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PCIO00O0O0O0OOOOODODODOODO32bit/33MHz O OO OO 1Gbits/sO 64bit/66 MHz
00000 4Gbits/s0 0000000000000 0O0O0O0O00ORAIDOOCOOOOOO
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RAID controllers /PCI bus interface chips
RAID-A S—E_ L= / |
== Py

Host
memory

RAID-B

RAID-C

Internal Bus

RAID-D (32bit/33MHz PCI bus)

+ T

SCSl controllers | ;i er Layer Upper Layer

024 0O0O00O00OOODOOMulti-Stage Striping[J

OO0O00o0b0o0ooOobooob0ooboobooobooooooobobooopciobbOOonO
OOobO0o0ob0oooooboooobboOoooobboUobDRAIDODOODOODOOODOODO
gboboggbobbodbbodgbboobboooooboooboooboogbon
OO0 RAIDOODOODOOOODODORAIDODODOOODODODOOOODODODODO
gboboboogobbbbooooobbboooobobog
OO00O000RAIDOODODOOOOODODORAIDODODODOOODODOOODODO
OO0000bO0obOOo0obo0o0oRAIDOOOODODOOODOODOOOODODODOOO
OO0O000DbO0bO0o0oobooobbooooo scSlooobooobooboon Rawd O
gbooboodbboobboobbuogbbuooboobboobooboooboogoboon
OO00bO000bOO00O0o0obOoboobobooobOoDoDobboobOooOo RrRAIDODOO
OO00OO0ooO0bDO0bOOobO0ooooboOoooRAIDDODODODOOOOO
OO00O0obOOobO0bOOobOOooRAIDODOOOOOOOOOODODOOOOOOCPU
Ooboboooooooboooogoceyboboboboboboooooooobooboboog
OO0O00OO0O000O0O0oO0RAIDOOODOOOO PCIDOODOOOOOODOOOOO
O0O0DMAOOOOODOOOOOOOCPUO RAIDOODOODOOOOD DMAO
gbbogdgbboogbboodgbbogbuobobobooobuoooboooboobn
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OO0O0O0CDMAODOOODOOOODOOOOOOODRAIDOODOOODOOODO DMA
OOo0o0oOobDOo0oocoboooobMAODOOODOODOOOOD RAIDOOOODOO
OoooobooooooboooooOoooobobooooobMADOODODOOOOOOO
O0O00 RAID-OCPweOD OO0 0OO0O0DOOOOODOOODOOOODOODOOODOODMA
gboodgboggbbodobbooboobbuodgbuoobobooboobodoboo
OOoo0oOoDOooocooObMADOOOOOOOODOOODOODOODOOODOODODOODO
OOo0O0O0oDO0o0ocOobOoooOobooOooO0ooOoo RAIDODOOODOOODOOOOD
OoOooobOooOOoobOoOOoooOOoooboboOoobooOoobMADODOOOODOODOOO
OO0O000DOOO0OORAIDOOOOOODODMADOOOODODOOOOOODODOO
gbodgbbbooodgbobbbuooobbbuoogaob
gbbogdgboogbbogbbogbbooboouooooobboobbooboo
gobobouogoobboboooooboboago

2222 00000 0OOOOOOOOOO

gooobobbbboddddooooooooobbboboboobobobobobbbbbbn
gogoobobbbbbbbobibdddddoooooooooooooooobon
RAIDODOOOOOOOODOOODODOODOOOOODOOODOUODObOOODObObOOD
gbobbobouooobbbbooooobbbooodan

g2s5000000000bbobuobobobuoooboooboooboogobo
ODoO0obOOOoO0DoOOoO0OooooOOoOoOoRAIDODOOOOOOODOOOOODDODO
gbbogdgbboogbbbooboobbuoobbuoobbuoobobuoobboobboon
gbboodbboogbdoobbuoooobooobooobooobooobooobo
gbboggboogbbuoobbuodobbuoobbuobooobooobooboobn
gbobobooogobbbuoooobbbodooad

gogdbbodgbbuodgbbuoobbuooobobboobboobbuoobbooon
godbbdbuodobbuoobbuodobbuoobbuoobbuoobobboobobon
gbogdgbboodgbbodglbuoobobuoobobooboboobbuoabbodgboon
gbogbdbbuodgbbuoobbuoobboobuoobbobboobooboobn
gbooobooogad
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Sequential file allocation @
H1+Z+§+4+5+6h —

Continuous DMA (Direct Memory Access)
Directory entry & FAT

1. starting sector
Sequential File System [f<>»| ofeachfile

\ 2. file length

Reducing overheads,
FAT is refered at starting
file read only

Host memory

1. In SFS, "continuous DMA" solves software overheads.
2. Sequential file allocations reduce random sector accesses.

025 OD00O0O0O0OD0OODODOOOODSequential File SystemO

23 O0OO0OOOO

0000000000000 00DO000O0O0ObO00Oo0O RAIDODOOODOOOOO
00000 260000000000000400 RAIDOODOODOODOODOOOOODO
00000000 32bit/33MHzO0 OO PCIOOODOOOOOOOODO CPUDO OSOO
000000000 RTOSO Real Time Operating Systemd 0 0 0000 VxWorks® 0 0O
OO000O0D0OoOSOO00bO0bOoDoobo0bOooDOobDoobobOoboooDbobOoOoo
OO00DOO0oOOooSO0boooDooDoobobooDoooobOobobobooooon
9GBO = 9 x 10243bytesd0 0 O O O 10000rpm0O Ultra Wide SCSI-30 00000000
0 40Mbytes/s0 000000000000 RAIDODOOOOOOO 300000 SCSIO
0000000000 CPUODMAOODOODODOODOOODODODODOODOOO
OO0 pClOO0O0OO0OO0OO0DODODODOO0ODODOO0ODOOO0OODOOOODODOOO RAIDODO
OO0Oo0obooobOobobobobooboooo sesloboboo2o000boooooon
0000000 b0o0ob0o0ob0o0ob0o0obooboobooboobOooobogg Sscest
00000 10000000000 RAIDODODOOOD 3000000000000
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OO0O0O0O0ODOO0o0OCcODOOoRAIDODOOOODOOOODOCPUODOOODCPUOO
OO0 DMAOOQOOODOOOOOOD3O0OODOOScCSIDOooooOobDoOooDo
OoooO0oDOo0oo0OobooboobOoooo bMADODODODOODOODODODOODO
OObMAOOOODOOOODOOOOOODOOOOOOOOPCIDOOODOOOO
OO0 RAIDODOOODOOOO PCIDOODOOOOOOODOOOOOODOODOOO
gooo

O270000000000000DbO0bOO0bOO00bOobOobOobOOobOoOobOoDon
gbobbouoooobbboooon

O00 RAID-ADC RAID-DOOOCUOOCOOO RAIDODOOOOCOOOODODOA400
OO0 RAIDODOOOOOOOO1IO0O00O0O0O0O0RAIDODODODODODODO RAID
gooobbobbbbbbbbobbbbobbbbbbboooououoooooooon
O00O0 128KBO =128 x 1024bytesU D OO OO ODOO0ODOO0ODOOODOOODOOOO
gooooobobobbobboobbbbbbobbooooooououoooooogo
gogooooboboboobobbbbobobobodddddoodooooooooooooon
OO0000 RAID-OO Pure D0 000000000 ODOODOODODOODODOOOO
gboboboogoobbooobbooobobooo24bb0ooobboooanon
goooboobbobbbbbobobobbobobbobboboooooouoooooo 10
OOo0oo0oobo0o 1o bMAOOOOODOOOOOODOOODODOODOODOODOO
OO0DMAOOOUOOOOOOOOOOOODOODOOODOODMAOODODOOODODOO
0 2MBO = 2 x 1024*bytes0 000000000000 2MBOOOOOOOOOOOO
OO00000DO0Db0ObDO2MBO RAID-AODOODO 2MBO RAID-BOODOOOOOO
O2MBOODOOOO RAID-CORAID-DORAID-AORAID-BO ...00000O0O0OOO
OO0000D0ORAIDODODOOOO2MBODOODOODO 128KBOO0OOODOODOOO
gbobbobouooogboboood

O000000ooooobooooooobooooooooMS-bos®*OooooOoO
ODoooobDoooooooMs-bos*OoooOOoOoooooOoooooooooboooo
gbboodgbboobuodgbbuoobbuobobobooobooobboobobboon
Oo0O0oOOoO00DOOoOobob0 FPATOOODOOOODOOOOOODOODOOOODOOO
gboboodgbooobbodobboobobbuoobboboboobbobboobobo
gbboodgbboougoboobodgbooboobboobboobboobobob
O0O0o0C0CO000O0o0bOOo00 FATODOOOODOOODOOOOOODOOOOOOOD
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0000000000000000000000000000000000000000
0000000000000 00000000000000000000000FATOO
0000000000000000000000000000000000000000
0000000000000000 FATOOOO0O00000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000000000000000

0000000000000000000DMAODOOODODOOOOOOOOOOO0O
0000000000000000000000000000000000000000
0000000000004, B, G, D,M00000000000000000000
000 RAIDOOOOOOOOOOOOOOOOO0OOOOODOONOOOOOOOONOO
000000000000000000000000:000000000000000
000000/0000000000000000000DMAOOOOOOOOODOO
O00A, B,C, ;000000000000 DMAOOCOOCOOOOO Ay, By, Cs,
D,00 A3, By, C5, D,00...00000000000000000000CC0C0O000 DMA
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000000000000 100000000000 DMACOODOO
O0O00o0O00o0o0ooO
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#RAID controllers : 4

Hard Drives (HD) : Seagate Cheetah-9 (9GB, 10000rpm)

SCSI channel : Ultra Wide SCSI-3 (max. 40Mbytes/s)

HD Internal Speed : 16.8Mbytes/s (outer) and 11.3Mbytes/s (inner)
#HDs for RAID-0 : 8 (Total Capacity = 72GB)

Mother Board : DOS/V PC mother board
Host CPU : Pentium 200MHz
Host Memory : EDO-DRAM (512MB)

Memory Speed : 133Mbytes/s (72bit, 16.67MHZz)
#PCI buses 1

Dimensions : 213mm(W) x 510mm(H) x 445mm(D)

026 DOOO0O0OooOOOOdO
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Logical sector allocation for each file

contlrol area data area

Modified =
MSDOS FAT Bz C2 A3|4 \1

Physical sector allocation at each RAID controller

SAIDA / //%//\
- AL - - FAT
AV At

A
YA
RAID-B [B1 /B - - -
YA A Z
RAID-C |[c1 yc2 - - - -
A
RAIDD |pi1|p2|D3 |- - - -
— Note: Sector areas of Ali, Bi,
starting sector - . Ci,Di (i=1,23,..)are
striping size: done read/write by DMA
128kbytes simultaneously.

L\ \l/

8 B

Disk-1 Disk-2

U 27 bDooogobbobooodgobboobobboooboboonoobod
gobooodgd

17



24 0O0O0OO0O0OOOOO

Oo0O00oo0oO0ooDooOo0oRAIDODOOOODOOODOOOOOOOODOODOOOODO

gbooobog
Uall DOO0DOUOOOO0ODOODOOOO0O0OoobOoooooboobobuoooon
Obl ODDOOO0OOOO0OOO0OOO0bOoOobOoobOobobOooboobon
OcO RAIDOOOOOODOODOODOODODOODOODODODOOOOOODOODO
gboobooogd
gogoooboobbobbobobobbobobbbbbbbbdooooooooooon
O0000000o0oo0ooo0/oooooooooooooooooooooOo/o0
goooogo

obhooboobooobooboo2eMBUODOODODOODDOODDOODDLOODOO
0000000/000010000000000000000000000O0O0O0OO
gbboobogbbuogobbbobodobuabbuooboboooboooboogoboon
gboobooogbobobod

OOobOoOobOooooobboooboobooobMAODOODOODOODOODOO
goooooboboobobbbbbbobobootooodooooooooooooon
DMAOODODOOOOOOOOOORAIDOOOOOOOD 1D4000000000DMA
OoOoobOOg32KkBO0 3MBOOUOODOOODOO0OO0OO0OOLOOODOODODbOODD
ODO0O00O0DOO00C0cO0oDO0OOo RAIDODOOOODOO20000000000000DO
O0O000D001040 RAIDOODOOOOCOODOOODOOOODO 20406080
goo

gbobobod 2800 211 000000000000000000a00000000
OO0O0D000C0DO0o0oOoO0bDoOobMADOODOODO128KkBOOOOOOODOOO
gbbogdbboogbboodbboodgbbogobooobooobooobooobo
ODO0O00C0CO00DOO0OO0O0D128KkBO000O0OO0O0O0O0O0ORAIDODODOOOODOOOOO
OcpUOOOOOOODOOODOODOODODOOODOODODOODODObDOLODOODOO
goo

0 280 RAIDODOOOOOOO 10000000000 OOOOOOOOODOOO
OOoO00ooobo0obooboooooboobMAODODODOODOOOODOODO
0000000000000 000DOO00O0bOoOooDooogonD Ms-bos®eOooOoO
O0000000000000000000000000 15Mbytes/s0O000O00O 280
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60
— [
D [
] .
5 50
= i o (c) Cached Read
D 40F :
2 - 2 hard-drives, 1board,
N - conventional device driver _
_.q__,-) 30 ] — — 4 h- :\;A .-.‘
= : N\ (a) Sequential Read
= [ \
S 20
2 i i
()] . | ik ] .
.% 10 | equential Write
2R E
N

30KB 100KB 1MB 3MB

DMA block size

0 28 J000D0O0ODOOOOODOOOUODODOODO/OO0DOOOODOO
ORAIDOOOODOOO 100

Da000000D00O0DO0O00OO0DO0O0ODOO0ODOOObOOobOOObD DMAODOODO
O FATOOOOOOODOODDODO 33Mbytes/s0 0000000000000 O0OOO
OO00000b00boe0Od RAIDOOODOODODODODODODOOOOODOODOODO
OO000oOO0bO0b0obobooboobobobobooooooooDAy, By, Gy, Dy0boon
OO00oo0ooOobOob0obOoboooobooboooobOobobooboOooOOooObDMADD
000000000 1IMBOOOOOOOO 50Mbytes/s000000000000O0O0O
2000000000000000 RAIDODOOODODODOOOODODOOD 33Mbytes/s O
OO00O00oo00o0oooo0ooooooOooboRAIDODOODOOOODOOOODODODOO
00 50Mbytes/s0 000000000

0O 2900RAIDDODODODODO200000000000D0O0DODOODOOO
gbbbbouooobobbbbouoooobbbooobbboabgbbbouooanbn
0000000 55Mbytes/s c0 0000000000000 9Mbytes/s0000000O
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__ 140
v
O PCI Bus Speed: 133Mbytes/s
£ 120
®]
=,
- 100 i
5'8’_ . o (c) Cached Read
o
§ 60 : (a) Sequential Read_
% L d i : .
S .
0 .
X 40
C -
ot e e
g 20 Sequential Write
3 ol § i
D 0
30KB 100KB 1MB 3MB

DMA block size

0 29 0D0O0O0O0OO0OOOOOOOOOODOOODO/OO0DOOOOODOO
ORAIDODOODOODODO 200

O280000000pCID0O0O0O0OO0ODOOODOOODOOOOODOOOODODOO 2
gbobobooodgboboo

0 2.1000 2110 RAIDODOOOOOOO300000400000000000DMA
DO0O0bDO0b128KkBO0D00O0000000O00O0O0O0O0O0OO0ODOOOODO0O0O0OO0
Oooooboo0ooobooooobMAOOODOOOOOODOOOODODOOODO
Ooooooobooceiboboobooboboboooooboooobooboobon

DMAOOOOOO128KBOO0OOOOODOOOOOODOODOOOOOOORAIDO
O0000000300000000000600000 80.6Mbytes/s00 0000 OORAID
O00000000400000000000800000 105Mbytes/s0OO00OO0OO0O
000000000000 1Gbits/s-ATMO 622Mbits/s-ATMO OO O00O0O0O00O0OOO
00 100Mbytes/s 0000000000000 O0O0OOOOOOODOO

gbbogouodbbodgbboobbobuoobbooboboobboobooon
OOoo0ooboogboboooocb-rROM 1O00O06cOOMBOODODOOODOOODOOOODO
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140

PCl Bus Speed: 133Mbytes/s

2

D

S 120

% 80.6Mbytes/s

- 100

O i

Q _ \Q/ (c) Cached Read

" 80

'g ool (@) Sequential Read

3 i NN

o} ——® L4

% 40 .— > quential Write:

o .

= -

T 20

g - /4/

ZIN

30KB 100KB 1MB 3MB

DMA block size

0210 00000000 0O0OOO0D0O0O0ODOOOO/O0O0O0O0DO0OOOOO0
ORAIDODOOODOOOO 300

OO00O0e00000OS00 MPEG-1ODOODO0OO0ODOOODOODOODoOSOODODOODO
gooobog
OO00OOobOOOOODOODOODOO0OOO0ODOODOODOObOOOORAIDODOODOODOO
OOoboooboooOooboobooobooobooboboOoobMADODODOODODOO
OO00D0O000000D000O0DbD0OD0ORAIDODODODOOO Write ThroughO DO OO
gobbobbodgbboobbuoooobooboboooboobbooobboooon
gbboogboogboodgbboobuoobboobuooboobboobooboo
OoO0O00obOoOo0oooooooOoooRrRAIDOOODODOOO04000000D000
0800000000 0DMAOODODDODO3MBOOOOO 92Mbytes/s0 0000
gbbooobouoobuooobooobooobooboobboobbooboo
0000000000000000000000000O0 16.8Mbytes/s00O0000O0O
0000 11.3Mbytes/s00 00 0000000000000 O0OOOOOOOODOOOO
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[EEN
N
o

EEERE | PCI Bus Speed:133Mbytes/s

[EEN
N
o

| b 5,(c) Cached Read
105Mbytes/s |

7

%)

O

=

Ie)

2,

© 100

@ F 111

% 3 B B

o 80 - (a) _

S - Sequential

E 60’Read,,,, Al

3 e R

N E | (b) Sequentlal Write
40 i i

S

£ T T = E E E H

S 20 jetT™

@ F : ] | | 1] ]

n ol i || 5 f | E 2 hard- drlves 1board conventional driver

30KB 100KB 1MB 3MB

DMA block size

0 211 000000000000 O0O00DOOOO0/OO0DOoO0O0OooOoOOO
ORAIDODOODOODOOO 400

gbodgbodgbbodbboobboobuoobbodobbuoobbuoobboabn
Oo0O00CO000OOoORAIDODOOOOODOD40000000000D8O0DODMADO
DoOoobogbD128KkBO00O00obOOoooobooboobooboobooboon
gbboboooobobbbooooobbboodobbooooobbbood 21200
gbboggboobbbuoobbuodobbuaoboobbuooobooboboooboon
00 100Mbytes/s0 0000000000000 O0O00O000ODODODODOODOODOOOO
gboogbobbodbbuoobbuoobuabbuoboobobooobooobooo
gbbogdbboogbdobbuogobbuooboboboodbooobboobboabb
OO00ob0ob0obOOooOobobo0oboooobbOo0oboOo RAIDODOODDODODOOO
gboogbboobobobuoobobooobogobooobooobboobonoooo
gbooggbboogbboogbbogboobobbodobbuoobbooboboann
gboboodgbbogbbuoobbogbbuooobooobooobbilioooobooon
godbbodbbodbbodobuoobooboooboooboooboboogbon
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140 i |

— [ max. 106.8Mbytes/s
L 120 J
w
3 | /
Fy ¢—0—0—e—9—0—0090-0 000009
= 100
o) i
8 80
Q_ -
D i
T 60
q_) b
oc L
< 40l #RAID controllers = 4
g i #Hard drives = 8
S i Block size of DMA = 128KB
S 20
Co | |

O 1 £ 1 1 1

0 20 40 60 80 100
Outside Inside

Sector Position [%]

U 212 0gdO0b0OO0O0Ooooobboboooobobbbuoaon

gbobodgo 21200000000000000000000000000

2.5 0O0OOO

OO0O000ORAIDODOODOOODOOOOODOOOODOOOODODOODOODODOOO
O00000000000000000000000RAIDIIOOOO [51]0 TickerTAIP
O000000B0000RAIDIIOOOOCOOOODO RAIDODOODOOODOODOOO
OO0000D0000000000b000bbO0bO0o0DOoO LFSO Log-Structured File
SystemO53| 000 0000000000000 0O0O0OO0OOOO0OO 21Mbytes/sO000O
OO00000DO0D0O00O00000000OLFSO0d0Legd OO OOODOOODOODO
gboogbbooobbodgbbogbbuoobbuooboobooboobboboo
gbooogbboggbboobbogboobboobuoooboobobbogboba
gbobboobbuogobuogobuoooboooboooobooobooboann
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gbbogdgboogboboodgbboobbuobbuoobboobbuooobbooon
0000000000000000/00000000000000oooooooog
OOooOooobOobOoLrFsSoboooooobonboonbn

O00OTickerTAIPOOOOODOOODOOOOOODORAIDODOOOOODOOOODO
OO0OORAIDIIDO TickerTAIPOOODOOO RAIDOOODOOOOOODODOOOODOO
RAIDOOOOOODOOOOODODODOOOOODOOOOOOOODODOOOODDODOO
gbboogdgbodbuodgbbboobbuoobbuoobbuooobooobbodobobo
OO0 RAIDODOODOOOODOOOOOODOOODOODOODOODOOOODOODO
guobuoobodbudbboobbobooougboobbooboboooboon
gbbobuogbggboogboogboobboobboobbodobbooboobn
gbbobooogbbbod

2.6 OO0

gbbogbodobbuodobbuodobbuoobbuoobobbooboobboobon
OOo0o0O0oDOo0oo0o0ooobooodooooo RAIDODOODOODODODOODDOO
OO0O000b0o0ooOobooOobOoOobDRAIDOODOODOOODOODOOOOODOOODO
gboooggboggboogbobooobooobooboguobobboboon
gbooodgboboogbboobbobuoboobooobooobboobonooo
gboobooboobbuooboboobbuoobbuoobbooboobouogoboonoobooo
O00000000000000 106Mbytes/sO000000O00OOOOOOOOOG8OO
OO00O0o0oboO0o400RAIDOODOODOOODOOODODOOODOODOODODOD
O000000000000000000000000000 92Mbytes/sODO0O0O0O

00000000000 000000oooooRAIDOOODODODODODDOMS-DOS®
OoobooboobooobobobobuouUNIXOobobobooboooooboboobo
gobobouoooobb 3uooooboon
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30
UNIXOOOOOOooooooood

3.1 oo

020000000000000000000 [10],(11],47jc000000000O0O
gboodbbogbbodgbboobuouogbbuobooboooobuodgbboobban
gboboodbboobboobbuogbbuooooboboobobuoonoboooobobo
OO000O0O0O0OO000RAIDODOODODODOODOODOOODODOOOODODOO
gbobbbooogobbobooooobbooooobbbooooobbboooan
OO0O0O0O0RAIDODOOOODOOOOOODOOODOOOOOOODOOOODODODOO
DMAOOOOOODODOOOOODOOO0OO0OO0OO0ODO0ODODOO0O0OODDOOO100Mbytes/sO
OOo0ooO0oDO0o0oooboOOobooboobOoooo0oooo RAIDDODODODOODOOD
OooooooMs-bDos®*OOoooOOoOoOoooooooooooooooooooooo
OO0O00DOOODOoOSOO0 RTOSO VxWorks®O O OO OOODOOOOOODOOOOO
gbogboboboboboboobobobobobobuobobobobOO UNIX
gbobbbouogoobbbooooobbbboooad

OO0b00D0o0bo0o0o0oboo0ob0oobobOo0obD UNIXDOOoOOO OpenBSDO OO
028000000 RAIDODDOODOODOODODOODNODOUNIXOOODODOOOOOO
Oo0000bo0ooboooboooobooobooobo uNIXOooooooooo UFS
O0O00OO0O000OO0O0D0O0RAIDODOOOOOOD UNIXODOODOOODOO

3.2 UNIXOOOOOOOooooooooooo

UNIXODODOOOOOORAIDODOOODOOODOOOODOOOOODOOOODO
O0000D000UNIXOODODOOOODOOOOOOOOoODOoOoRTOSOH VxWorks®[
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00000000 100Mbytes/s0 00000000000 OOOOOOOOOOOOO
gbobobooogboboo

RTOSOOO0OOO UNIXODODOOOODODOOOODOOoOOooooooooDidsen oo
Doooooboo4kBU0obDoooboboobobooboobboooooboboboo
obooobgboboobbobbobboobboobbobbooboboo4kKBOODOODO
Oo0O0o0oCO000O0oO0DoOoRAIDODOOODOOODMAOODOOOOODMACOOOD
gbbogdbbboogboboobbuoobbuoobbuoobbooboooboogbo
DMAOOOOODOOOODOODOOODOOOOOOODOOOOODOOOODO
DMAODOOOOOOOOOOOOOOOODODOODOOOOOOODOOOODOOO
gbbbooooobbbuoooobbbooooobbboooobobn

UNIXOOOoooboobooooboobooboooobobobooooboboobooo
gbogbbodgbbuodgbbuoobbuoobuoobbooboobbobbooboba
OO0O000RawODUOODODOODOODOODODOODOODOOUNIXODOODOO
gbooboogoobbbooooobobobod

OO0000O0DbO00O00O0bO00bO0ob0bOobOobobOOuUNIXODOooobDoDb oS
gboggbougbbuoobbuoobobuoobbooboobboobooboonn
OO0O00000O0000O0b0O000O0bOo0b0o0ooooboOobD Buffer Cached OO
O0D0DO00000O0O00DOO0000b000oDbO00bDboOUDOButter Cached OO
OOoo0obOobbobOoboooooooboooooboooDobOobDOobUoboboo bMA
OO0O000Db0o00O00obO0obOo0b0oooOoboo0oboobooooooboOn Buffer
Cache DO OODOOODOO DMAOOODOOODOODOBuffer Cache UODDOOODOOODO
OOo0OooobOobobobocpvbOb0O0OOoOoOOoDOobOOobDOobDOobDOOobOOoODODO
OO00000000D00O00bD0O0bOO0OBuffer CacheDODOOOOOOODOOODOO
gboggbbbodgbbuoobbuobbuoobbuoobbuoobbooouooboboon
OOo0oooobdbobobobooboobobooooobobobOobobg Swap-out O
OoooobooooooooooobMAODOOOODODODOOODOOOODOD
OO000000000000 Page Faut D00 OO OD0OOO0O0O0ODOODOO0ODODOOO
OooooooboocpvdbOdnoooobOOobO0ObObODObDODO0ODbDObOO0bOODODO
OoobOobo ceiOOOO0OOODODOOOODODOOODDOOODODOODODO
0000 Pentium Pro 200MHzO OO OO0O0O00000O00O0O0OOODODO 45Mbytes/s
gbboodgboougoboobodgboboobboboobboobboobbooo
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000 non-buffer copy 00O D O0O0O0OODOO [31],[p400000000C0O0ODOOOO
gbbboooobbboooobbbboooobobog
OOoooooooboursobooooooooboursooooooooooboonon
gbbogdgboogboodbbuoobobubuoobobuoooboooooboogbo
00000000000000000000000/00000000oooooooO
Oobooobooooooboobooooboooobobooboobooooooours
DO0b0O0b0ob0e4KBODUODODODOOOODLODOODODOM4KBOOOOODOODO
OO0000b0o0ooooobooboobo0obbo0obOoObodBufter Cache OO O
OO000ooboobooboo UuUrSObobooedkBOODOOOoooooooooooboooD
UNIXOOOOOoooooboobooooooooooooobobobosooogoo
OO00D0000000D000000 Buffer Cache UDOODOODOODOOOOODODOO
gboogbdbobugobuoogobuooobooboobobooboboobobooon
goboboogobobbboooobobbooooboboooooon

3.3 Uoooon

20000b0bboodbbuoobbbooobbbooobobooonooobo
gooboogo

gboogdboogbbodbbogboooboooboboboobboobooon
OO000obOobO0bOoboooobooboobooboOob vUrSOobooboobobobooon
gobobooogooboboooooobobbooooobobbooooboboooon
gbooogoodgbodbboobbodgbboobboobbogbboobbodan
gbooboooooboboooon

OO0000D0000DbO00bO0b00o0bDOOBufter CacheDO0OO0OOODOODDOO
gbooggbboogboogboodgbooobboobbodgbboobboobon
OOO0ORAIDODOODOOODOODOOOOODOOODOOODODOOODO DMAOODO
OOoo0oboob0oboooooobooooboboboboobooovurSsooboobogo
gooooobbobbbbbobobobbobbbbbbbbdooooooooooon
goo

OoOO0O00oDoOoO0ooooDoOoOuUNIXDDOODODOOOoDoOOoOo RAIDODOODDOO
gbobobooogobobob
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3.3.1 0OO0OOO0

gbobobouooobbobododao

e UFSOUODODOUOODOODOODUOODODUODODUOODOODODUOODOUOODO
gobobooooobboooooooobon

OO0obOooooooobourSOoboobooooobooooooursoonbogonog
gbobobobouogogoboood

gbobuogoobobbooooobobobuooobbobbooooboooan
gbobogoboboogobobbbouoooobbboobbbuooobbooan
goboboooogooo

OO000D0DD0O0O0 Buffer Cache OO0 0OO00O0O0OD0OOO0OOOOOOOOOODOO
OO0O00ooO0ob0ob0obobooobooboobooooooboob bMADODODO
gbooboooaooo

UNIXOOODODOODOOOooOoooooooooobooooboooog RAIDO
OOo0oo0O0oDOo0oocO0obOo0obDOoooO0o0oOoOoDOoooOoooDoOooODbMADO
gbooboggo

e 100Mbytes/s0 000000000000 ODODOODOOOOOOO

gboodgboggbboobbooboobbudobuooobooboobboboon
gboooog

3.3.2 UUOOO0OOOOoOooo

gobbodbbogbbuoobboobogboobboobodgboobbogn
gbooogboboogbboogbboobobbuoo1bgobboobobbboooon
gboboggbboogbbuoobobuoobobuoooboooboooboooboogbon
OOUFSO UFSO 00000000 DO0O0DbOO0bOO0bOOooooboovursooogon
OooboboboooboobobobooboboboboobobOoboouNIXoog
OO000OnewftsOOODOObBDOOOODOOODOOODDOOODOOODODOODODOODOODO
OO0OoOooOoboOobouUrFsO vurSOCOO0OO0OO0OOO0OOO0OOO0bOOobobOboOOobDOoboo
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System call to UFS

ufs_read()
ufs_write() |1|2|3|4|7| |5|6| >
- A .
. . Recording
Getting i-node position
infomation
A 4
Gathering
contiguous blocks
v v v
1-4 7 5-6
| [[] sl ,
Direct access functions: Recording

direct_read(start block, #blocks, address) position
| direct_write(start block, # blocks, address)

Device Driver (DD)

031 ogdgooboobodo

OOoO00oboobO0bOoboboo0ob0oooooobOoboboboooboobo Uursooo
OO00O00DbO0o00O00o0o0boobOoourSsgbooooboooboe4KBODOODOO
gboobobobuboogobogobooobboobbogbboobbooboboo
gooooobbobbbbobobobobbobobbbbbbbooooooooooooon
OO00ooobOobOourFSOobooobooboboboobooooboboboboooo
OO00000D00O0fsckOnewtsD OO0 000000 0ODOODOOOODOOOOODOOO
OO00obO0obO0o0o0o0o0o0oboooo0oboo0oooboobobOobDoobDOoovUrSson
OOoo0ooobOobboobobo vuUrSOobOoboobOobOoboboooboobooooooo
vrFrSO0o0ooogoourFrSOoooooboobooooo urFSboboooobobooboo
gbboodgboogbdoooboooboboobobboobboobboobbooo
gboboboogoobbood

U 3l1tddddddudidoooooooooooooooooououaagaadag
ooboogbobvyobobobobooobooobobobobbobbobobooonog
010400000000 506000000000 000DLOOOODOOOOOODOODOO
000 10700000000000read()000000000ODOOOOOOOOO0OO
OO0 uUrSooourSooooboobooorooooooooobooobooboboboboog
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I File System Process
Request Reduction Process
Read/Write Process

O

Request
>
UFS
CMD(1-4) CMD(5-6)
>
DD time

U 32 DOoooooboobodo

OOoobOooOoboOoovurSoboboo0ob0oboDoboooboboboboobOobDoo
OO000obOOobOoobooovurSOcob0oo0ooboooooboboboooooogUurs
gboogbbogbbuogboboboooboooboogbooobboobboonn
gboooggoogobobboobbuoobbobbooboooooboooboboboon
gbogbboobbodbbuoobbuoobbbbuoobobbuoobboboobon
OO0000oO0bO0bOoboboob vuUrSOb0oboobDobeKBOOODOOOOOOODO
gooooobbobbbbbbobbboobooboobbbbbbboooooooooaady
OO000bOO0DbO0bOobobooovurSOo0o0oobooooboobooboooooon urEs
goboboboooggbooboooooboboo

O 3200000000000 0000D0ODOD0ODODODODObDOODCPUDO
gooooobobobobbbbobobbbbbboobboooooououoooooooo
0000000000000 00000000000000O000O0OOOpBSoOoDoo
Ooooooboboooooobooboooboobobobooooooobob ursgo
OO00000000Defrag ProgramO0 0000000000000 0OOOOOOOO0OO
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UFSO0000000000000inede00000000O00O0O [56]00000i-node
gbboggbobogbuodobbuoobbuobbuoobbuoobobooboboobboon
0000000000000 000000000000o0ooooooooooooo/
gooobobobbbbbbbbbbbbobbobboboououououuuuguooooao
gbbbouooobbbooooobbood

3.3.3 UUOobouoooooon

cpUOOODOODODODOOOOOOODOODOODODODOD Buffer Cache 0 OO
OOoo0obOOoobooboobOoboboobooob vurSOoobOoobOoobDooDbDOoon
gbobooggbbogbbuoobobuogobuoobbooboobboobooboonon
ooooouvrSsoboobobOoo0oooobobobooboboooooooDobDOoDboD

gooooobbobobbbbbobooobouoodoouooooooooooobon
U33bbubobubooodboogbboobbobuoobbuoobboonobon
gooon

O330a0000000000000000OBufter CacheDOODOOOOOODOODO
OO0O00D000D000O0000O0OD000ODb0O0ObDO0DbDRAIDODOODODOOD Buffer
Cache 00O DMAODOUODOODOOBuffer Cache DD OODOOOOOO CPUODODODO
OO00obO0boOo0ooooobOobooboboboooobbobooob0oboOonbn Buffer
Cache OO O0OOOOODOODODODODODOOOOODOO

OOobd 3.3opbboobooooobobbooboooooobooooooobooon
gbbogdgboogobuobodgbbodobboobboobbodobbooboobn
gboboodgboogboooobobbuoobbuoobboobobooboboooboon
gbboodgbboogbbooobobbuoobbuoobbuoobobuoobboobboo
gbboodgbobooggbbodobboobbuoobbooboobbodobdoboobobo
Oo0O0o00O00oDOOoOooo0oOoOoRAIDODODOOOODOOODMADODOOOODOD
OooOobMAOOOOODOOOOODOOOODOOOODOOODODOOODOO
gbbbouooobbboooobobbobod

gbbogdbogobbodgbboobuooboboobboobbuoobbooon
gobbouoooobbboooon

goboooobobobobbbbobbobooouoobbbddgoooooooooonn
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OOo0oooooboooooStbboobooooboobob0bOooboooOnd Buffer
Cache OO DDOOOOODODOOOOODOODOODOOODOOOOODOODO
gbobbooooobbooooobbn

3.34 UUOLOOOOOOOLOOOLOOOOOO

gboboboogoobbbouoooobobobbooob 2000000000400 0O0
OO0O00o0b0O0o0ooboobooOoboobO0oobbOooboOo RAIDODODOODOOODOO
OO0O0O0ODOO0ORAIDODOOOODOODOOODOOODOODOODOODODOOODO
OO0O000b0o0bO0oobo0oboo0ob0oooOobOoobDobboooOobDoOooOoOoRAID
goboboogoobbboooobbboooan

OO0O00oO0bOoOooRTOSODOOOOOOODOUNIXDOOOOooOooboooooo
Oo0OouUNIXOOOooooooboboooobobobooooobooboooooo
gbooobobod 333duboboobugboobooooboobuogbonobo

000000000000 0000000 /000000000000 00O0o0oooon
godgbboobbuoogboboooboooboooboogbooobbooboo
OOobooob0ooooooobooboboboOoboooobMAODODOODODODOOD
gbobobooooobbbooooobbobooodgobobibodd swap-out00oggn
gboboogbbbodbbdgdbswap-out00OUOODO swap-mUJ O oOoooogn
Oooo0obOoo0ooooobooooooobooooooRrRAIDODOODOOODOOOO
Oooooboo0oooooOooooooooooooDoooooobMADDDOOOOD
gbobobooogn

OO0O000O00D0O000OC00DOO0 RAIDODDOOODOORawOOODOOOOOOODO
gbbbooodgobbbouoooobbbbuoooobbboooobobbboooon
gboboodgbboogbboobboobbobbuoobuobbuooobooobobbo
goboooodg

3.3.5 UUOOOO0OOoOoOooobOon

UNIXOOOOOooOobooooooobobobouoooobosseobobooooo
Oo4KkBOOO0O0OobOO0bOOoOo0oobobooobooboboooobobobbooboo
OOoboooboooooboobooobooobooboboooobpMAOODOODODOO
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obooobboooboobboobuoobbooboo4kBObOboooDOOO
OoOooooOobMAOOOODOOOOOOODOOOOODOODOOO 100 DMA
OO00D000000000000Db00000b000000 Scatter Gather DO 0O OO
gobooo

OO000ODODOOOOO0O0ODOOORAIDODDODOOOOOOOOOO DMAO OO Chain-
ing DMA Transferl 0000000000000 OCOOOOO0O0OOOCODOOOODO
OoOO0O0o0ooobMAODOOODOOOOPCIDOOOOOOODOODOOOODODO
gobooo

OoobooobooobbooobooooooooSuoooooooooooboooo
gbbogdboboobbuoobbuodobobobooobooobobodobboobbbo
gbboodgbbooobbodobbooboobbuobuooobooboobooboo
gobobooooobboooogoon

O340 UNIXOi386 O OODOODOODO OpenBSDOOOOOODOOOOODOODODO
gobooooboobooboboootbotbodooooooooooooooooooobn
cepUOOOOODOODOODOODODOOOODOODOODODODODODODODODO
gooooobobobbbboboboboboooobbbbbbboooooooooaady
OO0oO0o0ob0o0oooobooboobboobboOoRrRAIDODODOOODOODOODODOOD
OOoo0oOobObMAOOOODOOODOODODODOOODODOODOODOODMADOODO
OOoobO0ooooooooobMAOODODOODDODODODOODODOOODOD
gbooodbboogbbodgbswap-owtUgoogooooooooooooooon
DMAOOOOOODOOODOOOODOOODOODOOODOODOOODOODOODOO UNIXO
O0000000000000000 mlock()DOOOOOOOOOODMAOODDOODO
O0bO0booboooboobooddbdmlockODODOOODOODODLOOswap-out O
O000000000000000000DMAOOOOmunlock)D 000000000
OO0000000OmunlockDOO00OO0OOO

Buffer Cache 00O OO0OO00O0OO0O0ODOODOODOOOOODOODOOOOOOSOOODO
gooobobobbbbobboboobototdddlswap-out U000 O0O0O0OOOOOOOOO
O0000000000000000 mlock/munlock 0000000000000 DMAO
OO0000000 Buffer Cache UDODODODODOODO0ODOODOODOOOO

00 Omlock/munlock 000 00000000000 0000O0OO0OOO0OOOOOO
O000000000000mlockO0000 10MBOODO 200ms000 0000 0OOread()
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00 /write() 00000000 mlock/munlock 01000000000000000000
0000iectl)0000000000000000/0000000000 Dioctl()00
0010000000000000000020000000000000000000
FIOBULKREAD 0 00 FIOBULKWRITEO OO OO OO read() 0 0 /write() D00 O
0000000000/00000000000000000000000000000
00000000000 300000006ctl()00000000000000000
0000000000000000000000000Oread()00 /write()00000
00000000000 00000000000000O jectl)0000000000
0000/0000000000000000000000000000000000C0
00000000000 meck0000000000D0000000000000000
O0ioctl() 0000000000000 00000000000000000 mlockO
munlock 0000000000000 0000000000000000O000000
0000

000000000000 00000000000cat0dd00000000000
00000000D000000000000000000000000000 read()O
O /write) 000 0000000000000 0000000000000000000
00000 mlock/munlock 100 00000000000000000000000C
00000000000000000
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Command Flow
) Data Flow

Destination buffer Destination buffer
User’s Process User’s Process
read() read()
DMA to user’s
. ! destination buffer
Virtual file system (VFS) VFS
read/write requests
UNIX file system (UFS) UFS
Gathering
Buffer cache Buffer cache contiguous
blocks
SCSI driver SCSI driver Direct Access
4 Entry
Device driver (DD) MSS device driver
— Y
[ [
RAID controllers RAID controllers

08000 o000
o000 o0

(b) Conventional stack (b) Proposed stack

g 33 bDuoodgoboo
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| Process-4
| Process-3
| Process-2
00000000 Process-1
User’s memory
space
for Process-1
system call
N\
N\,
FOO00000 > Both page tables
Kernel memory _ are available
space in kernel mode.
FFFFFFFF

034 UNIXOODOODOODOODOODDOOOOD
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035 Duoogoobooo

34 0UO0OOOOO

O0000000000RAIDOOODODOOOODOODOODODOOOODOOOO
000 350000000 oooooooouon 31ouonoonooooooood
CPUO 3860 0000OONO Pentium Pro200MHzO OO OOOODOOOOOOO1GBO
O000300RAIDOODOOOODISODOODDOODDODOODODOOUNIXDOOO
OpenBSD version 2.1 00000

03.600000000000000000000000O0 64bit/33MHzOODODOO
o000 pClOO0OO0OOODOOO0ODODOOODOOOODOOOOOO0OOOOOOOnDa
O00o0ooooOoo200 pClO000O0O0OO0OO0O0O0O0O0O0OOOOOOOO0O0O0O0Ooan
0000000000000 bObOOo0obooooo2200 pCclO00DOOoOOOoDOOoOOn
dooodooooooooooooooobooooooooooogoooooon
doodoooooooouooooodooooooooooooooooonooon
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U 3.1 000000O0ddg

Processor Pentium Pro 200MHz
Chipset Intel 450GX/KX
Host Memory 1GB interleaved EDO-DRAM
PCI buses Two PCI buses with 3 slots each
RAID controller | AMI MegaRAID 434 with tuned firmware
RAID level RAID 0, 1, 3 and 5 supported
#Controllers 3
Hard Drive Seagate Cheetah-9 (9GB)
with internal transfer rate of 122-177Mbps
#Drives 18 (6 drives at each controller)
oS OpenBSD version 2.1
Dimensions 370mm(W), 680mm(H), 510mm(H)

gboooboogad

Oo0O00OOoO000O0o0oDOOoOob pCclCO0ODOODOOORAIDODOOOOOOOO
OO0 pCl0DO000O0O0ODOOOO0OOOO NICODODOODODODOOOOoDbDOoooooo
OOoo0oooobooooobobooooooooooboooooboooPpciI0DOn
RAIDOOODOOODOOOODOODOOOODOOODOOODOOO

RAIDODDOOOOODOOO 32bit/33MHz0 0000 PCIOOOOODOO30000
O Ultra Wide SCSI-30 0000000000 0OOO0O0OO 2000000000000
OO0O0000bO0O0bO0o0obOwRobooobooobooooosoo RAIDODODOODOO
gboboodbbooobbobuogobuoooboooboooobooobobboann
OO000O00OO0000bOO0o0ob0O0o30b0 RAIDODODOOODO RAID-ODDODODOO
OO000o00obObO0o0ooO0oboooboOoboooboRAIDODOODOODODOOODOOD
gobobooggobobood

OO0O0O0OORAIDOOOODOOODODOOODOOeSeOOODODOODOODOODOO
ORAIDOOODOOODODOUODOOODOUORAID-0OORAID-1O0RAID-30RAID-500
OOO00RAIDODODOOOOO0ODOOOOODOODOODOODOODOOODOODO
OO0O00o0b0o0ooOooboOobD RAIDODOODOOOOODOOODOOODOODOODOD
OO00b00O00oboo0ooboO0o0oobOoRAIDODOOOOODOOOODOOODOOOO
OO00O0O000DO0O0ORAIDODOODODOOOOOOe6eDOODOOOODOODODOO
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Primary PCI bus Secondary PCI bus
(max. 133Mbytes/s) (max. 133Mbytes/s)

RAID-A

@_@_ Processor :
RAID Intel

Pentium Pro

@_@_ card

Other
PCI
cards
RAID
@-@— card ex. NIC

Memory bus

Host (533 Mbytes/s)

memory

it
__L

RAID controllers

Simultaneous
sequential read

—

g 36 Duoodgobboobodo

OOO00OO00ORAIDODOODOODOODOODODOODOOOODOODOOOOOORAID-S
OOo0O0o0obOoooooooboOobRAIDODOODOODOODO 300DOOODOOD
gboobooogod

0000000000000 533Mbytes/sd =4Gbits/s0 16.67TMHzO 72bit O EDO-
DRAMO2000000000000000000O0O0O6G4bit/33MHzO OO 200 PCIO
gbobobobooooobbobboooooboboboogoobobood
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0 32 OU000OO0DOObOOOOOoDOOobOoooboOobOoboNROLSOOOO

ooo0ooon
RAID O Seguential read speed (Mbytes/s)
Lower stripe Request #RAID controllers (NR)

size (LS) size 1 2 3
32 KB 1MB 20.2 39.9 50.8
50 MB 20.4 40.8 55.0
1MB 595 875 92.9
64 KB 50 MB 61.8 97.9 109.5
1MB 324 59.7 78.6
128 KB 50 MB 345 67.9 90.0

Note: #Hard drives (ND) = 18, and the upper stripe size (US) = 64 KB.

3.5 Uoooonon

3.5.1 OO0OOOooooooood

OO0O00O0ORAIDOOODOOOODOOOOOODOOOOODOOOODODOOOOO
Oooo0obOoo0ooOooooboooobooooooDooDobOoRAIDOOODOOOO
O00000000000000000000000 Stripe Allocation (570000000
gbbogdgboogbbuoobbuodobbuoobbuobooobooobooboobn
ODoOoO0DOOOoRAIDOOODOOOOODOOOOOODOOOODOOOOODOD
obooobooboobooboob0 PeebO0DLO0ODO0ODOODO

gbbbboooobobbobouoooobbboooobobbboooobbboooan
OOoooO0obOOo0ooOoooOoDOoobO0oDoob00oDOo0oO0OO0Ob0ONRDO RAIDOO
ooooooLsSoooogogoooboboobooovousuobooboboooooooonoo
OOoNDOOO0ODOOO0obOOooboooobooooboobboooboooooDo NROLSO
vsoooooooooobooooboobooooobboooooooboboooo
gbbogdgbboogbbuobuoobbuobbuoobbuoobboobobooobboon
gboboggboggboogbuodbuooboobboobuodbooboobbogn
gbooboodbboobbuogbbboobb s1bugobogoobooogoboogoboon
0000000 direct_read() O O Odirect-write() D0 00000000000 O0O0OOO
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0 33 bDobuoooboboboooobobobonNpDDObOonon

0ooo
RAID O Sequential read speed (Mbytes/s)
#hard Request #RAID controllers (NR)
drives §7e 5 3
(ND)
6 1 MB 83.1 83.3
50 MB 82.3 82.8
3 1 MB 86.6 -
50 MB 93.9 -
9 1MB - 93.1
50 MB - 109.1
10 1MB 87.3 -
50 MB 96.9 -

Note: The upper and lower stripe size (USand LS) = 64 KB.

000000 LSO000Db00000LS =32KBO64KBO128KBO OO DO OoOOO
NR=1030000000000 1MBOOMBUOUODOODOODODOOODOODOOODOD
obooobobbobbobbobbo  ND=1800 00000000 320000

OOO00OLS=64KBONR=30000000000000DO0O0OO0OOO0ODOO0OO
0000000000 50MBOODODO 109.5Mbytes/s0 00 0000000000000
OOobooobooobooboooooooobooobOo LS=64KBOOOODOOODOOO
O000000ONR=10000000 ND=1800000O 61.8Mbytes/s0 00000
O000000000000000RAIDODOODODODOOOODODODO 61.8Mbytes/s0 00
0000000000000 000RAIDODODOODOOODODOOOOOO 100Mbytes/s
Ooooobbu0o0obONRz200000000000O0DOO0OODOODODOO
goo

ooooNDOO0OOO0boboboboooooobobobobooboooooooon
ooobdn 330 NR=2UNR=300000000OND =601000000000
Oo0oooOooooooOoooboobo0ooooboboDoooboRAIDODOOODODOOOODO
obooooboooobbooobobooooNDO NROUDDOOOODDOODDOOO
O000OOND=90NR=30000100Mbytes/s000000000000000CO
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120

32KB
64KB
128KB
256KB
512KB
1MB
2MB

100

80

-

Thr ottt

40

20

Sustained sequential read/write speed [Mbytes/s]

Request size [MB]

0O 37 0D00OD0ODOOO0O0ORawOOOUOUOUOONR = 30LS = 64KBO
ND =90 RAID-00 U S = 32KBO 2MBO

OO00000O00oooooOoOo0RAIDOOOOOODODDOO NR=30000D00O0OO
0000000 100000000000000000OND =60000 820 83Mbytes/s
010000 14Mbytes/s0 00000000000 COO0OO0O0DOO0OOOOOOOOO
O00000ORAIDODOOOOOOO NR=200000000 100Mbytes/sO0 000
gbobodbboobooobooobooooboogbooobboobboann
gobobooggoboood
OO000b0obo0oo0oooobooooousSbobobobobooUuSOooOgnoRAIDO
OO0000D000000000000D00O0OONR =30LS =64KBOND =90RAID-0
OO0O000b0o0ooobooobooboooobouUusS=32KkBO2MBOOOODOOOO
O0 64KBO 100MBO O OOOoOOOoOoooOoOoooboobooobooooobooooo
g dvoboogbobbboboobobobbobobbbbbbdooooooooooooon
ooboooboooobobooboooobooboooouusSbogoooooobobooboo
OO000obO0bO0b0obO0oobo0obO0obobobobousobooooooboOoDbOoRAID
gooooobobobbbboboboboboooobbbbbbboooooooooaady
OO000000US=NRxRSORSOUODOODOOOODOOODOOOODODODOODO
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120
I 3d read

6d read

100 |
i 9d read

12d read
15d read
18d read

(o]
o

D
o

3d write

6d write
9d write

12d write

15d write

R A N O R IR O O O

18d write

Sustained sequential read/write speed [Mbytes/s]

Request size [MB]

0 38 UD0O0O0ODO0OO0O0O0O RawOOOUOUOUOONR = 30LS = 64KBO
US = 64KBO ND = 30 180 RAID-00

Us=32KBO000O0OUS<LSO0O000O00DOOOO0O0OO0bOOOobbOOooboOon
OO000O0o00boobOOo0oooOo0obooboboooboooobbooousoono USs =64KB
gboobooood

0000 3.70U0US=64KBOOO0OOOOO100Mbytes/s0 00000000000
OOo0oOoogD 1s5MBOOODOOOOOOOODOOOOOOOODOOOOOO0OUFSO
OO00O0o0b0Oe4KBOOOODOOOODOODOO UFSODOOOOOOOOOooOooDgo
guobuodgbbudgbbuobboobobuogbuooobooobooobboobobo
gobooood
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Benchmark for file read of filesize

buff = malloc(filesize);
mlock(buff, filesize);

N = 300MB / filesize;
prepare_files(flename, filesize, N);

start_timer(); /* for measurements */

for (i=0;i <N;i++){
fd = open(filename(i], O_RDWR);
bulk_read(fd, buff, filesize); /* this calls ioctl() */
close(fd);

}

stop_timer();

munlock(buff);
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000 UFSO000000000 25Mbytes/s0 0000000000000 QO Buffer
Cache 0 O0O0O0O0OO0DOOODOODOOOOODOOODOOODOOODOODOODO
OO0O000o0oo0ooogobOod Pentium Pro 200MHzO CPUODOOOOODOOODOOO
000 45Mbytes/s0 000000000000 O0OOOOOODO
gbbobudbbugbbuoobbooobuooobooobaobuoooboboo
OOo0oooobobooooovurSsobooobooooooboobooboboboooogo
0000 50MBOOOOO 100Mbytes/s 0 00000000000 0O0O0O0OOOOOO0
DobobooooouNIXbobooooooooogoboboboooooooobooo
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mean delay = > (W, +1/ 4 +d;) = 20.9
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Deadline
A L.
st 2nd dest.  violation
node node node  at destination
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= >
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D, D, D, time
Delay margin Deadline
(a) Delay distribution at each node
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Delay variance Per—hop
per node delay violation

delay margin per hop

1
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D >

< "T’T\ time
‘ Deadline at

Mean delay = Delay margin = the next node
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(b) Approximated per—hop delay distribution
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0 43 000O0O0DOOO0ODOOOO

Allocation | Pattern | #proposed .
Node positions of proposed nodes
type name nodes
All PO 100 All nodes
P1 4 44, 45, 54, b5
P2 14 33, 34, 35, 43, 44, 45, 46, 53, 54, b5, 56, 64, 65, 66
23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46,
Central P3 30 47, 52, 53, b4, 55, b6, 57, 63, 64, 65, 66, 67, 73, 74,
allocation 75, 76
12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 27, 31, 32, 33,
4 59 34, 35, 36, 37, 41, 42, 43, 44, 45, 46, 47, 48, 51, 52,
53, 54, 55, 56, 57, 58, 62, 63, 64, 65, 66, 67, 68, 72,
73,74, 75, 76, 77, 83, 84, 85, 86, 87
p5 95 1,3,5,7,9, 20, 22, 24, 26, 28, 41, 43, 45, 47, 49, 60,
62, 64, 66, 68, 81, 83, 85, 87, 89
2,5,8,10, 13, 16, 19, 22, 25, 28, 30, 33, 36, 39, 42,
P6 40 45, 48, 50, 53, 56, b9, 62, 65, 68, 70, 73, 76, 79, 82,
85, 88, 90, 93, 96, 99
0,1,3,4,6,7,9, 11, 12, 14, 15, 17, 18, 20, 21, 23,
. 24, 26, 27, 29, 31, 32, 34, 35, 37, 38, 40, 41, 43, 44,
Uniform P7 60 46, 47, 49, 51, 52, 54, 55, 57, 58, 60, 61, 63, 64, 66,
allocation 67, 69, 71, 72, 74, 75, 77, 78, 80, 81, 83, 84, 86, 87,
89, 91, 92, 94, 95, 97, 98
0,2,4,6,8,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 21,
23, 25, 27, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39,
P8 75 40, 42, 44, 46, 48, 50, 51, 52, 53, b4, 55, 56, 57, 58,

59, 61, 63, 65, 67, 69, 70, 71, 72, 73, 74, 75, 76, 71,
78, 79, 80, 82, 84, 86, 88, 90, 91, 92, 93, 94, 95, 96,
97, 98, 99

Note: #nodes in the network is 100.
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Labeling a deadline on each packet, each node can set local
deadline to guarantee required end-to-end delay bound.

gs4 ODOODOODOODOODOODOODOOD

5.3.2 0O0OOOOUOOEDFUOOOOUOOO

RITTOOOOOOOOO 4000000 RDODODOOOOOOOOODOODODO
obooooboobuooboobobobbooobooboobbobobbOoEDFDOO
gboodgbbogugobogbodbboobbouoobbuoouobboobboon
OO0 EDFODOO0OODOO0OO0ODOOO0O0DOOO0DObObOO0ObOO0O0ObDD EDFOOO
gbbboooobbbbuodyooobbbuooaon

OOo0ooooboboboobooboboob A=1000000000000 p=0.95
gooobobobbbbbbbododd ss5bbbdyyooooadab 550000
gbobogdgbboogbbodobboobbuoobboobuoobobbuodbobboon
ooboobooboboboohAbbObOOOOODOODODOODODbObOOOOODOODO
tag=6001%3 =800¢ =1000 0000000000000 0O00O0O0O0O0O0O0O0O0O0O00
O00000200000000000000 (b.10000D0000OAt-AOO00O00OOO
gboobooogobobobod

38



Probability density

1x107t

1x1072

1x10°>

1x10™ |

1x10™

2x107°

! !
_td=20 p=0.95
td=40
LN -
rl/\“ td=60 |} td=80 td=100
j L L .M L L h' , L L L l I\ L L L L L L L \l L L
0 100 200 300 400 500 600 700 800

Total waiting time in 10-hop EDF queues

055 ODOOOOOOOEDFOOODODOOODOOODO OA=100

89



5.3.3 UOOoooon

gbbogdbobodbboobbuoobbuoobbuoobbobooobbooboo
gbbogdbboogbboobbuoobbuoobbuodboboobboobboabb
gbboodgbobobbuoobbuodobbuoobbuoobbobooboboboboon
gboodgbboogbobbuoobbobuogbobobobboobbooobbodobbo
gbbboogobbbboooobbbbuoooobobobog

gbbogudgbbugbbuoobbuoobbuoobboobbooooobooobo
gbobbboooobobbbuoooobbouoooobbbbooooboboboboo

pSM < 107° (5.3)

ObOdbpbOobOobbOOobOMOODOODOOODOODOODOODLODOO K
goobooogooo
goooboobbbbbbbbbtbtbddddooooooooooooooon
gboboogdbbodgbbuoobobbuoobbooboboboooboooobooonn
oboooobooobobbobobobobroobooboobooboobooo

T = NiM+2hw(tq,) +2(h+1)1

+ NoMp™Nt + 2hw(tys) +2(h + 1)1

F - F
= Y N,Mp==Ni + 3" 2hw(te;) + 2F(h+ 1)1 (5.4)

=1 =1

0000FO00O0O000000NO0:000000000000000w(ty)0000
00000 200000000EDFOOOODOODOONDONONODIODOOOONOO
0000000000000000000000000000000000000000
0000000000000 0000000000000000000F< KON, =0
0000000000 KO K=YL,N,00000

000000000000000000000000000000000 FOOOOO
000000 KOOOOOOOO N, 0000000000000000000000
000 p000000000000000000000000000000000000
00000 [45)0

N; = (5.5)



534 0UOOOOOOOO

00000000000000000000000000000000000000
0000 054000000000000000000007T000000 w(ty)000O
000000000000000000070000000000000 Theivery—deadiinel
0000000000000000000000000000000000000000
0000000000000000000000000 PWd0O0O000O0000

Pvio = Prob [T > Tdelivery—deadline] (56)

ObOoooooboOo RTTODOOODOODOOODLOOO0ObLDOoOobLDOoOobOoOoDO

Pyio & ielrfc T (5.7)
2 V2L 2002 (ta)

0b00 7, 0000000000000000000

Tw=T-T (5.8)

5.3.5 UUOOOOOO

O00000000000M =1000p=1020K =40h=1001=2000000
gbobobh:000000Db0000bobbbuooobbbidyguobs90booogg
gobobooooobobbooood sedgng

tq; = 100 — 20(i — 1) (5.9)

gogoobbobbbbbbbbbbbbbbbbbbdooooooooooooo
gbobogbogobogobooboooboooboobbodobboooboooon
0000000 Pep=10°000000000000000FCFSOO0O0OO0OOOO
oooooobobooogobbo F=1000ObOOoOooboboobobuoobooooboo
oooooboboooboboobbobobooboboooboboobobooFr =200
obhooboobobobobobobbobbobboboboboboobobooboooboo FO
N;OOoOobooboobuooboobuooobooboobooboboboobooo
gbooggbboogbbooogbogboobboobboobobobuooboboann
gooobog

91



2000 I I I I I

Mean delay (bold lines) : Pvio ~ 0.5
Delay bounds (thin lines) : Pvio ~ 1e-5

|
=2, N1=1, N2=3

F=2, N

F=3, N1=N2=1, N3=2 | /
F=4, N1=N2=N3=N4=1

F=1, N

1000

Conventional

Delivery time of data

Q Proposed
200 == —
0.3 0.4 0.5 0.6 0.7 0.8 0.9
Background traffic p

gs6 bDOouoooobbobodooan

000000000000 FOOOOOOOO0O0000000000 560000
000000 FOOOOOO000000 570a000000000000000000
0000000 p=050000000FCFSO00000000000O0O0O00ODN
0000000000000000p=090p=095000000000000000
0000000000000 RITO0O00D00000000000000000000
00000000000000000000000
000000000000000000000000000000000000000
0000 570b00000000000 FOOOODOOOOO00000000000
000000000 RODDOOOODOD ROODODDOOODOOO
F v
R=Y N,p=-oti (5.10)

=1

92



2000 r
- Mean delay (bold lines) : Pvio ~ 0.5 /x_
1800 I pelay bounds (thin lines) : Pvio ~ 1e-5 /3(*
1600 | 0%
& 1400
o B
< 1200 |
o B
o i
£ 1000 I
> 800 |
o [ —
E 600 i *‘“*" =, &
; : 3 Prop. (p=0.9)
400 W
200 | \Conv. (p=0.5)
0 L | | Prop. (p=0.|5)
F=1 F=2 F=3 F=4
(a) End-to-end delay bounds for reliable transmission
5 10 F
v =
O B
© -
AN
© 1E
9 B
© [
= :
cd |
9 |
e 00LF | | d |o
— 0.005 -

F=1 F=2 F=3 F
(b) Increasing rate of packet

4

057 ODO0O0OO0OFCFSOOOOOODODODODODOO

93



Os56000000F=20000000000000000000FF00000O0O0O0
gbogbboobbuodgbbuoobbuboobobobbobbbuoobboobbon
ooobobobooboobobrF=200000000000 ROOGO3ODOOODOO
oogbogbuoobuoobuoobuo RrRbOo0obOo0bO0ODbO0ObO0ODO

gbbogdgbboogbbbuoobbobuoooboooboogboobboobon
gbbboooobbbboooobbbbuooooboboo

gogooboobbobbbbbbbbboboooubououuuuuooogoooao
gbbogdgbboogbdbbbuooooboooboooboooboooboooabo
gbodbbodgbbboobbuoobobuoobooboboobobuoobboobboo
gbbogdgbbogoobooobbodobbodoobbuoobobuobooooboboon
gbobobooodgboboo

5.4 OO0

gbbogdguboogbooobobbuoobbuoobbuooboobboobooon
gbogdgbbbuoobbuoobbuobbuoobbuoobobuoobboooboabboon
gboodbboggbbodbbogbbuooobooobooobboooboooboo
gooooobbobbbbobobobobbobbbbbbboooooouoooooogn
gboooggboogboodgbbogbbooboboooboooboooboboogbon
goo

94



60
HRN

gboobogoobobbogbbuogbbuoobbuoobboobobooboooboo
godbboobbuoggobbodbbogoobooobboobbooonoooo
godgbbodgbbodbboogbboobboobboobobboobboann
goboboogobbobuooooobobbuoooon

l. ogdgbbobodoooobbboooobbuooobbboobbbuooooon
gbbouggobbbuoooobbbooobbbuoogbbuooobbooan
OO0 RAIDOOOCOOOOCOOCOOODOODOOOOOOOOOOOOOOOO
gbboboogobbbuooobbbbuoooobbboooobbboooon
gbbbooooobbobbbodobobbobuooobbbuoooobobboo
gbgdbbodgbbobbbuoobbobboobbuooobooboboobbo
105Mbytes/s 0 0 0 0000000000000 OOOOOOOO

2. 0b000d0obboooobobboooobbboobobbooobboboon
gbbboogdbuooobbbooobbbuoooobbbbboobbod
gbbbooodgobbbouooobbbuoooobbuoooobbbooobon
OO000D0O000000UNIXDODOOOoOoOo RAIDODOOOODODODOODOO
110Mbytes/s 0 0000000000000 O0O0DOOOOOOOOOOOOO

3. 0000000bO00b0o0bbO0o0bD0bbOU0bOoOoDOoOoOO QeSoOboOoO
gobbooobboboobbuoooobobbbooooooobobbboooan
gbobobbooogooogobboooobbbbooooobobobboooooon
gbobbooogoogobobbbooooobbbooobboooobboan
gobobooooaooo

4. 00000D0DDODOOObOO0000OooooDbobDbbbbbobobbbooaooon

95



gbbobooogobbbouoouoooobbbouoooobbbooooobbooo
gbobbbooooobbboooobbboodbbooooobbboooan
gbbbbodoodbooooobbooobbbbuoooobbboouaboboo
gbobbooogobbobuoooobbbodooad

gbboboogobbbooobbbouooan

l. ogobboboogbbbouooobbbuooon

2. 00b0000obobbooogobbbbouooooboboboooooboboboa

3. UNIXODOOooobooooooooobobobobooooboobboboobod

4. 000 IpPO0D0O0O0DOO0ODOODOODOODOODOn

Ss. bbuuuoobbbbuoobobbbuoooobbboooobbn

6. EDFOODUO0OD0OO0O0OO00OO0O0OO

96



HRN

goboboogoobbobboooboboooooobobbuoooobboobno bog
gboobo o0 b0 ouoogobobbbodg bbb o0 bboooobobbogo
gboobogdbboobboobbuogboboboboobboouobboobboann
gbobobobobooobbboooobbboobbuoo bbbbuoo ooooooon
oo o0 oogobbdoo ob ob buooobb oo bbb ooobboooo
gbobobooooobbbuooo oo oo oo obbboooobbooboooobooo
gobobboogg gobbboooobbobbouoooobobobbooobbobboooon
gobobbooooobbbuoooobbobooggoobobooooobobb ooao
gbobobh o0ob o o0ob oodgobbbuoooon

gooobobobbbbbbboobobbbbbbbbdooooooooooooood
gbobbodgbbuodbbuouoooobboobboboobbooobboobboon
g obobb oo oo obob oo bbb oo oobbbbboboo
b od g bodobbbog oo oo oo o bbboooobbbooao
gbbouggobbbbodoooobbbuooodbooobobbbooooobb oo
gbb oodob oo bbb ooobobbuooooobooboo

gogooobobbbbbbboododgg bbbbbbbb oooouud odgao
gboboogdgboogbboodbboobbuobbuoobbuooooboogoboodn
gbboboooobbbbououoouobb oooobbboooobobobbuoooob
gbbboooobbboooobbobuooogbbboooooboo

obooobobuooobooobbdgooNTTOD DOoooObooo ooboobd
Dooboboboboooomgrgbob 99uoogbobobuoooobobon
gbobobbouggobobooooobbooooobbboooooboboboooan
OoOOobOOooNTTOODODDODOODDOOODOOobOOoooboobooboobobooboobo
gboobooogd

ooobobobooooobobob NTTOOODODODOOobD oo oo ob bobo g

97



Odoooboo oobbo0o 0ob 0O bobO NTTOOODOODboooboo bdo
ooobobO 0ob o0 boobb bObboo boobobD 0o bo 0oboob NTTO
gboodgbodg bboubbod booboobuoobbuoobb bobo bbb o
gbboduodgbbuoooobobb bbb b uoobbb oobbbooboobo o
Dbhoobooboooobuoobuoob b0 o0 obgo NTTODDOODDOOoOD
gboggbobodbbobobuoooboobo oo bo boobboo bda b oo
gbobobouooogbooo

gbbobogdgboboodgbboobboobbuoobbooboobobuoobobboo
OoOoooooo0 NTTOOODOOOLOO ogbooboobooboob boobobo
gbb oo bbuoodb oo bbb oobbbb ob oo obbuoogo bbb 00
gbbobo o0ob oodb oo bbbuoooobbbogo

OO0ONTTOOOODOOODOOOOobOOobOOobobobobooobbobooobobo
ONTTOOOODOOOO O00OO0DbO bobOoboo0obD 0o ob booNTTODODO
ooooooobob0 oboob bbobbobb b0 Oo0ob obobo NTTDOO
gboodbb oboboobodobbodbbd oobboobb obboobboon
O0dbobobobobuobo0o bo ob booobobo b0 oo boobg NTT
O00bO0bobooooobOob oboboOONTTODOOD OO0 OO OoOoog NTT
gboodbodgbbgbboogbooobbbobobodguoboboobboonoooo
Oooboboboobobouooooboboboob NTTOODODOOoboboooooo
gobobooggoboood

OO00O0000000O00b0 B00ob0bOobobo0oOoooLDobOoUAD OO
00 1375036400 000000 400000 DO0ODODOODOOOO0ObOOOBO OOOO
137503640 0 000D OOO0O0OOOOO0O0O0bOObObOUO0OoobobODbOoOn

98



[]

1]

HREEN

R. Braden, D. Clark, and S. Shenker, “Integrated Services in the Internet Architec-
ture: An Overview,” RFC 1633, June 1994.

S. Blake, D. Black, M. Carlson, E. Davies, Z. Wang, and W. Weiss, “An Architecture
for Differentiated Services,” RFC' 2475, Dec. 1998.

D0000“00000000000000000000000000000000
0,7 000, vol. 85, no. 9, pp. 655661, 20020 90 .

0000,0 00,00000,0000,00000002000000000
00000000, 000 (BI), vol. J76-B-11, no. 5, pp. 407-414, 19930 50 .

0000,0 00,00000,0000,000,0000,0000,“VSATOO0
000000000000000000,” 0000 SAT93-75/CS93-144, pp. 85-90,
19930 110.

T. Onoda, T. Tsujioka, R. Kakinuma, and S. Yamano, “Service-uniform ONU based
on low cost audio AD/DA converters and CDM with novel code word sets,” IEICE
Trans. Commun., vol. E82-B, no. 9, pp. 1446-1458, Sept. 1999.

0000,00000,“00000000000000000000 AM/PM,” 1995
gboogobooo, B-531,19950 90

gooo,bobgoo,“uTp-30000 311MbpsOD O ODOODOODOOO," 19960 0
0o, B-935,1996 0 30.

oboo,00o00,b00000, bbb bob0oobooobOooDbOon
O DMA (Direct Memory Access) beyond ATM Network O, 0000 CS96-34,
pp. 1520, 1996 0 60 .

99



[10]

[11]

[12]

[13]

[18]

[19]

S. Kotabe, T. Tsujioka, and T. Onoda, “Throughput characteristic of TCP with win-
dow size expansion and network direct memory access over a large delay-bandwidth

link,” IEICE Trans. Commun., vol. E81-B, no. 12, pp. 2357-2363, Dec. 1998.

T. Kanada, T. Onoda, I. Yamashita, and T. Aoyama, “Netwarp: An ultra-high-
throughput computer communications Service,” IEEE Network Magazine, pp. 44-50,
Jan. 1997.

T. Tsujioka, and T. Onoda, “An ultra high-speed file server with 105 Mbytes/s read
performance based on a personal computer,” IEICE Trans. Commun., vol. E81-B,

no. 12, pp. 2503-2508, Dec. 1998.

T. Tsujioka, K. Obana, and T. Onoda, “Design and implementation of a high-speed
file server based on PC-UNIX,” IEICE Trans. Electron., vol. E82-C, no. 12, pp. 2191—
2200, Dec. 1999.

T. Tsujioka, and T. Onoda, “105Mbytes/s ultra high-speed network file server,”
Proceedings of Taiwan-Japan joint-workshop on the latest development of telecom-

munication research (TJCOM °98), pp. 59-64, Hsinchu, Taiwan, Jan. 1998.

O000000000000000, “70Mbytes/s0 00000 PCODOOOOODODO)
19970000 B-7-188, 19970 30.

00000000000 %0Mbytes/s 0000 PCOOOOOOOO, 0000
MRO7-3, pp. 13-18, 19970 6 0 .

0000,0000,00000,“00 UNIXOOOOOODO 00000000
00000000000000000 0,7 0000 IN98-57, pp. 25-30, 1998 0 9
0.

0000,0000,0000,00 0,49P000000000000000000
000000000000, 000 (B), vol. J86-B, no. 12, pp. 2501-2510, 2003 O
120.

goog,boob,obboob, “chbobbobobooboobobooboboooay
19980 0oooooo, B-7-116, 19980 90 .

100



[20]

[21]

[22]

[23]

[24]

[25]

[20]

[28]

[29]

0000,0000,00000,¢0000000000000000000000
00, 0000 IN98-210, pp. 161-166, 19990 3 0.

goog,obobo,goob,o0 b, “cdbobobooooobobooooboog
O0oo0oO0ooobooOoobobbooobboOoOo, 00b0O NS2002-19, pp. 9-16, 2002
U40.

0000,0000,0000,000,“00000000000000000000
0000000000, 0000 IN2002-26, pp. 25-30, 20020 60 .

T. Tsujioka, H. Sugiyama, and M. Murata, “A study of reliable transmission scheme
for achieving end-to-end delay bounds by EDF queuing based on per-packet dead-
lines,” Proceedings of International Symposium on Information Theory and Its Ap-

plications (ISITA 2002), pp. 451-454, Xi ' an, PRC, Oct. 2002.

0000,0000,00 0,“0000000000000000 CDMAOOO
00, 0240000000000000000 (SITA 2001), pp. 387390, 2001 O
120.

0000,0000,000,00000000000000000000000
000, 200200000000, B8-35, p. 275, 20020 90

gooo,00b00,00 O, “Ultra Wide Band Impulse RadioO O OO OOOOOO
0000000000000 Db000b000bO0o0O, 0000 €S2002-30, pp- 45-50,
20020 6 0.

D. A. Patterson, G. Gibson, and R. H. Katz, “A case for redundant arrays of inex-
pensive disks (RAID),” Proceedings of ACM-SIGMOD International Conference on
Management of Data, Chicago, pp. 109-116, Chikago, USA, June 1988

S. J. Leffler, M. K. McKusick, M. J. Karels, and J. S. Quarterman, “The design and
implementation of the 4.3BSD UNIX Operating System,” Addison-Wesley Publish-
ing, 1989.

M. K. McKusick, W. N. Joy, S. J. Leffler, and R. S. Fabry, “A fast file system for
UNIX,” ACM Trans. on Computer Systems, vol. 2, no. 3, pp. 181-197, Aug. 1984.

101



[30]

[34]

[35]

[37]

[38]

[39]

S. LoVerso, N. Paciorek, A. Langerman, and G. Feinberg, “The OSF/1 unix filesys-
tem (UFS),” Proceedings of 1991 Winter USENIX Conference, pp. 207-218, Dallas,
Jan. 1991.

R. Comerford, et al., “Technology 1998 analysis & forecast: Computers,” IEEE Spec-
trum, pp. 43-47, Jan. 1998.

A. Parekh, and R. Gallager, “A generalized processor sharing approach to flow con-
trol in integrated services networks: The multiple node case,” IEEE/ACM Trans.
Networking, vol. 2, pp. 137-150, April 1994.

S. T. Liang, and M. C. Yuang, “Realization of earliest-due-date scheduling discipline
for ATM switches,” IEICE Trans. Commun., vol. E81-B, no. 2, pp. 363-372, Feb.
1998.

0000,0000,¢EDDO000OO00O0O0DONODONDODOONOONOONOOn
0 000000000000000,”0000BO, vol. J84-B, no. 8, pp. 1484-1493,
20010 80 .

T. Wu, and E. W. Knightly, “Buffering vs. smoothing for end-to-end QoS: Funda-
mental issues and comparison,” Proceedings of Performance °99, Istanbul, Turkey,

Aug. 1999.

V. Sivaraman, and F. M. Chiussi, “Statistical analysis of delay bound violations at
an earliest deadline first (EDF) scheduler,” Performance Evaluation, vol. 36, no. 1,

pp. 457-470, 1999.

V. Sivaraman, and F. M. Chiussi, “Providing end-to-end statistical delay guarantees
with earliest deadline first scheduling and per-hop traffic shaping,” Proceedings of
INFOCOM 2000, Tel Aviv, Israel, March 2000.

R. Schoenen, “An architecture supporting quality-of-service in virtual-output-queued

switches,” IFICE Trans. Commun., vol. E83-B, no. 2, pp. 171-181, Feb. 2000.

K. Zhu, Y. Zhuang, and Y. Viniotis, “Achieving end-to-end delay bounds by EDF
scheduling without traffic shaping,” Proceedings of INFOCOM 2001, Anchorage,
Alaska, April 2001.

102



[40] J. Liebeherr, and E. Yilmaz, “Workconserving vs. non-workconserving packet

scheduling: An issue revisited,” Proceedings of IEEE/IFIP IWQoS 99, June 1999.

[41] M. Andrews, and L. Zhang, “Minimizing end-to-end delay in high-speed networks
with a simple coordinated schedule,” Proceedings of INFOCOM 99, pp. 380388,
New York, March 1999.

[42] M. Andrews, “Probabilistic end-to-end delay bounds for earliest deadline first
scheduling,” Proceedings of INFOCOM 2000, Tel Aviv, Israel, March 2000.

[43] V. Sivaraman, F. M. Chiussi, and M. Gerla, “End-to-end statistical delay service
under GPS and EDF scheduling: A comparison study,” Proceedings of INFOCOM
2001, vol. 2, pp. 11131122, Anchorage, Alaska, April 2001.

[44] M. J. Miller, and S. Lin, “The analysis of some selective-repeat ARQ scheme with
finite buffer,” IEEE Trans. Commun., vol. 29, no. 9, pp. 1307-1315, Sept. 1981.

45] 000OO0,0 00,00000,“000000000000000000,7 000
0 B-10, vol. J81-B-I, no. 8, pp. 531-539, 1998 0 8 0 .

[46) 00 0,0000,0000,“000000000000 ARQOOO Gilbert OO
0000000000000,” 0000BO, vol. J82-B, no. 4, pp. 569-579, April
1999.

[47) 00D0O0O0,00 0,0000, “Ghit/s00000000000000000000
0000000,” 0000BO, vol. J85-B, no. 8, pp. 1277-1284, 20020 801 .

48] PCIODODDOOOODODOOOO2000.

[49] Ed. Solari, and G. Wilse, "PCI Hardware and Software, Architecture & Design,“
Annabooks, 1994.

[50] “Open Design No. 7: PCI0 OO0 O0O00O0O0ODOOOOOO,? CQOOO.

[51] A. L. Drapeau, K. Shirri, E. K. Lee, J. H. Hartman, E. L. Miller, S. Seshan,
R. H. Katz, K. Lutz, and D. A. Patterson, “RAID-II: A high-bandwidth net-
work file server,” Proceedings of International Symposium on Computer Architecture

(ISCA’21), pp. 234244, Chicago, April 1994.

103



[52]

[53]

[58]

[59]

[60]

P. Cao, S. B. Lim, S. Venkataraman, and J. Wilkes, “The TickerTAIP parallel RAID
architecture,” Proceedings of International Symposium on Computer Architecture

(ISCA’20), pp. 52—63, San Diego, May 1993.

M. Rosenblum, and J. K. Ousterhout, “The design and implementation on a log-
structured file system,” ACM Trans. on Computer Systems, vol. 10, no. 1, pp. 26-52,
Feb. 1992.

J. C. Brustoloni, and P. Steenkiste, “Effects of buffering semantics on 1/O perfor-
mance,” Proceedings of 1996 USENIX Technical Conference, pp. 277-291, San Diego,
CA, Jan. 1996.

K. A. Smith, and M. Seltzer, “A comparison of FFS disk allocation policies,” Pro-
ceedings of 1996 USENIX Technical Conference, pp. 15-25, San Diego, CA, Jan.
1996.

S. R. Kleinman, “Vnodes: An architecture for multiple file system types in Sun
UNIX,” Proceedings of 1986 Summer USENIX Technical Conference, pp. 238247,
El Toro, 1986.

P. M. Chen, and D. A. Patterson, “Maximizing performance in a striped disk ar-
ray,” Proceedings of International Symposium on Computer Architecture (ISCA ’17),
pp- 322-331, Seattle, Washington, May 1990.

T.Y. Ts'o, and S. Tweedie, “Planned extensions to the Linux ext2/ext3 filesystem,”
Proceedings of 2002 USENIX Annual Technical Conference, pp. 235-244, Monterey,
California, USA, June 2002.

A. Sweeney, D. Doucette, W. Hu, C. Anderson, M. Nishimoto, and G. Peck, “Scal-
ability in the XF'S file system,” Proceedings of 1996 USENIX Technical Conference,
pp. 1-14, San Diego, CA, Jan. 1996.

R. Bryant, R. Forester, and J. Hawkes, “Filesystem performance and scalability in
Linux 2.4.17,” Proceedings of 2002 USENIX Annual Technical Conference, pp. 259—
274, Monterey, California, USA, June 2002.

104



[61]

[62]

[63]

[68]

[70]

[71]

M. Seltzer, K. A. Smith, H. Balakrishnan, J. Chang, S. McMains, and V. Padmanab-
han, “File system logging versus clustering: A performance comparison,” Proceedings

of 1995 USENIX Technical Conference, pp. 249264, New Orleans, Jan. 1995.

D. Kotz, and D. College, “Disk-directed 1/O for MIMD multiprocessors,” ACM
Trans. on Computer Systems, vol. 15, no. 1, pp. 41-74, Feb. 1997.

K. Shirriff, and J. Ousterhout, “Sawmill: A high-bandwidth logging file system,”
Proceedings of USENIX Summer 1994 Technical Conference, pp. 125-136, Boston,
June 1994.

A. L. N. Reddy, and P. Banerjee, “An evaluation of multiple-disk 1/O systems,”
IEEE Trans. on Computers, vol. 38, no. 12, pp. 16801690, Dec. 1989.

M. F. Kaashoek, and W. C. Hsieh, “The logical disk: A new approach to improving
file systems,” ACM SIGOPS Conference, pp. 15-28, 1993.

S. W. Ng, “Improving disk performance via latency reduction,” IEEE Trans. on

Computers, vol. 40, no. 1, pp. 22-30, Jan. 1991.

M. Shimizu, Y. Oue, and K. Ohnishi, “Parallel file access for implementing dy-
namic load balancing on a massively parallel computer,” IFICE Trans. Inf. € Syst.,

vol. E80-D, no. 4, pp. 466-472, April 1997.

C. Park, and D. Kang, “Synchronous RAID5 with region-based layout and buffer
analysis in video storage servers,” IEICE Trans. Inf. € Syst., vol. E81-D, no. 8,
pp. 813-821, Aug. 1998.

0 00000000,0000,000,0000,0000,“0000000000
00000000000000000,”0000BO, vol. J84-B, no. 3, pp. 523-533,
20010 30 .

D. Thaler, and C. Hopps, “Multipath issues in unicast and multicast next-hop selec-

tion,” RFC 2991, Nov. 2000.

C. Hopps, “Analysis of an equal-cost multi-path algorithm,” RFC 2992, Nov. 2000.

105



[72]

[73]

[74]

[75]

[79]

K. Farkas, “OMP technique in IP traffic engineering,” Periodica Polytechnica, Elec-
trical Engineering, vol. 44, no. 1, pp. 512, 2000.

K. Shinjo, S. Shimogawa, J. Yamada, and K. Oida, “A strategy of designing rout-
ing algorithms based on ideal routings,” International Journal of Modern Physics C,

vol. 10, no. 1, pp. 63-94, 1999.

Ooooo,0o0o00,“AMRODOOOOODO, 1990000, B-7-153, p. 262, 1999
u30.

googo,0ooo,bogo,bogo,“cbooboboooobooboboon
0,7 199704000, B-7-193, p. 322, 19970 3 0.

S. Lin, D. J. Costello,Jr., and M. J. Miller, “Automatic-repeat-request error-control

scheme,” IEEE Commun. Mag., vol. 22, no. 12, pp. 5-16, Dec. 1984.

S. Lin, and P. S. Yu, “An effective error control scheme for satellite communications,”

IEEE Trans. Commun., vol. 28, no. 3, p.395-401, March 1980.

Y. Lim, and J. E. Kobza, “Analysis of a delay-dependent priority discipline in an in-
tegrated multiclass traffic fast packet switch,” IEEE Trans. Commun., vol. 38, no. 5,
pp. 659-665, May 1990.

T. Shiroshita, T. Sano, O. Takahashi, and N. Yamanouchi, “Performance evalua-
tion of bulk-data reliable multicast Transport Protocol,” IEICE Trans. Inf. & Syst.,
vol. E82-D, no. 4, pp. 804-814, April 1999.

106



oot

googog

A 1]

A 2]

A. 4]

0000,000,00000,0000,¢“000000002000000000
00000000, 000 (BI), vol. J76-B-11, no. 5, pp. 407-414, 19930 50 .

Tetsuo Tsujioka, and Tetsuya Onoda, “An ultra high-speed file server with 105
Mbytes/s read performance based on a personal computer,” IEICE Trans. Com-

mun., vol. E81-B, no. 12, pp. 2503-2508, Dec. 1998.

Tetsuo Tsujioka, Kazuaki Obana, and Tetsuya Onoda, “Design and implementation
of a high-speed file server based on PC-UNIX,” IEICE Trans. Electron., vol. E82-C,
no. 12, pp. 2191-2200, Dec. 1999.

0000,0000,0000,00 0,9P00000000000000000
0000000000000, 000 (B), vol. J86-B, no. 12, pp. 2501-2510, 2003
0 120.

gooooogn

B. 1]

Tetsuo Tsujioka, “105 Mbytes/s ultra high-speed network file server,” Proceedings
of Taiwan-Japan joint-workshop on the latest development of telecommunication

research (TJCOM ’98), pp. 59-64, Hsinchu, Taiwan, Jan. 1998.

Tetsuo Tsujioka, Hisayoshi Sugiyama, and Masashi Murata, “A study of reliable
transmission scheme for achieving end-to-end delay bounds by EDF queuing based

on per-packet deadlines,” Proceedings of International Symposium on Information

Theory and Its Applications (ISITA 2002), pp. 451454, Xi’ an, PRC, Oct. 2002.

107



ooooogo

C. 1]

0000,00 0,00000000 (Valdez Carlos), 10 0,00000,0 00,
00000, “VSATOOOOOOOOOOO0O,” 0000 SAT91-93/RCS91-43,
pp. 13-18,19910 100 -110.

0000,000,00000,000,00000,¢SATO000000000:
0 0000000000000, 0140000000000000000 (SITA
'91), pp. 113-116, 1991 0 120

0000,00 0,00000,000,00000,“SATO000000000O
00, 00 9200, B-246, 19920 30

0000,0 00,00000,0000,“000000000000000000
00000000000000,0150000000000000000 (SITA
'92), pp. 41-44, 19920 90 .

oooob,00b0,bobgbo,bobo,s0oobobobobooooooo,)d
0 9200, B-144, 19920 90 .

oooo,00b0,00000,0000,“000b0b00b00obooooooogon
O0O000 ARQOOODOOO, 00 9300, B-192,19930 30.

0000,0000,0 00,00000,0000,00 0,0000,0000,
“]000000000000000000000000000,70 1600000
00000000000 (SITA '93), pp. 291-294, 19930 100 .

0000,000,00000,0000,000,0000,0000, “VSATOOO
000000000000000000,” 0000 SAT93-75/CS93-144, pp. 85-90,
19930 110.

O0000,00000,“00000000000000000000 AM/PM,” 1995
DoOooodog, B-531,199 0 90.

0000,00000,“000000CPNOOOOOOOOOO, 0000 CS95-
142, pp. 29-34, 19950 110 .

108



11

. 12]

. 13]

. 14]

. 15]

. 16]

. 17]

18]

. 19]

. 20]

. 21]

.22

0000,00000, “UTP-30000 311Mbps0000000000),” 19960
000, B-935,1996 0 30

oooo,0o0o00,0000o, “cddd0oboooooooboooooooa
0 DMA (Direct Memory Access) beyond ATM Network 0,7 000 O CS96-34,
pp. 1520, 1996 0 60 .

0000,0000,00000,“000000000000 ATM-NIC O Net-
warp (3) 0,7 199600000000, B-715, 19960 90 .

0000,0000,00000, “70Mbytes/s 100000 PCOO00O0O0OO0O
0 Netwarp 111 0,7 19970000, B-7-188, 19970 30 .

0000,00000, “0Mbytes/s0000 PCOO0D00O0OO0,” D000 MRIT-
3, pp. 13-18, 19970 6 0 .

0000,0000,00000,“PO0000O00O0OO0DOO Network DMA,”
199700000000, B-7-126, 19970 90 .

O0000,00000, “100Mbytes/s 000 PC-UNIXOOOOOOO,” 199800
00, B-7-141, 1998 0 30O .

0000,0000,00000,“000 UNIXOOOOOODO 00000000
00000000000000000 0,7 0000 IN98-57, pp. 25-30, 19980 9
0.

oooo,0oo0b,b0bgob,“00ob0boboboobobobooooooy
19980 00oooog, B-7-116, 19980 90 .

0000,0000,00000,“0000000000000000000000
00, 0000 IN98-210, pp. 161-166, 19990 30

0000, 0000,00 O, “0000000000000000,” 0000
CS2001-95, pp. 7-14, 20010 100 .

0000,0000,00 0,“000000000000000 CDMAODOO
00, 0240000000000000000 (SITA 2001), pp. 387-390, 2001 O
120.

109



[C.23] 0000,0000,0000,000,“000000000000000O0O

[C. 24]

[C. 25]

[C. 26]

OoDOoO00ooooooooooooooooboo, 0ogn NS2002-19, pp. 9-16,
20020 40.

0000,0000,0000,00 0,¢000000000000000000
000000000000, 0000 IN2002-26, pp. 25-30, 20020 601

0000,0000,00 O, “Ultra Wide Band Impulse Radio 000000000
000000000000 00000000000,” 0000 CS2002-30, pp. 45—
50, 20020 60 .

oooo,00b0o,0b 0,“booboobuoobuooboobooboon
ooooy200200000000, B-8-35, p. 275,20020 90.

oot

D.1] 0000,0 00,0000,00 0,00000,¢SATO0000000000

OOoooooboboooooo, 00 9200, B-247,19920 30.

oooo,00 0,0b0bo,b0obo,b0obog,«VvSATOoboboooooogy
00 9300, B-194, 19930 90 .

00000,0000,0000,0000,00000000000000000
OO0 ONUODOODOOOOOOOO,” 0000 CS95-4, pp. 21-26, 19950 40

0000,0000,0000,000,00000,“0000000000000
0000, 0000 IT95-8, pp. 43-47, 19950 50 .

T.Onoda, T.Tsujioka, R.Kakinuma, and S.Yamano, “A novel fiber-optic local access
system adopting the “Service-uniform” ONU,” Proceedings of ICC 95, pp. 606—610,
Seattle, Washington, June 1995.

O00000,0000,“000000 A/DOOO-D000000O0OOOODOOO
0,199 00000000, B-584, 19950 90.

00000,0000,¢“000000000000000000,”0000 CS95-
175, pp. 13-18,1996 0 1 0.

110



[D.8) DO0OO0,0000,00000,“0000000000D0000O0DOOOODODOO

D. 9]

. 10]

_11]

. 12]

. 13]

.14

. 15]

. 16]

. 17]

18]

00 O Netwarp O0,” 0000 CS96-33, pp. 9-14, 1996 0 6 0 .

ooooo,0o00b0,0b0od, “Netwarp: OO0 O00onooooooooonod
obooooooboooobo,719%0000b000n, B-713,19960 90 .

0O000,0000,00000,“0000000000000000000 O
Netwarp (2) 0,7 199600000000, B-714, 19960 90 .

00000,0000,00000, “Network DMAODOOOODOOO O Netwarp I
0, 19970000, B-7-186, 19970 30

T. Onoda, T. Tsujioka, T. Yoshikawa, and T. Kanada, “Netwarp: A gigabit through-

2

put file transfer scheme,” Proceedings of 8th International Workshop on Opti-

cal/Hybrid Access Networks (OAN), 9.3, Atlanta, March 1997.

T. Onoda, T. Tsujioka, and T. Kanada, “Network direct memory access for gi-
gabit /s throughput,” Proceedings of the European Conference on Networks and

Optical Communications (NOC ’97), pp. 205211, Antwerpen, Belgium, June 1997.

OO000O0,b0b00,0000, “Network DMA over UDPOOODOOOODOO
ooooo7199rooooooon, B-7-127, 19970 90

00000,0000,00000, “Network DMAODOOOOOOOOCO,” 000
0 CS97-110, pp. 1-6, 19970 10 0.

0000,00000,0000,00000, “Netwarp0JOOOOOOOOOO0O
0000000000, 0000 IN97-137, pp. 45-52, 19970 110 .

S. Kotabe, T. Onoda, and T. Tsujioka, “Network direct memory access for Gbit/s
throughput over a long fat pipe,” Proceedings of Taiwan-Japan joint-workshop on
the latest development of telecommunication research (TJCOM ’98), pp. 53-58,
Hsinchu, Taiwan, Jan. 1998.

0000,0000,00000,“0000000000000000000000
00000, 0000 IN98-58, pp. 31-36, 19980 90 .

111



. 19]

. 20]

- 21]

.22

23]

. 24]

. 25]

. 26]

. 27]

. 28]

oooo,000b,0b00o,“cooobbooboooobooobooobooo
Ooog, 199800000000, B-7-115,19980 90 .

S. Kotabe, T. Tsujioka, and T. Onoda, “Throughput characteristic of TCP with win-
dow size expansion and network direct memory access over a large delay-bandwidth

link,” TEICE Trans. Commun., vol. E81-B, no. 12, pp. 2357-2363, Dec. 1998.

0000,0000,00000,“0000000000000000000000
00000, 0000 IN98-211, pp. 167-172, 19990 30

oooo,0ooo,b0obgob,“cobobobobooooboboobooooy,
19990000, B-7-42,19990 30.

T. Onoda, T. Tsujioka, R. Kakinuma, and S. Yamano, “Service-uniform ONU based
on low cost audio AD/DA converters and CDM with novel code word sets,” IEICE
Trans. Commun., vol. E82-B, no. 9, pp. 1446-1458, Sept. 1999.

T. Yoshikawa, T. Onoda, and T. Tsujioka, “The Netwarp service on UNIX system
and its application to a high speed distributed file system,” Proceedings of ICCC
99, Sept. 1999.

oooo,00boo,0boob,“00bo0booboobooo, 199000
Ooooo, B-7-54,19990 90.

oooo,b0000,0000,00 0,“0000b0b00bOooobooooooogon
200 00000000000, 0000 IE2000-101, pp. 25-30, 20000 120 .

K. W. Jang, T. Tsujioka, H. Sugiyama, and M. Masashi, “Code acquisition scheme
using the estimated channel gain in a Rayleigh fading channel,” Proceedings of 5th
International Conference on Knowledge-Based Intelligent Information Engineering

Systems & Allied Technologies (KES * 2001), vol. 2, pp. 849-853, Sept. 2001.

0000,0000,0000,00 0,000000000000000000
0000O000: 000000000000000000,” 0000 CS2001-87,
pp. 1-6,20010 100 .

112



. 20]

. 30]

. 31]

. 32]

.33

. 34]

. 35]

. 36]

. 37]

0000,0000,0000,00 0,““DMAOOOOOOOOOCOOOOOO
00, 0000 CS2001-99, pp. 37-42, 2001 0 100 .

0000,0000,0000,000,000000000000000000
0000000 0000000000000 0,00000000000, vol. 56,
no. 5, pp. 849-852, 20020 50 .

0000,0000,0000,000,0000000000000000000
00,2020 0000000000, A-64, p. 118, 20020 90 .

K. W. Jang, T. Tsujioka, H. Sugiyama, and M. Murata, “Serial acquisition using
the estimated channel gain in CDMA mobile communication,” Proceedings of In-
ternational Symposium on Nonlinear Theory and Its Applications (NOLTA2002),
pp- 659662, Xi’an, PRC, Oct. 2002.

K. W. Jang, T. Tsujioka, H. Sugiyama, and M. Murata, “Code acquisition using
the estimated channel gain for CDMA mobile communication,” Proceedings of In-
ternational Conference on Information Technology & Applications (ICITA 2002),
159-1, Bathurst, Australia, Nov. 2002.

H. Sugiyama, T. Tsujioka, and M. Murata, “Ad Hoc network simulator based on
DSDV routing method,” Memoirs of the Faculty of Engineering Osaka City Univ.,
pp- 43-58, Dec. 2002.

oooo,00boo,0b 0,“bbobbobobobobobobooboobon
OOo0ooooboboboooy0o3b0SICEDDODbOobOOobooonoooonog
OO0 SI2002, 1P32-01, pp. 255-256, 20020 120.

oooo,00bo0booboob 0ob “ooboobo0obooboobon
OOo0oOobDoboobooooo,y 20030000, A-6-4, p. 172,20030 30.

00 0,0000,0000,00 0, “Walsh00000 PPMOOODO Ultra Wide-
band Impulse Radio 0000000 ,” 0000 CS2003-23, pp. 17-21, 20030 60 .

113



oy

]

gbe0 120 80, OO U 6-305240, U U O 08-163081,
goobooooon,
gobo:o0ogg,bobogg,bobod:gobbobodooad

00708040,000 7-199941, 0 O O 09-051320,
ooog,
000:0000,00000,0000:0000000000

009020 280,000 09-046356, 0 0 O 10-240583,
oooooooo,
000:0000,00000,0000:0000000000

009030 110,000 09-056547, 0 0 0 11-085413,
oooo,
000:0000,00000,0000:0000000000

0010020 190,000 10-03771, O OO 11-237958,
gbbboooobbbbouooobbboooobbobouoooob,
gbob:00gd,bbud:gobbbduoagn

00100 20 260, 000 10-045941, OO0 0O O 11-249937,
goobooooon,
gob:00gd,bobud:gobobbuooogn

0010060 190,000 10-172476,

obooobO: 00100120 30,000 10-34394600 , 00 O 2000-078188,
goboboogooboobood,
gob:o0oogdg,bogg,boboa,0obbb.-o00obobogo
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[E.8] 00 11040 50,000 11-97194, O O 2000-293316,
gooboooood,
gbob:00gd,bbud:gobbbduoagn
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