NIFRGE

Section 5
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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

A% (File) ZIRIERANFHERMEIZN—THRMS

s — ITXHME—TRAFBIFRFS! (an array of bytes)
* &3 (naming) & X MRS — T EEIFLE
« A—TEREBREXBBMKS|ARAFAFITELRE

s RIE T —MRERIFAMNEFEAERE

=BT e R



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 X — SR — AT E RIS R
 open (): ¥ TH—1TXH

e read():|FEE—MTAXHFNETFT
e write ():IFEA—MIAXGHRBEANETFET
o lseek (): oI RINRIZE

o fsync () FHEINXHFRNENILENE B E

e close (): KHA—1EFTHIXH

o stat ():FKEXHHIEMEER




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:MBEEXMH. 1:FSEHEXH
 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

« BIEERTOEFESE, FB—FEZEN (directory tree) BIRLEH
o BXESITFTEN H1Z
e Unix AARY . [ .. User

directory__

~—Root directory

® [B] Ac](©
User subdirectories
Q Q Q 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)



BEFANFMENERIRE

Wi R

Surface

Platter—v(

Surface -

Arm Assembly

B A
(Solid State Drive)

Top Cover

Interface Connector
Cache Chip
Controller Chip

NAND Memory Chips on
both sides of Logic Board

Logic Board

Bottom Cover

TR
(Compact Disk)

CD
(bottom view)

view
- o e o o0
& - o & o= =
- e e @& e
pits

G oS &b - ¢ &
top —_ iy : piaEE
ooatmg\
metal T

layer =

clear
plastic

magnified
laser side view

beam TR
© 2006 Encyclopadia Britannica, Inc.




M 3L
IxEEO
IRFIREHE TFFISEBNIZERO (interface)

o JRSFTF1FZS (status register): IXF HBIAVIAS

N2 E 1788 (command register): IENIRBHITHR ERITES

o FIBEF1F23 (data register): JFEIBE IR BT MIX T IREEUE

Reqisters ‘ Status ‘Command‘ ‘ Data

Micro-controller (CPU)
Memory (DRAM or SRAM or both)
Other Hardware-specific Chips

Interface

Internals

11



IXshtz

IRER G 1% F XL (Device Driver) SCHIXTJEE,
o BHIREEHEOSKTEIRTHITRE

o MFPZEE—HIBARIAPIs

=HEFRUIMR

Operating System

e read(),write ()F ioctl ()

read (
o RESITIXLEREO, FMAllA I e
fgﬂ;%—ﬁ\ ”iﬁ%” Disk Driver

(/dev/zero, /dev/null, ...) ‘

o MAIRIERZT 70%+ HIRED

IPEE I IR AT

R

Mouse Driver Printer Driver

| |
® =

12



NIFRG

LM HFOA AR EEXGFERENEIENR RN NSRS

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

Operating System
ISR IF A 17 HERY

D EHR

File System

A

v SRS RIS LA

SO EIET BRI B
5 SR PR A S

. RAEEEAE

N

Device Driver

O[1(2(3[4]5]...

Hard disk as a series of blocks (fixed size)



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)

16



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)

17



N R GTRISEIN

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

18



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

19



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

20



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
X BEATBERE

o TEGUEESHRYEFAE SR/

o REFESENINDBE S O

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

21



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

\/

22



S HHIZE S =
Linked List Allocation
{#F Data Blocks A—""#4 73K 1% File Data
{YZEiDF number of first block
B] A IBFTA T4 Data Blocks 5 FACR G5B IR
X EERES/INXH, BR

o EN—TAEHIBEN Data Block FEim[HHEZR

A

o B Data Block PFEHEEENIMEE—T next BT
(Data Block By R FH K/NAEZ 24)

s BITMNSEXEFREIRER

)

23



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

24



File Allocation Table

o BN T B EAY Linked List SEI
o BHEER d RFETAO] FAT (EBFERNTF) MASMEILEE
« 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

25



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

26



NHRISEM A0

Indexed Allocation

{ER—"T 125 Data Blocks g = HIZV2E H 17 iE File Data IZES|{§ R
? B2, W AEMSEINAEGEHNEKE

o NHARZFHXEGRNTE
o BTH /N1 (few bytes ~ KB)
o XNBXRIY (several GB/TB)

e = TH

o 1B'E % LE File Metadata E[&

E 1K)

— =5

2 ({8

1F)

27



NHRISEM A0

Characteristics of Real-World File Systems

o KERDNXIEFERZ/ X1 (~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. o8



SRS 2

Characteristics of Real-World File Systems

o KERDXHEER/ N (~2K is the most common size)
o DEARXHHATARERDFHEZEE]

o XHHEBERZ (almost 100K on average)

o« BRPBEXEEZDENMH (most have 20 or fewer)

o PIYNHERNEANETIER

 XERFABENS GIEEE—FAZ(E]

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. 59



inode
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 IN\NHEIZ{FA direct pointers [&d an array structure

o RXA4FENYIMEH indirect pointers 4 a tree structure

30



I-node

Addresses of
data blocks

-

L

4

\

Attributes :
Single
. indirect
§ 41 > block
@ 1> Double
g ) indirect -
@ block
3 vl
& J =
\ Triple
p indirect
] block
\ /
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

f

./
_

\

31



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

./
_

\

32



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

./
_

\

33



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 = 48 KB)

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

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

3: single indirect pointer

5: triple indirect pointer

f

./
_/

\

34



inode

File Size & Size on Disk

S AF A\ (File Size) 1
o MX{FKR/\V(1s -1h)
o HRAMEETIE) (du

S M %S |8] (Size on Disk)
XFFRFIIRR

)<1¢}

e Data Block B N {HFE=< 8] AV E AR EE (L

o WF AN, BEEHEC Data Block SE1ZE Indirect Pointers
o JtEAY Size on Disk X File Size

e 7£FF extent |

= AN BEMZ! Size on Disk FF

-h) &d FEZXXE(ER T 22D Data Blocks

(1EE pointer 15[@H T 1% %EAY Data Blocks)

— File Size

35



inode

Flle SIZE & SIZE on DlSk B R4 EFEEE LEINERA

A EiZ:E_I-L\/{ Size on Disk /J\:_: File Size = &

A4ZEEL: SIS (txt)

AL = s
o /N 235 ?
Z_ IJjJ , ﬁZZJ:IILIl _.I @ﬁ%y{q: . FIFA =R ] BER EX(C)...
E: C:\Users\hywu\Desktop
KN 5F (5 FM)
S Sl 0%
Bl AT a): 20255%5H12H, 12:23:33
(Gl 202558128, 12:23:40
3In)ATE]: 2025558128, 12:23:40
Bt [ RiER) (] pager(H) BR(D)...

HE BiH W FH(A)




Block Size

N RGP IR A RIREE IR KN (Block Size) RHITIETL
o RERAKRZREAMEZ 8] (70 )\ S AFRTEIAEE 5)

s REXNNESFHRSNHERES

Data rate (MB/sec)

0 4L—-L—-—-*-L*"‘*——r

1 KB 4KB 16 KB

Block Size

64 KB 256 KB

100%

"

80%

60%

40%

20%

0%

1TMB—

Disk space utilization

B (A BRENIEE 2 M R)

To store a 4KB file

Data rate goes up almost
linearly with block size
(the more data fetched,
the better)

More spaces are wasted
_—" for larger blocks

37



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

38



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)

39



FAT X R4

Directory Implementation

=% (File Metadata) (5 EBIZEFHEEBR FNXHEH
<IN (directory entry) BY%I3%, EHF

QLN
XXHFRIANBEMZE—T

SIS R — 3 A

4
//l'

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

File data of the dir file

40



FAT X4 R %58

Directory Implementation

o XITF FAT 32 XFRZF, BT HERDIK/NA 32 bytes

Directory table entry (32B)
Filename (8B)
Extension (3B)
Attributes (1B)
Reserved (1B)

Create time (3B)

Create date (2B)

File allocation table

Last access date (2B) 0
First cluster # (MSB, 2B) y Volume info
Last mod. time (2B) P
Free
Last mod. date (2B) 3 2
First cluster # (LSB, 2B
File size ((48) ) ’ 8
ile siz
> 10
6 EOC
7l 5
8 3
9 Free
10 11
11 EOC ©

DIl >



FAT X4 R %58

File System Layout

FAT X RGN ERR: 55 EHXF (by File Allocation Table) F1 B %
(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
; list 102 qui. Magna labore graecis vel et, mea ut

propriae detraxit. Appetere moderatius his
‘ , at, no quod erant vocent eam. Modus
possit nec ex, ad quo invidunt oporteat.

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

b ZEEEEFER

9 [ il main.c 82

ok

42



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

43



Unix X1 R %5

Directory Implementation

o FJEBFRIHFHIMIMCE XFRZRERSIFAERXEFA

I-node number
Entry size
Type
/ /— File name length
IR IR 7
(a) 195 'F'8 'colossal 42' 'F'10' voluminous 88 D 6 bgd W
5 \ | \

(b) 1 ; F 8 colossal 88 D 6 bgd

ext2 example




Unix X1 R %5

Directory Implementation

e NTIEANEZXEFNBFRINEIIRE, RIH—TEIL (file name,
inode number) AR Z 5|5 (FIU1{EFH B+ tree)

Search for Hash (foo.txt) = 0x30

Root
Before| 240 | 510 | 730 | 980
Child Pointer : : :

Child Child
Before | 58 121 | 180 | 240 780 | 841 | 930 | 980
Child Pointer e :
Leaf Leaf
Hash| 15 30 44 58
EntryPointer | ¢ | | | i | e g
________________________________________ T
Hash Number 30
Name . . foo.txt | music work | code bin test

File Number | 830 158 871 320 219 3 014 324




Unix X1 R %5

File System Layout

Unix XIFRGNEERR: 58 EH XY (by Direct/Indirect Pointers in

inode structure) ]

Super Block

% (Save File Metadata in inode) BYSCIN AT

Data Blocks

A

inode Table (file metadata)

FTA X14HY inode i —SE R 1FM# (B Block I 1ZfiE 21 inode),
NET inode DE— T RS (Tﬂ‘ﬁﬁ@?ﬂ?ﬁﬁmﬂ inode ﬁﬁﬁﬂﬁ)

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

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

46



Unix X1 R %5

File System Layout

I-node 26
is for
/usr/ast

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

Mode
size
times

406

£ Unix X{& R %F
I-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 /usr is in
I-node 6 block 132

Block 132
is /usr
directory
6 | o
1 [ I J
19 | dick
30 | erik
51 | jim
26 | ast
45 | bal
/usr/ast
IS I-node
26

I-node 26
says that

/usr/astis in
block 406

Block 406

IS /usr/ast

directory
26 | °

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

/usr/ast/mbox
IS i-node
60

47



Unix X1 R %5

Two Key Abstractions: File & Directory

(pathname)

# data blocks

Directory
Structure

File Index
Structure

e

dir

inode disk

48



Quiz

XFE0F Unix XGRS, EfffesxisiIeEAXERNEZDN? B
FHFEZEEESZ /DI NE?

o 1472 Block Size 79 | KB, EHH%l49 4096 I* Blocks FHF1Zfi# inodes

* inode Z514F{Zfi# User ID (2 bytes). B[B]EY (12 bytes)., X{43EHIA]]
{RIP{S B (4 bytes). Link Count (2 bytes). {4 K/)\ (4 bytes). UK
X 14 Data Blocks Z 5| 2514

o R5|EWPEIE 8 direct pointer. | ™ indirect pointer, AKX
| I double indirect pointer (4 bytes for each pointer)

o H3xIN (Directory Entry) {XfZEX {2 H inode 8=, 81 H=IN
7 16 bytes

49



