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A5

SIFBRENIFANFEERMNIRFRANERIIGEZ —
o NAREREEE (FTHRITXE. siiSikizE ...

« FFEGE (XS, BlR. O ...)

o RAWE (BCEXH ...)

Folder Name FileName.pdf FileName.doc FileName.ppt

0 O

FileName.mp3 FileName.mp4 FileName.jpg FileName.zip FileName.jav



A5

A5 (File) RRIERZINFEEEMEIEN—THREE
o —IXHFME—TIRAFERIFERFY! (an array of bytes)

o an74 (naming) B X FHRML S — 1 E
e H— T EBARENXNNRIES|IBRSF

5 AL
RYY E 2UE

(a collection of bytes that you have a name for it)

o RIHT —MEBFMEERE L)

C RS,

A T 1AL



A5

A EH AR ER 70 B B
o {H#3E (File Data): BRIF
o AFPRIANEHITEIZE. . BAMBIERFIRE
o BIANZTHMNAER TR (for flexibility)
o Y{HEM (File Metadata): FIFZIEX MG INEEMEMER
o Size: XX/ (FRFIIRIKE)
* Owner: XHHFTEE
* Protection: AN[E) X4 SXHRITA 0] AR
o Time: XHRIBIERT 8], SiATAIRIET(E]. ERUTIZCNHTE]




A5

SN IX— IR — B E RIS IRIE (12 0)
 open (): ¥ JH—1TXH

o read ():MFER— M THXGFIETFED

e write ():IFE—MIAXHHFEANETFT
o lseek ():BIHpINREE

o fsync () FHEIX XEIMERIIENE B E

¢ close (): XF—TEITFRIN

e stat ():FREIXERNIEMEER




A5

Unix HY Everything is a File (an array of bytes / an object / a file descriptor)
o {FFH[E]—2%H APIs (with a file descriptor) SEIiR{EAREVETR
o —EBENH. d:BFEXMH. b RIEEXHE. o FERIREXE.
p:apREEXH. 1:FSHEXH ...
 Shell FRY stdin (fd =0). stdout (fd=1). stderr (fd = 2)
o /proc: NZNEBEIREEAYIR

e.g., /proc/{PID}/maps. /proc/{PID}/mem

o /dev:IREIXENAIFE
e.g, /dev/random, /dev/null




A5

ATZBRET 4 (Memory-Mapped File): S 15 7 SIBR BT B ERR A2 1)
utesie), B ERe sl LMER M IbaIE S REEHE RS

vold *mmap (void *addr, size t length, int prot,
int flags, int fd, off t offset)

» Length bytes

P 44— addr
length bytes ¢ P (or address
chosen by
the kernel)

offset —»
(byte location
within the file)

Disk file open as
file descriptor £d Process virtual memory



H %

EXHRGREEERE F (directory) SREEN 4

« MAEFHlA, rIBLREBEXNEIENRER—TBx

» BNEERTOBEFER, TH—ME RN (directory tree) B/RLEH
o BXESITFTEN H1Z
e Unix FEY . 1 .. User

directory |

—~—Root directory

B c|(c)
User subdirectories
e e Q —~— User file

8




H %

mkdir (): BIEZ—"T

rmdir (): HERE—"T

F 5t H R E —HFER

*IR{F

—
K

N\

e opendir():¥]

® readdir () - 1R [DO

= ;l:]'

e unlink ():fIBR

—
K

|

A<

ZPHT— BRI
Link () — P BAXHHEEE— BRI (QIESH)
Fepg—p

s3I0 (A PR S 15)



NIFRG

LM HFOA AR EEXGFERENEIENR RN NSRS

System call T l File & directory operations (easy to use APIs)

Operating System

F RN IIEFF AR ERY
SRS
File System
A
M BisERNEFMHIxE L 4P
Device Driver B XHNBEETREER
o SBFRBHMETE]
: A%

Hard disk as a series of blocks (fixed size)
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A R FRISEIN

File System Layout

E A/ NRREELIR (Disk Blocks)

31
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N1 R GTHYSC

File System Layout

Data Bl

ocks

—E =R blocks Fl F1#EXHEE (File Data)

ik

A

Fi e Attributes and Allocation Structure

Nt —EEN =Y blocks |

TFEXTE

NSE SIS == EPS

Super Block

FE G R GTEY metadata (5B

Boot Block

12 Boot OS tHXAIE R (empty if no OS)

H’JTE =

=% (File Metadata) .

gaNilw

31
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A R FRISEIN

File System Layout

Partition

Partition

Partition

FEET

Partition Table

I~ partition HY,

Master Boot Record (MBR)
171 Boot Computer tHXAIE R

Disk Partitions

ANE] partition FIAETLHC NN E XGRS

=4S E (one is marked as active)

13



X {t REHITHL
File Control Block
XA RGBT M AT 5 E N EE S 1 R SZIMX AN HEN S IE
o {FIZHIIR (File Control Block)
o IBENHEM (File Metadata) (52
o IDENHEHEIE (File Data) TERLE PRIFMENE
o ZEMEIFFEEEMETRIFANFNE (DEELEMEIR)
o £ Unix XIFREGIHP, ZEMHEFRI inode (index node)

14



A R FRISEIN

File Control Block

Size Name What is this inode field for?
2 mode can this file be read /written/executed?
2 uid who owns this file?
4 size how many bytes are in this file?
4 time what time was this file last accessed?
4 ctime what time was this file created?
4 mtime what time was this file last modified?
4 dtime what time was this inode deleted?
2 gid which group does this file belong to?
2 links_.count how many hard links are there to this file?
4  blocks how many blocks have been allocated to this file?
4 flags how should ext2 use this inode?
4 osdl an OS-dependent field
60 block a set of disk pointers (15 total)
4 generation file version (used by NFS)
4 file_acl a new permissions model beyond mode bits
4 dir_acl called access control lists

A simplified ext2 inode structure

15



NHRISEM A0

103 File Data B PANFEMEAE: B

ISAFRIZE N T bytes (5

logical block) f#fi#1E File System Layout H
o EZE I\ (Contiguous Allocation)
o PEFR I\ (Linked List Allocation)

o FAT X1 ZSiH File Allocation Table

e 25| 5T\ (Index Allocation)
e Unix XA ZiHY inode Structure

ORYMET Data Block

16



NHRISEM A0

Contiguous Allocation

{ERNEE FRY3E 15 %2 Data Blocks 174% File Data

{VZE123F number of first block + total number of blocks

S RFRIRFILE e, B ARl

NI

24

Data Blocks

O]l 2 3 EEERIEEIANARERE © (10 1 12 13 (14 RISARARYARIY 19 20 2] 22 p2E
a.txt list main.c
start = 0

length = 4

17



NHRISEM A0

Contiguous Allocation

{FRAMLE _ERYFE T E4E Data Blocks SETZfi File Data
{YZEI2 5 number of first block + total number of blocks
BRIFNINF RS HRE. BREIRIETE (FEN] Data Block
(BEEATBRIE

o TEGUEESHRYEFAE SR/

o REFESENINDBE S O

o T EIR MIZRIFAIIERE (e.g, CD-ROM)

18



NHRISEM A0

Linked List Allocation

{€F Data Blocks BY—" 527 H1ZME File Data

{YZE12F number of first block

B] BB PR E #4EE Data Blocks #3F

Data Blocks o — —

Ik (BN R)

01235678“101112

13

1416 17118 1921

22

23

24

a.txt
start = 4

\/

19



NHRISEM A0

Linked List Allocation

{$ /] Data Blocks HY—"~54Z% K 1Z{i# File Data
{XZEI2 % number of first block
A AEFT B 1A Data Blocks #BFIFAEER (ZBIMRRER)
LERES/NH, R
o TEN—TAH4RIPENL Data Block FEZiEH HETR

o B Data Block FEZZNIMZE— next 35T (Data Block HY
A ARINABZE 24)

s BIMUSFIUFRETIEETR

20



File Allocation Table

UENPAA next 1S
ZIXEI—" File Allocation Table (FAT)

2 Data Blocks F

e

=2 FAT RIF(E

o Y& F— Data Block

WS (pointer to the next
FAT entry of the file)

o NHLRIEFRIC (end of file)
OxFFF

o TYTIRZTIBIFRIC (free space)
0x000

B Data Block XMW —" FAT &RIN

FH

/A

N O o A WO N =+ O

(0 ¢)

a.txt — 9

start = 9 10

11
b.txt — 12

start = 12 13

14
15
16
17
18
19
20

FAT

..............

.
oooooooooo

EOF

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

Data Blocks

File 9 Block 3

File 9 Block 0
File 9 Block 1
File 9 Block 2

File 9 Block 4

21



File Allocation Table

o BWHT [EEHY Linked List SLE
o WHEER d RFIAE) FAT (EFEANTF) MAFHAKIE Data Blocks
« BJAZ(8] &d Data Block PAFEETNB NI B 17 next 15E
o IEEHR G EHAE PEEZ D FAT

» BR, MEMEFHEZENETX, EFNFPREFEN FAT =5
E?&.%E’Jﬁﬁﬁ 1H

o STTF ITB (240) A/\BUREERF] 4KB (2'2) A/)\E4 Disk Block
¢ IIEI\/ \ﬁ'ﬁg 228 FAT %Iﬁi

o MEEBNTRIGHA 4 bytes (FAT 32), NMIEE FAT K/ IGB

22



NHRISEM A0

Indexed Allocation

{#F—"103% Data Blocks Jg=HIZNZH >R 1Z1# File Data IES|E R
(XFBICRFIZENAE LB Data Block B4R S

RIREAIER Data Block (ENFHEFRS|EHM)
RE2ZFNAXNRANIEFT A XHGEEX (MAEE T HERDN)

Data Blocks

Ol1 (2|3 P& O | e 7]10 {1213 1416 17118 1921 22(23124

L
a.txt 9 2B i X A& i
index = 6 20 Data Block HYZR=
15

END

23



RIS A R
Indexed Allocation
{#F—"103% Data Blocks Jg=HIZNZH >R 1Z1# File Data IES|E R
L) B2, WMEIREMBHASHIKE?
o XHARGHINXERNTE
o BEHE/\XMH (few bytes ~ KB)
o NEARXMF (several GB /TB)

o BHE AL File Metadata REEEKE ((FETEIE)




NHRISEM A0

Characteristics of Real-World File Systems

e Most files are small: ~2K is the most common size

12000

10000

8000

6000

4000

Files per file system

2000

0 8 128 2K 32K 512K 8M 128M
File size (bytes, log scale, power-of-2 bins)

Agrawal N, Bolosky W |, Douceur | R, et al. A five-year study of file-system metadata. ACM Transactions
on Storage (TOS), 2007, 3(3): 9-es. 05



NHRISEM A0

Characteristics of Real-World File Systems

e Most files are small: ~2K is the most common size

Average file size is growing: ~200K is the average

Most bytes are in large files: a few big files use most of space

Fi
Fi

e systems contains lots of files: almost

OOK on average

e systems are roughly half full: even as disks grow, file systems
remain about 50% full

Directories are typically small: many have few entries; most have
20 or fewer

Agrawal N, Bolosky W |, Douceur | R, et al. A five-year study of file-system metadata. ACM Transactions
on Storage (TOS), 2007, 3(3): 9-es.
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inode Structure
XJ/ NS (fast path) FIARSIY (slow path) IR {H R i sz 5

o 7% inode 5P ZEIF—H[EEZNERY pointers

e Direct pointers: EiZ8 [0 81 & X4 £3EAY Data Block

* Indirect pointers: $38[@]— 1B 5 direct pointers HY Data Block
o XIFARIGFRIIREFENLIAID]
o IW\NHEEIZ{FMA direct pointers &d An array structure

o K HENHME indirect pointers [ad A tree structure

27



I-node

Attributes

4

9

20

|| 1 A

15

END

Disk addresses

1

small file. txt\

Single
indirect
block
15 Double
indirect - udd
block /
: T~
/

inode (ext2) contains a set of |5 pointers

* First 12 point to data blocks

e Last 3 point to intermediate blocks

3: single indirect pointer

4: double indirect pointer

5: triple indirect pointer

Addresses of
data blocks

-

L

4

Triple

indirect

\

7/

block

f

./
_

\

28



I-node

Attributes

4

4/

9

1

20

S

15

4

129

322

Disk addresses

8

672

10

END

1

large file. txt\

Single
indirect
block
2235 Double
3 indirect - udd
END block /
: T~
/

inode (ext2) contains a set of |5 pointers

* First 12 point to data blocks

e Last 3 point to intermediate blocks

3: single indirect pointer

4: double indirect pointer

5: triple indirect pointer

Addresses of
data blocks

-

L

4

Triple

indirect

\

7/

block

f

./
_

\

29



I-node

Attributes

{1 »  Single

- indirect

1 > block
=
=

Disk addresses

—

Maximum file size for 4 bytes pointer & 4KB block \
inode (ext2) contains a set of |5 pointers

Double
indirect
block

e

7

N

Addresses of
data blocks

-

L

—

.

N

L

Triple
indirect
block

/ -

* First 12 point to data blocks

(12 x 4 KB = 48KB)

e Last 3 point to intermediate blocks
(210 x 4 KB = 4MB)

4: double indirect pointer (20 x 210x 4 KB = 4GB)
(210 x 210 x 210 x 4 KB = 4TB)

3: single indirect pointer

5: triple indirect pointer

f

./
_/

\

30



ST R AHOSTH

File and Directory

o f£E X File Metadata Y[/ T (low-level name), Ff 1T PAFI,
251{5 E 1% 2 File Data 7 1EREE _CRIMPLE Data Block

o FAT X4 Z %t £d number of first block + FAT
e Unix X1 &% &d inode (direct & indirect pointers)
o YEMRIEXHR (human-friendly name) 3&$%Zl| File Metadata ?

LEPS

31



A R FRISEIN

File and Directory

EXERGH, HE (Directory) m—MMHATFiE X 4R S]UFK

DIl

2514 [B) R BY R R AYFFIA X (F

EX B E— 1T
o [G]4£E A File Data #{] File Metadata

o {EEHFE {4 File Data EXHRZEHEEGISHES Y

o BRIZE R THEN X FHEIEE

o ZERBRTXHRFNIHIFNEE, BEATRHERE
RS AR BT IRIE)

32



FAT X R4

Directory Implementation

X AERIE M (File Metadata) (5 E BIEFHEEB F XA

o BRXHMREHE—"1TH=%XIN (directory entry) B9%I%, HH:
STRRL— A3

File Name Attributes First Data Block
dir a.txt . 9
-— a.Ltxt i 0o
—— list/ s ...
—— mailin.cC main.c 82

File data of the dir file

//l'
>



FAT X4 R %58

Directory Implementation

NXAFBIE M (File Metadata) (5 R HIZFMEEH R XGH
o 3T FAT 32 X RS, B 1 BRINA/NA 32 bytes

Descriptive name | Offset | Size Description

of field (byte) | (bytes)

DIR_Name 0 11 “Short” file name limited to 11 characters (8.3
format).

DIR_Attr 11 1 Legal file attribute types are as defined below:
ATTR_READ_ONLY 0x01
ATTR_HIDDEN 0x02
ATTR_SYSTEM 0x04
ATTR_VOLUME_ID 0x08
ATTR_DIRECTORY 0x10
ATTR_ARCHIVE 0x20

ATTR_LONG_NAME is defined as follows:
(ATTR_READ_ONLY | ATTR_HIDDEN |
ATTR_SYSTEM | ATTR_VOLUME_ID)

The upper two bits of the attribute byte are
reserved and must always be set to 0 when a file
is created. These bits are not interpreted.

DIR_NTRes 12 1 Reserved. Must be set to 0.



FAT XRS5

File System Layout

FAT SO RGBT : S5 BESIHE (by File Allocation Table) F1E R
(Save File Metadata in Directory) BYSCIN A =,

Super Block Data Blocks

FAT | FAT Il Root Directory

® File Name Attributes First Data Block . . , .

4 Lorem ipsum dolor sit amet, singulis

5 a.txt 9 liberavisse complectitur his te. Eam ei

6 graeci denique detracto, ea eius autem

7 list 102 qui. Magna labore graecis vel et, mea ut

8 . propriae detraxit. Appetere moderatius his
1§ main.c 82 at, no quod erant vocent eam. Modus

1 possit nec ex, ad quo invidunt oporteat.

: $F B R4 3 F @S
B R A

b ZEEEEFER

35



Unix X1 R %5

Directory Implementation

YHENRMEEEFHEE—TEI ISR (inode)
e P HFINCE (file name, inode number) BYXJ N < &

o ARBFDE—TH57RRY inode

File Name inode Number

dir a.txt 6782
-— a.txt ,
__ list/ list 32
—— maln.c main.c 1982

File data of the dir file

36



Unix X1 R %5

Directory Implementation

A7

FKIOREFIMCR X FRB RERSITFAERX G2 (S E T

T ERIRICK — TR X2 X

mber

I-node nu
Entry size
Type
/ /- File name length

the ext2 example

W



Unix X1 R %5

Directory Implementation

NTIEANHZXENWEZKINEKIRE, rlHA—DEIL (file name,

inode number) FYFEPER 5| 2544 ({51201

] B+ tree)

Search for Hash (foo.txt) = 0x30

Root

Before | 240 | 510 | 730
Child Pointer : :

980

Child Child
Before | 58 121 | 180 | 240 780 | 841 | 930 | 980
child Polnter - — . . .
Leaf Leaf
Hash| 15 30 44 58
Entry Pointer | ¢ | | | i | et g
........................................ R
Hash Number 30
Name . .. foo.txt | music work | code bin test

File Number | 830 158 871 320 219

3 014 324

38



Unix X1 R %5

File System Layout

Unix XIERGINEETR: G8HEH XY (by Direct/Indirect Pointers in
inode structure) A1 B % (Save File Metadata in inode) BYSCE A T

Super Block

Data Blocks

A

yor=!

inode Table (file metadata)
FTB X4 HY inode i —SE R 1Zf#E (B Block PJ1ZE 21 inode),

1 inode DEE—"19w S (FIIRIEZR= EFZE (L inode ZfELE)

Allocation Structure (e.g, one bitmap for inode, one for data)

FEIMIMIEIREWRHAITEANZ B EIE
(BBFLE inode / Data Block [ / E0EL)

39



Unix X1 R %5

File System Layout

Block 132

directory

is /usr

I-node 26
is for
/usr/ast

B} /usr/ast/mbox BIIIFE (Resolve File Name)

6

1

19

dick

Mode
size
times

30

erik

406

51

jim

26

ast

£ Unix R ZiH
|-node 6
Root directory is for /usr
1
Mode
1 size
times
4 | bin
7 | dev 132
14 | lib
9 | etc
6 | usr
8 | tmp
|-node 6
Looking up says that
usr yields /usris in
I-node 6 block 132

45

bal

/usr/ast
is i-node

26

I-node 26
says that

/usr/ast is in
block 406

Block 406

is /usr/ast

directory
26 | o

6 [ N J
64 | grants
92 | books
60 | mbox
81 | minix
17 | src

/usr/ast/mbox
IS i-node
60

40



