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O 4.7: overlapped 9-neighbors 0 0 00 DR-netC OO0 0O MTTFO OO

0o 00000 000 | MTTE
RAIDOOO 1 24 (12) | 0.30/A
RAID OO0 6 EVENODD 20 U5 | 0.23/
DR-net(O9N) 25 U5 | 021/
RAIDOOO 305 25 U5 | 0.16/A
DR-net(O9N-MPG) 25 U5 | 0.15/
RAID 0 OO 6, EVENODD(D.P) 25 U5 | 0.13/
RAIDO OO 30 5(D.P) 25 /5 | 0.082/A
RAIDOOO O 25 ©) | 0.0400/\

datanode parity node Pty group

—O BE

o B

Qo

\/A

Qo
|

[0 4.19: overlapped 7-neighbors

47



[0 4.8: overlapped 7-neighbors 0 0 OO0 0 MTTFO OO

00 Doooo (000 | MTTF
DR-net(O7N) 36 14 | 0.239/)
RAIDOOO 1 36 (12) | 0.238)\
RAID 0 0O 6, EVENODD 32 U4 | 0.21)A
DR-net(O7N-MPG) 36 U4 | 0.19)A
RAIDOOO 305 36 U4 | 0.14)A
RAID 0 0O 6, EVENODD(D.P) 36 14 | 0.086/A
RAIDO OO 30 5(D.P) 36 14 | 0.056/A
RAIDO OO O 36 ©) | 0.028/x

overlapped 7-neighbors 0 0 O 0 DR-net0 MTTFO 6 x6 000000000000

0.24

MTTF07N = T
0.19

MTTFommpee) = ~

0000000000000 0D0OO000DOO00DO 4.80 000 declustered parity O O O
OO0 RAIDOOO 30 50 Ng=5,G=5000 RAIDODODO 600 Ng=2,G=100
gon
ooboooo0oooobooooooobooooouoYuouoooboboooon
So0obOooboobOobobobooobooboobon

45 0000

DR-net0 00002000 0000000000000000O00DO0O0O0OODOODOAO
O0O0O0O0ODOCOORAIDOODO 65 00Reed-SolomonC 00000000 O0OOOOOOO
OO0O0dbD 2000000000 b00ob0oooooboobooOD RAIDOODOD 500
O00O0XOROOUOODOODO Reed-solomon0 0 OO 0O0OCOOOOOOOOOOCOOOO
OODR-netD 0 000D O00O0OOOO0ODOOODOOODOOXOROODOOODODOODOOOD

48



000100 00000000000000000000000000000000000
2d-0000000 XOROOOOOOOOOD20000000000000000000
0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
DRNet00 0000000000000 OCOO0O000N0COOONNONDOONONONONoDOOn
00000 OEVENODD[Y[2][3]0 XORO OO OOOOOODOODO0DO000000000
0000000000 0000000000000000000EVENODDOOOOODO
0000000000 000000000000000000000000000000
00000000000000000000000000000000000000000
000000000000 0000000000000000000000000000
0000000000000 000000000000000000000000000
00000000000 00000000000000000000EVENODDOODOO
0000000000000000000000000000000000 XOROOOO
O00O0O000ODRNetO0O0D0O0D XOROOOOOOODOO[24][25] 00 0RM2000
0000000000000 O000RM200 EVENODDOOOOOOOODO XOROO
00000010000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000 00000000000000000000000N0noo
0000000000 0000DRNt000000000D00O0N000000000On
0000000000000 0000000000000000RM2000000000
0000000000000 0000C00ORAID6OOCOOOONOOONONOOOONONOOO

46 OO0

Oobooobog2000o0bo0ooooogobooooooMTTFOOOODODOOO
OO00000ooboooooo0o bDR-netJ 00000 RAIDODOD 30 5000000
OO0boO0boooobooo0ooooooboooooo RAIDOOO eOOOD 1000
OO0bO00o0ooboooooooboobOU0bUORAIDOOD 6O OODDORAIDODDO 6
OMTTFODOOOOOD 1% 00ooooooooobooooooobooboon

49



OoooooooooMPNOOOOOOOOOOOMPGO MPNOOOOODOODOODO
ooooooboobbooboon
ooboobooboobooboooooMTTRFOOODODOOOOOOODbOOOOOOOn
oobobooboobobbooboboobooboobobboboobooboobd
OOoboooobooboooooobobboboboobooboobooobDoObOrRAIDOOO 60
gboboboooboobooMPNOOOOOODODOO RAIDODOO 6O0DODOOO
obobooobooboobooboobobboboobooboobooboobg
OOoooooooboooobooboooobbo0ob0OODRNetD OO0 RAIDOOD 6
Oob0boobooboooboobboboboboobO0o RAIDODOO 305000000
obooooboobboobog
OooboooobbooooboboobR-netd D000 bbooooobDbOOn
OO0oO00Oo0ooooOO000ooOooO0U0oooOoOoOooDoOoO0Ondoverlapped 7-
neighbors0 000 DR-netO O ORAIDO OO 1000000000 RAIDOOO 6000
OO00oo0oooboOouooooobooooboobD RAIDOODO 3050000000 RAID
OOb0e0U0OUOO0DRnet 0000000 ODOOOOODOOOODOOMPGOODODOO
OOobo0boooboboboooboobobobooob RAIDODOO6OOOOOODOODO
Doooooooon
20000000000000000042300000000000 MPGOOO MPN
ooboobooboooobobooboo 3yooooooooMPNO OO OODOOoOooOoD
ooooooobooobobooboooooobobboobobobooboMPGODODOD
OobobooobooooooooboMPNOOODO MPGOOOOODOOODOOODO
oboooodboooboooooboobbooboboboboboobooboobooog
oboooooboobooboobooboobobbooboo

50



1 50

Juoogudood

DR-net0 200000000000 DOOO0OO0ODOODOOOODOOOOO0O0O0O0OO0
gbobbuoboogbbboooobbobooobbbbouoooobbboooobboog
ooboboobgobbbbobbooboobooobobbobboobooboobd
OO0 20000000000000obO00bobooogooboooboboooooOoo
OO0b00o0oo0o0oooob 300000 DbR-net 000000000 OOODOODOOD
ooooo

51 Lo

gboboboobboooobboboobbboooobobooboobboood
oo0gd

511 OO0 ood

000000002000 000000050000000000000000000
5x50200000000000000000000000000000 storeand forward
00000000000000000000000000 [31[35][38]0

OO00obob boooooboooobbbobooooboooo ety ooooon
OO000ODO CORAL HPT0O4 SCSI-2 TRAM

0000 Quantum Go-Drive 120S(2.5” 120MB SCSI 0D 000 0000 O 0O0O)

51



Oos1bo0oogoood

XOR OO 1.25MB/sec
oooodao 887KB/sec
ooooogon 17/ms

0ooooooo 8.3ms
000000  4AMBytes/sec

Ooboooobobooboobboooooboobooo coo4ooboboooooooo
Oobooobooooobooobo 2s000b00ggboooooooboooboooboooon
OoQoT8050000O00UpooooD1o0ooooooDoOoDDODO IMSB300TCRink O O
ooobobooobboboobobboboobooboboboboboooobob 40000
00000000 oooOOoCoOooO00ooooD (R422 0000000 Oooooooo
gbooobooooboboboboooboon LA-AT-FOO0O0O0000D O

OO00000oooOoOoDOoOooOOO0OO0/oboOboOooooDoDoooOOOoOn (847K-
B/lsec) OO0 OOO0OOCOOOOO0O0OOOOCOOO0ODODOOOOOOOOODOEODOO
000000 storeandforwad D 0 000000000000 OCOOO0OODOOCODOO
oboobobooboooboobboboobboobbobbobbobboboobo
oooobogogboboobobooobobobobobooooobobobobobn
OO0DRnetD000OOO0OOODOO

Os510000obgooboobooboobobouobunDg

512 JUOOOOO

Obooboboboboodbboeccam2 00000000000 DOO0OOO,000
ooooo,XorROUOoooboooooooooooooobboobooooooooo
ObobobbO0ob0o0oooooooo soobboooooboooobobbooobonboon
OOoboooooobbooboobooirkBOoooooooooooooooooon
ood

52



parity group

data node 1 parity node data node

1 receive READ B

receive WRITE A detect disk failure
update A to A’
send parity

TIME

2
read P(=A xor B)

3
read A’ update P to P*(=A" xor B)

finished 4
reconstruct A* xor P(# B)

5
reply incorrect value
finished

Oos1d00boooooooog

gooaoo

obooooboobobbobooboobooooboobuoobobbobo o
obooooooobbooobobboobooboboboooooobobooboooDg
gboboooboobooboobooboobobobboboooboboobooobd
oboooobooboobobbooboobobbooobboobooboooDg
oogd

booboobgoobobbobooboboboboobooobobboboobon
OO0ooooogooALTOODODODOOOOOOOODOD OO 2000b00000DO0OO
Ooboo0ooooooobooboooobooooboooobboobooobi1looooooooon
obobodboobobboobooboboobooboobooboboobog

gobbooogboon

DR-net00 0000000 ODOOOOO0OO01000000000O0O0O0O0OO0O0ODOO
obooobobboobobboogoboboobooboboboboobbooboobb
OO000000o0o0o0oooooooog (@@ sy)ydoo (@s2ouopooooobooo

53



parity group
datanode 1 parity node data node 2 datanode 3

.@J%ﬂl

1 receive WRITE B’
detect failure

2
request data

3
read A

/\

receive WRITEA' XORA and B’

update A to A’ wait for C -

send parity read C

/

5update P to P*(=A" xor B xor

\

finished
Burite P*"(=A xor B xor C)

™~

7 finished

0s200000000000

ODOO00O0ORAIDODODODOODOLOOOOOOOODODODODOUODODOUDR-Net
oboobooboogoobboboobbobbobbooboobooboobo
oboobobooboobuooboobooboobooboobooboobobobg
gbobobbobobbbooooobbbobobobbobuooobbobooobbbbod
gbooboboboboboobooboobooboobooboobooboobo
obobodgn

gboboogobobobobooooboobobboogobbobogobbboood
OooooOooobooobooobboobooobooogs3apuobooboooboooooon
gobogbobguooouboogbouodgbogboooooooboobooanboo
gboboouoggbobboooobbbooobobbouoooboboboobooboogd
ooboobgbbooboboobobboobooboobbobbobobobooboobo
guobboooooobuoooobbbooobobbbuooobboooooboboobbd
gbobbooogbuoboooboboboogbboboboaooodgd

0510000000 40000000000 2000000000O0DO0O00O0DO0O POO
0000000000000 A0DODDOODOOOO0 3000O0oDo A0ooooooo

54



(1] [ 3] (1] 1,3.1

dataA dataB dataC parity CONSISTENT

1 3 1,31

dataA dataB dataC parity INCONSISTENT
(updated

053 00000000000000000000000O0DOO

OOob0booboobooboobooooboboobooooo s2000oooooogon
oboooboooobooobooboobobooboboboobboboobooobg
obobooooboooobobooboobobbobn

0520000060 0000000000O0DOOOSOODODOOOODOOOOOO
O0OO0000OOoOoO0bO00bOO0O0Oo0U00D pOOOO ADDOOOODDDOOOO
gbobooobooooobooboobobbooobobooboobooboobog
obobooooooooboobooboobooboobobboobbooboobooobg
gobbooobooooooobbooboobobobooooboobobobobobogbg
gbogboboooooobobooboboooboobobobooboobooboobg
OoooOOoOOoO00DOoOoOo (@b 200 6e0b0)0O0ODDODOODOOOOOOOO
obooobbooboobooboobobobobbobooboobooboobd
obooooboobobobooboobobbobobobbooboobobboobg
gobooobooboooobooboobooboobobboboobbobobo
oboboobogooo

OOobO0oooboooobooboobobooboboobooobobbos2000b000000
oboobooboobooboobobobobobuoobooboobooboobOoobog
obobooooboobooboobobbobobobbooboooooobobod
obooooboboboobboooboobbbooobboobboobbbooobon

55



Os2000000000000

gobooo gboooboon

oogno g

gooo gbgogobbobooobbbooon

Oo00d0(@©U0) booOooOoOobobOooobDooooooooo
gboboboboobgoon

Oo000(@©UO) booooOoOobobOooobDoOooboooooo
gobbuouooobbbuoooobbooooobboooong
gboboboboobgoon

gboboooboobooboobobobobbooboobooobn

52 UUU0b0oooouoououoog

Oooobooboobooboobooobob0DbDR-netO0DO0OD0OOOOOOODOO
obooooboobooboaoob

521 DR-netJU00OOOODOUOOOOOO

oboooobgoooobboboobooooboobooboobobboood
oooboodgobooboobooboobooboooooobobbooboobb
gbooooboobooboobooboooobobooboobooboobOoobg
oboobooooobooobobboobboobooooooboboooobobo
0000 DR-netCD 000000000 DR-netC000000O00OO0OO00ODOOOODOODO
obooooobobobooobobboboooooboobobobobbobo

gogooon

0000000000010 00000000,0000000000000A0 tg, tw(ms)O
O00100000000000 LByteOODODOOOODOOOODODODOO,0DODOOO

56



parity update(FPG, SPG)

R TN
\

write request (read, writey

/LN
\H . ... H/ . j - read

7 BE - Write

Data Nodes Parity Nodes

Os4 00000000000 ODOODOO

L
TSR = — (51)
tr
L
tw

gbobbuoooobbbooboboboboobobbouoooboboboaobobbbd
gbobhoooooooobobd gty ooooooogbboobbboo
OOobooboobO0lgoooobooooooboboooog tgtwOOODOOODODO
guobbooooboboooobn

oooobobbob

gobobobobobbobobobobobobooboooooobobooobbb
U000 NpOOODDOODOOOODOODOO TprO

NpL

- 7= 3
tR+OHFR ( )

TF R

OO000Db0O0 OHpgOOOOODOOODODOOOODOODOODO
ooogboodbooboooboobobboobooboobbobiloobooboobobo

Ooo0oQo0O (8pyoUooooUoooooooooooUoooooooooOoooDooOoo

000000000000 read,write 100000000D0CDOODODOOOOODOO

57



.- read parity update(SPG)
parity update(FPG)

- write write request

(read, write) 3

All Nodes

gss dbobooobobobooobooobooboo

soooboboooboooobooboobobboobobobOooobOooobobOobOoDo
0000000000000 O0 read,write 800000000000 ODOCOOOOO
O000000o0oooOoOoooooooOo8Udn read,witeJODDODODOO NpOOOOO

OO00O0Doo0oooooo (O 540
NpL
8(tr +tw) + OHpw

gooboooogon

ooboboobooboooobbobobobobooooobooobobooo NODODD

NL

= 9.9
tR+OHDR ( )

TDR

gobon
Oobooooooooooooboooooooooblobooooooboooooon
gooo,FPGUOOO0OO0OO,SPGOOOO0OODbDOoOOoOobbooonoobooooDon
O0000000000D000b0 300 read,wiiteDOOOOOODODOOOOOODOO
loooooobooooboooboooobobooboboobobobobobobOoon
000000000 read,write 300000000300 read,writed 00000 NO

O0000O00DOoOoooogoo (g 550

NL

%
3(tr + tw) + OHpw (1%6)

Tpw =

58



oodd

522 UOOOODO

gbobooboobuoobooboobooboobooboobooboobod
Oooo0ooObOobgi1co0gobooobooboboooobbooboboobooboon
obooodbooboobobboobobooooobuoobooboobooobo
obobbooboodoobboooobooboobbobboobuooboob b
oboboooboobooooobooboboboboobooboobooboboad
obooooobobboobooboobobbobbooboo

gboobodbooooboboboobobobbooboobobbobbobod
0000 66,58 57,5900 0000000000000 000OLO0OO0OODOOOODO
OOobooboboOobouobOoboboobooogon

gboobooogn

goboboboooboooboobobobobobobooboboboboood
oboooooboboobobbbobobooobobbobobobobooboooboonog
gobboobbooooobboobooboobobbooobbobooboobooobn
00000000 00oopDoOooO0O0Oo0ooooO000g ooOgg read-modify-write
ooboooobobooboboobobobobbobobooobbooobboooobo
OO0O0OMPG,MPNOOOOOOOOODOOOOOODOOOOOOOO V2000000
goboobuooooooooboobooboobbobbobooobb

ooobdg

Os800000b00o0boooboooboboboboboobooboobboobbooboDn
gobobbooogbboboooobobbooobbbbouooobbobooooboon

O000O0O000oOOo0Oo00ooDoOoobOO0oOoDoboOoOoobDboDoo (@s9000
Oob0boobobooooboooogosogboobooboooobobbooooon
gbobooboogbbbuoooobboboooboboouobbbbboboobbbod
gbuobuooogbobooobobobbbooboboboooobobobooobobobbod
bboboooboooboooobobbbobobobobooobobobobbod

59



140

120 |

100 [

[o]
o

MPG —— -
MPN - -+
fixed parity nodes --=-

response time (ms)
(2]
o

40 single disk -+ 1
20 ]
0L | |
052 8 16 32

block size (KB)

gsed0dooooooooooogg

4000
3500 [ fixed parity nl?/ldF?l\sl _._
MPG -=
= 3000 , ]
E
q_) |
E 2500
& &
2 2000 -
o
o
(%]
® 1500 1
1000 1
500 1

block size (KB)

gs7zubuogbooboobooobn

60



16000

14000 -
12000 ’
o
3]
£ 10000
e} 1
<
5 8000~
Q.
Ny
S
3 6000
£
4000 MPG - -+
MPN -
model(fixed parity nodes) -=- |
2000 fixed parity nodes —=—
Olw L L L L
05 4 8 16 32

block size (KB)

gs8000ouoooooooooo

2000

model(MPG, MPN) ——
1800 - MPG - -
MPN -+
1600 model(fixed parity nodes) -
fixed parity nod

1400
1200
1000

800

throughput (KB/sec)

600

400

200

oo
o P
AA
o -
BN
(e}

32
block size (KB)

059 000000000000D0 @CUOOODoOon)

61



700 - 7
fixed parity nodes ——
600 - MPG - - 3

MPN - L
500 PO

400 o .

300 1

overhead (ms)

200 1

100f 1

O L1 1 1
05 4 8 16 32

block size (KB)

0510 00000000000000 @boooooo)

600

500 -

400 -

300

200 -

throughput (KB/sec)

100 ¢ without xor + reduced comm. - -+
without xor -+
! fixed parity nodes -x-

0 L L
05 4 8 16 32
block size (KB)

0511 0000000000000000000000000C0000000000 @0
oooooo)

62



gs3 00bbooboobooboooooooboon

0000000 (KB) MPG MPN

05 269 265
2 262 261
253 247

16 248 244
32 244 240

gbobboogobbdouoobobbuooobobbooobbbobobbbbooon
Oo0O0oo0oOo(@sn)jooddoo00oogooogooooooDOoDoooOoood
gboboboboobooboobooboobobobobobooboobooboobd
gobbuoooobbbuooobobobboboobobbouooobboobbboooobobod
gboooboobooboobooboobobbobo

gouooooooobooo

goboobooooooobobboobobooboooobobobobooooobLoo
obooobbooobooobboooobooobooobboooboooboon
oboboooboboooboobooboboboobobooboooooboobg
OOoboboooboooboooooboooooos3boobooooooooboogoo
Oo00oo0o00oUo0poOooooooU0ooUooooDUoood Towl/lTrw OO O OO

Tow NL 8(tr +tw) + OHpw

X
Trw  3(tr +tw) + OHpw NpL

OHpw,OHpy 0 000 00000000000 N=25Np=20000000

Tow _25 8 _ 10
Tew 3 20 3

00000000000 1¢300000000d0oo0oo0o0oooooooooooono
oob0OoboboboooooOobOobOobOobOoboOon

OOooMPGO MPNOOOOODOODOOOOOOOOobLOooOooMPGOOOOOO
ooboboobooooooboboobobooobooooobooooooMPG MPNOO O

63



obooogooooboobobbobooboboobobooorPGOOOODODOOD 1,600
sPGOO0O0OO0O0O0D0O 224000 [7j0OO00000COO0OOOOO MPGOODO store
andfoward D000 0OOOOO0ODOOOOOCOOOOOOOOOO0OOOOODODOO
gboboooboobooboobooboboobobobooboobooboobg
oboooogobogd

53 UUUuoooboggy

ooboooobobooobooob vybObOObOOOUDLOODOODODLOODOODOO
oobooboboobooboobuooboobobooobobooboboobooboooDbg
oboboooboooobbooboobobobobboboooooboobooong
gbogoooboobooboobboobobobobbobooboobooboobg
ogooobooboobuoobuoobooboobooboobooboobooog
gbobooobooboobooboobobobobobbooboobboboobg
oo1ooooooboooboooooboobobooboobboobboobbooboobobooon
oboobodobobooobooboobooboobobbobbobobooboobooobg
ooboooobobobooboobooobooobobob10b0ob0oboboooooboboon
oobo0o1oooooogoboooobooboobbooboobooboboobobooon
obobooobooooobobobooboobobboobobooobooboooDg
gboboboboobooboobooboobobbobooboobbobooobg
gbooodoboooobobooboboboboobobbobbobbobOoon

531 UOOOObOOOO

10000000000 FPG,SPGO 20 000000000000 0O00O00O00OO
oooooooboobobobooboboobooooobobooooboboboDoOog 30D
OODO0OOOUOLRS ERSO 20000000000 00DO0OOOOO0OOFRPG,SPGO
20000000 00000000DO00O0ODOOOODO0O0OO0O0OLRS ERSOOOOOO
ooooo

0 512,530 00000 MPGUOOOODOOOOOOoOoooooboooooooo
OO0bo0bobbob0oboobogobEeERSO0 LRSOODOOOOOODOOOODODOOO

64



goo|
600
400

200

response time (ms)

number of

disk failures 005 2 8 block size (KB)

0 512 LRS ERSO0OOCOO0OOOOOOO MPGOOOOONO)

5 15000 ERS —— 1
D] e - ke
Y
o
X 10000
5
Qo T
a
2 5000
e
= J/
0«
32
number of 2 8 _
disk failiures 00.5 block size (KB)

0513 LRS ERSOO0OCOCOOOOOOMPGOOOODOO)

65



Oooobooboo,MpPNOOOOOOOODOOODOODOD

ERSO 20000000000 00O0O0ODO0O0OOOO0O0ODO0ObDDOOODOOODO
OO00000000 ERSO0 LRSOO0OO0OO0OO0O0OOODOOO0O0O0OOODOOO0OO0bO0bOO00
oboboogboobooboobobobooooobobboobobooboobg
OOoboooooobooooLRSOboooooooooobbooboobooboooooD
obobogogo

532 UUUOoooooog

0 514,510 0LRSO0OD0O00O000O0O0O0O0O00000O00O0O000bOO00000
MPGUO MPNOOUOOUOODOOOOOOOODODOOODOOOOOOOMPNDOOOOO
OOoO0O0bOoboOoeERSO0O00OO0OOODObOOoOoOoOooOOooOobDOon

gboobodoboobobbobboooboobboboobooboobobbooobo
Oobooooooooboboooboboobooooogooo MPGO MPNODOOOO
ooobobogboobooboobbobobobobooboobboboOoDo o
oobobilidbobooobooobooobooboobooobooobo10obbobboboobob
oobooodbooboobuoobuooobooooobboboboobbooooobooDbg
OoboogsledoooogoboooboobooooooooMpPGOOO MPNODODO
OobooooooboooooobobooboooobooMPGOUOOD MPNODOODOOODO
oooooobooooo

oooooooooooooMPGOODOODOODOOOOODOOOOOOO0OOO0OO0O0
oooogooooobobooboboobobooMPGOOO MPNOOODODODOOOD
o000 (@s99bdobooooooboooooo0UoooobDooUDoOooDo
MPGOUOUOOOOOOoOOoDOooOoOoooOoOoooooooooooboooboOod MPN
O00oo0oOoooooooooO (0 517,518)0

533 UUOOOOboooooooooooad

Os5190000bododbooboooobobooooobobobooooooooon
gboooboobbobbuoobodgobobbouoobooboobobobbonobg
gbobboboobooboobooboboboobboboobooboobbobd
OOooooobobooobogooobo ebboboobooboobobbobobooooooo

66



800 j,.,/»jjjjj:::::“"’/ﬁ . MPG ——
600
4001

200 L+

response time (Ms)

number of

disk failures 0p52 8 block size (KB)

0514 MPGMPNOODOOOOOOODOOO (LRSOOOOOO)

15000
10000 [

5000 "

throughput (KB/sec)

number of 2 00_% block size (KB)
disk failures

O 515 MPGMPNOOOOOOOOOO (LRSOODOOOO)

67



300

250

2001

150

100 [

number of disk accesses

501

1 2 3 4 5 6 7

number of disk failures

0516 LRSOODOOODOODOOOODOOOOODODODbObOOO

Oo00oOo0O000oo0ooooooooooooog ®yoooooooDooo 3y
oboboodboboooboobobooboobooboobobi10obooboobo
ogooobooodo loboboboooobobboouoboobobobooooong
OO0oOooOooOoOoOoQoOoOoOoOOoOoDODODDOD B2UUUOoOoUoOoOoOOooDObO
gobbogbboobuoobooobbooobooobooooobobboobbood
OO000D00 82Ub0oU0bO0bb0oU0bOUoobLU0bobUUoUoobooDOoUoobO 300
gobooboogboboobbooooboobobobbboooboooboog
gbooboogbobobbobobobboooobod

e JOUO0ODLOOUDODLOOOOOOODODDO
e J0OUO0ODLOOODOODLDODOODODDO

OOo0oooob20000000000000000000000O0DDOOOOODOODO
gbobbuoobobbbooobobbobooobbbbouoobboboooobonoog
gogobbboodgboooogobbobuooogbobobbooooobobboooooobo
gboobooboboobooboon

68



response time (ms)

number of page size (KB)
. . 0 0.5
disk failures

05172 MPGMPNOOOOQOOOOOOOOO (@WDOOO)

600[
5001/

400/
300
200
100

throughput (KB/sec)

number of 2 00 52 page size (KB)
disk failures '

0 518 MPGMPNOOOOOOOOOO(@COODO)

69



2507,
200
150
100

throughput (KB/sec)

50

number of 2 0052 block size (KB)
disk failures '

0519 000000000000 00C0000 CooOouoobooo)

54 U000

000000000000000000000000000000000000000
000 OTickerTAIP[4 00 000000000 000000000000000 T8050
0000000000000 000000000000000000000000000
0000000000000 0000000000000000000000000000
TickeeTAIPO OO0 O0O0O0O0OO0O000O0O0O0O0000O0O000000000000000
0000000000000 00000000000000000000000000C0
0DRNet00000000000000000000O0000O0OCOO00000000D0O
O0O0TickeTAIPOO 00O 0000000000000 000000000000000
oooo0ooooO
00000000000000000000([12)[17][2500000000000000
00000000000[12)0([171000000000000000000000000
00000C0O00O00000CRAIDOOD 405000000000000000000
0000000000000000000000000000000000000000
00000000000 0RM2[25 00 DRNet00 000000000000 00000

70



OO000o00boboDRnetCO000O00DOOOOORM2O000000000000O0
ooooobooooboooooobooboooouoboboboboooooobooboog
obooooboobooobooboobobbobobbooboobobbobbdg
obobbooooobooboobooboobooboboboobobooboooboobd
gbooodboobooobooboboooobobobobooboobooboooDg
OOoooobooboooboobobooobooboobObR-net00O0OOOOOOOn
obobooboobobobodoobooobobbobooobooboboobooboobg
ooodd
OoO00o0o0o0oooooooooooooMuoooooooocoooooooo
Ooboobooobboobobobooboob0ol1go0ob 20000000000 00bO0O0
oboooodboobooogooboobobooboooooboobobobon
OoOd[8|cooooooooooooooooogooooooooooooooo
oboobooboobooboobbobboobooboobobbobooboobd
oboooobooobooobooboobboobobboboobooboobooDbg
obobooobooboobooboobobobobobobooboobooboobg
gbobooooboobbobooboobobbobbobooobn

55 U000

Ooboooobooooboobooooobooboo DrRNet0 00O 0O0OO0OOOOOO
gbobbuooobobobboobobobuooobboboooobobon

oooobbooboooooooboboobboob DrRetd 100D OODOO
OO00z2000000000000000000000000O00DO0O0OOOOOOODO
gbobobuooogoobuooooboboboobobbbouooobbobbooooobbod
ooobood /woboboogoo

MPGUO MPNOOOOOOOOOOOOOOOOOOoOO0oooobobooooooooon
googooooooMpGOOOODOOOODOOODODOODOOOODODOOODOD
ooooooMpPGUOUOOUOOOOOODOOOOODMPNOOOODOODDODOODOOD
ooboooMPNOOOOOOOOOODODOODOODOODOODOD 400000000
OOMPNOOODOMPGUUOODOOOODODOOOOOOoOOobDOOODOobDOoOooDOoD

71



OobooobooobboooooooboobobooobobooobooooobooooMPGO O
oboooooboooboobooboobdg

Ooogbbobobobobooooobbboboboooobobobobobb
obbooooboobooboobooobobobobbobooboobooboobg
obooooobooooooboobuooboobobbooboobobooboooooog
obobooboobobon

2000000000000000O0DOODOO0O0O0O00O00DO00O000O00O0O00O00OO0O0
OOob00o0dDb LRSOODOOOOoO0ooOoooooobooboooobobooboooooooo
obobobooooooboooboboboobbooboboobbooboobd
OO0b0b0O00oboo0obOoeERSOO00O0O0OO00bOO000oooboobbooboobooon

obooobooobooobbooub DRt ooobboooboo
oboboooboooooboobooboobobobooboobooboobbobg
obobooobooboobooboobobbobobobooboobooboobo
ooooooboboooobooobooboobobooboobbooobboobbobobo
oboboooboobooboobooooobobobobooboobooboobg
obobogno

72



0 60

Juoogtdboog oo dun

oooboobooboboboboobobbobooboobooboboboobon
gbobobooogoboobooobbobobbbbooobbbouoobbobbog
Ooboobooboboobooboboo3aooboo bDrRet0 0000 oooOon
gbobbuoooobbdooooobboooobbbouooobboboooobbboo
OO0 DR-netCD0O0OODOOO

goboboooooooboboo,bbobbobbooo,bobobboobobbo
DooboboboooobobodbR-net 0000 obobobboobO
oooobobooooooooooobooboobooboboboboobbo3boboobooD
gogoooboobooboobooboobob

61 DUO0O0O0OOO0oOooad

611 ODOOOOO

OO0D0OO000OdDR-net0 00 SOO0O0O0OOOODOODODO200000000000
OOo0O0o3aobobooooboobooooboooobobooon

0000000000000 O0DORAID-II(IOODOOCOCOCOOOOOOOOODOO
oooboooboooobobooboobo3booooboboooobooooobobooooOoo
DR-netO00OFPGO SPGUOOOOOO0O0O00O0OO0O0ODOO0O0O0O0O0OO0O0DOOO0
OO0000O0O0O0O0ODRnetD OO OOOODOODOO

73



1. 00000000000

Oell000000000DO0D0OO0OO00O00O0000b0O0ooooDODObOo0n
ooogogbobooboboooooooboboooboooobooobobo
obooooogbobobobobobbobboooobobobobobobobo
obobooboboboon

2200000000

Oe200000002000000000000000000000000ODOO
OOooog20000ogoooooobobobooboooooobooooboooDo
obooobbooobbboobbooobbooobboobbbobbbo
gbobooboooobooooboboboboboooooboobobooobo
ooooooboooboobobobobobboooboooobboooobboo
oboobobobooooobobobobobooboooooboboboobbo
gbobbobobooboobooboobobbobbobn

3.300000000

000 200000000000 100000000000 (@ 63)00O0O0Oond
sOogdboooooboooooooooobobL FPGOOOOODOODODOD
OOob00oOoooboboboooboobooboobobbblooboobOooobosn
OOoo00oobooboboboooboooboboborPGOOObOOODObDOn
OOoo0oooobboboooboooooseGUOOUObOOoOoOoooob0obDooonDon
Oobooboooboooboooz200000000b0oboo0oo0obooooobOoon
Ooobooooboboboooobboboboboobob 200000000 oobLOoODO
ood

oboooboboboboooobbooobbooobooobobooobboobboao
obobooobooboobooboobobbobobobooboobboboobo
gboboboogobbobboooobboboooooogbobbbouooobobbog
oboboooboobooboobooboobobobbobboooobboobd
gboobogboboobugbboobboobbobbooobogobbuoobboobood
gbobbuoooobbbooobobbbooobobouoobbbbooooboboog

74



requests from external hosts

interface oo
top bus
disk node N

oelibdiouoboobOoOon

requests from external hosts

top bus

second bus |
COﬂtro” L

:secondbus eee '

e I

062200000000

75



requests from external hosts

interface
top bus

second kﬁj +
controller:+ second bus ***

:third bus
“controller

R EEEE

063300000000

gobboboobbbooobobbbooobobbbuoooobboooobobbod
ERERE

oooOooobooooooooboooooMPNODODODODODODODODOODOOO
OoooooMPNOOOOODOOMPGUOODOODODODOOOODODOOOOOOOO
gbobbuoboogooboooobbobooobobbbuooobobbooogbobod
oogd

612 UOUOUOOUOOOoog

O0bo0o0oob0Oob0D0b0OREADOODO WRITEDDDOOOODOOOOOOOOO
FIFOO0O00O000O0o0ooobooobbooooobobooboobbooboooboobn
OOoooooooooobobbboo0oooooboobogooz200boboooooOoOoD
oboobobboooobooboobobobobbooboboobooboobd
obooboobobboobooboobooboobbobooobbbooboobb
obooodboobooobooboobooobbooobboobobboobooobg
obooogbooboobooboboboobobbobobooboobooboobg
gbobooobboboobooboobbobboboobboooobooboobn
oooobuooboooliobbooboobobooboobbobooooobbooboo

76



D6l 00000000000000
00000000 (psed) OO0 O (Mbits/sec)

DR-net 0 00O 5 80
ooon 5 2000
ooon 5 400
oogno 5 80

oboboobooobobobodo

613 UU0O0OOU

gobbooboobbooooooboobobbbobooobobboboobn
gboboooboobbooboooooboobobobooooboobooboobg
ooooogbobdobobooobobobobboboboboolocoooooobog
OobOoboooboboobooboboboweconooonoo

614 U0O0ODOOOOO

ooboooooboboboboboboboboboboboobobbbobobobog
gboooobooboobooboobobobobooooobobobooboobg
OOoboooobooboobo0ODbDrRnet 000000 ODOOO0DODOOOODLOOODOODO
OoOooobooobooobobooooo lebobboooobobobOboobooboboOobO
oboboooboobooobooboobobobbobbobooboobooboogg
goobogoooo

OellODbid0d0bdoobobo0oboobo0bobOboobDbbobUODODR-net ™
O0O00000O0CCCOOOO0O0O00 point-to-point 0 00 0000000000000
OO0OMyrinet00O00O0O00OQO 100Mbitdsec0 0O O0O0O00O0DOOOOOODOODOOO
oboooooboooooobooboobobboobobbooboobooboooDg
00000000000 CCC0O0ODOOC0000DOODOO10Mbytedsecl SCSI-20 00
oboboooboobobobooooobobbobboboooboboooooobg
obooboodobo sgobgobuobooooobooboobbobobbooooobg

77



OoboobobOoboboobobobooooobobobobobobooooboboboobooso
OOobOdboobooboobooe3d3dbooouoboboobooooboboooogon
obobooogon

6.15 0000000

goboobooboooouooboobbboobobbobbobboboobo o
gbooooboobobbooboooobobobooobboobobbooboobd
obooooboobooboobooboboobboboobobbobboobob
obooobooobooboobobooboobbooboblooboboboouoog
oobooboboo3gboobboboooobobobobo sgboboobooobooobobon
obobooodgobogo

oooooobobooboobooooboooooooobooboDono XxorRooooo
oboboooooobooboobooboobobobooboobobbooboobd
XoROOOOoOOoooooooooboooooboboobobboboobooboooooboo
Ooboooboobooooobooboooog 25b0bboobob0oboboooboooon
00000000000 e200000000O0DODOCOCOOOOOOO 1410

S;=Alx—-1)+Byz—14+C (z>

g _ 1
"o (2=0)

O000:x0000000000000C000C0QC0O0OA,B,COO0O00ODOOOODOO
Ooboooboobooboooooboobooobobooboobobooboooboobooobooo
O0O000O00bOOo0Ooooooooon [290

62 UUOUOOOOOOOO

oboobodobooboobobobboobbobbooboobobbobbobod
gboboboooobobbogo
gboboogoobbuoboobbobuoboobboooobobbaod

l. 0J0ooooboooooooouoooooobobbooboboboboobOoobD
Oo0/o00o00oooooo

78



ge620000000000000O

gogooooo 3
XORO DO OO 10 Mbytes/sec
oooooo 512 bytes
gboooogo 32 sectors
oooo/moooo 90
ooooo/ooog 6
ooooo/oooon 100000
oodooooooooo 0.5ms
gooooooo 5 msec
goodooooood 12 msec
gooooogo 4.3 msec
Jgododooodooooooo 1 msec
gooooogo 1 msec
ooooo 75 Mbytes/sec

79



2. 00000000000

. 0b0bbooobobbboboobooobobobobooobooboobo
4. J0O0ooOO0oobOoooooooboooob
OOobboooboooooboobobooo 3gbboooon

e O UUOOOODLOLDODLDODLODLDUODDOUOOOLOODLODLOOLDOOO D
Oo000oO00O0oOo(@opooocoOoOoooooooooocoooon)

e 0000C0O0DDDONONONODDOONONOOOONONOOOONOND (OO0O0O00OO
oooooo)

e J000DODODOUOUUOULDDOCL CUUUDUODOOODOOOONO)

OobO300b0000o0ogboboboooboooobooooboboboooooon
Ooodoobo3gbobooooobooboboobooboobobobooooooon
oboooooooboooboobuoooooobobboboooboboobooDbg
oboboooboboboobooboobobn

gobobobooooboobooobuooooboobooooboboooobobo
Oooooboooobooboboboboboooboboonboooonooboobo
obooogo

6.3 OO0

goddooooooooooooooooooodnoooooooooooon
godgobooobooobbboboob bbb b oouboooobo o
FIFOOODOOOOOOoOoooOooooooobooboobbooobooboboooobo
0o00odooooooooooooonoooooooooooooooooooood
goboboooubbooooobobbboobbboooonbobboubbbooooobo
0300000000000 0000000000D0000DOo0o0ooooD00o00d normal
mode0 0O O0OO0O

80



631 00000004

0 64,6566 670000000000 10000 30000000000000000
Oo0Oobobooooooobobobbob40b0000
gobgoogbboboobboboooobboooobooboooobboooan
oobobobobobooobooooooboboboouobobooboooabd
gbogdgobobuooobobboogo
OOooobOoboODRnet 00000000 DODOOOOOODOOODOOODOOODO
gooobobobbobbooobooboobooboobbobboooboobogbd
ooboobobooobobobobobobobobuoobObDrRet 0o oooDO
gbobobuoooouobobuooooboboooboboboooobbobooooboboon
obobooobooboobooboobd
gboboggobbboogobobobooboobobobobbbooobobboood
gbobobobooobbooogbobboobobobbooobobon

l. 000ogobooobbooobooooobobbobooboobooboboo
obooooboobobobooboobobbobboboobgao

2 0000000000000 b0ob0b0ob0obobbObOO0oooobOobOobbooDO
gboobogboboobobobobobobooooboboboboboboobo
obooooobooooboooobobobbooobbooobbobooboo
oo0gd

. 0dboodboobobooooobooobooboboooooDoboOUbUobobogbobog
obobodoboobooboboobobobobooooobobboooboobn

oboooobobbooboobobbobobobbobobooooobooobobobg
Oo00boboobuoobODRnetbO00O0ODODOO0ODOODODOOODOODODOOODO
gboboogoobogo
oobobooobobbobbobooobobobobooobooooobobbobod
gboobuoobgbbboooobobboooboboboobboboooobobobog
oboobooooboboboobboooboboobbooobooobooDlboobooo
O30b0bobooebbbOoobbObObbOOOODbOO0ObOOO0ODbDbOODOObOOO
gbobbuoooobbbooooobbooobbbouooobboboooooobbog

81



response time (ms)

107 7
DR-net ——
flat bus - -+
L 2-level bus - i
5 3-level bus -=-
O L

0 500 1000 1500 2000 2500 3000
number of disk nodes

064 00000000000CO(DODOODOO=40

450

400 1

350 [
DR-net

flat bus -+ 4
2-level bus -
3-level bus -+

300

throughput (MB/s)

250

200

150 [

100 [ 1

50 [ 7

0 500 1000 1500 2000 2500 3000
number of disk nodes

065 00000000000 ((COO0OO00O0O0O=40)

82



80

70 DR-net ——
flat bus - -+

2-level bus - |

N 3-level bus —=-

60|

response time (ms)

50

30

20T

107 1

0 500 1000 1500 2000 2500 3000
number of disk nodes

066 00000000000OCO(DODOOODOO=40

250

o

)

2

ag_ 200

5 DR-net

3 flat bus - -+ -

< | 2-level bus --=- |
150 3-level bus -+

_____ fr==rw——————— @ —————————

100 | )
50 1

0 500 1000 1500 2000 2500 3000
number of disk nodes

067 00000000000 (D0C0DOOOODO=40)

83



obooodoboooboboobooboobooboboboobobbooboobd
oobobooboooboooboboboobooboobobobooboobbobooobg
gboooobooboobooboboobbobbobooboon

632 U0OUOUOOOOUgd

[0 6.8,6.96.10,6110 00000000000 OO0O0OO0OO0OOO0OO0O0O0OOO
Oooboooboboobioeootnon

goboobooboobuooboooobooboboboobuobbobbobon
oooooobbobooboboboobooboobobobooboobooboobd
oobooooooobobooobobooobooboobo

Ooo0boODR-net DO OO0 OOOO0OO0DOODOOOOOODODODOODO
oboooobobobooooobboobooobobboboboobooboobbobg
oboboooboobboobboooooboon

O680U0ODRnetI 00D 0ODO0ODOODOOOODOODODOOOODOODOODODOOOO
gbobooobooboobooboobobbooboboobobboobobobd
oboooobooobooobobboobobbooboboboobobbbobooobg
O000000o00ooooooooooDi10000ooooOooooooOOn 1eMB/s
O00C0CC0CDOO0O0O0O0000O0 20000000000 8oMhbitssx2O0OO0O0OO0OO0O
obooobooboobooboobobobobobboobobbooboobooobg
oboboooooobooobooboobobobbobbobooboobooboobg
goodoouobobogboboboboooooooooobooobbobobooon
oooobooboobobooboboobuoon

OobOooooooo20b00b000000b0000b00b00ob0O0ob0Oob0bObOOob0On
Ooboooboobooobooo3gbooooobooobobooboboooooobob2000
ogooooboobooboobooboooboboooobbobboboobooobg
gbooboooooobooooooboboobon

633 U0O0OO0O U

0 612,613,614, 6150 000000 0 0000000000000 0O0OO0O0O0O0
OO0000O00od eldb0obOoOboboooouobbooboDOoOD 200000 DR-net

84



response time (ms)

DR-net ——
104 flat bus - -~ T
2-level bus -
3-level bus -

0 20 40 60 80 100 120

number of interface nodes

068 000000000O0O0O0ODO @OOOODOO O=1,000)

500

450 [

400 [

350 [

throughput (MB/s)

DR-net

flat bus - -+
2-level bus -
3-level bus -=-

300

250

200 [

150

100

50

0 20 40 60 80 100 120

number of interface nodes

069 0000000000DO (HOUOOOOO O=1,000)

85



70

DR-net —e— L
60 flat bus - -+ A
2-level bus -=
3-level bus -=- o

50 [ 1

response time (ms)

OO 20 40 60 80 100 120

number of interface nodes

0610 00000000CO0O0OOO@OOODOOL O=1,000)

250

@

)

=

é_ 200

5 DR-net

3 flatbus - -+

S 2-level bus -= |
150 3-level bus -
100 1
50 )

OO 20 40 60 80 100 120

number of interface nodes

0611: 00000000000 (DOCOOOOO O=1,000)

86



00000000 D00OO0OOO 4000, 800,160, 160Mbitssec 000 0O0OOOOCOOO
ogobodbooooobobboobosbooboooobbobboboobg
Oobooboboobobboobooob oot bboboooboooob4000o0b
OO0b000b000o00o0ogbOoboDbR-net 30000000000 ODO0OODOOOO
obooodbogooooobooboobooboboboobobobooboobobobg
OO0000000ODR-net 00 0O0O00ODOOOOODOODLOODODO 61300000 2000
ODRnet0000CO0OCOODO 160Mbps(=20MB/s) OO OO0 O0OOOOOODO 10Gbps
ooogooboboboboooooobobbobobobbobooooboboboon
gbobooobooooobooboobobbobbobooobn
oooogboboobobooooooooboboboboboboboobobb
OO000oOooo0ooboObr-netCO00D00OD0OOOO0ODOOO 3000000 DOOOODR-
net0000o0oooobooobooboobgbobobooboobooboboon
oboooobbooooboobboobobbobboboobuoobobboboobd
oboboooboooboooboobuooboobobooboboobooboboooDbg
gboooobooooobooboobobobobbooooboobooboobg
Oooooobooooboooboboooboboobboobooboboool1bb00obner, 611
oobooooboooobboboobuoooooooooooobboooboooobo
gbooooboobooobooboobobboboboboobooboooooobg
obooooboooboooboobuooboobobooboboobbobbbbooobg
obobodoboooboobooboboboobobboooobooboobobonbg
ooobooboooooboooboboobooobbbboboboobooboobd
ogooogoboooboooboobooboobobboboobbooboobbobg
gboooboobooboooboboobobboobooboobooboobooobg
obobooobobboobooboboboboobooboobooboboobo

634 LDOUOOO

Oo0O0C0OODOOO00o0Oo/ooooooobooboOoOoDb 100040000000 0O0OO
OO000bobo0oobooboobobnb els6lr,618 6100 0000000000000
goog oo oooooooooood4o0bobi1iboooooooboooboon
OO000000b0ooo ed4d0Ud 67000 GBI 6 MDD O0OOOOOOOOODO

87



25

) \
E \

\
g 0t \ DR-net ——
= \
3 NN flat bus - -+-
g L 2-level bus -

A 3-level bus -
15

~~\.\\_\\‘_____‘_,_*_-_-_-;_'§
8- g----8
10
5t
0 ‘ ‘ : ‘ ‘ ‘

1 2 3 4 5 6 7 8
bandwidth ratio

0612 0000000000000 (00000000=1,000,00000000000
=40)

900

800

700 DR-net
flat bus - -+ -
2-level bus -

3-level bus -=—

600

throughput (MB/s)

500
400
300 ,
200«

100 [

01 2 3 4 5 6 7 8

bandwidth ratio

0613: 00000000000 @CDOOOOOODO=1000,0000000000 O=40)

88



response time (ms)

20
157 DR-net ——
flat bus - -+
L 2-level bus -
10 3-level bus -
50
0 Il Il L Il Il L

1 2 3 4 5 6 7 8
bandwidth ratio

0 614 0000000000000 (00000000=1,000,00000000000
=40)

250
@
m
=3
< 200
o
<
(=)
>
o
£
150
/ -
[ - DR-net ——
100 T flat bus - -+

2-level bus -
3-level bus -+

50

1 2 3 4 5 6 7 8
bandwidth ratio

0615 00000000000 @CDOOOOOODO=1000,0000000000 O=40)

89



OOO0ODR-net0 000000 DOOOOCOOOODOOOOODOOOOOOO0OOOOO0OO
ooooodbooobooobooboobobog

64 0UUOOO

O0000000000000D0O000000D00000 TickeTAIP/DataMesh[4][32]
OO0O00OTickeTAIPO OO OOOODOOOOODDOODODOOODOOOOOOOOODOO
00000000 oobo0oobo bDR-net 0 000DOD0O0O0O0O0OOODODOODDOOOO
goododooooouobobbbddooodgooooobobbuoooo
0ooooooooodoobooonoooooooooooooDoooooonod
gdooooooobobboboo

[8][27] O O O network-attached securedisk(NASD) O 0 O 0000 0oooooooood
00000000 ooooodoo LANOOOODOoooooooooooooooooo
goddoooooobbbb oo obbooboboboooobbbooo
LANOOOOODODOOooooboooboooooooboooooboobooooooo
0o00ooo0oooooooobooooooooooonooooooogooooood
0000000000000 bbobboobo0ooboobod DR-netd
gooboooooobbobbuooooooboboboobbobbuobouooooo g
0ooooooooooooooon

gooodbodooubboouubbodoboob bbb oboboob
00000000000 [7[9[1)[23000 000000000 0onnononoooonog
0oodooooooooooodoooooooooooooooonoonod
O0o000d0ooobooooboobogoboboooD 100D booboooooooobooo
0000o0o00ooooooodDR-netD 00000000 ODR-net 000000
0000000000000 oougoDbDR-netO 00O
goobooboobooodb bbb boooboooobbobobbobouooooo
0oodoooooooooobooooooon ol ooooooooo
00oooodoooooobooooooooooodooooooooooooon
gooddoobbboboboooooobbbbbuoooobbobbuoooooo
0o000o0oooooooooooooooooooooooooboooodoood

90



35
g DR-net —— )
T 30[ flatbus - __- -t
E 2-level bus - - T
2 3-level bus -« __--7"
c = prtel %
S 25 -
@' /// ‘,—.’E’
20 /)( ,u‘// b
PP
/ )3,4 LT
157, 7/ ,// )
s
10 7
5t J
O L L L L L
0 0.5 1 1.5 2 2.5 3
scaleratio
0616 0000000000000
800
Q DR-net ——
g 700 [ flat bus - -+ - )
= 2-level bus -
é_ 600  3-levelbus i
D
=}
o
S 500 ]
400 [ 7
300 h
200 r
100 Y 7
0 L L L L L
0 0.5 1 1.5 2 2.5 3
scaleratio

Oe6l7.00000000000

91



response time (ms)

DR-net ——
60 flat bus - -+ 7
2-level bus -
3-level bus -+
50 [ ]
40
30
20 ]
101 ]
0 L L L L
0 0.5 1 15 2.5 3
scaleratio

O0el8 0d00dboooooooon

throughput (MB/s)

450

400

350

300

250

200

150

100

50

DR-net

flat bus - -

2-level bus
3-level bus

2.5
scaeratio

OeloD0db0oooooonod

92

3



gboboobooboobooboobobbobboboobgo

65 OO0

obooboboooobbooobboooboboooboobbobobboooobon
DRnet0D 0000000 0ODOOOOCOOODOOOOOODOODODOOOOOOODO

goboooobbobodboODbDRnet 0D O0ODODOO0ODLODOODOOODO
obobobobobooobobobooooooboooboboboboboooon

gobooboboobboobooboobobbobooboobobbobbobod
oooooobooooboobobooboboooobooooboooobobbobobboobo
ooboogogboboboboooobobgobobboobobbooooboobobo
gobobooboooooboobooboobobbobobooboobooboon
obooodboooboooboobuoobooooboobooboobooboooDg
obooboboboboboobobobooboobooboooooboobooobg
gboobobobbboobobbboboobboboboboooboboboooon

ooobooobobbobbobooboooobooboobobboobbobDbo
gbboooooobboboboooboobbobobbobboboboobooboobd
pboobobobobobobobobobboobooboobooboobooboobg
000000000000 000ODO fatreed00000O0OCOOOOOCOODOODOO
oboboodboobboooobobboooboboobooooobobboboo
DooboboooboboboobobbrRnet 00000000 DO0O0ODLODODOODO
ood

gboobodoboobobboboobooboobooooobboboooobon
ooobodobooooobobobbobobuooboObrRet 0o oonDO
oooobooboobobooboon

93



1 70

Juoobotgdug

OsS0000000000000 RAIDSOODOOOOOOOODOOOOOO0DbOO0DOOO0
obooooboboboooboobuoobooobbobo0obobobooboobOooobg
Ooboobooboobooboooobooooobooboobbo0o0UODRNet OO
obobooobooboobooboobooboo

/1 JUOooooooon

OsS000e0000ooooooooddbR-net 00000000 OOOOODOODO
OOOO0ODR-netD00100000O00OODODO FPGO SPGU 2000000000O
goooobobiliobogobooboobobooooboebbobbObObODbODD200000
Ooo0oOoo0O0O3000000ooooboobooobooboob0o meecOdonoon
gbobooobbobuoooubboboouoooboboooobbbouoaobobod
gboguobuoobbogbboobbuodgboogbboobooogobooobobbobd
DR-net00000000DOO0O0ODOOOOOOOOOOOOOOOODOOODOOODOOOO
gobdboobobbbduooobbooogbobobodago

RAIDUODOUUOOOOODOOOobOoobooobbobbuooboobbobboobad
obooooboobobobooboobobobobbobooboobooboobo
gbobbuoooobbbooougobobobobbbuooobbobouooobbood
oooooooooooooo 200bboobooboboooooooooboobDoD
OoO000b0obobodg DrR-net0 000000 0ODOODODOODO

94



/2 UDOoogoooon

Oo000ooOOoOooOOoOoOoOOOoU00O0Oo0oOoooooooOoOoOoooOUOoOoogoooood
oboooooobooboobobooboboobooboobooooobooobg
O0O0000 writeback(CODODO)O0OO00OOODOOOODOO

RAIDOODOOODODOOOOOO0OO0OO0O0ODOODOOObOOOObObOObObODbOODOO
(boboooOoOo)bgoooUbDboOUOoO0oO0obbOoOoOo0UDObOOobOooOoUoDOoOooo
DR-net00 0000000000 OO0O0OCODOOOOO0OO00O00O00O0O0ODOO0O00O0O00O0
goboooboooooooooooboobobobobobobbobbooboubb DRnet0 OO
obooooboobobooboobooboobooboboobbooboobooobg
Doooobooooobooobboobobobooooboooboobobbobobobodoo
gbogobboouooogobobboooobbobbon

oooobooobooobobooboooboobooboooboobooobobooobo
oo0o0oOo/0o0ooooooOo0ooOo0o0UooDoogooooooooooOod
oboboboboboboboboboboboobobboobobobbobbobon
oooboboooboboobobbboboooboobobooboouobLboboOooDoD

goobobobogooobobobooogbobooboooobooooboogobo
oboooobobboobooobobobobobooobooboobooboooa
oooooogoo

ooboboobobbobbobboboooooboon

free0 00000000 CO0DOOO0ODOOOOOODOODO
cleen OO0 OOOOOO0OO0OOODODODOOOODODODOOCOOOOUOOOODODOO

dirty 0000000 O0O0O0O0OOO0O0ODOOOOO0ODOODOOOODUODOOODODOOOOOO

721 OD0O0O0OO0O0OO0OO0OOOobDOoOO

gooooobobobobobobbooboobobooboobbooobooboon
obooooboooooobobobboobbooboobuoon

OO000000dity00 0000000000000 0000O0O0ODOOOO0OOOO
obobooobooboboboooboobbobbobboooobobbooboobg

95



200000000000000 2000000000 0DODO0ODOOODOODODO

OO00ODR-net0 00000000 ODOO0DO0OO0ODLOOODODODLOOODOODO
ooboobobooboboboboooboobooooooboooboboooobobooooobooD 1
ooboooboooobobi1oboooobooooobooobbobobobobooooogoon
gboobooboobobobuooooobooboobbobooboobboobg
gobobgobbgbobgooboboboobbboboboboboboboobobono
oboobbooboobboooobboobbobobobobboobbooboo
ooooooobooobog

gbooobgo

obooooobgbbobooboobobobobbooooboooboboobon
oooooobobobobbbobbobobobbobbobobobobobobbo
gogoobooogbbooboboobod

gobooboboobooboobboboobooboobbooboobbuogboo
goooo

1. 00bOo0obooooobobooooooboboooobobbooobLbbon
gbobooboooboobboboobooobo

2 0J00o0ooboboooooooobooboooooobooboOon

. obbooobooboooooobboobboboboboboooobOobobbooog
ooogoo

ggbuoogobboooobbbuodgo

l. 0o00bobooboooboooooboboboobooboobooboboboobo
odd

2 0Jj0ooobobooooboboboobobboboobOobobboboobOoDOon

. 0db0ooboobooboooboooboobooooobobobooboboooboooDg
oogbooboobooboobon

96



oboooboogobooboobboobbobbooboobobobbobobboo
ooobdoboboobooboooboboboboooboboobbobbbooDbo
oobooobooboooboobooboliooboooooboooboboboboboobooobobooOon
obobooogooo

oboooooboboobbobboon

gobboooobooboboobooobooobbooboobobbo0ooboboOn DR-net
OO000COOO0000ooooooooCoCdOCcooOO0Odditybdgoogd cleand
O00D0OCOO000DO00000DODOOOOcdeanCO0OO0OOCfree0d00ODOOOOOO
oboobgobboboobooboobbobbooboobobobobooboobo
goooobobooobobobobobobobobobobboooboooooboon
oooooobogoboobobobboobboobboobbobboobboboo
oobooboooogobgoon

goobbodobobobobooboobooobbobboboboboooobooo
ooooooooooooboobobooboboboboboobooboboboog
gboobobooboboboboooooooboboboobobooobobobod
gogooobooboobooboooobbobbooooboboboobooon
obhoboobobboobooboboobobobuoonogonog

722 0J0O0O0O0OOOOOOOO

ggbobooubobouoggooboobobboooobbbbbobbuouooooonbn
goobuougobbobobdobbooagg

oboobobooboobobboobobbbooboobbooooobbooboo
gobobboobboboobbbodoooooobbbobbbbouoooooobbobon
gubboboooobooobbuodgoudgbboboooooooobooobaobboo
oboooobooobobooboodoboboobobobooboboboobooo
gon

googbobbbbbdouooooubobuouoooobbbbobooooobb
oooooooobooboobobbobooboobooboobobbogbo
gobooooboooooooobooobobooooobboo 200000 boooDOoOobO

97



obooboooooboobboobboobbboboobboobooobobboo

oooobooboobon
gbobooboboboobobooboboobooboooooobooobogboo

obooooboooobooobooboobooboobobobbon

obooooo

gooboobboooboobobil1oboboobooboboboobooooooboooooo .
obobogooobbooboobboobooobobboobboobboubo
Ooo00/MdOooo00o0oobo0dgooogboo0ooogoo0ooDOoooDoboDooDoo
obbobooboooboobobboboobooobobobboobbooboo
oooobogo

gbooooobooobbbboon

goboggbobboooubobobobuobobobobobooobobobobd
obboooooobooboooboobobboobobooboobobbobbo
oobodobooboobooooboobooobooobobobobbbobobOooboo
oboboooboggn

723 O0O0OOoOoooooooooy

gobobobobboboooboobooboobooobbbbobbooboooboboiloboon
obooooboobooboobooooboobobbobobooboobobog
Oo00oO0o00OOo0O00O00DOObO0 vA00o0ooOOoUooOoOooOooboogo/ooooDooo
ooooboboboboooooob obobooboobbooooobobooboooooo
obooooboobobo

gbobogoobooboboooobooboobooon

ljoooooobobobobooooob 3oboobobboboooooDbboOon
ooboooooboobboobbooboobboobbooboobobbobo
gobbuooogbboboooobn

98



Or71u000b00b0oboboobooboooog

a2

:gboboboobboobooboobooobo
ggobooooobbuboobbooodo
lgpooobbobobbobboboon
00000 XorRoooog
:ggooooooogo
lgbodoogobobbobbood
gbobooobboooboooooboon
ggbbboboboobboboooon
ggbbbdboboobobbobooon

RS O~ A

<

e JIJUODODDDODOODOUULUODULODODOOLDDODDO (OO:1/I-p)

OoboooboobobbooboooboboboooooooboobooboDbO

e 1IIUDDODDDDODOUIOUIODDOOOODO (O: (I —-1)/I-p)

ogobobodoboobuooboobobboobooooobobbobn

(00000000 000D0)+(00) + (acknowledgement)
= (C+0O)+(Cy) +(O)
= 3C+Cy

e J00DDODO(MO:1-p)

googbbobuooobobooooubobobbooobobobboogooobo
O000O000000C0DOO0ODOOOdOCfreed00O0O cleandOOCO0OO0OOODOOO
ODODoOODOODOOCfreed0 00000000 OOOOOOOOOOOOOOOO
ceen00000000OCOO0OODODOdnyOO0OOCOOOOODOODOOOOODOO

99



l000000oooogooboobobobol1oboboboooboobob0obobonon

(D0000)+(0000)+(dleenD0OD0OO0O0ODDOOOO)
= (00000)+ (000004000000 00DDO+
20000000 +00000000000)+(00000000)
= 204+ 204+ Ci+2D+ X +C+2ACy+2D+ X +C))+C
= 6D +8C+3C; +3X

obogobooobooboobobobobobbuooobboobbobbooboo
oboooodbooobobooooboobod

5I+3 . oT+1
(6D +8C +3C, +3X) — (6D + ;FC+ ;_Cd+3X)p

gbooboobobbobboooooboboooobn

0000000000 0O00000OODOO000D200000000000O0O00O 1/200
OO000dobobOoooo o000 200000000 ooooDooobOoOoooo
goboboobooboboooobn

n000000000 1000000000 0bO000b00o0obOooooobDoooDbo
000000000000000 1/p0000000000000000O0OC0O0OOOO
goobboogooboboooooubo oo bbooboboobbbbbOOoO
0000000000 11000000 dObDRnet0 001000000 0OODOODODO 20
O0000bO0obOooobOooooooboOo:FPGOODODO:SPGOOOO=11:10000
0000000000000 1/3000000000000000000O0O0COO 1/2
bbb boobboobtooobboooboboobbooobbo mo
O000¢=m 000000 (9000000000 DOODOOOODOODODODOOOOO
goboooobobooobobobooobobbooobooooobb nbooobboon
odddr=ng=mp O0O0OO

1000000000000000000DO00 300000 CoOooOOoogrFPGOOO
ODO000DOosSPGLOO0O0000O0)0DoOOO0DOOo0ODO/O0O0000ODODDOOoO00OODO
dbooobboobobuooobbuoooboobbopPObOOOUObOoUOOUUUOOD
gbotoooobooobPOO0obbobbbool1lobbobobobObDoLbo
gobbododoobboboobouooooobboooooobboooobbboba
goooo

100



e DPPO OO (O O: qr2 = m3n?p?)

5C 4 30, + 3X
e DPOOD (ODO: 2¢r(1 — 1) = 2m>np? — 2m*n?p?)
2D +5C +3Cy; + 3X
e PPOOD (OO: ( 1-q)r? = m2n2p? — m3n?p®)

2D +5C 4 3C; + 3X

e DOOO (OO: g( 1=7)2=mp — 2m>*np’ + m3n?p?)

4D +5C 4+ 3C; + 3X

e POOO (UO:2r(1—q) (+7)=2@mp—m?n(n+1p*+m?n?p*))

4D 4 5C + 3Cy + 3X

e 0D (0O:(1=q) (+r)2=1—m(2+1p+m’n(n+2p*—m’n?p?)

6D +5C + 3C; + 3X

obooboobooooobobobobooboobo
(6D +5C +3Cy+3X) —2m(2n + 1) Dp

gobon

obobooobooobbobo

200000 0000000000 bobooboooDooDoboOon v20o00og
ooobobbooboobobbobobbobobobobobooboobbobd
goobboubobooooogboogbbogoobobbuoooonbo

0000000000000000  _ 2m(2+1p  m(2+1)
0000000000000000000 6p 3

ratio =

101



Ovz2z0000000000000000000000OO0

ooooooo 6D + 5C + 3C; + 3X
51 +3 2I+1
ooooooooog (6D+8C+3C;+3X)— (@ + I+O+ I+Od+3X)p
Oooooog (O +5C+3C;+3X)—2m(2+1)Dp

O000000C00O00O0000O0000oo0 PDRnet 0 n=4000000
ratio = 3m

DDDmDDDDDDDDDDDDDDDDDDDDsz%zQ/SDD

rat 1o 2

gbobbuoooubbbuoooobobbooobbobooooboboboobooog
gooobooooboooboobobooobboooboboobb200bb0b000000000
goooo

724 O00O0O0OOOOOO

ooopoooOoOoOQO0OOCOOOOO0OO0OOOOUUUO(RAOO)UUoOoDOOOO
obooooobboooboboboobbboboboboobooboobOonbon

(F OOOOO0O0D0O0OO00O0ODO0O0OOOODOOCO0OCOCOUOOOOOOOOODOOO
gooboboooobboobooboboboboobobbooboboobo
gobobbbobdgooobboooobobooboooboobooboboon
oooooobobbboboboboobooboboobobbbobobobo
oboboboboboboouoboobboooobooboobobbobobobbobbo
oboobobobboooobobobobobobobooobobbobobo
Doooooobooon

(IF OODOOOCCOODOODODOOOOD200000COCCOODOODODOOOOOOL 40
Ooooooobz200000000000000000DRNet0 0000000
gbobuodgoboooougbooobooogbboobbooboooboooboo

102



gobbobboboobooobobboboboobobbooobobbboobo
oooooogoo

(D)cooooooDOoOoOoOoOOoODUCCOOoOOUUODDOoOoOoDDDOCOODOUOODOO
gboogbobodgbogobooboobobuobboobbooboooboobn
gboboobuodboooooooogoooooobooobobbobooobo
gboboobooboobooboobobobbobboboon

(D) JoooOoobDOoboOooOOo0oobO00ooUoUOOooOoOOoUOoUoobDoDoboOogDoo
gbooogbobobobobobooooboobobobboboooobobobo
gbobooooboobobooboboobobbooboobuooobboo
odboooobboboooobobobouooobobooboooboboob oo
obogboobooboobooboobobooboobb

(D) DOoDObOOODOODOODOOOOO0OOOODbObOCobDOoOoUoOoOOoUoogboDooo
obodobdobooobobuoboooooobooobooooobbobobo
oooooooboobooboboobobobooobobobobobobobo
oboobobooobooobboobboboobobbobooobob

(D) bOOO0DOOoOO00OO0U0OODUOOU0UOUOOODUOCOOOOOOODODOOOOOO
gbougoobobobuooboooboobbobooboooboooobn
gboouogbbugobooobbuooooooboobobobobboobobo
gbobooobobboooboboooooobooboboboboobn

OO0bO0boooobOOobOOUODRnetO000DLODOOOOOO0OOOOOOODO
gbogbbbooooobobooobboobobooboboobobobbobobb

/73 00U

gbooooboooooooobbobbbooboobbobbooooobon
gobobbougoooobobbobobbbobbboboooobbobobboboogoo
gbobbboooobobooobuobooobobbboooboboboooboboboaog
goodooooboooooobooboboboboboboboboooboboob
Log-structured FileSysem OO0 00000000 OCOO0OO0OOOOOOOOOOOOOOO

103



0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000 read-modify-writeJ 000 wiiteD 0000 O00000000000
0000000000000000000 Log-structured File System(LFS)[28] D 0 0 0 O
000000000000
0000000000000 000000000 DRnet0000000000000
0000000000000 00000000000 LFSO00000000000000

731 OOO0OOOooog

obobodoboobobobbobobuoboooboobbobobboboobod
gboooobooboobooobobooboboboboobooboboobbood
obooodboobooboobuooboobobboboobobboobooobg
obobooouogboobobobooobooboobooboobooboobobobo
obobogobgo

000 2000000000000 [28]0

gbooodgog

000000000000000000000000000 (ssgment) 00000000
O000000000000000000000000000000000000000
0000000000000000000000000000000

000000000000000000000000000000000000000
00000000000 00000000000000000000000000000
00000000000000000000000000000000000/00000
0O0oO0ooO [28]0

00000000000 00000000000000000000000000000
0000000000 read-modify-writt 0 0000000000000 XOROOOOO
000000000000 witedOOOODOOOOOO

0710030000000000000000000020000000000000
0 A1,B2000000000000000000000000000000000 100
00000000000 0000000ALB200000000000000000OC00O

104



write newAt
write newB2—> calculate P3
(= newAl xor newB2)
write newP3
YN Y
N N ] N ]
A Y a1 Y o Y
NAL N N
N N N
Ao Y  ro Y oo Y
NAZ B2 P2
N N N
D D D
YN Y Y
N N ] N ]
A R Y o Y
(QdAL ~BL P
N N N
Ao Y PN oo Y
A2 (QdB2) P2
N N ] N ]
A SN o
e AL few B2 =P
N N N
D D D

U710000b0g0ogo

OO00O0000 AL,B2000000000C00O0000DOOOO0OP3OODOOOODO
O0000000000000ALB200000 odAL,0dB20000C0O00OOOOOO
PLPRROODOOOODOODODOOOOODOODO

goboobooooooo

goobogobobobooboobobbobuoooobboobobobobooboan
O000000000000oob00o0b 7ia00000odAL odB2000000O00DOO
oobogobooboobobobooobobobobooobooobobooouobg

105



data segment A1 data segment A2

datadisk 1

data segment B1 data segment B2
waadscz | [o |
parity segment P1 parity segment P2

parity disk |p1 \pZ \p3 \p4 \p5 ‘pﬁ |p7 \ps ‘p9 ‘plo‘pll‘plz

datadisk 1 |a1‘ ‘a2‘a3‘

datadisk 2 | ‘ bl ‘

parity segment P1 parity segment P2
paity ik |p1 |p2 [p3 [ p4 [p5 |06 [p7 |8 [ po [p10]p1r]pr2]

D freel/invalid block D data block

7200000000000

0oodooooooooodoonooooooooooooobooooooood
D000 @ ooooooo)00oo0oooooooooooooooooon (segment
cleaning) 0 O 0O O
0ooooboooooooooooouooooooooooooooooooood
OO000DO0ooooo0oooooooooooOo/oooooooooooon
0720000000 ALBI1OOUOOO0O0OOODODODOOODOOOO A2,B20000
00000000000 plo,pli00000DDOOO0O0O0OO0OOODODOO ALB1IOOO
0000000000000 0oboo0oo0nD PLO000b0bOboooooO

oboboooboooboobg

OoboOdobOoboooboobooboobobobooooo 200000

e JOUUODODLDOUODLDOUDODLDLOUDDLUOODLOOODLDLOOOODLOODLD
gbobooboobD

106



e b OO0ODLOODODLODOUOOOOLODLODLOODLDLODLObOOODLDOn
ooogogbobobooobobobobboboooboboobbooobo
obobodn

gbooboooobboogd

e JOU0ODLDOODLDLODLDODOOLDDLOUODLLOOOLODOUODLOObLDDLODLDD
ooooo

o IO UOUODDLDOOLUOODDOODLDODDOOODLDUODOLODODUOOODLDO
obbooogobooboobooboobobbobbobb

732 DR-netJ0 QOO0

DR-netD 000000000 0ODO0ODOODODLDOOOOOORPGO SPGO 20000
goboboboobobboobooboobobbog

10000000 1gbobobbobobob0 RAIDOOODOOOOObOobOobOoD
ooooobooboobobooboobooboboboobooooooboboooooooo?2
OoobobooobbbO0oobobooOoDbDr-netC 001000000 DOOODOOO 20000
OOooobooOoboooboooboooboooov3doorFrPGOOOOOOODOOUODOODLO
Ooobob20000000000000000O000OO00O00O0O0ODODO PPOO0ODbD
O000A,B,C,DO XORODODOODOOOOODUODOOODDOOLO P20 read-modify-write
obobobooboboobobououobo bbobobooboobobbboooobbo
OSPGUOO0O0OO0O0O0O0OA,B,CO0O0 SPGUOOOOOOOOODOOOOODOOn
goboobooboobobobboboobbobobobbooboobbobooboob
oboooooboooboobooon

OO0O0O0ORAIDOOOOOODOOOOOODOOOOODODOODOOOOOOODODODDO
gbooooboobboobuoobgao

OO0O0D0D0O0ODR-netd 00000000 0ODOO0OODODOOOODLDODOODO
gbobobooboboboboobobooobobboboobboboobbobobo
XoOROUOOoOooooooobobobooobooooboboooboboboooboboboooo
oboooobooobooobooboobod

107



update A, B, C, D

PL=A®B®C®D

P2=0ldP2 ® oldD ® D

2 (o

O73 000000000 200000000

/(33 UUbonooooooood
obooboogoo

10000 00oooboboooboboboboboooon

lL.OooboboooobobobooooobobboboboobLbDbboooOoobo
obobooboboboboobobooobuobo

2. 000000000bo0oooobobooooooooobobobooooooboog
oboobooobobooooobooon

. 0b00obooobo0ooboboooooobobobobooobooogoono

4. 0 OoobOO0oO0oOoooboobooobooboobobooooboboobboboboboobobobon
oboooObooooboobood

s. gbbbboooooooboooobobobooooboboooboobo0ooooooon
ooobobobooobbobooboobobbobobo

6. oo obobbOoboboOoboooobooboob0obooDooOooobLboooo

7.3-60000000000000O000O000OO

s.juboboooooboboobboobooobboooboboboobobobobobobobo
ood

108



100000000 0000000000000 O010D00000DO0O0ODODOODOO
ooooog woo

W = 2043D,+2C+Cy+X+2C;+X+C)+C)b+3Dy,
= 6D+ (Dd+2L+3b G+3b X

oobooooop ,oboobooobo0obobboooooooooooobon vaoo
oooogd

gobobbooooboboodd
looooobobooobobooooobuooboobooboobag

1. 000000000000 0O0O00O0DbOO0000bO0boOoD

2. 0booboobooobbobooboboobbboobbooboboobobooboboobobooboboo
ooood

3. 0000000000 oboooboobonoo2000000

ooooobboolggoobooobodo000oobooobbobobobobo
OoOoooooooobboooboo SO

S =v(D +2C + 20, + 3X)

gobon

100000 boobobooboad

ooooooboboooobboboboooooboobboobboobbooobbuoooboD:
ooobooooooboboooboobobobloboooobboooooooboobon
oobooobOooboobooboboooboilooooobooboboobooobooon
ooo2000000b0oboboobobobooob0ooboobobooooobboblonoboooD
000000 sO00000b=s—20000100000000000000 wgyg O
wW+S

Way =
g b

6D, +vD+(5—-3v+2 4+ (3—-0v)Cy+3s X
S—v

109



OO0000000000000DbDRrRnetD 0000000 0ODO 720006D+5C+3C;+3X
oboooobooobooobobobbobbooboobooobooboboog
DDDDDDDDDDDDDDDDDDDDDDDD6DDDDDDDDDg%ﬁgﬂﬂ
00D, 0 DO sO00000000000sO00 DOOOODOODOOOOOOODOODO
oboooobobbd Dp<sDUOO0OODL,=2D,1<2x<s000000000000O0O
oboooobooobognb

6D;, +vD  6x+wv
s—v  §—u

D
00000000%e <600000
v<6(s—2x)/7

ooooboboooooboobobliobobooooboobooooboboobooooobon
oboooodb:01bobooboobo tDDDDszﬁ?DDDDDDDDDDD
obooooboobbooboon

v < = . (7.1)

0ooo (7.0)0

s—1°7 " it¢
000000000000000000000000000000 6/7~8%0000
00000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0oooooo

000v00000000000000000000000000000vD0O D00
0000000000000000010000000000000000000000
D0 Zepgpooooo &l gpnooood

6D +vD 7DL_v—xD
§— S—v  S—

bb00v>z00000000000000O00O00000O0

110



74 oo

Od0oooooooooooooooooooooooo[WBoooooooooon
Jdodoooooooooonooooooooooooooodobooooooog
00000000 oooooooooooooooooooood
O00000000000000000000[17][16l00 RAIDSOODOOOODOOODO
0000000 oooooooooonooooooonooooooo o
0020000000000 0000000O0DODDODO0ODLDDODO0O0O0ODLDODDODODODOOO
goboddobddoooboobbobbbobobbddoobooooooo b o
gooooon

D0000000D000D00000000D000000 [15 O OHot mirroring[20], HP
Autora[33] 0 ORAIDO OO 50 RAIDODOO 10000000000 OD0OODOOOO
OOO0O0ORAIDOOO SO000 1000000000000 O0OODODDOODOOOOO
gobbooooooboobobobb oo boooobbbbobo
0000000000000 dbDR-net0 0000000 RAIDODO S00000
0oo0ooodoooooooooooon

Parity Logging[30] O D 00000000000 DO0DODO0DDOODDDOO000D0O0O
gooodboboobdoouboobbddbooooboobobbbooooooboo
000000000000 00000Do0oO0oO0o00oO0oOoooD0OnD OF eating Parity
goodobbbobobbooobobbb oo boobboooooooo
O0000000OHotmirroring[20], HP AutorA1 1§33], Zebrd11] OO0 0 OO0 OO0 OO0 OO
000000 Log-structured File System(LFS)[28] D0 0O OO0 DOOOOOOOOOO
0000000000 oobooobooo0boooboogbDRet0 OO0 Og
O00D0000000000Virtua Striping2l] D0 000000000000 O copying
gabagecollection0 0 00000000 O0OO0OO0O0OOOOOOOODOOODOODOO LFSOO
goodooooon

/5 00U

DR-net 000000000 DOO0ODODODOOOOODOOOODLODOOOOD
gbooooooobobuobbooboobooboboboobboo

111



oooboobobooboobooooooooooobooboboooooooooonD 200
obhoboooboboboooobooopobboobuoboobrRetd O oog
gboboooboooboobobuoooobooboobboobbooooobbooobo
oboooobboooboooooooobuooobbooobboobbobobobDbb
goboooooboboboobobboooboobooboobobooboboobg
oboboooooobooboobboobboobboobobbooooogoboo
oboboobogooo

OOo0oboobooboooooooobOooDbR-netC0 200 00000000DO0O0ODO
OO0000000O00ORAIDOOODODOOOOOOOOOOOOOODOOODOODOOD
oboboooboobooboobboobobbobbbooooboobooboong
Oo00d000l100o0o0dfooo0oooooooooooboooooooobogoo/oo
obobooobboobobbobbobooooboobooboobooboobo
oo0gd

O(lyooooooogoooooooooobo0oOobgooooboooobDoooooDo?
oboogoboobboooobobobobotbobo0boboboboboboobooon
gboboooboobooboobobobobboboobooboobooooobg
ooobobogoboooooboobooboobbobooboboboobooood
gbobooooooboobooooobobobobbobooboobbobbbod
Dooogbobobobooooooobboougbob brRet 0000 ooo
ooooobboooboobooboobobo

112



0 80

HRpN

000000000000 0D00O0DataReconstruction networks(DR-net) O O 00 OO O
0oodo0ooooooooboooooooooooooooooooooooood
00 4000000000000000

(1) OO0

(2 00000000000

(3 0000000000000 000000000
(9 000000000

Hooo0o0oooooooO 2s00000oOoC0O00C0OoCoOOOOOOO MTTFEDO
ooobbbooboboobobobbobbobobob0oU DR-net OO OO RAID
OO0 305000000000000000DO0DOO0DOODOOODOOODODDOOODOOD
OO00000000DR-netD 00 0O0O0O0ODOOO RAIDOOO 600001000000
Ooobobobooooboooobooboooooz200obooooooooooobooOMPN
OobooooboooobooMPGO MPNOOOODOOOOODOOOOOOOOODOOD
oooobgo

ooooooboobooboooboooMTTROOODOOOODOOOoDbOObOODOO
oobobooboobobbooboboobooboobobboboobooboobo
OOooooooooobooo0bob0bobO0bDUOORrRAIDODOD eOOOOOoDOD
OOooooOMPNOOOOODOOOODOOORAIDOOD eOOOOOOODOODOOODO

113



obobooooooboobooboobobobobbobooboobooboobg
OO0O0000000o0ooOoob00obO DrR-net0 0000 RAIDOOD 6000000ODO
OO0bO0obooobobobooboobO0 RAIDODOO 30 S0b00bobooooooon
oboobodgoo
OoobobobooooobobodbR-netd D000 oboboooooDo
ooobobobobobbobooboboboboobobobobobobobobn
OO000bO0ooobobobobobob0o0 RAIDODOD 1000000000 RAIDODOO 6
gogboobobobobobooouoobooboboboboboobobobobobooon
OO0bO0boobooooooboboobobobooobog RAIDOOO eO0OOOODOODO
OO0bO0bOo00obO0o0o0ooogoobooboob RAIDODOD 3050000 RAIDODO
Oe0Ud0d0odpoUobDDRrRet0 O 0DO0ODOODOOOOODOODOODO
ooooooooooooo@ooooodoooooooco@Eooooooooo
0000000000000 00b DrR-net0 0000000 OOCO0OOOOOODOOODOO
obooboodbooobbbbobooboobooboboob DR-net oo m
OooobooobooboobooboboobobobO0bUObORAIDODOOODODODO
OOooboo0o0oboOoboobooboboooobUobDDbDR-net 0O OO ODOODOOODO
oogooooooobooobboboobooboobobbobbooboobooobg
oodd
ooboooboooobbooobbooobbooobboooboobbboobobo
OO0O00O00oO0OO0ODR-netC 0 10000000 O0ODOO200000000D0O0DOODO
oboboodobooboooooboobobooboobooboobobood
MPGUO MPNOODOOOOOOOOOOOOOOoOOoDOOoooobobooooooooo
goobooooooMPGODOOODOODODOOODODODODODODOOODODODO
oobooMpPGOOOODOOOOOOODOOOMPNODODOOOODOOOOOOOOODO
OOoOooMPNOODOOOOOOOOOOOODOOODOobDOOobD2000000goooD
OOoboodoboobooboobooboobbooboooooDbD LRSOUbDODOOobobooooD
oboooobooboobooboobod
DRnet000000O0O(R@OCOCOOCOOOOOOD0O0OD0O0OOOOOODOODOOELOOO
ooboooobogooobobooboboobbooboboobboobbbobobooooo
oobooboboboobobbooboboboobobobbooboobobbobb

114



OO0O0O0O0ODR-net000000CODOOO0OOODOOOODOOODOOOOODODOOOO
oobooboobboobobobooboobobooobuoboboobooboobobooobg
oboboodboooooobooobbooobboobooboooobobbobo
gboboooboobooboobobbobooooboboobooboobbood
obhooogboooooobboobobbobbobbobooboobooboboo
ooooboboboboboboboobooobobobbobobooobobobn
DR-net0 00000000000 DODOOODOOOOODOOOO0ODOOODbOOOO0O0LO
oboooodboobooboobooboobobboooobobbooboboobo
obogoboboboobobboboooobooboobooboobooboobg
oogd
oooboooboobobbobooboobobobooboobobbobbobon
gbobooobooboobooboobobboboobooboobooboobg
obobooobooboobooboobd
@4oOUOO0DRnetJ 0000000000 DOOOODODOODOODOOOODOOODDOO
gooboooooooboboooboobooobobo 20b0oobooooOoboOon
obooobboooboooboobobbooooooboobobooobbooon
obooooobooooboooboobuooboobobobbobooboobooboooDg
oboboobooboobboobobobobbobbobobboobbooboo
ood
ooboboooboobobobobobooboobobboooobobboobobobo
OobbOolooooooboobooobooboboooboboboobobooooboooon
OoOooooo0bDODRnetD 00D 0ODDO0ODOO0O0ODODOOODODOODOOD
obooboobobooooooooboobboboboobooboboooooboobg
OO0DRnet0 0000000 OOOODOOOODOODO
OO0D00O00O0ODRnetDO0OODORAIDDOODO 305000000000 0O00DOO0O
OO000OD0O0ORAIDODOO 6UOODOOOODOODOOOOOOODODObODODOOD
gbooooboobobobooboobobooboboboobooboooooobg
ooobodoobooobdooboobooboboooobbobooboon
OO000ODRnet0DO00DOD0DODOOODOOODDOODOODODODODDOODLDOO

115



ooooopooooOoUoUoooooUUoooUoogoUooDoo MTTRODODOO
oboooobooboooboobooboobobbobooboobbobooDbg
O000000000000000000DRnet/RAIDOOOOOOOOOOOOOOO
Ooooooooooooooo MTTROOOOOOOOoO MTBFOOODODOODOODO
ood

(2,@yUUiooobo0oooooooooooooooooooooCocCoooooOoOod
Oobooooboooboobooobobooboz200bboboboobobo0obooboboobooboon
OOo0o0ooo0oboboobobobobOobobobOonD PG, SPGOOODODOD
googobobbooooboobooooooooobooboboboboboboooon
OoOo000oo00obO0bO0o 2000000000000 00OOO0ODO0ODOODODOOOOO
obobogbooobooobooooobobooboboboboobbobboobooong
OO0 LRSO ERSOUOD0OO0O0DOOO0OO0DO0ODOODODOODO0O0O0O LRSOO FPGO SPG
gbobooobooboobooboooooboboobooboobooboobo
oboooobooobooboobuoobobbobbobooobo

@oOooooopoOoOo0oboU0oODoOoOooooooDoOOOOCOCOCOCODOOOOOOOo
gboboooobooboobooboobobboboboobao

ooobooooooboboobooboobobboobooouoobobboood
obobooobooboobooboobobbobobobooboobooboobg
ODOODR-net0 0000 bobooooboobobbooboboobboboobo
oboooooogo

116



L] [

obobobobboboooobooboboouoobooboobooboobon
gbooobooboobooboobobobobooboobooooobooboobg
obobooboooboobobo
ooobobboobobboboboobobobobooboobobboboobod
oboboooboooboobobooboobobo
ooobooboobobbobobbobboboobooboobobboogn
oboooobooboobooboobob
oooooooooooooooboboboboooooobobobobobobo
gboooobooboobooboobooon

117



[]

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

HRERE

Mario Blaum, Jim Brady, Jehoshau Bruck, and Jai Menon. EVENODD: An Optimal Scheme
for Tolerating Double Disk Failuresin RAID Architectures. In Proc. of the 21st ISCA, pp.
245-254, 1994,

Mario Blaum, Jm Brady, Jehoshua Bruck, and Ja Menon. EVENODD: An Efficient
Scheme for Tolerating Double Disk Failures in RAID Architectures. |EEE Transactions
on Computers, Vol. 44, No. 2, pp. 192 — 202, Feb 1995.

Walter A. Burkhard and Jai Menon. Disk Array Storage System Reliablity. In Digest of
Paper FTCS 23, pp. 432 —441, 1993.

Pel Cao, Sween Boon Lim, Shivakumar Venkataraman, and John Wilkes. The TickerTAIP
parallel RAID architecture. In Proc. of the 20th ISCA, pp. 52 — 63, 1993.

Peter M. Chen et a. RAID: High-Performance, Reliable Secondary Storage. ACM Com+
puting Surveys, Vol. 26, No. 2, pp. 145 — 185, Jun 1994.

Ann L. Drapeau, Ken W. Shirriff, and John H. Hartmann. RAID-II: A High-Bandwidth
Network File Server. In Proc. of the 21st ISCA, pp. 234-244, 1994.

Thomas E.Anderson, David E. Culler, David A. Patterson, and the NOW team. A Case for
NOW!(Networks of Workstations). In |EEE Micro, pp. 54-64, Feb 1995.

Garth A. Gibson, David F. Nagle, Khalil Amiri, Fay W. Chang, Eugene M. Feinberg,
Howard Gobioff, Chen Lee, Berend Ozceri, Erik Riedel, David Rochberg, and Jim Zelenka.
File server scaling with network-attached secure disks. In Proc. of the ACM Int’| Conf. on
Measurement and Modeling of Computer Systems, 1997.

118



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Garth A. Gibson, Daniel Stodolsky, Fay W. Chang, William V. Courtrigght Il, Chris G.
Demetriou, Eka Ginting, Mark Holland, Qingming Ma, LeAnn Neal, R. Hugo Patterson,
Jiawen Su, Rachad Youssef, and Jim Zelenka. The scotch parallel storage systems. In Proc.
of the IEEE CompCon Conf., 1995.

Garth Gibson, Lisa Hellerstein, Richard M Karp, and David A. Patterson Randy H. Katz.
Coding Techniques for Handling Failuresin Large Disk Arrays. In Proc. of the 3rd Intn’|
Conf. on ASPLOS, 1989.

John H. Hartman and John K. Ousterhout. The Zebra Striped Network File System. In Proc.
of the Symp. on Operating System Principles, 1993.

William V. Courtright 11, Garth Gibson, Mark Holland, and Jim Zelenka. A structured ap-
proach to redundant disk array implementation. In Proc. of the Int’| Computer Performance
and Dependability Symp., Sept 1996.

Ramakrishna Karedla, J. Spencer Love, and Bradley G. Wherry. Caching strategies to im-
prove disk system performance. |EEE Computer, Vol. 27, No. 3, pp. 38-46, Mar 1994.

Edward K. Lee and Randy H. Katz. The Performance of Parity Placementsin Disk Arrays.
|EEE Transactions on Computers, Vol. 42, No. 6, pp. 651 — 664, Jun 1993.

Chung-Sheng Li, Ming-Syan Chen, Philip S. Yu, and Hui-l Hsiao. Combining Replica-
tion and Parity Approaches for Fault-Tolerant Disk Arrays. |IEEE Parallel and Distributed

Processing, 1994.

Jai Menon. Performance of RAID5 Disk Arrayswith Read and Write Caching. Distributed
and Parallel Database, Vol. 2, pp. 261-293, 1994.

Jai Menon and Jim Cortney. The Architecture of a Fault-Tolerant Cached RAID Controller.
In Proc. of the 20th ISCA, pp. 76 — 86, 1993.

Jai Menon and Dick Mattson. Comparison of Sparing Alternativesfor Disk Arrays. In Proc.
of the 19th ISCA, pp. 318 — 329, 1992.

119



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Arif Merchant and Philip S. Yu. Design and Modeling of Clusterd RAID. In Digest of Paper
FTCS22, pp. 140 — 149, 1992.

Kazuhiko Mogi and Masaru Kitsuregawa. Hot mirroring: A method of hiding parity update
penalty and degradation during rebuildsfor RAIDS. In Proc. of ACM S GMOD Conference,
pp. 183-194, Jun 1996.

Kazuhiko Mogi and Masaru Kitsuregawa. Virtual striping: A storage management scheme
with dynamic striping. |EICE Transactions on Information and Systems, Vol. E79-D, No. 8,
pp. 10861092, Aug 1996.

Richard R. Munts and John C. S. Lui. Performance Analysis of Disk Arrays Under Failure.
In Proc. of the 16th VLDB, pp. 162 — 173, 1990.

John K. Ousterhout, Andrew R. Cherenson, Frederick Douglis, Michael N. Nelson, and
Brent B. Welch. The sprite network operating system. |EEE Transactions on Computers,
Vol. 21, No. 2, pp. 23-36, February 1988.

Chan-1k Park. Efficient placement of parity and data to tolerate two disk failures in disk
array systems. |EEE Transactions on Parallel and Distributed Systems, Vol. 6, No. 11, pp.
1177-1184, Nov 1995.

Chan-l1k Park. Striping in a disk array with data/parity placement scheme rm2 tolerating
double disk failures. 1EICE Transactions on Information and Systems, Vol. E79-D, No. 8,
pp. 1072—-1085, Aug 1996.

David A Patterson, Garth Gibson, and Randy H. Katz. A Case for Redundant Arrays of
Inexpensive Disks(RAID). In Proc. of ACM SGMOD Conference, pp. 109-116, Jun 1988.

Erik Riedel and Garth Gibson. Understanding customer dissatisfaction with underutilized
distributed file servers. In Proc. of the 5th NASA Goddard Space Flight Center Conf. on
Mass Sorage Systems and Technologies, 1996.

Mendel Rosenblum and John K. Ousterhout. The Design and Implementation of a Log-
Structured File System. In Proc. of the 13th ACM Symp. on Operating Systems Principles,
pp. 1-15, Oct 1991.

120



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Chris Ruemmler and John Wilkes. Anintroduction to disk drive modeling. |EEE Computer,
Vol. 27, No. 3, pp. 17-28, Mar 1994.

Danidl Stodolsky, Garth Gibson, and Mark Holland. Parity Logging Overcoming the Small
Write Problem in Redundant Disk Arrays. In Proc. of the 20th ISCA, pp. 64 — 75, 1993.

Seishi Tomonaga and Haruo Yokota. An Implementation of aHighly Reliable Parallel-Disk
System using Transputers. In Proc. of the 6th Transputer/Occam Intn’| Conf., pp. 241-254.
|OS Press, Jun 1994.

John Wilkes. The DataMesh research project. In P. Welch et al., editor, Transputing ’ 91,
pp. 547 — 553. |0S Press, 1991.

John Wilkes, Richard Golding, Carl Staglin, and Tim Sullivan. The HP AutorAID hierar-
chical storage system. In Proc. of 15th ACM Symp.on Operating Systems Principles, pp.
96-108, Dec 1995.

Haruo Yokota. DR-nets. Data-Reconstruction Networks for Highly Reliable Parallel-Disk
Systems. In Proc. of 2nd Workshop on /O in Parallel Computer Systems, pp. 105 — 116,
Apr 1994. (Alsoin ACM Computer Architecture News Vol.22, No.4 Sep. 1994).

Hauro Yokota and Seishi Tomonaga. The Performance of a Highly Reliable Parallel Disk
System. In A. De Gloria, M. R. Jane, and D. Marini, editors, Proc. of the World Transputer
Congress’ 94, pp. 147-160. The Transputer Consortium, 10S Press, Sep 1994.

O000.RAIDOOOOOOOOO0OOOOODODOO. 0000 CPSY 93-11,0
oooooogo, Apr1993.

O0C0C0.000000000 (PRnet)y 00 O0O0O0O0ODO.OO0O00O FTS93-20,0
Ooooogo, Aug1993.

goboOo,0000.000b0b0coobobooobooobobono.ooon Frs
9427, 00000000, Jdul 1994.

goo.0dbooobuoooboboboboboobobboobobooon. Master's
thess, OO0 O0OOOOOOOOODO, 1996.

121



[40) OCOO0. DO00DOOO0ODOOO0ODOOO0ODOODOOOOOOODOOO0. Maser's
thess 0O OO0O0OO0O0OOOODO, 199,

122



Jooobodobood

[1]

[2]

[3]

[4]

[3]

[6]

Oooo,0000,“00cooobobbboobbboooboobooob0ooon
O0O00" 000000000000, FTS95-34, (1995.8).

00 00,0000:“000000000000000000000000%,00
0000000000, CPSY95-80, DE95-66, (1995.12).

00 00,0000:“00000000000000000000000%, 000
0000000, DBS106-3, (1996.1).

00 00,0000:00000000000000000000000000”,0
00000000, Vol.37, No.7, pp.1419-1428, (1996.7).

00 00,0000:“0000000000000000000000007,00
0000000000, FTS97-31, (1997.8).

00 00,00 00:“000000000000000000007, 000000
05500000000, 6F-2, (1997.9).

123



