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Properties of A Single Disk

* A single disk is slow
« Kind of Okay sequential I/O performance
 Really bad for random |/O

* The storage capacity of a single disk is limited

* A single disk is not reliable



RAID: Redundant Array of
Inexpensive Disks



Wish List for a Disk

* Wish it to be faster
* |/O is always the performance bottleneck
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Wish List for a Disk

* Wish it to be faster
* |/O is always the performance bottleneck

« Wish it to be larger
 More and more data needs to be stored

* Wish it to be more reliable
* We don’t want our valuable data to be gone
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Only One Disk?

« Sometimes we want many disks
* For higher performance
 For larger capacity
 For better reliability

» Challenge: Most file systems work on only one
disk



Solution: RAID r(o%,/“?ré/w Py |

P T e
e

RAID: Redundant Array of Inexpensive Disks

Appllcatlon

S(W, g RAID Loglcal Disk f

—

(1) HODs gi - -5

Build a logical disk from many physical disks
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Solution: RAID

RAID: Redundant Array of Inexpensive Disks

Application
RAID is
- _Transparent. File System 5

* Deployable

U Rl RAID Logical Disk
(92X T ———— ————
1§ 1

Build a logical disk from many physical disks
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Solution: RAID

RAID: Redundant Array of Inexpensive Disks

Application A,
RAID is Logical disks gives
« Transparent File System » Performance

» Deployable « Capacity

—-_— ——— ——— &———
“T1T 1

Build a logical disk from many physical disks
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Solution: RAID

RAID: Redundant Array of Inexpensive Disks

RAID Logical Disk

Application
RAID is Logical disks gives
« Transparent File System » Performance
» Deployable « Capacity

Build a logical disk from
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Why Inexpensive Disks?

« Economies of scale! Cheap disks are popular.

- e

* You can often get many commodity hardware
components for the same price as a few—
—-——-—\/ —
expensive components
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Why Inexpensive Disks?

« Economies of scale! Cheap disks are popular.

 You can often get many commodity hardware
components for the same price as a few
expensive components

« Strategy: Write software to build high-quality
L;ogical devices from many cheap devices

» Tradeoff: To compensate poor properties of cheap
devices
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General Strategy Jesh

Build fast and large disks from smaller ones

Logirel 0 ———>24m
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General Strategy

Build fast and large disks from smaller ones
Add more disks for reliability+-+!

0 100 0 p. 100 O V5100 0 D 100
D 4
( b.e du-"‘ olew C a/
— | O
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RAID Metrics

thornafppet CEP- seqpedicl €0r)

%9,
» Performance ~——  leterey (Sualt, \cunolom 5 )
* How long does each workload take?

» Capacity
* How much space can apps use?

+ Reliability
« How many disks can we safely lose?
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RAID Metrics

* Performance
« How long does each workload take?

» Capacity
* How much space can apps use?

* Reliability
 How many disks can we safely lose”?
« Assume fail-stop model! { v les.

biverg e

Y. Cheng GMU CS571 Spring 2020 19




RAID Levels & f#.
Pl

RAID 0: non-redundant striping.

\/8888....

) RAID 1: mirrored disks.

SoEEEEE

\( ) RAID 2: memory-style error-correcting codes.

o L

) RAID 3: bit-interleaved parity.

8@@@@

&/ e) RAID 4: block-interleaved parity.

. EEEEE

f) RAID 5: block-interleaved distributed parity.

Y. Cheng
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RAID Level 0

—

Y. Cheng

8888

) RAID 0: non-redundant striping.

8888‘...

) RAID 1: mirrored disks.

8888@@@

) RAID 2: memory-style error-correcting codes.

5550E

) RAID 3: bit-interleaved parity.

8888@

e) RAID 4: block-interleaved parity.

 BEEEE

f) RAID 5: block-interleaved distributed parity.
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RAID-0: Striping

* No redundancy
M

by_g]’[a.u
» Serves as upper bound for
* Performance
~—~—

» Capacity
\_/

Logical blocks

Disk O

Y. Cheng GMU CS571 Spring 2020
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: -0
4 Disks  RAYD-©
Disk 0O Disk1l Disk2 Disk3
0 1 7. 3
sm | 4 5 6 7 7
| 8 9 10 T
12 13 14 15

Y. Cheng
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4 Disks

stripe: |

Y. Cheng

Disk0 Disk1l Disk2 Disk3
0 1 2 3
4 5 6 7
8 9 10 i 5
12 13 14 15

GMU CS571 Spring 2020
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How to Map?

* Given logical addres
> % t= )

\71\%@1‘(0[% Disk = ... A o/o #Dig‘zgv
« Offset = ... A / #D;SLJ;,

Ty =S
g’\v\xm,lxl) l/q:i

Disk0 Diskl ‘Disk2 Disk3
St 11—5 0‘——9 0 1 @ S

Gvipe 4 5 6 7
- ‘:Q ) &/ 8 9 10 11
i3 V 12 13 14 15
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How to Map?

 Given logical address A:
* Disk=A % disk count
* Offset=A / disk count

Disk0 Disk1l Disk2 Disk3
0 1 2 5
4 5 6 7
8 9 10 11
12 13 14 15

Y. Cheng GMU CS571 Spring 2020
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Mapping Example: Find Block 13

* Given logical address@
e Disk=13 & 4 =
- Offset=13 / 4 =/3

-~

Disk 0O Disk1 Disk2 Disk3

Offset 0 0 1 2 3
1 4 5 6 7
8 9 10 |

2
stip(3)| 12 @ 14 15

Y. Cheng GMU CS571 Spring 2020
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Chunk Size =1

Y. Cheng

Disk0 Disk1l Disk2 Disk3
0 1 2 3
4 5 6 7
8 9 10 i 5
12 13 14 15

GMU CS571 Spring 2020
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Chunk Size =1
Disk 0 Disk1l Disk2 Disk3

0 1 2 3
4 5 6 7
8 9 10 i |
12 13 14 15

)l? Chunk&8|ze =2 D]s(p‘_ Se cfog

Disk0 Disk1 Disk?2 Disk3 (plocks)

0 ' 2 [4“ [’6ﬁ chunk size:
: 3 LY V7| 2 blocks
8 10 12 14
Y. Cheng 11 1 15 .




Chunk Size =1
Disk 0 Disk1l Disk2 Disk3

0 1 2 3
4 D 6 7
8 9 10 6
12 13 14 1o
In all following examples, we assume chunk size of 1

)

Piglz Cector

Y. Cheng



Thesredied

RAID-0 Analysis

1. What is capacity?

'\Zg,(ia \om

2. How many disks can fail?

3. Throughput?

Fg\/fo VunewCQ

4. Latency?

Y. Cheng GMU CS571 Spring 2020
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Capeety of ona
et e
S . §echHa.l d—kmﬂLr,‘

. nelomn I/O Ocb..
2. How many disks can fail”? é)_ Niae Ef:t

Ctops
3. Throughput? N * S and I:l\ *R :
4
§e°{/ Raud D | Lﬁ.{.encg/ fw
4. Latency? D Z | W 1& oonolons
- /0
P

RAID-0 Analysis

1. What is capacity? N*C

LD‘(“L\ FQQJS O
W\ri‘teg_ " —
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RAID Level 1
8888

) RAID 0: non-redundant striping.

—> 8888....

RAID 1: mirrored disks.

8888@@@

) RAID 2: memory-style error-correcting codes.

5550E

) RAID 3: bit-interleaved parity.

8888@

e) RAID 4: block-interleaved parity.

 BEEEE

f) RAID 5: block-interleaved distributed parity.

Y. Cheng



RAID-1: Mirroring

* RAID-1 keeps two copies of each block

Logical blocks

e ?c'q\ 0 1 )
—>
F V(ga)mr Disk O Disk 1

Y. Cheng GMU CS571 Spring 2020
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Assumption

« Assume disks are fail-sto
* Two states
* They work or they don’t
* WWe know when they don’t work

—_— N

D
P

—_——

Y. Cheng GMU CS571 Spring 2020
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4 Disks

Y. Cheng

Disk0 Disk1 Disk2 Disk3
=@ - T
2 2 3 3
4 4 5 5
6 6 7 7

GMU CS571 Spring 2020
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Rost —case  steharo

_——/

4 Disks s
Worst — case . (amnnt folerege 3

0 1V 1 YV
3 3
5 5
6 6 7 7

(Q. How many disks can fail?
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RAID-1 Analysis \

1. What is capacity? N/2*C
sefe- side.
2. How many disks can fail? {1 ¢r maybe N /2

/22 & e

3. Throughput? hegﬂ%&
Seqgread: N/2 * S

« Seqgwrite: N/2*S \P' \6" b= D(f
—) ¢ W %) \é
~—>  Rand write: N2} R = L\f e é

G
SN

4. Latency?@ l"ﬂ”f( > el 7R
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RAID Level 4
8888

) RAID 0: non-redundant striping.

@888....

) RAID 1: mirrored disks.

8888@@@

c) RAID 2: memory-style error-correcting codes.

5550E

) RAID 3: bit-interleaved parity. = f’a ) t"%’ e&d#dw‘f
8888@ \(\QO((fludotMC;l

e) RAID 4 block-interleaved parity.

@@@@@

f) RAID 5: block-interleaved distributed parity.
Y. Cheng 39




RAID-4 Highes 41

_—

Reliability

—

Capacity
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RAID-4

Reliability

Y. Cheng

RAID-1

® o ’nl'.

~— ___ _ _ _® RAID-0
T :\/'v
( (
( [

Capacity
—TN——

GMU CS571 Spring 2020
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RAID-4

RAID-1
RAID-4

Reliability

® RAID-0

Capacity



RAID-4: Strategy

» Use parity disk
A
ll.Mn,.v
* In algebra, if an equation has N variables, and
~N:-1 are Rnown, you can also solve for the

~unknown o add e
VAN v S X 0O /
C‘\ d uk"t

e Tre es rs/blocks across disks in a stripe
as lan equation
— /
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RAID-4: Strategy
» Use parity disk

* In algebra, if an equation has N variables, and
N-1 are known, you can also solve for the
unknown

* Treat the sectors/blocks across disks in a stripe
as an eqguation

o A fiilgd disk is like an unknown in that equation
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5 DlSkS ?D‘M.
Disk0 Disk1 Disk2 Disk3 /655
0 1 2 3 [ PO
4 5 6 7 P1
8 9 10 11 P2
12 13 14 15 P3

—~ L .

Pecgwlw Darh Chunks, | '\DM“B/ QLWES.
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Example

stripe:

Y. Cheng

Disk 0

Disk1 Disk?2

Disk 3

Disk 4

GMU CS571 Spring 2020
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Example

Add
Disk0 Disk1 Disk2 Disk3 Disk4
stripe: | 4 « 3 4+ 0 + 2 = (9|
(parity)

Y. Cheng
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Example

stripe:

Y. Cheng

Disk0 Disk1 Disk2 Disk3 Disk4
4 3 0 2 9
(parity)

GMU CS571 Spring 2020
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f . / ——@
Disk 0 isk1l Disk2 Disk3 Disk4
stripe: ‘ (: ) E 0 2 ] 9 ‘
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PA'LD Lfl _(Vw&»d l
Example " : /
(mmrum—m
ovae_:.(
- &/\/
CQFJ\C(‘\ry
Disk0 Disk1 Disk2 Disk3 Disk4 eq%c;&‘c

stripe: 4 3 0 2 9 ‘ j

(parity) —
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Parity Function: XOR Example

Gl © ¥z @ P
0 0 1 1 XOR(0,01,1)=0
0 1 0 0 XOR(0,1,00) =1
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Parity Function: XOR Example

CoO C1 C2 (C3 P
—” 0 0ol 1 XOR(0,0,1,1) <0
= 0 1 0 0 XOR(0,1,0,0)

s Al —

XOR function:
« P ={0The number of 1 in a stripe must be an even number

« P =1:The number of 1 in a stripe must be an odd number
S AT

Y. Cheng GMU CS571 Spring 2020 52



Parity Function: XOR Example

Xop(o0, o, (1 \e) = \)

_ BlockO Blockl Block2 Block3 Parit
stripe: | 00 10 11 10 111 i

10 01 00 01 | 10
- 7

—~

XOR function:

P = 0: The number of 1 in a stripe must be an even number
P =1: The number of 1 in a stripe must be an odd number
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Parity Function: XOR Example

D'\Q\(LO
_ BlogkO Blockl Block2 Block3 Parit
stripe: ‘ X 10 11 10 11i
10 01 00 01 10
xor((0, (1, Lo, V1) =00
- -t -7 “’P> "“
Lk «—> U
XOR function: 2 (s —> o

P = 0: The number of 1 in a stripe must be an even number
P =1: The number of 1 in a stripe must be an odd number
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Parity Function: XOR Example

00
_ BlockO Blockl Block2 Block3 Parit
stripe: ‘ X 10 11 10 11i
10 01 00 01 10

BlockO = XOR(10,11,10,11) =@

XOR function:

P = 0: The number of 1 in a stripe must be an even number
P =1: The number of 1 in a stripe must be an odd number
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Parity Function: XOR Example

XOPx(OD) (o, | (, [o)ivA\ Fw‘(eir
BlockO Blockl Block?2 BlockS@arit
stripe: [ 00 10 i 10 }Ti

10 01 00 01 10

Block0 = XOR(10,11,10,11) = 00

XOR function:

P = 0: The number of 1 in a stripe must be an even number
P =1: The number of 1 in a stripe must be an odd number
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RAID-4 Analysis ech

d’ Im/\/(a. &cﬂ- D,d-n ‘qu,“{.g_
?
1. What s Capaolty (N-1) " 8 / @_') 1ﬁ
2. How many disks can fail? 1 Lineav QZ““"“""
VA
Evecvre (ola
) Vl DL Dr& D‘F P L}_
3. Throughput* sl (D, Pl

| Sedarite: (N-1)* ¥ O 0 paa

)
§ 7
"Rand read iﬁ? 4 (%—Z\’(J
=

Rand write: R’@ g L}f'q“ O\m o/(—‘ $Q@o

C U/vvfe_c J
4., Latency’? D
P " ’Q‘f WM‘U
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RAID-4 Analysis: Random Write >

——

Random write to 4, 13, and respective parity blocks ot loye a(

Disk0 Disk1 ) Disk2 Disk 3
0 T 2 3
T 4 5 6 7
: 9 10 11
12 %18 14 15
7
tig

Small write problem [for parity-based RAIDs): R
Parity disk serializes all random writes; and each logical I/O / 1

generates two physical I/Os (one read and one write for
D parity P1) T
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RAID Level 5
8888

) RAID 0: non-redundant striping.

8888....

) RAID 1: mirrored disks.

8888@@@

) RAID 2: memory-style error-correcting codes.

5550E

) RAID 3: bit-interleaved parity.

8888@

e) RAID 4: block-interleaved parity.

=)  FEEEE

f) RAID 5: block-interleav istributed parity.
Y. Cheng
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RAID-5: Rotating Parity
[ )

Disk 0 Disk1 Dlsk 2 Dis Disk 4

| 0 @ Yfsro

) s @ @ & tffes |
10

15 14

\ 16 18 19

RAID-5 works almost identically to RAID-4, except
that it rotates the parity block across drives
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RAID-5 Analysis

pADf
(1. What is capacity? (N-1)*C

. How many disks can fail”? 1

3. Throughput?
Seqgread: (N-1) * S
Seq write: (N-1) * S

D Rand read: N * R
Rand write: ?77?

—_—

%

4, Latency? D, 2D

Y. Cheng GMU CS571 Spring 2020
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RAID-5: Random Write

\nﬁﬁ "Write
Disk 0l Disk1l Disk2 Disk3 Disk4
0 1 2 3 PO
5 6 /4 i 4
—-C0) 1 P2 8 9
15 P3 12 13 14
P4 16 1 174 18 19

Random write to Block 10 on Disk O

Y. Cheng GMU CS571 Spring 2020



RAID-5: Random Write

1. Read
Disk 0l Disk1l Disk2 Disk3 Disk4
0 1 2 3 PO
5 6 /4 i 4
11 P2 8 9
15 P3 12 13 14
P4 16 1 174 18 19

Random write to Block 10 on Disk O
4
\/\ QF('A(
L R

Y. Cheng GMU CS571 Spring 2020
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RAID-5: Random Write

1. Read 2. Read
Disk 0] Disk1 |Disk?2| Disk3 Disk4
0 1 2 3 PO
> 6 Z P1 4
@ s s
15 P3 | 13 14
P4 16 | 74 18 19

Random write to Block 10 on Disk O
1. Read Block 10

,\,L, LA;;Q( o (,_> 2. Read the Parity P2
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RAID-5: Random Write

1. Read 2. Read
Disk 0] Disk1 |Disk?2| Disk3 Disk4
0 1 2 3 PO
9 6 74 Bl 4
3. Write 11 @ 8 9
15 P3 12 13 14
P4 16 17 18 19

Random write to Block 10 on Disk O
1. Read Block 10

-3 | A ?1""‘&57@( 2. Read the Parity P2
)

( —»3. Write new data in Block 10
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RAID-5: Random Write lﬁm{f oy
1. Read 2. Read &_{

Disk 0| Disk1 [Disk2| Disk3 Disk4 Lf?l"ﬂ‘;“"
0 1 2 3 PO Swalt UG
5 6 7 P1 4 '
s e 1 @ 5 5 yap
15 P3 12 13 14 -
P4 16 17 18 19 xR

>

Random write to Block 10 on Disk O
1. Read Block 10
%(g vl 2. Read the Parity P2
Lt'(’\" 3. Write new data in Block 10
O? ——>4. Write new parity P2

—
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RAID-5: Random Write

Performance
reasoning

\A——

Y. Cheng

R > NxK
gCl
t

o
Write 1 Write 2
Write 1 Write 2 oyches P2 touches PO
Disk 0] |Disk 1| |Disk2| Disk3 |Disk4
o (O 2 3 PO
5 6 74 | 21 4
11 P2 8 9
15 B3 12 13 14
P4 16 17 18 19

_ thus N *R

N N

GMU CS571 Spring 2020

N

£s
Lt-

" Generally, for a large number of random read/write requests,
RAID-5 will be able to keep all disks busy: thus N * R

s [l

-M_AN'\_—-—\

Each randoID—S) writes generates 4 physical I/O operations:

67
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RAID-5 Analysis
1. What is capacity? (N-1)*C
2. How many disks can fail? 1

3. Throughput?
Seqgread: (N-1) * S
Seq write: (N-1) * S
Rand read: N * R
Rand write: N * R/4

4, Latency? D, 2D

Y. Cheng GMU CS571 Spring 2020
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Summary: All RAID’s

RAID-O O C*N
RAID-1 1 or N/2 C *N/2
RAID-4 1 N-1
RAID-5 1 N-1

Y. Cheng GMU CS571 Spring 2020
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Summary: All RAID’s

- Seq Read m Rand Read | Rand Write

RAID-0

RAID-1  N/2*S N/2 * S N*R N/2 * R
RAID-4 (N-1)*S (N-1) *S (N-1) * R R/2
RAID-5 (N-1)*S (N-1) *S N*R N/4 * R

Y. Cheng GMU CS571 Spring 2020
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DO Read the Textbook!

Please do read the textbook chapter “RAID”
to gain a deeper understanding of the
various analyses covered in lecture.



