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PAit R G — N E N 4 = B FESAF A RO B b, AT DO 2 MR B B3, 4n I 2% ST A 2
4t (nfs, samba, ftp 55). 7041 X CAF R G FIRIAEGE RS OV BRI 7 SCE S, PB4 SC
PRI RGBS by iz, e —A, B M BRI, N AR S % L A 20 &
%45 Google File System [, Hadoop Distributed File System 2 2.

TGV WA SR 1) 73 A5 A7 R G, TR D R A g s s e A 1 Jir R B R e 4l 25 Ok e — b SR 4
RAMIHENE. BT CLORUE B n] 521 2 se Bl A SR G B s % I8 i) — AN [l L DL T vE A R, BilA
AT S, AHECEIAC R J7 2, 2 NS LE A AR ol S8 1 B3RO0, B A ML 2 RS 9. 1E
NIRERIAAEEOR, 557 AR 2 HE T 2 IR ) A7 AR e SR T I — Fh et 77 =X, T S A A e
PRV fige, Gan e 4 FH 2% s A ORI S R B, I oy — MIT T B 3 L S MR R A W ) DL
SRR E R 7 R B P — KRR B E 58 BT, 5 — KRR i R, 5
TN B AL . 28— 28 3 B0 ST I 21 RS P e e R, ELAB SR A rhont ] — 15 s
()P i, 3 B A2 e b2 ] (A& 4 i 18~100 (19 H (). Dimakis 55 B 3@ & 5 i 72 o a1 45
AT, A8 FH B R B /N R B IR W 7 Sd o X 24 i 5 10 73 AT DS IR B () e L WEAB B, SR T AR
(regenerating code) M. TATH [n, k, d] Rox—Fh AN, H2 (1) n N RAHRIER B DA
HORT LB A A I, (2) AR — R AR AT DL Al @ AN SRS E B . Dimakis 7ESCHR (3]
SRR B T WEAHAS S00 5E ( BR R T, (R IR 45 8 1A 3% 75725, Rashmi 55 U R A AR AR
RIS T R [n, k,d > 2k — 2] ZHR/NVE BB, RS R R LR
SRIKF TS A ERAE, (BAEAE M RS, R R 208 — s BV 73 AR 2O 1) 7 v i e DA sk
L. SCHR [12) WY A, Wik T JREBE MY (local reconstruction code, LRC). LRC HIR 5 15 £
SRS, —RBETRIAE, —XRETERNEH. XS DLR A S R B TE, IR H S
FHERG P LI, 2S4S T Windows Azure 776 RS0 13, STk [14] $2H T — Rl 2 A
B [n,k,r, t]) ZECT ) LRC abdibig ik, b r RS n)REE, ¢ Z9mA K al . SR [15] W3R
T IR (0 2 T R S EE AL 1) T R B AR, IXRR TR B R RS Ak B DA R R R
RGNS, HAnREAAZ 2 0 g 500 e 28 3k S AL, S MR R A AS S5 PO R0 A 5 ) . A L)
B AEAS R R b B A BRI B, TR MO, U R AR O, AR KA T
BRI ). A5 Re Jsk D 28 b 18] IO RO A% A, JUIAE A (0 I 18] K45 2004k, Shen 5 (161 Bt (1 4
TorBias ) CAR 5Lik, FEBSI AR, KR — N STHML A 1 5] — 2% 7 R HHs 422 HE 2 B (1 1
R Y, T 5 R B S5 2 B B AR S B T ) 2 N Bl B, alad bR A LB AT AL, XRE
AJ DL g D S SN . SCHR [17) Wt T AERS (double regenerating codes, DRC), #44w
M kyit 5Ok RGN &, BARBAL 2 S B 1E).

AT BRI 2 M E K, I ERAT S5 R L, 800 A8 AL s 5 10 77 2OR LA B B
I IE). ASCHITTRR S S5 T

(1) ZET =2, ATELH R 4T, 46t 7RI SRR g7k, JF HARYE 2417
il R B B, et IR RO E) BB R LT 5K

(2) AR T RS Jr B SRR B S, 25 th 1 2 T AR il 2 TR T AR BUERE AT RS 1511
S, HES T BRI RS T, o B T DLk e ik A AT i A

(3) ET il e & el TH RS, JATV TR s B B R 5% (NOPT), @il &
SIS AT LAE tH, NOPT A LA 3 i B A i 1 vh 22 0 52 e bl () Bt =, 3 7k SO0 A A 258 B[] 1)
H .
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Core sw1tch

Stripe
P | ﬂ (n,K)=(4,2)
Access sw1tch Access switch Rack bl — \ack Rack

ORack ORack O Rack ORack D D D ;
00 000 |6 S0 EDED n

O Compute node O Storage node

1 (MERRZE) FitRgRE 2 (MERFE) FHFHRE
Figure 1 (Color online) Storage system model Figure 2 (Color online) Stripe storage model

2 ARERE

SRR G, 5 H P BRSO AE AR — Mo ROl (25U R 401
R bR T 2R, — AR OB (10 Ceph® 174 R 40585 crush S92 8E4T SR A7 6% 17 B 10
Webt). 2o AR IR B, WA T 75 BRSO MR AT it 23 T FORE RL IR AL i) 25 10 SR 5 SCPR A it A 2 1)
TCEARAE S, TO Vil (RIS, AP 75 B25 SCHFRA7 At 07 B AH OC 1) T80 1) £ 0); SRFE RS B 52 R T
CPU. WML, AT LTSRS . =k I AR IR AL, JEH R — Bk Hash HIEET %
N SR 1) JR) S A R B8 1 R, (53R 2= 4 %%‘mﬂéiﬂ:ﬁ’]ﬂ%&ﬁﬁw@ (TR, 16 RGRAR UL
BRI, SR RGBT I AR BE D AL Kb AR 7. FTLAI EMC, NetApp &5 K543/ F 1
170t RGBTSR R O 77 30, IR e B (S B ARSI RSSO R  S AE O AL A7 i
RE2Z b X BN PSRRI RAFAEBAL

2.1 PHNEHEER

AR5 A AT RS AT K AR, 208 31 LR B SEIAm 5, 0 A A7 A R e n R AL ]
DN 1. FERGCRH 3 E A IUZE %O Z AT, $2 0 35 195 58 3L I B 8 45 L.
W) ZE NN B, 5708 RO B A MBS EIE. 5 3 BEANMFMAGIITIET AL EE
TRV B (AT AR, TR R, SN THE DR R RE DI RE & N — AN AL, B
ceph ] OSD 5 &, A MERIRATR GBI K —FhoRFG. 7051 U8 T 10 AR, R B A 50 h it ik
ITEEHAE. MHE S8 T CPU %R, Mt HdR i e . B2 . BTSSR RS 1w
fRds. LAY AT LG AN AT A I R AN B RGURE . RSS2 T
RS DIRE. 206 RA MBI B, W1 SRt A —F . BTLL, JRATTZBE 5 s #2775 £
HOE R

2.2 £T RS BHETEHER

RS 2 — )2 B HIEAE il R AS. RS MR, X706 RGMIBAS . FIAE LSS R 1
RERIRTE, QLN T A A R G LR —FEOR. R, R EME RS 154
KE) CPU JHA = RGcBllE it 2% — SRS, 31200 BAF R BOR RIRE D on 1 70 A
HAFfE R GERR . BAT 2 ST B BT AT, St R Sk A O, il 2 B,

5) ceph. https://ceph.com.
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Repair task list ‘ / w
| Task 1| Task 2 | Task 3 | Task 4

3 (MERFE) SiERiEERE

Figure 3 (Color online) Broken disk repair model

Bl 2 g5 T LA R BT A 77 3K, B s — R E TR — A2kl a2 i (4, 2)RS i3,
[F]— N 26 &N o AR EEAN R rack ™, Wn 5o 1 MRS . 25T RS e, RE0T DR
Bt rack ZOPIEEE, B2 n — & > rack FIFRIRERE R, BHEASELR. X BT rack & — N ERLIHE
&, AP AN — B ENL L, B EERE L. e X rack, 50 A1 AR R G
HARFOE. 20 7 R/ RE R B AL BT A R, —Mg KB 8t MB 20, W1 HDFS R EA 2L
K/ 64 MB.

2.3 MBEERE

FATPT I LA B B R AL T AU R A . [ 3 25t T — DR A B BT
3 KM (5,4) MGHSTT 3, A 6 AT R, AR 6 AR TR, MR RORIUA RS 25,
fERTIREL RS S, JFAE BN BB ELAE 55 THELY BB BE g ah it 5 M 1% R AT A5, 2l
Sl BHIEE. Kl 3 Bos, TS AL 5 458 TABRIIAL S5, T A AT 2% b oA TR R f5 2,
MAFAE T AL 1, 3, 4, 5 FEe O 2 (O E B, Tl et mtn] DATHSE A A5 05 6 TP IR O Bl B
RS TE A, 2R BRI B, T REZ A, ATREAFAE Y A 6 BT s, T et o)
FRSE, D E R G AN A 2 N A RN, AR R G 107 AR . Br bl 3&AT)E
T M, R BEAT BRERD T R, ASFE25 8 i 4k A A7l i R

Pl = 1

24 THSEX
WS BEA R B, A S A 2575 8 LWER 1 B,

3 WitsE

3.1 [RIE

FE AT A R G AP I, iR o 0ik 2] 7 PB #£2 EB KR, 2 EEZHLA
JEAT T BT RO T . RAVET A R o M Aeas a2k, DU AR AR B R A7
FEAT AREIIVE .
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x1 HFSEX
Table 1 Symbol definition

Symbol Definition

Si The storage node 1

ne The number of access switches

N The number of switches associated with storage nodes participating in one repair process
nt. The number of switches associated with computational nodes participating in one repair process
e The number of computational nodes

Ne The number of computational nodes participating in one repair process

Ns The number of storage nodes participating in one repair process

Ns; The number of storage nodes connected with access switch 4

Ne; The number of computational nodes connected with access switch @

w The amount of data waiting for repairing

ds; The amount of data related to broken disk for storage node

Vs Disk read rate

Vi, Data transmission rate from the access switch 7 to the core switch

Vim; Data transmission rate from the core switch to the access switch ¢

Vi The maximum throughput of the core switch

Vi, The maximum throughput of the access switch

FEIL (O R/MERII ))& D R h @ O ML SR E. 2 Vz ﬂj
50 DNENEZ A AZ —?&Tﬁ&ﬂﬂ‘ﬂ%ﬁﬁﬁ%% W5 & SR EUR & D Y P
PRI i, A2 455 ) TA) e 08 I8 B de/MEL, ELINH

WERR HRAEVEIEY]. BHEEIN T ¢ < B D“J?X ﬁl%&i‘ﬁ%ffﬂﬁ’liﬁ‘bﬁ%% Vit + Vit +
-+ W, t < D StEmEEEEN D TE. ﬁ‘ﬁé{ D Zn I, BN Z '51'4"EHTIEﬂi’377
Di[Vi, = st BIREURIRE LI )55 T 2 1715 '51I4"EHTIETJ ﬁﬁuﬁﬁd\flkﬁlﬁllﬂi} s v

ER 1 &H%Tﬁﬁiff’ﬁﬁ“?, RN Z N LS SR ER . A2 s, R Eﬁiﬂﬁﬁ
T LR M EN R Z BN USRI BE B2 — MR R ERF S . SR BOSVA IR, RN
JZ T HIAEAE TS L SR EAE [F] — 2% I B AR Biltn, S; 5 AT RER 200 GB I8 5384
MK, T S; W REVAA 16 MB BRSO AR, RMWZEZ T, ik 5; W mz LRSS HyUEm KT
16 MB HIE AT A LB, ERATBOH RS ER S e, T LR B 1 A v i e e i — 4
LELEES

FSL b, JATAT CLIE R AT RO R A BRI SR A RN 2SS AL R B O SR B
L. AT, AR B IL BB R AR BN, s A E 2B 3l I HA R E K
IGO0 A, AT — MR 2 2P — e Ll s 58 PR ZEAIL 55 b, D 128 F P 3R A e 1Ak 55 52
B, ARG 1/3 (98, Bl ks Ve 0 ) SR U7 1) Bl RAF A R SR 55 R I A, DR A7k
T RLAOYT I SRAN A, i AR 2 (58 28N A 719 el 1R B % A AN ).

KH, JATHT— AL E AN BRI, W 4. s kS RSB AN
SN, (BTSRRI L, XA Bt B0 S B R PR A A1 o 2 A P i
)52 5 Hd, xR CPU IZERIEA IR . ﬁﬁfrﬁim,ﬁw}%’? CPU #EER, i ZL G it Xt
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WA CPU ZRIR mr. Bk, fEA =, — GRS 48 Lol — Mt 1 SO — /N BT ).
ANVFEAT s, SR EA B &0 BN ds, R ds,, WRGEMEH IR (n,k) 1 RS 18, & a; Fl o
SYRPRANTHSE T A B RS (TR AR U\HE&%%%EP&H& SE IR B, SR A A A7 1 s
(k—1) 15T H S8R oSk T Y, RIS RS 19) HIELE], Wk & 4 a7 LLE Y, B RS I 5aE &
N dg o M dg; o0, TN T RERS, T2 AILABTT AN BB RN (k- 1)ds, 00 M (k= 1)d, o, TIRIE
H R, 75 AR B SRS R BN ds, (1 — i) F ds; (1 — o).

IRIEAS B EIR IR, BATAT LAAS 2 F 51 1 e 2.

EIE2 (R/AMERLETE]) W o NEE @ MEETT RS E AR AR 2L, 0 € {1,2,..,
nst, 0 < ap, < 1. WSFHREAMERLIT A A8, S5 F T RAE min f(an, as,. .. on,) FISRARAEEL
o

f(ala a2, ..., Oéns) = {VZ € {13 27 DR ns}\max{g(i, Oél'), h(Za ai)a l}}a (1)
i) = -~ 7 = - s 2
9(i, ;) 7. (2)
. db(l _ai)
h(i, o) = 2 — % 3
(4, ;) A (3)
[ — Doimy ds, (1 — kai)7 (4)
‘/Pz(nf 7’”8)
. Vi ny
Ve, = Vis— ¢ 7 5
' mm{ " ntc} (e, + e, )ne, ©)
. Vi ny
V,, = |/ L — 6
' mm{ " nts} (e, + e, ), ©)

ERR AP A 7;%5 ERTS B R d.,on, W ELEL ST B LA, R i%4 H
B A BHR A d,, (1 — o). B RS EER, HAZHBUERIEIRH (k- 1)d,, 00, FERHSY
Gy G Lallman) gy o g 0k 3 AME 2 B B A G 52 RGN . 3 L, A1 20 T
ﬁtrﬁ%ﬁﬁﬂflrﬂ%uﬁﬁ%}chi&%ﬁ%IEIE’JETIEU R MBS ERE, 45T intel A SIMD, AVX Fil AVX?2
SLYRIE4, RS SRR s B e . ML TR 58, S i DA AR IR, TR S
[5] 15 43 A TAE s 2 5 O ATL A1 A %, H&EXE’J;#&?EE%E LSRR & — 1 65, BT EAFRAT 2 7
EES

MR ) #61 BE TR FE AR T BRI R Ry, o D (K — 1)y, o (KR B A FT DAHAT AR, i 762
FEMEE T SATA BLRIE N 100 MB/s Zi4q, SSD I B 350 MB/s o4y, 2T HLZREEMIBIAN ], —
GRS o AL, B AU BN — A 36 Rhr. %R BIRRRA IO IR, FTLh v, 10k
BRAEAES K, T (k — 1)ds,0n X — BB Z RS HHLIR BRI S, FTUL, Rde— ekt [ Aas i
yar LA St seqtgr TR LLEEIR (2) F1 (3).

?ﬂaﬂ]ﬁ})\@ 5 KA Vi, F V., B, SRR A 6 kU, AR SR IE A, BN Vi =
Vo, B Vi, Vo 4050 BCRAE S 21 4 (052, Q0D 5 B, S22 T I B

Vs, + Vs, = Vi,
Ve, + Ve, = Vi,
Vi + Ve, + Vi < V4,
Ve, + Ve, + Vi< Vi
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Core switch

Core switch

@ \ (k—l)dsa+(k/l)dsa \

ds(l—a)+ds(l a)

Access switch
Access sw1tch

/ @ \ read (k— ]ﬁ s send ds (1-a)
\ / send dsl(/l—al) \
Q \Q O_/ read (k—1)ds o, O

self-decode ds o, self-decode ds,a
B 4 (MEREE) EREERE B 5 (MEMEE) EREHEE
Figure 4 (Color online) Repair data flow Figure 5 (Color online) Repair throughput

Bar 2 MEXDIARNENG 2 NEF, T8 V4V, < Vi, B ViV, < Vi, B V4V, < mind Vi, Vi)
MR B STE A, ne, Vi = g, Vi, S ny, IBEEFE A, AR08 1T SOCERII SIS B (Rt i 21
RRL BB, ne, AT RERIRI SN 5 (BLSCHAUR B BT ). U vy = e v,
RERTATAS Vi < min{ Ve, Vid 55—, Vin < min{ Ve, Vi } e -

BATEE 5 Mo P 28A 4, %4 ﬁuEerﬁ*ﬁ RN Gy, WV = min{V,,, o} e
Vi = min{V,,, 2} e IEAF R R G0, BRILEILIN Elhamiﬁa%ﬂﬁ?iﬁmd\%wﬁm (KB %
), Z2WAERTT, BT DK E —MENZZILT, dy, = d,. FERAE Vi, = Vi/ne, =
min{%i,%}m, Ve, = Vin/ne, = min{‘/}“%}(ntsfnﬁ. M= (5) A1 (4) BT

BATF AT AW ER AR, X TAEAET A 4, BAR 2 N5y, — Mo aB s, —Ma kikH
finlk 55 = AT AL Tfﬁkﬁﬁmik%)zy;?ﬁmm%&ﬁm%ﬂﬁ/\ﬁ% H IR, ¢ TR ANZAS AL T
FANEAETT S BT RN IEEE. THET A BRR, WAFETT A 5 ﬁj&ﬂlﬁ’]ﬁ(%ﬁTﬁ%%Yﬁﬁ
O HA R R, FTLA, E8 S S 2 & Ejj kY dsoy. MAEEBE RS (X —3H0
HEER ORI h S0 ds, — kS0 ds,a = S0 di, (1 — kay). SERGX 30 BHAS 2 BT 5

RINEON ne —ng (EAMEAETT SEE A CME— TR S A B R), IR e 1 vk, SR
M ol (ko) it RAT5ER T ERL 2 IIER.

(ne—ns)

ﬁﬁgj:ﬁﬂjﬁ/]ﬂi, Ve, NS R AR A R ER AR, Ve, TR 20 A 12 R AR R,
AFAIAELR ID I, BRI Camie, 2 58RI HE A ne IRERNE, v, MV, A
[ e 8. A EHE 2 AT, R BATREE B —H (1, a0, ..., an,), R far, o, ..., an,) FIHEERD,
T B AT AT LT3R BB L A AR 7 Z€. AR, Mok iR s LA O IR B Pkt (HMN g, b AT
R=ARHE, BATAT U S, SR 005 &, R AR M T RES B 0L, 2
B (8] ) AT RE .

THENTNEBEEMAE BB E RS E L, 28 RS R 8] 1 e i 2

EIE3 (HBREHIERVSER) W NRENAREEE (X8, ARERINEZ LS AR
PR, A RBEKIRN), 8 82 58EENEHEEILE]. KGR BRLTT RN (n, k) K RS
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f, ) A BB TRy

R(8,ne) = min {

Hdr vy, MV, BERER (6) 1 (5).

MR BFRGMHIE (n,k) 0 RS 18, TS5BS S8R kW, 25 BB SR
BN EWE, REA TR RN (k- 1)WE. FEBEREdEERN kW (1 - 3), 5 ELTOAE
?ﬁ%m@éﬂ&%% EW(1 - B). BZ5 BRSSO ng (BEAEAETT s A ME— TR s

THER), Z5dEBERITET SAECON ne —n,. XTEBERT A, HEHE 1A, XEBEN A,

é@ﬁ i TR TR S AR RN “C 1WVBV i, 1!41%@%@%13?%&%@ XHEAB R A, éu
50 MFE ST IR E R EEEE N ’“W“ V I, B RE L BIRAE. BABE T RUB R [A]
5 UWE kB 1 i A SN AN ’“W 1 5> CHET AR, SMERLE R mm{ G_LWA ’“ZWQ /”}

*E%E%@ 3, TATHT LA F tbixﬁmﬁﬁ 6 A g, Tk WV SR A Bk 1. ﬁaﬂ]ﬁ;‘%fﬁxu Cl
BB T XA SEL, SRIGBATER AT LB X AN S HOR KU AL (o1, ag, ..., an,). BRIEIBE I
TN Y ds,, BT W R EE 1, JATAT LUK B2 I E0E &5 N

WV, WaV, WBV,, . )
(Z?;l Vo 3t Ve, N Ve, )
XFEA] LAS A B IS [R] A B S AR AL BAE SR PRI strh, RTREAFAE TS AL 0 SREEAROC IR b b 4y
FCAE D, WAz s A B #2551 R, B o; = 1. d1ik, JATAT RIS 2| LU 5] 2.
SIFB1 (o, an,...,0an.) = (y(i = 1),y(i = 2),...,y(i = ny)) RBEEIEHE T K — 4TI
Hefi, Horp

(k—1D)Wg kW1 - p) }

8
A ST ®)

WaV.,

. ’ 2221 ‘/Cz
a; =y(i) =
WpBVe, WpBVe,

iy Ve)ds, 2o Ve,
3.2 RS B ERMEEERFNMEIEL

T I 280 SE AL R B B R, RT DARAG BRI TA). T RS A 73 Bt 453% [
FERT LAk D 2 52 0 R b B A i, S SE L CAR 092 61, A R G b i FH I RS i i
TS By P A — MR B T A U R, — M B TAE R Z T, CAR BIERME T FER RS
Sy BURRSSEE. R I ERA I A 2 T ) RS A4, T B GRS A B RS I LR, I Hoad
AP PERIE R, S 54— RS A2 WA i A2 B RS, AT AT DATA] 43 3R FH 23 B i i) 5
B A R T I B AL

RS 55T 2 W A RS S P BR T DL g5 an R (1) tHRAERE 2 5T (syndromes poly-
nomial). A K 202 WU AT DB IE I ) W U8 380 ) g 545 2 2 AR AE RS IR, (2) MG IR E 7 2 T
(error locator polynomial). %15 % 7 2 I U > e A MR Le iy B i8R B0 T 85 iR, (3) IRIRE R e 2
A HIR I e H R AL E . HLan, Chien 8T #I R 7775, (4) 24, F Forney 9 Bykgl IEAR R IE B,
I TR 5 AL E %A,

FRAER) RS EESEFE A, T DAAS FATE B R AL B X R N4 did AP IR 25@4&‘&5’%%4?%7@
ARG, JF AP IR 3 X EEREAL 2 SRS, i A] LA E F iR AL B B H . i, ld B R 4

>=ds,,

<d,,.
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(] Forney SLyJsR i S #0015 B AL, JF H 58 e, e 70 A APl RS H A T IZ BB R ERINLE, 8
gHE R IO AL E. S8 b, A TIEI0E AR A AR RS SR AE SR T 5 48 i 98, B A T
B a AR GF(p7) BIAETT, RS M RIEA 2 I s(x) AR TAGE 3L g(2) 73005 3N

n—1 n—=k
s(z) = Z ci',  glx) = H (z — ), (10)
i=0 j=1

Hrhfmz st s(x) BIRT & DU RECHEARAL, MR n — k& BUARIRAT. FR4E A il 2 I e
X, s(x) MR g(x) BEEL, WIRTLIARE] s(af) =0, He i ={1,2,...,n — k}.

BB R AR A 1T R A IR A, WA P B8 e B, FRAT MBGBZ 8588 o 0, 22 AN
iR 2 IEUAT BLSE X

n—1
r(z) = s(x) +e(z), e(z)= Z e’ (11)
=0

PR A S S AL e = 0, FTRL e(z) RPRRIGIIADNEBOEHR AL R HAE — DN, e(x) £
I, BRI EON v, W e(z) ATEAfRIAE N

e(z) = Z e . (12)
k=1

IS RS, B R E i), MESR e IR RGH i R OHIT), ol R EMH e, AP
AL A SRR AN G 1, DUPRE R S e ep U AN B AR, 2] DOl SO n — 1 ML E S
B e, XMREZIUEN, BBl o 2 g(z) IR, FTLL s(a) = 0. B an—* Zi:ol o= Z?;éﬁl by, MIX
Ak AT DLUE AR th RS 045 B L. (R AR Sl 56 I A B, R no— 1 AN % — i .
KP4 G AR KR 7. 1% (n, k)RS BRUt, B BRI B S, ReiS A8 1 RAEN n—F,
Fr L, AR PLEE AR n — & ANMETR IS T, RS Y.

WA n— k NMEFRIET. IR RIS RN ECN A < n — k, WA EABELA AR n— 2 4>
Hik n—n — k AT RAE BRI AL IR RIS AN OB n — k, W EBGR RIS M. E AR
B S; 4 F:

S; =r(a;) =s(a;) +e(aj) =0+e(a;) = Zeik (@)e, j=1,2,....,n—k. (13)
k=1

W R E SRR 1 A e, , HEATLUE S ARG 5. (ERRAE Forney 19 B0, [ — /NS #ebl T 1A
TR BB RIEN S v A S,y k€ {1,2,..., v}, BT LSS WA SR R . LA,
A T35 HL T DA 2 B 25 T2 G 7 32 R T R R 1. R, JRATHIE 9 T A R TR
A B B 5 1 SN 1.

T fbe, BAMER g(2) = (2 — 1)@ — a)(@ — ab) - (& — o™ 1) MERAERZ TR, B
m(z) = Yo miah i1,

b(a) = 2" *m(z) (mod g(x)), (14)
W 2mFm(x) = q(x)g(x) + b(x). HEfiAT#
s(x) = 2" Fm(z) — b(x). (15)
4 b(a) = S F  ban kL U s(x) = (moymy, ... mko1, —bos ..oy —ba_k_1). TE GF(28) P,
—a = o, WIS JE TS TN (mo,my, ..., me—1,b0, -+, bp_k—1)-
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5132 X T g(x) AEREIIM 8, H 8" Fm(8) = b(B).
ERA 2" Fm(z) — b(z) = g(z)d(z)s(z) RAERZII g(x) BEEHLE, FTEL 87 Fm(B8) = b(B).

51383 (B DS EH RSN RR) T gz) =@ -1)(z—-a)(z—al) - (z—am k1)
AR Z I, % G(x) N RS AR A RE, Hon <2k —1, N

G(z) = A"'A[A|B], (16)
N E'j
1 1 - 1
1 a L anfkfl
A= 7 (17)
1 an—Fk-1 ... a(n—k—l)(n—k—l)
1
n—=k
A=| , (18)
a(n—k—l)(n—k)
1 . 1
an—k ak—l
B = OZZ(n—k) a?(k—l) (19)
a(n=k=D(n=k) ... yn—k=1)(k=1)
WERR ARHESIEL 2 WA,
m(1) = b(1), (20)
" Fm(a) = b(a), (21)
a(nfk)(nfkfl)m(anfkfl) _ b(anfkfl), (22)
Rl
A[A|B] [mo, My, ..., mk_l]t = A[bo, bl, PN ,bn_k_l}t. (23)
SRR TG %€ PR

I T G B, BAT AT DR T2 a2 T 0 AR A S el AR B R A B, i JE R
RS 70 BUWRS 5L, 18]35k B 00 3 LR Sy 58 1K) H 1.

1843



PGS — R I 2 A A7 ik R oA B R 5%

3.3 BAIM

IEAm LA FIR ML TS 3 TRV (1) RILBBEGIRRBEL; (2) WEB RS
FERE; (3) MR e Rk

Sk 1 HEGR R MEENMEET 25 AR E BRG], BN o IR 14T, HEH 3, 3k
BOR gt R G e S AL R R R 8. BERIEE 2~9 4T, MRLIE AR 7 3, IREUCEE 765 M i
K25 BEENEELLE 5 kZ5BRENHES AN n.. FiEH step MBI, W] DUARTE
RGSLPRTE I E. AR, step B, BT (8, ne) BOREHA. 28 11~17 47, MRAE T L 1, Xzl ik
H & 5 s ] AT

Algorithm 1 The optimal self-repair ratio algorithm
Input: (kv w, Vvsiv ‘/cl s s, Ne, dsi);

Output: (a1, az,..., ang);

1: f(B,nc) = min{ %7;11)“/‘//&/37 Z?E’”(:Hﬁ‘)/% )

2: (fmin, Bmins ey » Step) = (00,0,0,0.01);

3: for each n¢; € [ns, 7| do

4: for B, = 0; By < 1; By+ = step do

5: if f(Bv,nc;) < fmin then

6: (fmim Bmins ncmm) = (f(ﬁv’ Ne; )’ Bo, Ne, )?
7 end if

8: end for

9: end for

10: (B,1¢) = (Bmins Memin )3

11: for each i € [1,n.] do

. WpBEVe,

12: if E?:fl VZi > ds; then
13: a; =1;
14: else

. WbV, |
15: N = T Ve )ds,
16: end if
17: end for

Sk 2 BARG IR 1 0, T RETEERE R, DR ARLE AR B AR, B
2 5, AT SRR, AR AR PRI BSOS BB R AT S, H AT S UG, &
F B 0 BOIRAS. 56 2 2BA# T allocTask A finishTask PiANEREL, WAL 3 F1 4, 43 H)s2il 1 Wi
WA BCAT 55 AN 5E AT 55 193258, allocTask XL 55 H1E A2 36 T XF diskWeight &A B4 1] 10 58 .

B 2 WIS 3~15 4T, MFTA KW S 5B AN  MEERYGEAT TR EEERELE, R RE
FEINRERET diskld. BRIVS 5B EREARE , WRaA L, 2 5B E0EdEE >, JFRE
WatkE. 55 19~29 17, W7 s sl S A T 5T BB AT 55, sl i 77 20A Bl T 505 R
I H O DA% 7 e BB AT 55

BREERSE 3 AT RIER TR R E L, WL 5. 5 4~6 17, BUERTRLE kR
K H CAR BVESHAT AR I A 4l 56 04k, i k%, WIAAE RGN TR LT RS 195 B
Heh. RTH B SE O SRR, Joie R T A il U 77 92, a2 3 T AR B e B 7 vk, AR B
AT, BTRATCIR R 5 R 2 BOS B35, JRATTHART AR BN SN B MR AL SEI. 56 7~11 AT, T A58
BT 8T stripeld MERATSS, HF Had A1 5, X 258 s 5T 55 347 Ab 2.
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Algorithm 2 The repair task scheduling algorithm

1:
2:
3:
4:

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:

Find all the {stripeld} of the broken disk diskId;
Let diskWeight be a map structure that key is diskld and value is repairing blocks count of broken disk;
for all stripeld in {stripeld} do
for each i € {1,...,n} do
if after adding the 4 block into the map diskWeight, the capacity of map is more than before then
Choose block 7 for stripe repair;
else
Skip block ¢;
end if
end for
if the number of choose blocks satisfy k < k then
Walk all the blocks in stripe stripeld, and random choose k — k blocks that is not choosed yet for stripe repair;
end if
Add choosed k blocks into map diskWeight;
end for
According Algorithm 1, compute the approximately optimal repair ratio (a1, a2, ..., an,);
Generate the repair task list by repair ratio and wait computer node acquire;
Through socket mechanism, run the following process;
repeat
if the event is acquire repairing task then
Decode the request body and get node index 4;
Run allocTask(¢) (see Algorithm 3);
else if the event is finish repaired task then
Decode the request body and get node index i;
Run finishTask(¢) (see Algorithm 4);
else
Handle other tasks;
end if

until Close socket.

Algorithm 3 allocTask(int %)

_ s e e e
AN i s

16:
17:

ns = len(diskWeight);

cs = ne — ng, let ¢s be number of compute node that not handle self-repair tasks;

: if ¢ a key of map diskWeight then

Let &; be the ratio of self-repair tasks which have been alloc before;

if &; < a; then
return a self-repair task for node i;

else if o; < &; < 1, and the last alloc time of task for diskWeight[i] exceeds a particular value then
return a self-repair task for node i;

else if o; < &; < 1, and the last alloc time of task for diskWeight[i] less than a particular value then
return nil;

end if

: else if node i is a compute node in ¢s then

return a random repair task;

: else

Set compute node ¢ be a backup node for repair;
return nil.
end if
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Algorithm 4 finishTask(int 4)

1: Refresh diskWeight, and modify &;;

2: if the key of diskWeight is empty then

3: Report the repair process which has been finished;
4: end if

Algorithm 5 Repair algorithm for compute node

1: repeat

2 if the compute node acquire a non-nil task from monitor node then

3 Decode the repair task;

4 if fragment RS decode algorithm is used then

5: Decode by CAR ([16]) algorithm;

6 else

7 By stripeid, find all the hosts relative to k blocks;

8 Read k blocks;

9 Set the index of broken disk be j in stripe, decode by RS algorithm which code is created by generate matrix;
10: Put the j block to new alloc disk (the monitor will alloc new disks for broken blocks);
11: Send a finishTask request to monitor node;

12: end if

13: else

14: The thread sleep for a while;
15: end if

16: until

4 SRIGVRME

SEES VAL I FR PR AR (1) 1@ S E LR E A B, (2) B AT TE]. SIS 30 4 host.
A host AFE 4 NTFEAT RN 4 MR AL O T SEBUTE, FRA DI TH R SRS T ST A,
GURR AT ST i AT s N —3 960 G 1) SATA %%, FIEERFM. REENIRA T 320 G
K] SSD #%. WAEHIN 16 G, CPU 4i— A Intel Xeon, X5472 3.00 GHz. £4i¥°N Ubuntu 14.04.

BT E I /N R 4 MB, BHIEREdE & 500 2. SEESRH 3 MO RIS 801 RS 15,
SR (4,2), (6,3) F1 (10,4), X 3 Fhgmbd e A0 A7 R g P s E. i (4,2)RS K
H 3 MENEZ MR TN, (6,3)RS T KA 5 NMENEZILIIH A5, 171 (10,4)RS WK
10 MENZEAZHNL TR, X RLPAEAE T RUECE 73008 12, 20, 40 4. %40t RS b s
AR R R — AN 26y A RS R BR ] DAAFAELE [R]— MR N E AL, (EANTE— AN EAE T AL
F. AT E BN E A BN 58 10 MB/s, #%0 2 RIS BHLE K 568 20 MB/s. 28 ALK
7 TR AT, I I A A R A B S

Horp ARSI E ML T go-micro® HEZESEIL, ec KR golang FRASHISLELT) . 206 i@ it
BENLBERE I 751, 4 500 A2 70 BB &A1 s b, T JS BEALbR e — AN REE, SR 5 0 IR T
B, FEFERNE, EAAMARGPHIEN S AR 500 5%, (AR &2/ Tx 4
8. T HAERFERR, SANIRRLI I B2 NS b . Sy 7 e () B 15 2 3, FRATTE 2 2 Ik BEL
v B, SEE BRI, 20T 20 RREEE SR, IRAS B T SLieEdE, WKl 6 fn 7. L

6) go-micro. https://micro.mu.
7) go-ec. https://github.com/klauspost/reedsolomon.
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RARYE B ORI RE, R I S RAE AR S, WA S EE L IR S A T AL
Kl 6 ATLUE H, #HEE RND 5%, NOPT HiERMERE M45% 1 20.3%~35.5%. EHLRT 2L 5 /> & = 2
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RN PR IX AN 0] AT T 05 ks, RATE T 3 IR, KA T —81 (6,3)RS 5.
3 7 RASHAHLAE o 58 10, 20 A1 30, BT Td L 7 Bo vk, BB E A 2] 10 MASHALT. W
BT, iRYE 3 FIOARFIR T &, AT . 74 10 NN T A 2% 20 AN WAL T p
SIS HAE W 8, BRI TR H, Guit 3 FhEVEATRILIGAE R, B 1 PR T AL EE e R
6], 25 2 PR Tt AR LB R MRS (% 1), (E TS A AN SO IR §1) R 148 5t i
B, 55 3 PRI TR 1 MERR AL BRI LIS H: HARS SBEMITET fil 2, (B8
k. U H5EE TR S EGE T R IE, ¥ R ECE 2 B R EEER A AL, BT DUER
I 8] S i B G

5 Rgk

Wt B A A 2 AN T 3 K, BRI TR 8 i R — LR A SO R e P . R AR 2
TR PR 2 AR K3E (#1410 regenerating code) T LMRAGASEE B &, B[R A7 25 i AE R G0 h s B
S5 )L ARSI A AP RGN R O, SE R BRI B A, S T BRI R R
B, IRl Bt VIR R R R A .l B AR S IR B, W] DL 3 b ek D i AT L
R, i s B R [A).
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Figure 8 The influence of the number of compute nodes against disk repair
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An approximately optimal disk repair algorithm for distributed
storage systems
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Abstract Effectively reducing disk repair time for distributed storage systems is an open problem. Generally,
there are two directions, i.e., constructing better erasure codes to reduce disk repair throughput, and dispatching
repair tasks to reduce the data flow in switches. In this paper, by analyzing the repair data flow, we provide an
approximately optimal disk repair time. We also prove the best ratio of storage nodes for repairing and present the
NOPT repair algorithm. We also prove the equivalence of the two decoding algorithms. The results of simulation
experiments demonstrate that the repair time is improved significantly and repair traffic is reduced notably.
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