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Topic 1: Filesystems - How can
we design filesystems to manage files

on disk, and what are the tradeoffs
inherent in designing them? How

can we interact with the filesystem in
our programs?



CS111 Topic 1: Filesystems

Key Question: How can we design filesystems to manage files on disk, and what are
the tradeoffs inherent in designing them? How can we interact with the filesystem in
our programs?

Filesystems Filesystem

Case study: Unix

introduction and
design

System calls and Crash recovery
file descriptors

V6 Filesystem

Lecture 2 Lecture 3 / Today Lecture 5 Lectures 6-7

assign1: implement portions of the Unix v6 filesystem!



Learning Goals

* Explore the design of the Unix V6 filesystem

* Understand the design of the Unix v6 filesystem in how it represents
directories

* Practice with the full process of going from file path to file data



Plan For Today

e Recap: the Unix V6 Filesystem so far
* Practice: doubly-indirect addressing

* Directories and filename lookup

* Practice: filename lookup




Plan For Today

* Recap: the Unix V6 Filesystem so far



Unix V6 Filesystem

Every file has an associated inode. An inode has space for up to 8 block
numbers for file payload data, and this block number space is used differently
depending on whether the file is “small mode” or “large mode”

if ((inode.i mode & ILARG) != 0) { // file is “large mode”

Inodes
I 1

K Perviock
m ... ‘

0 1 2 3 1024 1025 1026 1027 1028 1029

Filesystem metadata File contents




Small File Scheme

If the file is small, i_addr stores direct block numbers: numbers of blocks that
contain payload data.

index 0 1 2 3 4 5 6 7
i_addr 341 33 124

/1N

Block 341 Block 33 Block 124 To know how many of
. . . the 8 numbers are
File File File used, we can look at the
Part O Part 1 Part 2 size stored in the inode.




Large File Scheme

If the file is large, the first 7 entries in i_addr are singly-indirect block numbers
(block numbers of blocks that contain direct block numbers). The 8t entry (if
needed) is a doubly-indirect block number (the number of a block that contains

singly-indirect block numbers).

index 0 1 2 3 4 5 6 7
i_addr 444 22 34 792 168 976 2467 555
/ —
Block 444 Block 555 Block 1352 Block 126 Block 897
126, 98, 70, 127, 1352, 567, ... 897, 4356, 6791,
1252 File Part File Part
0 1,792




Large File Scheme

Another way to think about it: a file can be represented using at most 7 + 256 =
263 singly-indirect blocks. The first seven are stored in the inode. The
remaining 256 are stored in a block whose block number is stored in the inode.

index 0 1 2 3 4 5 6 7
i_addr 444 22 34 792 168 976 2467 555
/ —
Block 444 Block 555 Block 1352 Block 126 Block 897
126, 98, 70, 127, 1352, 567, ... 897, 4356, 6791,
1252 File Part File Part
0 1,792
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Large File Scheme

An inode for a large file stores 7 singly-indirect block numbers and 1 doubly-
indirect block number. What is the largest file size this supports? Each block
number is 2 bytes big.

(7+256) singly-indirect block numbers total x

256 block numbers per singly-indirect block x
512 bytes per block
=~34MB

11



Large File Scheme

An inode for a large file stores 7 singly-indirect block numbers and 1 doubly-
indirect block number. What is the largest file size this supports? Each block

number is

OR:
(7 * 256 *

2 bytes big.

512) + (256 * 256 * 512) ~ 34MB

(singly indirect) + (doubly indirect)

Better! sti
since bloc
meaning t

| not sufficient for today's standards, but perhaps in 1975. Moreover,
kK numbers are 2 bytes, we can number at most 216 -1 = 65,535 blocks,

ne entire filesystem can be at most 65,535 * 512 ~ 32MB.
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* Files only use the block numbers they need (depending on their size)

* Note: doubly-indirect is useful (and there are many other possible designs!),
but it means even more steps to access data.

13



Plan For Today

* Practice: doubly-indirect addressing
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Doubly-Indirect Addressing

What is the smallest file size (in bytes) that would require using the doubly-
indirect block to store its data?

Respond on PollEv: pollev.com/cs111fall23
or text CS111FALL23 to 22333 once to join.

15



H
What is the smallest file size (in bytes) that would require using the doubly-indirect block to

store its data?

Nobody has responded yet.

Hang tight! Responses are coming in.

Start the presentation to see live content. For screen share software, share the entire screen. Get help at pollev.com/app




Doubly-Indirect Addressing

What is the smallest file size (in bytes) that would require using the doubly-
indirect block to store its data?

Files up to (7 * 256 * 512) bytes are representable using just the 7 singly-
indirect blocks. Files of (7 * 256 * 512) + 1 or more bytes would need the

doubly-indirect block as well.
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Doubly-Indirect Addressing

Assume we have a the following inode. How do we find the block containing the
start of its payload data? How about the remainder of its payload data?

Inode 16:

* ”“large mode”
* size =18,855,234
 i_addr=126,35,32,50,58,22,59,30]

Step 1: Go to block 26 and read block numbers.
For the first number, 80, go to block 80 and read
the beginning of the file (the first 512 bytes).
Then go to block 41 for the next 512 bytes, etc.

Block #

2

80

87

89

Block
contents

Inode
table
start

80,41,82,85,
103, 24,45,...

87,114,47,48,
122,99,111,
543,...

It was the best
of times, it
was the worst

...| of times...

89,448,234,99,

...| areilll”

“My father,”
exclaimed
Lucie, “you

18



Doubly-Indirect Addressing

Assume we have a the following inode. How do we find the block containing the
start of its payload data? How about the remainder of its payload data?

Inode 16:

* ”“large mode”
* size =18,855,234
 i_addr=126,35,32,50,58,22,59,30]

blocks.

Step 2: After 256 blocks, go to block 35, repeat
the process. Do this a total of 7 times, for blocks
26, 35, 32, 50, 58, 22, and 59, reading 1792

Block # 2 80 87 89
80,41,82,85, 87,114,47,48, It was the best 89,448,234,99, “My father,”
103, 24,45,... 122,99,111, of times, it exclaimed
Inode 543,... was the worst Lucie, “you

Block
contents

table
start

...| of times...

...| areilll”
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Doubly-Indirect Addressing

Assume we have a the following inode. How do we find the block containing the
start of its payload data? How about the remainder of its payload data?

Inode 16:

* ”“large mode”
* size =18,855,234
 i_addr=126,35,32,50,58,22,59,30]

Step 3: Go to block 30, which is a doubly-
iIndirect block. From there, go to block 87, which
IS an indirect block. From there, go to block 89,

which is the 1793rd (256*7 + 1) block.

Block # 2 80 87 89
80,41,82,85, 87,114,47,48, It was the best 89,448,234,99, “My father,”
103, 24,45,... 122,99,111, of times, it exclaimed
Inode 543,... was the worst Lucie, “you

Block
contents

table
start

...| of times...

...| areilll”

20



Plan For Today

* Directories and filename lookup

21



Now we understand how files
are stored. But how do
we find them?



The Directory Hierarchy

Filesystems usually support directories ("folders")
* A directory can contain files and more directories

* A directory is a file container. It needs to store information about what
files/folders are contained within it.

* On Unix/Linux, all files live within the root directory, "/"

* We can specify the location of a file via the path to it from the root directory
(“absolute path”):

/classes/csll1ll/index.html

Common filesystem task: given a filepath, get the file's contents.

23



Directories

Key idea: Unix V6 directories are what map filenames to inode numbers in the
filesystem. Filenames are not stored in inodes; they are stored in directories.
Thefore, file lookup must happen via directories.

A Unix V6 directory contains an unsorted list of 16 byte “directory entries”. Each
entry contains the name and inode number of one thing in that directory.

23 myfile.txt

struct direntve {
uintlé _t d_inumber;
char d name [ 14] ; 1245 | otherFolder

54 song.mp3

s

24



Directories

Unix V6 directories contain lists of 16 byte “directory entries”. Each entry
contains the name and inode number of one thing in that directory.

* The first 14 bytes are the name (not necessarily null-terminated!)

* The last two bytes are the inumber

23 myfile.txt

struct direntve {
uintlé _t d_inumber;
char d _name[14]; 1245 | prez.pptx

54 song.mp3

s

25



How can we use this
directory representation to
translate from a filepath to

its inode number?




The Lookup Process

/classes/cslll1l/index.html

)

Start at the
root directory
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The Lookup Process

/classes/cslll1l/index.html

)

In the root
directory,
find the
entry nawed
‘classes.
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The Lookup Process

/classes/cslll1l/index.html

)

In the "classes’
directory, find
the entry

nawed “cs1 11",
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The Lookup Process

/classes/cslll1l/index.html

)

In the "esi 11"
directory, find the
entry nawed
"index.himl". Then
read ifs contents.

30



Directories

How can we store directories on disk?
* Directories store directory entries — could be many entries
* Directories also have associated metadata (size, permissions, creation date, ...)

Key idea: let’s model a directory as a file. We’ll pretend it’s a “file” whose
contents are its directory entries! Each directory will have an inode, too.

Key benefit: we can leverage all the existing logic for how files and inodes work,
no need for extra work or complexity!

* Inodes can store a field telling us whether something is a directory or file.

* Directories can be “small mode” or “large mode”, just like files
31



The Lookup Process

The root directory ("/") is set to have inumber 1. That way we always know
where to go to start traversing. (0 is reserved to mean "NULL" or "no inode").

32


http://stackoverflow.com/questions/2099121/why-do-inode-numbers-start-from-1-and-not-0

The Lookup Process

/classes/cslll1l/index.html

)

Go to inode with
inumber 1 (root
directory).

33



The Lookup Process

/classes/cslll1l/index.html

)

In its payload data,
look for the entry
‘tlasses” and get
its inumber. Go to
that inode.
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The Lookup Process

/classes/cslll1l/index.html

)

In its payload
data, look for
the entry

‘esl 11” and get
its inumber. Go
to that inode.
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The Lookup Process

/classes/cslll1l/index.html

)

In its payload data,
look for the entry
“index.htwml” and get
its inumber. Go to that
inode and read in its
payload data.

36



Plan For Today

* Practice: filename lookup

37



Ex.: Finding "/local/files/fairytale.txt”

|
small file
Looking for file "/local/files/fairytale.txt”

_—Numbered blocks - T~ 1. go to inode 1. It's small.
> 3 4 We need to look in block

o | 25 0 27 . 8. 8 : : :
webes s s 25forthelist of its entries.

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

s | s - 1001 | 80 | 1087

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

el 1 2 .. 16 117 18 | .. i 32 | 33 | 34 | .. | 47

S ——— 2. Look in block 25 for
Blocks are 512 bytes "|Oca|" -> inOde 16

inodes are 32 hytes each
Block numbers are 2 byte ints
Directory entries are 16 bytes each

Numbered blocks
/ - —\ 3. Gotoinode 16. It's

----------------------------- B e By e B0 e T % small. We need to look in
. 1 e ;Onceupon; ‘and they .and the

10 e 10 s 350 atime, | lived princess sold blocks 27/54 for the list of

local 16 files 3 fantaledd 47 therewas  happily her startup to

isomefile.ixt 48 g : t P ft E , o o
avas ievera er. ~ Google, Its entries.

other 30 gtrash 44
remote 39 - P / ;forestl... - | E Ewhich...
H H H H I

R R VA R |
| /' inode file inode
, fle numbers ~ hames  numbers
inode myfil myfile.txt
r

etxt myfile.txt
fle ~ numbers ~ NaMes (first block) (thir}ziﬁ block) (second block) 38
names




Ex.: Finding "/local/files/fairytale.txt”

small file
Looking for file "/local/files/fairytale.txt”
_—Numbered blocks T~

.................................. 2 B
bock | 25 27 32 e
nurmbers 54 8
................. AU OUUUUS: WUUUN SOUUUU SUUSUS SUSUN UUUUS WSS SUUMS WU .-
e | 80 ot o E e
mbes| 10 2 .. 16 17 | 18 | .. | 32 | 33 | 34 | .. 47

Blocks are 512 bytes

inodes are 32 hytes each

Block numbers are 2 byte ints
Directory entries are 16 bytes each

/——— Numbered blocks —\

25 26 ¢ 27 ... 32 oot 80 87 . 88 ! 89
""""""""""""""" 4 5
1 16 - g1 Onceupon: iandthey | anqihe
. 1 1§ iafiletxt 35 i iatime, . ilived éprincess sold
; e fairytale.txt 47 | ¢ P i E E
local 16 fles 32 @veEbte i therewas | happly | porcanupto

other 30 | ‘trash 44 ¢ | . iavast . iever after. | ?Google
remote 39 / gforest... WhICh
/ | s / | P l P | P | & & l
| /  inode file inode
inode fle ~numbers Mames - numbers myfilext myfile ixt myfle txt
file numbers names (first block) (third block) (second block)

names

4. Look in block 27 for
"files" (and then 54 if
necessary) ->inode 32.

5. Go to inode 32. It's
small. We need to look in
block 32 for the list of its
entries.

6. Look in block 32 for
"fairytale.txt" -> inode 47.

39



Ex.: Finding "/local/files/fairytale.txt”

small file

Looking for file "/local/files/fairytale txt’ .
_—Numbered blocks T~ /.g0to inode 47. It's |
2 3 4 small. We need to look in

ok | 25 | o7 32 | 80 .
wmbes| s e | blocks 80,89,87 in order for

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

(7 T N W VL0 N W T U0 T T T its 1,057 bytes of payload

nmoes| 1 L2 L .. 116 17 | 18 | .. | 32 | 33 | 34 | .. | 47 dat
inode table atad.

Blocks are 512 bytes

inodes are 32 hytes each

Block numbers are 2 byte ints
Directory entries are 16 bytes each

/———— Numbered blocks —\

: . P SOnce upon §and they éand the
. 1 1 0 iafilext 35 | atime L ilived A
: 5 ool P , P . iprincess sold
: L :f ale.txt 47 : : : ' H ! :
local 16 | fles 32 e ~ therewas  happily | herstartup to
. iavast . jever after. EGoogIe

other 30 | trash 44 ¢ | |
remote 39 | | : / ;forestl... I . which...
i : : : : |

eI VAN |
/ | /  inode file inode

fle numbers ~ Names  numbers

inode myfile.txt myfile.txt myfile.txt
fle ~ numbers ~ NAames ) (e Siock) (senond block) 40
names



Ex.: Finding "/ medfile” (large file)

Locate and read the medium sized file "/medfile”

/'_\ Numbered \blocks /_\

....................................... 2T R R S —
bock | 25 i i i26,30,32,50,58,59 : 32 | . 80
numbers i 89
NI ' VNS SN UUNI. SN S TN SN SN —— . .
i so . soo0 g L qos7
mers IR 2 16 17 {18 | .. 132 |33 34 | .. |4
inode table
Blocks are 512 bytes
inodes are 32 bytes each
Block numbers are 2 byte ints
Directory entries are 16 bytes each
/—- Numbered bIocks—\
% | 26 .. 8 .8 .. 8 .. 8 8 89
1 .80,87,82, 89,114,47,48, = [twasthe @ itwasthe
__ 1 i85,103,24: :122,991115 . bestof . ispringof | :The accident
local 8 ,45,... | i43,... .+ (times,it  thope it : hadhappened
medfile 16 .| jwasthe  wasthe ! in gettingit
remote 39 i jworstof i winteroft ot of acart...
/ IE | P i gtimles... gde§pair, ' |
2:‘36 266
¥iode numbers numbers . - edile
naﬂ,‘ees numbers (frst data block) (second data block) (257th data block)

1. go to inode 1. It's small.
We need to look in block
25 for the list of its entries.

2. Look in block 25 for
"medfile" -> inode 16.

3. Go toinode 16. It's
large. We need to look in
block 26 for the first 256
payload block numbers.
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Ex.: Finding "/ medfile” (large file)

Locate and read the medium sized file “/medfile”

/'\Numbered\blocks /_\

4. Read through numbers
I - T R in block 26. First, go to
A B Eas e I O e block 80 for the first 512

numbers

87
B o eooo e s payload bytes. Then, go to
ot . RN 21 9 16 17 18 .. 32 33 | 34 | .. 47

block 87 for the second 512
payload bytes.

inode table

Blocks are 512 bytes

inodes are 32 hytes each

Block numbers are 1 2 wte ints
Directory entries are 1o bytes each

/—- Numbered blocks —\

5. After doing this 256

1 80,87,82,
1 185,103,24

89,114,47,48,
122,99,111,56 | |

It was the :

‘best of

it was the
. ispring of !

‘The accident

times, go to block 30 and

repeat. Then continue with

local 8 ,45,... 43,... étimest,hit ;hopet,hit - had happened
medfile 16 | wasthe  ‘wasthe | iin getting it . . . . .
St worstof | winterof | outofa cart... all remaining singly-indirect
/ I | gtimles... ;de§pair, . : . .
6 2% blocks in the inode.
inode numbers numbers - et edile
file numbers (frst data block) (second data block) (257th data block) 42

names



Ex.: Finding “/largefile” (large file)

ocateend readw "ﬂﬁﬁﬁﬁﬂﬁ'g blocks ———_ Question: What is the

3 4 number of the block that

ok 20 :2635325058225930: R stores the first 512 bytes of

numbers

mrommennonooncondboccoc laoononalonooonmonnsnoccanncnoccnanmnnnonaEmoEooonaanannosnenncoooncancd hoosacnnoc soccnannod lenacnconnnnalosnocncnocononcanonadbonccoonmnnad looncamonnonadbaonnonaannooocoadbonconomanonncnoad]

B @ eeses @ o largefile?

nodes 1 2. 16 1718 .. 32 33 34 .. 47

numbers

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

inode table
Blocks are 512 bytes

inodes are 32 byte< each
Block numbers are 2 byte ints
Directory entries are 16 bytes each

/——- Numbered blocks —\

1 804182 871144748  ltwasthe 80448, -
1 8510324 122,99,111,5 . | bestof . 23499, = “Myfather’

local 8 {,45,. 43 0 times, it 1 .. . exclaimed
largefile16 P L . iwasthe | ~ Lucie, “you
remote 39 ‘worstof ¢ el
| - | times... | | -
/ | i | i i | i i | | |
256 . | |
inode  numbers doubly-indirect blocks
[ largefile 256 largefile
file numbers eaicndlicregcdtlrg) Otcokan (ﬁrst?jragta block) indirect blocks (1793rd Sata block) 43

names



Ex.: Finding “/largefile” (large file)

Locate and read the large sized file "/largefile”

/'—\ Numbered bIocks /_\

3 4
bock 25 126 35,32,50,58,22,59,30 R - T . 80
umbers T T T B -

SRR O O U U SO SN NN A NN A .- A
ez 8o | 18,855,234 . 80 . 1057
el 1l 2l 16 17 18 ... 32 33 34 .. 47

inode table
Blocks are 512 bytes
inodes are 32 byte< each
Block numbers are 2 byte ints
Directory entries are 16 bytes each
/——- Numbered bIocks—\
5 | 26 .. 30 .3 ... 8 .. 8 88 89
1 804182, 871144748, = [twasthe 89,448 |
1 85 108, 24 122,99,111,5 @ . ibestof i 234,99, @ “My father”
local 8 45, 43 L ftimes,it - exclaimed
largefile16 | - wasthe . Lucie, “you
remote 39 | jworstof el
;o ] times... |
/ | 256 256 |
inode  Numbers doubly-indirect blocks
i 256 largefi
file numbers eadt dli(reggtl% Otcokan (ﬁ,st'%'a%%ﬁ'ﬁock) indirect blocks (1793r?jr%gtaeblock)

names

1. go to inode 1. It's small.
We need to look in block
25 for the list of its entries.

2. Look in block 25 for
"largefile" -> inode 16.

3. Go toinode 16. It's
arge. For the first seven
block numbers, go to those
blocks and read their 256
oblock numbers to get
payload blocks. 44




Ex.: Finding “/largefile” (large file)

Locate and read the large sized file "/largefile” 4 For the e|ghth b|OCk gO
. ’

/'—\ Numbered bIocks /'\
3 4 to block 30. For each block

Lok RS :2635325058225930: 2 number, go to that block

mrommennonooncondboccoc laoononalonooonmonnsnoccanncnoccnanmnnnonaEmoEooonaanannosnenncoooncancd hoosacnnoc soccnannod lenacnconnnnalosnocncnocononcanonadbonccoonmnnad looncamonnonadbaonnonaannooocoadbonconomanonncnoad]

s s esweas @ s and read in its block
numbers to get payload

el 1l 2l 16 17 18 ... 32 33 34 .. 47

Blocks are 512 bytes

inodes are 32 byte< each b I OC kS .
Block numbers are 2 byte ints

inode table
Directory entries are 16 bytes each

o Numbered b'OCks_\ First payload block number

.......... 2 Bt B i Bl B T B =80

1 80,4182, 87,114,47,48, @ Iltwasthe & 189448, |
1 8510324 122,99,111,5 | = bestof 23499, | “My father,”

local 8 45, 48, o times,it Ll . iexclaimed
largefile16 | L - wasthe - Lucie, “you
remote 39 - iworstof i el
/ | | P | i . itimes... | i -
: 1 ' 1 : . . ' | - : | : : |
236 256 |
inode  numbers doubly-indirect blocks

[ largefile 256 largefile
0 aﬁlr?es MimBers eaicndlisggg% ogokan (ﬁrst?jragta block) indirect blocks (1793rd Sata block) 45



* Recap: the Unix V6 Filesystem so far Lecture 4 takeaway: The
* Practice: doubly-indirect addressing Unix V6 Filesystem

* Directories and filename lookup represents directories as
e Practice: filename lookup files, with payloads

containing directory entries.
Lookup begins at the root
directory for absolute paths.

Next time: how do we interact with the
filesystem in our programs?
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