxy €Y 2 —)Cd %, TCP Vegas |3V + > F7 2o %5 TCP gl il A
Vo —D—fThH 5, JE{HISI TS TCP Vegas % Case Study £ % Z & T,
FoxyTechnique DH M2/~ 9, EEE, BREHA Y > —DE AR 2 A
DL DN, ZOEHMEZERTDIZ TCP Vegas % Case Study & LT L C
V>3 [33,34]. FoxyVegas TlZ, TCP &7 v —filffl & fggfliHic w87 v b
DT 4V FEIHAXZROTVE EV)HERZMH L TWw5b, 22T, FoxyVegas
ARy V7= A I —T7 2=/ — F (NIC) DIR 2 #\ 2 Z2H T 5, KA
NIC IZJH 1} 605 ACK /37 v FONFEZRIATEI LT, T—FDREFFA L
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DRAMTHZ L VIHIRMETS A OSICRES, ZIUTKDTZ A0S ICY 4 v
RO A A%ii#3¢ 2% 2 LT, TCP Vegas DIRZFE 2 /ED 9, SEFRIC, Linux
FICHE#E I LT % 8 DD TCP H@EEHl#E A Y & — 12 FoxyVegas 24 % &, #k
HEEDITCP Vegas 1L & D, ZORIE 2 763, £72, FoxyVegas I3 RTT %
7Z b OS 1®D TCP Vegas & D IEHEICEHIITE 2D T, 7 A+ OS 1D TCP Vegas
X0 HEMETHET 2 TCP Vegas 1T VR 2 EEVLZ T 5,

2 D ®I% Foxyldle T® %. Foxyldle |37 A FIUIREf] (Idletime) A7 ¥ 2 —Y ¥ 7
9] ZfED 9 Foxy €Y 22— )V TdH %, Foxyldle 137 4 A 7 Gt AAAARTRIHK LT
74 FUVREARA Y 2= v 7 %2579, 74 EAVKEIATY Y 22— 7 TlE, Ny
DTIIVRIRIICED 7 AT T IOV RIRIDAN—Ty b5
DIZ, NI T FTIYFIRTDT 4 AT GARIABRBRBS T T 777 IR
JDZENEBE LGS, Ny I T IV IR IDEREIEDSL LT, T4
A7 WD g % kT B, Foxyldle TlX, T4 A7 HAAAEREZFKITL 70
LRIFOS BT —F%2MITBETTRY 7305 LI 0OS DEARN LIRS HE
DHGEEZFHT S, 2T, Foxyldle KT 1 A7 av bue—5DR2 5%
ZBHEL, TARAIVPBDETHT =822 —7 LT3 >Rz 7 A+ 0S
ICHE S, Cov—J7RHZHETLILT, 74 FARBAZY 2 =Y v 7D
EZED L TWw3a, FERRIC Linux LICEHINTHYS 4 2TXRTDT 4 A7
AP 2= v 7 RY T —IZ Foxyldle #EMH T 2% L, ZDIRLZFF D7 A FILIEF
WAL 2= 7B DIZRY, Ny 7779 F7aXxALs747
777 F 7R ADAN=T"y FH{LEEIT TS

ARETIX, ¥ 7 FoxyTechnique DHEELI g_“)lﬂ’C;tﬂj/\ FoxyTechnique D944 12
WTHRR B, RIZ, 7 —ARF T 4 Tdh % FoxyVegas & Foxyldle DikiEl, Fik
FOFEFICOWTHN, REZF LD 5,

5.1 FoxyTechnique

A—FNZBIET 2 2 LR S EREBR Y > —2HUIIGE AT % 72912, FoxyTech-
nique T~ =8 (VMM) ZFIH$ 5. X 5.112HEKD VMM & FoxyTech-
nique Z V272 VMM & D&V 273§, BUF, FoxyTechnique Z V> Tv» % VMM
% Foxy VMM EBES TiEDE VI VMM E7 A0S EDRh Ehich s, fiE
KD VMM Tix, 7 Ak OS IR 2 07N A ZIYPELTANA ZADL I 2L —
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Processes

OO
1/

O

\

Guest OS
VMM emulates | | | | | | Virtual devices
underlying physical
devices VMM

r 1

| | | | | Real devices

(a) Conventional virtual machine monitor

Processes

(A
Guest OS

Foxy VMM provides N\g\j\
an environment different Virtual devices

from real one.
Foxy Module Foxy VMM

| | | | | Real devices

(b) Foxy-enabled virtual machine monitor

5.1: The difference between conventional VMM and Foxy VMM. These fig-
ures show virtualization of a conventional virtual machine monitor (VMM) and Foxy-
enabled VMM. The conventional VMM emulates underlying physical hardware. In
contrast, the Foxy VMM virtualizes physical hardware so that a guest OS 1is forced to

change its own behavior differently from the real one.

> avDHEITH. Foxy VMM TlE, KT N4 RGBT N4 R L1357 Bk
2ENET S, ZHUT kD, SR OSIZFERD VMM L TOEE & (3% 2 8
% 3%, 7A L OS DEEEFTED S DICT 572912, Foxy VMM 17 A b OS
DEEZRHEI L 223 AR T34 A 2§ 5.



5.1.1 Foxy VMM

LB T, 3| TlBR72 & 912, VMM BN — 7 = 7 2§ % 7
DICFEE—FT, 7 A b OS IFIEFEE—F TN NEET 5. 7 A+ 0S8
AEVEHI=y F (MMU) R /O 75 RIZT 72 AT %7 DIRiMEMm S % 9T
T3 EHlfEE VMM I8 2, 2D, VMM IZX > TZOERPSEFAE X 15,
ZD7H, VMM IZ7 A OS DEET 7 A% TXRTHRT 5 E3TE, 20D
RFL S VMM 2379 OT, BEIREIZHE T2 2 LORETH 5.

Foxy VMM ¥l 7 N4 ZZBICZ I 2L — b T30 THL, ZOIRZEN
ZHEET 52T, FA L OS DEfEZRHIEIT 5. 7 AT OS DEEZFTED D D
129 5 7:®IZ, Foxy VMM (& OS DE)fEZ HEH L 223 5ARE 734 2 DR 5 Ff o
RS 2. BARIICIE, 3E TR X)L, KT NA ZADIRDFEITHT %
Ak OS DEMEICOWBTOHERZ V2, 728 Z21F, A K 0S¥ A <E A
AENT Y ETEIETIALATAAZGHL T3 L) HEREHCT, ¥
A 2EDAARDERERZFET 2, kD, Y4 L A7 ZADEZ 2Hl#HT
HZEMTES, TDXHIT, FEBELEIFRZ2RIZZ A OS ICHEEET 2 2 L
T, MEOMELED BT, 2L 21, UDTDO X ) IKEAN—FY = 7 DR % 5
WAERZEHT 5 ECHBEIZERZZRWZEOHT I ENTE S,

o EIDAHEERDIRES: Y1~ Vo EDAARDT A+ OS ~DJitk % il
W32, 7Lz, A4A<HDIABRZFEBEID L SR 0S N5 L,
FAFOSD7uy 7I3FEERELD LR L, i, ¥4 2EHDIARE DL
T2E, 7uy ZIFEERELD LEED,

o EIDAHDEE, BE: VWHN—F7 27D LALEDIAAZT AT OS
AT CIEGEL 2\, ZOHEDIAAZEDICHLE, b LIWELZTL2LE
T, AL OS DEEREZ B ENTES, 7EZIE, 2y b7 =037y
FEE D OS D@z L, RS S5 T, TCPIZEWT Ry P77 —
7 iR OTIHDVIRE & 7 5. BE OMAHI DML, WFEEZ7 A0S IF+y b
7 — 7 OFFEEL LT L, TCP ofFEEHIHlZHnd 5. fRe LT,
T brDT 4 A RINS KD, FHTE 20080386 % 5.

o FT—HLIRYEDEE: " AL 0OS PYHN—FI27BF—FLIRY
WCEZRAALHEEZER T L LT, 7AMOS DEEZERTE S, -t 4
¥, TCPIZBWT, 7y FORERIELNE Y 4 v P34 XzlflT
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E 5. Foxy BV 2=V 1%, N7y MZEENDZ Y — "DZE0[HE Ny 7 7
ARBEFHLIBT, 7ALOSIKry FEEET S, 7R 0S 1%, %
DNy 77 A REHEOET, AFDI 4 Y P34 A2 LIKD 5.

- BEREMEY) > —2 8 AT 2%, Foxy EXa— ik 7ut A7 74l
EVo7 OS LNV ORMRIGICB T 2 M Z2H T2 2 L3 5, & Z21E, #BE
RO TA R A7 2a—) v 72 EAT 555, Foxy €Y a—)Lid7ok
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ZEXDEOCHEETEOHT I ETE S, Lo L, Windows & o 7Athd OS 12
XL CTUREH T 5 2 LAY TE %\, FoxyTechnique T, BAL7WKRY > —I2i
WEIREG S 2 LT E 2EIFREIERZ R DD, TE LXK > — DBl %
HHHIEEHBEE LW, FHEE, 53%, 54FET/RT Foxy €Y 2 — VX, At
HORV Y —DIRE2H 76 LoD, MRAGEFEEHRRY) > —O@fE22H L T
W3,

Z ZC, FoxyTechnique TEAT % Z &3 CTE 2 EPEH A Y > —D#iifH Iz D
Thiamd 5. 3ETBND LR, —MRNICZOHFHZIIRYT 2 2 &I3HEL
VW, RS, BATELZRY) T —3ED X I 7% 0S DT /NA AR 2 EfE% H#E
W20, EDTNAL AT 2 0S DEEZH L DITKIEL T 5
Th 5, WHEHZUMEICT 572012, A LEPEH AR Y > —% FoxyTechnique
ZHGTHBREAL T BERH 2 EEZ 5N L, RIETIEZDRWIDAT v
7& LT 2D Foxy €Y 2 —)LiZoW TR 3,

I 51T, Foxy €Y 2 — VOKEHI DWW T hiki %z 1T 9. FoxyTechnique % fi\»
TEFEEHERY) > —2HPINGEAT 2 L 22, FTRY S —0BfE2 3 E
THELT, A ADRAFFOZZLET 2 2 L THEATRLE»ZHWT 25,
DEE, WREKRD 0S DAEHZ FFICELTO20EE2H D, T34 ZADIR 2 HEW
W LTOS BEDEIICEET 202 > TR EHENH L, X561, T4
ADWHFENELEH L 722 LIck 2 0S DRIEHLEZRE T 208D 5. 7L 2
X, A4 CHDIAARDEIRLREZLEHTLI LT, YA LATAADREIZHET
22 EDVEETH BDS, 0S BMEFFT 52 2 7 AL S E PRI E, 29
L7 OS ~"DORIEH b 3B L TTNA ADOEE2EH T 20808 H 5. &
7o, BREMEERY S —DEEHEED L — R4 71200 THERL R TUE%R s
2w, bdoiE b, b LxXRO 0S [EfA DAk %Z H\W T Foxy €Y 2 — )L &2 9357
% &, Z®DFoxy Y 2—) VI OS ~D#EH IZHE#ETH %

52 E&

FoxyTechnique D BRI Z R T 72D, 20D Foxy BV a— L %2FE LKL, 1D
¥ 13 FoxyVegas, 2 D® (3 Foxyldle Th 5., ZNZNEE L2 EFEMRY) > —2%f
RELTED, FoxyVegas Tl TCP HHigEHl{#EI A Y > —%, Foxyldle TIZ7 1 A7
AP a=N 7 R) =2/ REL TS, Ihs DX 533, 54FETl
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5.2.1 Xen

FIEZITH) VMM & LT, Xen[62] ZH\7:. XenEx86 7T—F 7 7 F ¥ 1T
HfE9 5 VMM TdH 5. Xen TlF, REUD A —N—~v FZHKT 5 7012 HE
{AE{Y (paravirtualization) [96] & FFIXN 2 IRAEUL G RNZFRA L T3, #ERIELS
XTI, VMM IZEEDN—F 7 27 LI38R R4 V9 —7 =2 —A%T A 0OS I
Rt 2, BARMICIE, MRS 2L —2ary2ET 35 X 0S DU Z A
=2 —)U (hypercall) EMEENES AT L A= NDE) A V¥ —T7 = —AIE
ET3, Ztucky, RE(MLOA ==~y FZHIHET 2713 Th <, VMM O
WM B 2 EZTWVWTwS, L2L, BFEON—F7 27 L3854V
$—7 2 —2A%MMT 270, WEBIKREZAMT 27201213, 7ZAF OS W
NANR=—a—= NV ZOHT EIICH—% N a— F2BIET20ERD 3.

72, Xen DFfD 1 2L LT, A7V FRFIANGX[I7 ZEHHLTw 3
DT ND. R TAFOSDBTNARIZT VAT HE, ZOY LA
FiZ VMM ISEEE 1, VMM BT NNA 2T 7R AL Cwi, Z2Dd, VMM
MTNA AR TANZREET20HBH D, AT NNA AR 74 3% VMM H
IR T 2 H 7. ATV Y P FIANEATIE, FIANF XA VLW
TN D RHE VM DT NA ANDT 7 A% EHITH. 22T, YT AL R
WEET? 7 ATETNA AR IANEZNYy 7LV RIS, fhd VM
(TALFRXLNBTFNL AT 7RARATDHE, ZOV I IZAMIE VMM IZX-
TRFIANFAL ZESN, FIANFAAL VLT T 7 ADMTbins, 77
AL ALV TEHELTCOAETNA AR 742708y PV P74 NEIES,
A7y b FIANFRICKD, FilE VM ETEIfET % OS Dn4cfRFEL T 3
TNAARIANEZMAT 2 EVBTE, VMM LIZHi 7T XA AR 74 \%
BT 2 03 Ix 7%\, F2, “AP ALY THEIL T3 0S Ik 2734 2
77 RAEETRNE VM TEHTE 2D, 7747 74— VEDLX2Y 74
FEREZ FilE VM ECEIES$ 2 28T, ~ECTT7 7R EMETL I LN TE S,
£72, VMM LTTFNA AR 74 NZ2REFS 2 03037000 T, VMM OREIEDHE
Mbz®ET 2 2 &0 TES, Lo, —H, VMM R 74 NFX AL VICY) 72 A
FEEETLE2DTE—N—~y FPELTLE)., 2070, BEIDOLFT—"—
~v FZ2HRET 2 H7E0EF I ThitTw» 5 [98, 99, 100, 101, 102].
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5.2: Implementation. This figure shows our implementation. A foxy module runs
inside the back-end driver. It monitors requests from front-end drivers, and controls
the response to the guest OS to change its behavior. It also communicates with a sub
module running on Xen hypervisor, which bridges the semantic gap between guests and
VMM.

FoxyVegas, 7 5 (NC Foxyldle Z Xen 3.0.2-2 RICFEHEL 2. T15 D Foxy €
Ta—)WiENy 7Y FRIANETENEST S, 70 PV R R I7A4 NP ED
VI ZARPRZIUGHAIT 5 A XY M % Foxy €Y a— VWL HTLI LT, 7T A
XA THEIT % OS DEIfE2ZLE T 5, £72, OS-VMM [HlD2~ v T 4v
I X vy TEMD L7012, BHBETHIULX Xen NA =N FHNTEINET S5 7
BV a—)ENAR—a— )L FEH L GEE 21T, OS ICBId 2 Mz iS¢
5. ZIT, Xen A =L HFIIXEY P CPUDEMLEITI VY 7 b7 27 L
A ¥ THY, Xen LTHKEIT2 VM T XRTZEHT 5, 7€ 2—)lId Xen
A=A FNTENET 5 Foxy B 2 — L EBETEES 2—LTH 3B,

2 2T, Foxy €Y 2 — )VIdHERLZ G2 2 & CHBIAMRECTH 5, HERAR
T RZ R L 72 Xen L THEZRIT 703, FERICHBLL 72 Foxy €Y 2 —)LI3HE
BABLICBEE S 2 APL 25 2 L (I N TWw 5, ZD 7% ®, FoxyTechnique
IZ VMware [86, 63] £\ > 7fthd VMM 12 & JF I E#EHTRETH 5.
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5.3 Case Study: FoxyVegas

FoxyVegas |3 TCP BREEHIHI A Y > —dD 1 D TdH % TCP Vegas [44] DR 2 FE\ %
fED g Foxy €2 2 —Tdh 5. TCPHREHIHA Y > —I%, v b7V —7 DOl
RRIZHEH SN B0EEEY 4 ~ F 7 (cwnd) DREIZFHET 5, BHIEFE TIZ, Ha%k
TREEHIH A U > —REZI N T3, TCP Vegas 13 & W UEIC %Y b7 — 2 Dl
BEE L, S\EBERFICE L TOEWRAIL—Ty PEED T LD TE S LI R
ZbH,

5.3.1 TCP Vegas

TCP Vegas (337 vy D F7 7V F Yy 7% 4 & (RTT) Z H\W»T cwnd ZR7E
2%, GHHIL 72 RTT 2K E { % % &, TCP Vegas IZHREENSHE TV 5% E AL L
Tcwnd Z/NSKT5., —7, RTTEIV/NS (%5 L, cwundZ KEL TS, RIT
EASHTRIEHII U 72f & 2030 £ D 217 UE, cwnd ZZHE L &\,

AR, EEEREE 7 = — X TEMTORIC X > T cwnd 255 I 1L 5,

cond(t) +1 (diff < —2—)

base _rtt

cwnd(t +ta) =S cwnd(t) (st < diff < 5:20)

base_rtt base _rtt

cond(t) —1 (—2— < diff)

base_rtt
=L,
cwnd _ cwnd
base_rtt rtt
CIZT, rttix 77 F MYy 7P AL, basertt 13N T 7V F MYy 794 L,
a, BIFEBTHS., 2074 v P 7Y A XHIEHBBENICEEST 2L, 74 F
TP A AF—EBEICHEEI NS, 2k, A7y ba 2B ETTICLEL
TeAN—=Ty F %2152 2 EBHFTE 3,

diff =

5.3.2 E&&t

FoxyVegas (& TCP Vegas Diix 2\ 2 E D T 72912, {kAH NIC (Network In-
terface Card) DEIEZ A T2, 22T, cwnd 3 —FIVTHREEINS T =15
B DT, EHE VMM THIfIT 2 2 L1 TE 4RV, 2T, FoxyVegas 37 A b
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Guest OS

rwnd = 15

3. OS uses the rwnd
| as the window size

2. FoxyVegas rewrites | Window size = 15
the rwnd to pretend to

the heavily loaded receiver. Virtual NIC
FoxyVegas Foxy VMM

1. VMM receives an ACK. T 1 4. VMM sends the packet.

Send a packet

rwnd = 45 | Window size = 15 |

ACK packet

5.3: FoxyVegas. When a receiver’s acknowledgment packet (ACK) arrives, Foxy Ve-
gas rewrites the advertised window size (rwnd) included in the ACK. The guest OS
considers the receiver is loaded heavily, and changes the window size conforming with

the receiver ACK.

OSDV 4 Y FUH A ADFHEZITH) 2L Tewnd ZZ8H L 7 & & LARDOIRZ
5%, ZD7®IZ, FoxyVegasZ7 A F OS2 LT, 7—% DOZEMIEEMT
HHEVIRNZHES, ZHUTE>T, YAFOSIFHHD Y 4 V' FUH A X%
LIRS 5, ZOBRZFIHL T, FoxyVegas 37 AL OS D 4 v F 7% A4 X
% TCP Vegas D7)V 3V AL THE IS cwnd 12T %,

ZASM Z S B I A 22 5 72 ® 12, FoxyVegas Tl TCP 2B 9 2 ik % F H
9%, TCPIZV 4 Y FUHA X2HET 2 LT Ty FORERZHIEL T
b, 2HHEOMZHCT Y 4 VY P H A X2 RD TS, 1 2ldcwnd T, I 1

ZEMHIELINEY 4~ F7 (rwnd) TH S, TCPIZ I D 2 DDED/NS >
Fiz 4 P A RELTHWS[103]. FdD XHIZ, cwnd iFH—FILHD
T—IMIETH 57D, VMM 25 EEHIEETE 2w, L L, rwnd ¥4 X U
ACK %7y MZ&EENT WS, VMM T2 2 LM TE 3,

FoxyVegas (3{x# NIC Zfillffl L T, rwnd OFH E#12 5 (IX15.3). {kRAH NIC 23
ACK N7y b %2325 L7 £ &, FoxyVegas Dl L 7z cwnd ¥4 A% rwnd =¥
VI EHEETS, 22, FEBED rwnd 3 FoxyVegas DElHE L 7% cwnd £ D b
REVWEZDAEFEEZT S, FoxyVegas D TCP D7 4 ¥~ R 7% A4 XD /5 [103]
IS T, rwnd /NI WVWEZET AP OS DY 4 VY F ¥ A X% rwnd IZT 5,
rwnd ¥ YD EEEHE, ACK A7y F27 A OS ICiL($ 5. 3¢, 7
A b OS 3ZEMBEAMTH S LFBFKL, V4V F7H A X2 rwnd ITHET
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5. ZHUZX->T, 7 AL OS X FoxyVegas DEIMHE. L7z cwnd IZ7 4 Y R H A X
ZED, N7y FDORERIT).

533 %

FoxyVegas D70 b ¥4 7% %y bNv 7 FI2ANERICHEE L, 2y FNv D
FIANEWE R IANERAL VTEET 2 NICHD Ny 72V FRIANTH 5.
FY IR I EIANEITAROSICLD 2y V=0 DREZEEZMNT S, ZD
720, %Yy Xy 7 FI72A43CTlE, #7A L OS MR R MIEET I A= L
A A PO T7 AL OS ICEBINILA vy =2 TXRTUET L Z L3 TE 5,
BRI, 7 A b OS D37 v FiREIRICIE, 7 A OSHITA —% %7y + %
ERL, ZD27ry b a2y PNy 7 RIANISEE TS, 7 A OSSHD T
FEPBINIC SZE LI EEITE, 2y ENY 7 R IANRNBHCTRTy P25
A=y FERED, FALOSICEFET 5.

TCP Vegas D 7N T Y A L% Fy b2y 7 S5 A NHTEMES R 572012, 7
O r&A7TIETCP %7y FDRTT Z %y b 2Ny 7 K5 A4 NNTHAINT 2 2083
D3 5. TCP Vegas Tl cwnd ZRET 5 & EIZTCP Y7y D RTT ZHIHT %
72OTH5, LorLl, 2y bX 7 FIANRNHTIZIP LLDO Ny b LKA
"W, 22T, T b AT TIRREINEGA =Ty FRETL, TCP ~v
FaRWO T, 2L T, TCPANy FIEFENLY—Tr VAR SZildkd 5. 72,
= VAR E BNy FORERAIZERT S, 2LT, Fy PN IR
FTANETRZELA =Ty b6 ACK N7y FZE LT, ACK X7 v
MZEENDZF/Z IS T, ZEI Ny b OFS L BERZD S RTT 251
Y5,

TCP Vegas ® 7L 3 ) A ALl Linux 2.6.16 EDOFEEZILICL TWE, a® D
SR CMEZ L TWw 2,

534 =B

FoxyVegas DERIEZWGEET 572D, 3 BD PC ZHWTHREZiTo7. Hw
72 PC X Pentium 4 2.4 GHz @ CPU, 512MB O X €Y, IDEDN—FT 4 A7 %
fliZ T3, 3B PCIEZNZIEES, ZEHE, 2L Tv—7 & LTHEHEL,
REHEREHILV—FIIXAEY MM —V 2y P TEH I N T 5. FoxyVegas
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IFEEH LCTHEIEL, Xen D& F XA > Tli Linux 2.6.16 25K L T 2. il
FXAIZIZ 256 MB DX EY#%Z, 7AFFAAL VIZIZ 128MB DX EY %
YT Tw3, V=% L ZEFH LTI Linux 2.6.16 2@ L Tw» 5,

FoxyVegas 737 A I OS O#Eiffi% TCP Vegas ICAHTE 2 Z L #MAET 57201,
Linux FIZHEEI N TV S 9 DT XCOHEEERIMHE RV > — 12k L T FoxyVegas %
WH L7z, w7 AR Y > —I%, 1)Binary Increase Congestion control (bic), 2)CU-
BIC TCP (cubic), 3) NewReno (newreno), 4) H-TCP (htcp), 5)High Speed TCP
(highspeed), 6) TCP-Hybla (hybla), 7) TCP Westwood+ (westwood), 8) Scal-
able TCP (scalable), % L T 9)TCP Vegas (vegas) TH 3. AL TlE, Foxy
Y 2a— VOBHEDE I Z R T 72012, AR Y > —I1xd % FoxyVegas DA
% RS, EEE & S 12 Discard (5 [104] 21T 9. Discard {3 & 1%, 7272
T8 RREETHEITOEEFETHY, REMTIEE T —2 IR L TRl 2240
HUX L7, F7z, )L— %13 token bucket filter [105] %2 VT, ki 2000 KB/s,
BEHE 10ms, ¥ 22— A X6000KB £ \VWIRPLRy 7HIIaL—b LI,

FERAIR 2 X 5.4 1T, Bl ROE ], e STy DT 4 vy R A
A b->Tw5, gE LT, FEETHME L 7% Linux ® TCP Vegas (B, Native
Vegas) D7 4 v F V%A XL, 7 AFFAA Y ETHE L7 Linux @ TCP Vegas
(LL'F, Guest Vegas) D7 4 ¥ F % A4 A %K 54() 12333, KLY, vegas ZFk
{§RTD TCP HEEHIH AR VU > — Dk 5 #E\>H3 TCP Vegas DIk 5 VL IZITD T
W3 Z EDbD %, FoxyVegas 1Z TCP Vegas ZHH L T35 2 + OS Dk % 5%
WEEHTZ I ENTE R\, Z4Ud FoxyVegas 08T 274 v R A4 X &
D7 A b OS DMRFFT 5 cwnd DEDTTAVNI W2, 74 ¥ F 73 A4 XD cwnd
%> TLEI.

Z 2T, PFoxyVegas I% Guest Vegas & D % Native Vegas [SEVWEIEZED L T
W32 EIZHEHT 5. FoxyVegas 3734 2 L THEIfET %728, FoxyVegas &
Native Vegas & [AIRRICIEREIC RTT Z5HHI9 5 2 £A3T& %, ¥ 5.5 I Native Vegas,
Guest Vegas Z L C FoxyVegas 238l L 72 RTT O3z, REUIC X 54 —
W=~y FDJRET, Guest Vegas DB L 72 RTT fEIZfD 2 D LN & 5
‘v, Z207%®, Guest Vegas 1 ZDRIILDF — =~y FZ2y F7—7 Dl
L A% L, cwund DfEZJKS T, —7, FoxyVegas IFKMILIC L 24— =~y
Fu2HEDH2 T &7 RTT Z5HIITE 2 DT, Guest Vegas & ) H KE 7% cwnd
PARZREL L) ET B, 2Dk, KEH EZELEMDANV—7"y t 25l
L7:& 2%, Guest Vegas & D b FoxyVegas DDA — 7" FHSE (% 5.1).
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5.4: Comparison of the window size. The figure shows the aggregate window size
for various TCP congestion control algorithms whether FoxyVegas is used or not. The

experiment uses nine congestion control algorithms.

FoxyVegas 2% TCP Vegas DXIR%Z b7 6T 2 E2RTHDIZ, 2y FT7 =7
R D AN —TF 'y FZ2FHHI L 72, X512 400 MB O 7 — % 2 ZEHITRET 5.
V=g bl e FAMOEEZ TS 2L —FLTW»5,

a2 £ 534187, £X D, TCP Vegas ZFr< R Y > —IZx L Tld, FoxyVegas
ICESTHRY P7—JHETICBVTHEHWAL—7y PZERL TV I Lot
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5.4: Comparison of the window size.

%% 5.1: Comparison of throughput for various configurations of TCP Vegas. The
table reports the aggregated throughput for various configurations of TCP Vegas. The
experiments use three Vegas. The first is Linux TCP Vegas running on the physical
machine (Native Vegas). The second is Linux TCP Vegas running on the Xen guest
domain (Guest Vegas). The last is FoxyVegas which triked Linux BIC. BIC is the

Linux default congestion control algorithm.

Benchmark | Throughput [MB/s] | Decreasing rate
Native Vegas 42.442 —
Guest Vegas 23.831 43.85%

FoxyVegas 33.692 20.62%

7% . FoxyVegas %% TCP Vegas IZ0 L CEIffET 2 & ZA)L—7"y F23 235 B I3
FoxyVegas & TCP Vegas S5t 27O TH 5. ZOMEIE LADED TH 5.
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5.5: Comparison of RTT fluctuations. These graphs show the distribution of RTTs
observed by native Vegas, guest Vegas and FoxyVegas. The tendency of the distribution
of FoxyVegas is similar to one of native Vegas. The RTTs of guest Vegas is larger than

native Vegas and FoxyVegas.

74



7¢ 5.2: Comparison of throughput in network congestion. The table reports the
improvement rate of throughput when we used FoxyVegas. In almost cases, Foxy Vegas
makes guest Linux achieve higher throughput under network congestion (a bottleneck
of 2000 KB/s, a delay of 10 ms and queue size of 6000 KB).

Tricked Algorithm bic | cubic | newreno | htcp | highspeed

w/o FoxyVegas [KB/s] 789 921 830 | 1063 1030
w/- FoxyVegas [KB/s] 1281 1270 1275 | 1367 1291
Ratio 62.3% | 37.8% 53.6% | 28.6% 25.3%

hybla | westwood | scalable | vegas

1058 902 732 1369
1317 1326 1328 1235
24.5% 46.9% 81.5% | —9.8%

5.4 Case Study: Foxyldle

Foxyldle (&7 4 A7 T/O ERIZH L TT7A PRI A7 22— v 7 [9] DR S
FOZED T Foxy €E¥ 2 — NV ThH 5. 74 FIVREARTY Y 2=V v JIdilEkE
JEZFH L TEETRE Y 4 VA AF v % SETI@home %2 E DNy 7 757 v
Y27 %G5 2%, 74 FUVREA T 2 =) vy 7%, 2—=F D747 757
VERIRIDAN=Ty b EHILEER VXN, Ny I TSI R RO
RK2FEITT 5,

541 ZPARIBERTY 21—V T

Ny 2 7oy FERZFETTE-01C, 74 FAVRATZ Y 22— v 7Tl
1B D EERAR (preemption interval) & WEIXIL Z3BME% I\ % (IX] 5.6). TEHY D 32
IEIARNE 7 4 7 77 7 v FEROUHDE T L7 I £ 2 WIHTH 5. 2Dl
Wb, 747777y FERIFWILI N0, Ny 7757 v FEROUIILE
EX NS, B BIERIHE T T2 L, XL OTNy 7777 FERDLH
s,

REHL D AL O B 313, #EREIEZ X ) Bsmicfid 2, 2t b 7477
TIVEIRIDAN=Ty bEEODPEV) FL—FF7ICLoTHRDS,. b

75



Preemption cost Preemption interval Preemption interval

0 U
Acti
D 2 B
N lr N N
o F P2 B
F: Foreground job
B1 Bi Bi B: Background job

Foreground job  Foreground job arrives  Background job is executed
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'

Time

5.6: Idletime scheduling. The figure shows the behavior of the idletime scheduling.
A preemption interval starts whenever a foreground request finishes. While the preemp-
tion interval is active, the background requests are not executed. The background jobs

are started only when a preemption interval expires.

UBEHL D BIEHARI SR UL, 747799V R AT DA NL—Ty MR-
203, BERPERT ZRHEIZR A 25, —J7, BEHY EBEIE T, 2
DYWL Z 5,

54.2 E%5t

TA FNVIKHIARA T Y 2= v 7 OR 282 E D H 972012, Foxyldle (248
TAA7avyra—2z2#lT5. Ny 7777y FERZIED 57- 012, Foxyldle
IR F 4 A7 DBEREINTF—F 20O FETHE—7 LT3 Ew)IRz2s
ALFOSICHES, Cov—7KEO/”, 7AF0SE Ny 7777y F7ux
70y 79%, ZIZTFoxyldlel®, 74 A7 EIDIAARDIELINS ETOS X
T—=F 2RO 7R R EFRIREBIC L TE LI ARREZAHL Cws, >»—7
N2 42 2 & T, B IEBEMEOM, Ny 27759 F7aeRA%iko
TELIENBTES,

T—=8 %> =0T BIRD%T57-DIT, Foxyldle lF¥IN—FT 4 A7 ~DY
JIANRITREOR S, Ny 7777y F 70t ADHAARER DU %
LHBHTET, T—FHAARTE T OB ZESE S, ZHUTKD, FEARARER
ZHATL 727 a e ZDEFEIERE%Z K §%. Foxyldle DR % #2577 IR T
Ny 2T 59V E7BRADNT 4 A7 GARARERZFITT 5 &, Foxyldle 13 1#
D EIEHI G CTd 511, Z20ERZIEOTEL., ZDM, 7A L 0OS IE7 4
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Process

Q 4. OS keeps blocking
1. Process issues A the background process

file read requests.

Guest OS

2. 0S issues disk read requests

on the virtualized disk. 3. Foxyldle stops the requests

to pretend to seek the data

Foxy VMM

5.7: Foxyldle. Foxyldle controls background disk read requests. When a back-

ground process issues disk read requests via the guest OS, Foxyldle delays responses
for the requests. The guest OS considers the data is sought by the virtual disk drive, and
keeps blocking the background process.

AVPER LT =% =7 L T0B ERAR, Ny 7757 F7ax A
Z7avy 7 L) 5. Foxyldle I3MHL D EEIEFARIDNHE 79 % &, 1D TPk
T AATICHRITTS, §28, 7AROSIET 4 RO EINIARZRZIT, Ny
277y R7avAo7ay 7 x2@ERT 5. 8, Foxyldle X, 747777
Y7l 20WEREZITES &, 2D F FEREFET L R BB % B
m 5.

Ny 7757y FERZBEIEIE 57012, Foxyldle i 1) 74 A 7 GtAiAAE
RKEFHIT L7 RZEND, 2) 2D 70 RAENY 7757 FEE»ED
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5.8: Difference of the execution time of foreground Sequential with back-
ground Sequential on native Idle, guest Idle and Foxyldle. In each graph, the
leftmost bars (labeled concurrent execution) plot the execution times when the idletime

scheduler is disabled.
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5.9: Difference of the execution time of background Sequential with fore-
ground Sequential on native Idle, guest Idle and Foxyldle. In each graph, the
leftmost bars (labeled concurrent execution) plot the execution times when the idletime

scheduler is disabled.
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5.10: Difference of the execution time of foreground Random with background
Sequential on native Idle, guest Idle and Foxyldle. In each graph, the leftmost
bars (labeled concurrent execution) plot the execution times when the idletime scheduler
is disabled.
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5.11: Difference of the execution time of background Sequential with fore-
ground Random on native Idle, guest Idle and Foxyldle. In each graph, the leftmost
bars (labeled concurrent execution) plot the execution times when the idletime scheduler
is disabled.
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5.12: Timer Errors of the idletime schedulers. The figure shows the absolute val-
ues of the errors between the calculated interval and the actual interval. The calculated
interval is an interval which the idletime scheduler or Foxyldle calculated for stopping
background requests. The actual interval is an interval for which background requests

were actually stopped.
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%< 5.3: Comparison of execution times of Grep and Updatedb. The table reports

execution times of Grep (foreground) and Updatedb (background) with Foxyldle.

Both jobs access totally about 260 MB of files and directories.

Native Idle Guest Idle
Preemption intervals | Grep (sec) | Updatedb (sec) | Grep (sec) | Updatedb (sec)
5 ms 9.72 101.13 24.34 113.44
10 ms 9.86 101.91 17.50 109.07
15 ms 9.25 101.17 15.40 107.59
20 ms 8.72 103.46 14.63 107.30
Concurrent execution 10.14 102.02 82.94 123.31
Standalone 8.67 92.04 14.34 87.62
Foxyldle
Grep (sec) | Updatedb (sec)
24.92 113.74
16.40 107.94
15.50 107.60
1541 107.46
82.94 123.31
14.34 87.62
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Grep reads files of Linux kernel Grep reads files

from disk drive. again.
Grep I

Grep searches string
of 'submit bio'.

Updatedb reads files and directories of Linux kernel to construct the database.

Updated [ I

Useof CPU [ ]
Disk access [ ]

Disk access with contention | R

time
(a) Concurrent Execution
Grep reads files of Linux kernel
ﬁom disk drive. Grep reads files again.
Grep I || I |
Grep searches string Grep searches string again

of 'submit bio".
Updatedb reads files and directories of Linux kernel to construct the database.
Updatecbl____ [ W [ ]
Useof CPU [ |
Disk access |

Disk access with contention [ I

[ |
1 1

Preemption interval

(b) Execution with Foxyldle

5.13: Difference between the concurrent execution and the Foxyldle execution.
The figure shows Grep and Updatedb behavior with and without Foxyldle. In con-
current execution, both jobs make progress with disk contention. In contrast, Foxyldle

allows both benchmarks to run with less disk contention.
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