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Storage Systems in the Age of Big Data

¢ Data-intensive applications push forward the innovation of
storage systems

> loT devices
> In-memory analytics
> Content delivery network

Y2 (inteD .
¢ Fault-tolerant storage systems gy/ i,
> RAID, flash memory BREAKTHROUGH INFRASTRUCTURE PERFORMANCE AND

MEMORY INNOVATION CONSOLIDATION PERSISTENCE

K |0 BOTTLENECKS

> Cloud storage
> Persistent memory, computational storage

¢ Distributed storage (we focus here on cloud storage)
> Low latency
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Latency-Reliability Trade-off in Storage Systems

¢ Error-correction codes are applied for recovering the data

> Short block

e Asingle extraerasure resultsina failure
e Low latency

> Long block
e High reliability
e High latency
> Occurrence of a large number of errors is rare

¢ Codes with hierarchical locality provides a trade-off between
high reliability and low latency
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Practical Concerns of Modern Cloud Storage

¢ Heterogeneity

> Skewed infrastructure: networks typically consist of
geographically separated components

> Skewed usage & error rate: data stored in the cloud are
typically from different sources

¢ Scalability

> Expand the backbone network to accommodate additional
workload, without rebuilding the entire infrastructure

¢ Flexibility
> The usage rate of a piece of data is not likely to remain
unchanged in dynamic cloud storage
e Cold databecome hot, hot data become cold
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Properties of A Good ECC Solution

¢ Heterogeneity

> Allows non-identical local data lengths and unequal local
protection

¢ Scalability

> Enables adding a new local cloud without changing the
encoding-decodingcomponents (in the generator matrix) of the
already-existing local clouds.

¢ Flexibility
> Enables dynamic split of a local cloud into smaller clouds

without worsening the global ECC capability nor changing the
remaining components

UCLA 3
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Existing Literature

¢ Generalized integrated interleaved (Gll) Codes [11(2]
> Support a large set of error patterns
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Existing Literature

¢ Generalized integrated interleaved (Gll) Codes [11(2]
> Support a large set of error patterns
> Distribution of the data symbols is highly restricted
> Local codewords are equally protected

¢ Extended integrated interleaved (Ell) Codes (3]
> No hierarchical solutionis provided

¢ Sum-rank codes 4
> Maximal recoverability and flexibility
> Field size exponential in the maximum codeword length

“Generalized integratedinterleaved codes”.
“Generalized Three-Layer Integrated Interleaved Codes”.
“Extended Product and Integrated Interleaved Codes”.
[ “Universal and dynamic locally repairable codes with maximal recoverability via sum-rank codes".
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Cauchy Reed-Solomon (CRS) Codes

¢ CRS-based parity-check matrix with minimum distance (t+1)

-1 1 1 1 4T
a1—>b a1—b a1—b, a1—b
11 1 11 2 1 1 1 t
az—bl az—bz v ag—br e ag—bt
1 1 1 1
M p— as—bi as—ba as—br as—b¢
—1 0 0 0
0 —1 0 0
0 0 —1 0
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Cauchy Reed-Solomon (CRS) Codes

¢ CRS-based parity-check matrix with minimum distance (t+1)

Cauchy matrix
-1 1 1 1 |47
a1—>b a1—b a1—b, a1—b
1 1 1 1 1 2 1 1 1 0¢
az—by  azx—bx " ax—b, "7 ax—by
1 1 1 1
M = as—bi as —02 o afs?br o as—by
—1 0 0 0
0 —1 0 0
0 0 —1 0

> Cauchy matrix of size sXt
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Cauchy Reed-Solomon (CRS) Codes

¢ CRS-based parity-check matrix with minimum distance (t+1)

-1 1 1 1 4T
a1—>b a1—b a1—b, a1—b
11 1 11 2 1 1 1 t
az—bl az—bz v ag—br e ag—bt
1 1 1 1
M p— as—bi as_bg s as—by T as—b¢
—1 0 0 0
0 —1 0 0
L L0 0 .. —1| ... 0

Negative identity matrix

> Cauchy matrix of size sXt
> Negative identity matrix of size rXr
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Cauchy Reed-Solomon (CRS) Codes

¢ CRS-based parity-check matrix with minimum distance (t+1)

-1 1 1 1 4T
a1—>b a1—b a1—b, a1—b
11 1 11 2 1 1 1 t
az—bl az—bz v ag—br e ag—bt
1 1 1 1
M p— as—bi as—ba as—br as—bt
—1 0 0 0
0 —1 0 0
0 0 .. =1 | ... 0] |

Zero matrix

> Cauchy matrix of size sXt
> Negative identity matrix of size rXr
> Zero matrix of size rX(t — 1)
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Double-Level Codes

¢ Construction of double-level accessible codes based on CRS codes

) Ikl A1,1 0 A1,2 “e 0 Al,p i
0 Ag,l Ikz A2,2 “e 0 A2,p
G = . . . .
0 Ap,l 0 Ap,2 Ikp Ap,p i
[ Aze| Bgai|...|Bgy
== 170, Z.

Auxiliary Cauchy matrix
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Double-Level Codes

¢ Construction of double-level accessible codes based on CRS codes

> Tyt Xy —@ A1 | 0 Ao || O | Ay ]
0 \Az,l CIkz) A2,2 ... O A2,p

RN

i 0 Ap,l 6\%2 - :kp Ap,p il

Identity matrices: generate systematic symbols

Auxiliary Cauchy matrix
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Double-Level Codes

¢ Construction of double-level accessible codes based on CRS codes

> T e Xy "I, |AiD| 0 [Ais | ... O | Ay, T
» Ax,x: ke X1y 0 Ah\ I,
G = _ . \\ .
0 | A1 | O 2 i
6?bcal parities
B 29| Bzi|...|Bap
r.= | 5 Z,

Auxiliary Cauchy matrix
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Double-Level Codes

¢ Construction of double-level accessible codes based on CRS codes
> lkx: kxka - _

Ikl Al,l O A1,2 .« o O ]_,
> Ay i Ky X1y 0 |(Ax)| I, |Ag2|...| O 2,p

B,y kxx8, &= | \\ S Y / |
> Uyt 8, X7 0 [@E)1 0 [y /’Ik,, App |
> Ay yi kX1, Ay = By Uy,

Generate crgss parities

.’E

Auxmary Cauchy matrix
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Double-Level Codes

¢ Construction of double-level accessible codes based on CRS codes

> t K, X - i
lkx kx kx Ikl A1,1 0 A1,2 0 Al,P

> Ax’x: kxxrx 0 A2,1 I, A2,2 0 A2,p

> By yi ki X8, G = ; . : - ;

> Ux: 5xxrx i O Ap,]_ O Ap,2 ce Ikp Ap,p -

> Ay yi ki X1y Ay, = By Uy,

¢ Erasure correction capability
> 15t layer error correction capability
odi,=1,—06,+1
> 2" |ayer error correction capability
ody i =Tx—06,+6+1
¢ §5=205.++6,
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Double-Level Codes

¢ Construction of double-level accessible codes based on CRS codes

” lkx:kxka i Ikl Al,l 0 A1,2 0 Al,p i
> Ax’x: kx er O A2,1 Ikz A2,2 .« o 0 A2,p
> By yi ki X8, G = ; . . : ;

> Uy 0, X7 A,i| 0 |A,s I, | App |

0
> Ay yi kX1, Ay = By Uy,

¢ Erasure correction capability
> 15t layer error correction capability
odi,=1,—06,+1
> 2" |ayer error correction capability
ody i =Tx—06,+6+1
¢ §5=205.++6,

=
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Double-Level Codes

¢ Construction of double-level accessible codes based on CRS codes

P K, X - i
> D th XKy Ly |A11 [ 0 [Ap ... | 0 | Ay
> Ay i Ky X1y 0 |Agy | I, [Ago|...| 0 | Ay,
> By yi ki X8, G = ; . . : ;
> Uy 8, X1, 0 [A,1| 0 [A,, L, | App |
> Ay ik X155 Ay = By Uy,

¢ Erasure correction capability
> 15t layer error correction capability
o di,=1,—0,+1
> 2" |ayer error correction capability
ody i =Tx—06,+6+1
¢ 5=08++5,

=
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Double-Level Codes

¢ Construction of double-level accessible codes based on CRS codes
> lkx: kxka

) Ikl A-l,l 0 A1,2 c e 0 Al,p i
> Ax’x: kx X1y 0 A2,1 Ikz A2,2 ce 0 Az,p
> By yi ki X8, G = ; . . : ;
> Uy 0, X7 A,i| 0 |A,s I, | App |

0
> Ay yi kX1, Ay = By Uy,

K

¢ Erasure correction capability

———

> 1t layer error correction capability —~ o
0d1’x=rx—5x+1 % /, .
> 2"d layer error correction capability / B -
o dy,;=T,—0,+6+1 g/\g
¢ 5=0,++5, 5
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Example

¢ Double-level codes

- 1 0 0 ﬁS 7 0 0 0 13 ,39 ,83 -
0 1 0 Hlo o o|pB° B¢ 1
0 0 1 62 133 0 0 0 1314 1310 134
0 0 O ,313 ﬂ3 1 O 0 ,85 /312 ,87
0 0 0| 1 /o1 0| 1 p* pH
0 0 0|pB™ B* 1o o 1| pB* B B _
1 1 1 1 7
F—F°  Fp° BpU | Fpn B> g BT B
A, | Bio As o | Bo1 238 239 2_310 3_gil 1 ﬂ4 ﬂll ﬂ6
=T : - L L P P = 2 pl4 3 10
Ul | Zl U2 | Z2 ﬁs_ﬁs ﬂ3—,39 ,33—,310 '33_,311 B4 ﬂ 139 187
i ﬁ7iﬁ8 ﬂ7i‘39 137_1’310 ‘37_1,311 i ﬂ 1 'B | 'B
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Example

T,

¢ Local parities

T

A | By

|

U, | Z:

-

1 0 o8 B2 B7||o 0 o|B® B B 7
o 1 oflr pB* pY|0o 0o o|pB*° pB° 1
0 0 1 ,8123 514 132 0 0 0 614 ,810 134
0O 0 0|8 B 1 0 O B
0 0 o|pB* pB® 1 N 7
0 0 ofp* B B+ |0 O B2l .
[ 18 19 110 11
B—B B—B B— B—
As o | Ba:1 | ﬂziﬁs ﬁziﬁg 32_16[310 ﬁz_Fﬂn .
— 1 1 1 1 -
U | Z, B3_38 B3_39 B33 _310 B3 _pB11
_ﬂ7i'38 ﬂ7iﬁ9 137_1,310 l@?jﬁll i

ﬂ5 12 7 ﬂ9
1 4 Bll ‘ 56
ﬂ2 ﬂ14 /33 1810
gt 1 g |
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Example

¢ Cross parities

1 0 0 Bs 710 0 0 13 IBQ 53

0 1 0 10 o0 o|IBY° B% 1

O 0 1 ,82 133 0 O 0 14 ,810 134

0 0 O Bll1 0 0] B° BN’

0 0 O Ig 1//lo 1 0o 1 pB*

0 0 0 g lo o 1| B2 p*\p
_\ -

A2,2 | le B2—j8 B2—9 B2—pB10 B2_p11

U, | Z Bsiﬁs ﬂsi[gg 33_1ﬁ10 [33_131r
_ﬂ7i138 ﬂ7iﬁ9 ,37_1’310 137_1311 i
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Example

¢ Messages and codewords

14 6 13
(17187527 /B 70’0) (/37]‘,07 IB ’0718 )
1 2y o1 0|1 pB* BM|o 0 ofB0 B 1
b )
0 0 1 62 614 133 0 0 0 1314 1310 134
0 0 O ,313 IBQ ﬂ3 1 O 0 ,85 /312 ,87
(8,1,0) o 0 o|lpB"Y B85 1101 0|1 pB* pH
i 0 0 O ,314 ﬁlo ,34 0 O 1 182 1814 ,83 il
1 1 e 12 7 9
T: — T, — |: A | By :| . |: Ass | Boy :| . ;2__288 ;2__299 ;2__16;100 :2__{:111 . Bl %4 ﬂﬂ” gG
1= 2= Ul | Zl N U2 | Z2 - ﬁ3;ﬁ8 ﬂ3;,39 ,33—1,310 '33_1,311 N Bi ﬂ14 IBZ 18170
| ﬁ7_ﬁ8 ﬂ7_‘39 ,37—,310 ﬁ7_311 i L ﬂ 1 'B | 'B
UCLA 7



Example: Local Correction

¢ Local erasure correction

6 13
(1,182, ,0,0)  (8,1,0, B°0,8"%)
-1 0 0 5 12 7 0 0 0 13 9 3 -
2 P B4 11 10 6 b
(1,8,8°) [0 1 0| 1 B 0 0 0 1
0 0 1 52 614 133 0 0 0 1314 1310 134
0 0 O B13 IBQ ﬂ3 1 O 0 ,85 /312 ,87
(8,1,0) o 0 o|lpB"Y B85 1101 0|1 pB* pH
L0 0 0|pB™ B B*lo 0 1|8 B“ B |
e R 3_1510 B—lfll DA
B | A1 | Bigo || Ag2 | Bag | ﬁziﬂs ﬁzigg B2_p10 | B2_pI1 . 1 p* ptt| g®
Tl_T2_|: U1 | Zl :|_|: U2 | Z2 :|_ ﬁsiﬁs ﬂ3i139 33_11310 '33_1,311 N B2 ﬂ14 133 ﬂlo
T I I T 4 1 B° | B°
ﬁ7_ﬁ8 ﬂ7_‘39 ,37—,310 '37_,311 i L ﬂ
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Example: Local Correction

¢ Local parity-check equations

6 13
(1,182, ,0,0)  (8,1,0, B°0,8"%)
- 1 0 O 5 12 7 0 O 0 13 9 3 -
1 2 b 4 ﬂu 10 6 b
( ’IB’IB ) 0 1 0 1 B 0O 0 O 1
0 0 1 52 B14 133 0 0 0 1314 1310 134
0 0 0 B13 ,39 ﬂ3 1 O 0 ,35 /312 ,37
(3,1,0) |0 0 0|B? B° 110 1 0| 1 p* pg"
i O 0 O ,314 610 ,34 0 0 1 ,82 1814 ,83 il
1 1 1 1 7] -
| | F—F°  Fp° BpU | Fpn g> B ﬁﬂ:l gz
_ _ A1,1 B1,2 _ A2,2 B2,1 . B2 —j38 B2—p9 B2—p10 B2 —p11 — 1 ﬁ
Tl_T2_|: U1 | Zl :|_|: U2 | Z2 :|_ ﬁsiﬁs ﬂ3i139 33_IIBIO 133_1,311 Bi ﬂ14 /Bz ﬂ170
i ﬁ7iﬁ8 ﬂ7i‘39 137_1’310 '37_1,311 i » ﬂ 1 'B | /B
5 12 7 7
181 4 11
,32 ﬂ14 /83
(1a6175276270707 63) 1 0 0
0 1 0
0 0 1
gt 1 B
UCLA 8



Example: Local Correction

¢ Local parity-check equations

(1,8, 8%)

(/37 ]‘?O)

T1:T2: |: Ul | Zl

A | By ] _ [

6 13
w}s% [ 1:0,0] (8,1,0, g5,0,8%)
‘0 1 ol 1 p* ﬁ“\ 0 0 05 1
0 0 1 62 514 133 0 0 1314 1310 134
0 0 0 133 1 0 /35 /312 ,87
0 0 O 1 |0 1 1 p* pH
0 0 0 B* p* o o0 g* g B
18 19 110 111 |
B—=B B-=B B— B—
A2,2|B2,1 132;138 ﬂ2;ﬁ9 _11‘;10 lgz_fgll —
U | Z, B3 38 B3_39 —g10 B3 _pIT
_[37i'38 ﬂ7iﬂ9 _1’310 ﬁ7j311 i

dla 617527 €2, 07 0 63)

UCLA




Example: Local Correction

¢ Local parity-check equations

UCLA

6 13
1} 82 ,0,0) (8,1,0, p°0,8%)
2 100 55 B142 ﬂ171 0 00 13 'Bz ﬂ3 ]
(1"3"8 ) o 10 12 ﬂ14 ﬁ3 000 14 '310 14
0 0 1|8 B B~ 10 0 0|pB" B B
0 0 0 IBld 189 IBJ 1 0 0 /35 /3142 18171
(8,1,0) 0 0 ofpB*® B 1flo 1 0| 1 pB* B
— L0 0 0|B% B p*llo 0 1| B8 B B3 _
1 1 1 1 T -
B—B5 B-p° B-pI0 | Bpll B> B2 BT |8
T: — T, — A | By :| . |: Ass | Boy ] ﬂziﬂs ﬂzigg 32_{;10 ﬁz_Fﬂn _ 1 4 gt || p°
T2 U: | Z, - U2 | Zo ﬂsiﬁs ﬂ3iﬂ9 133_1'310 '33_1,311 B2 ﬂ14 133 i~
1 1 1 1 4 9
ﬁ7_ﬁ8 ﬂ7_ﬁ9 ,37—,310 ﬁ7_311 ] ﬁ 1 'B | 'B
-,85 ﬁ12 57 n
1 184 ,811
ﬂ2 ﬁ14 /33
(176175276270707 1 0 0
0 1 0
0 0 1
8t 1 B



Example: Local Correction

¢ Local parity-check equations

(1 8,8, B'%,0,0) (8,1,0, f°0,8%)
(1,8,8%) | o 1 o 1 p* g% o0 0 g8
0 0 1 52 614 133 0 1314 1310 134
0 0 0 B13 ,39 ﬂ3 1 ,35 /312 137
(/B’ 1, O) 0 0 0 ,810 ,36 1 0 1 ,34 1311
0 0 0 1314 ﬁlO 134 0 132 ,314 133 il
= PP 3_1510 B—lfll 1 18 82 5|8
T: — T, — A1 |Bia | | A2 | Bag | ﬁziﬂs ﬁzigg B2_p10 | B2_pI1 . 1 p* ptt| g®
tTr T U, | Z, N U, | Z; N 3i 8 3i 9 3_1 10 3_1 i1 N ﬂ2 ﬂ14 ,33 510
B 1,3 B lﬂ B 1,3 B 13 I 1 9 ”
| ﬁ7_ﬁ8 ﬂ7_‘39 ,37—,310 '37_,311 i L ﬂ 'B | /3
-/85 ,812 ,87 7
1 184 ,311
ﬂ2 ﬂ14 /83
(176175276270707 63) 1 0 0
0 1 0
0 0 1
841 B
(e1,e2,e3) = (8,8, 8")

UCLA 8



Example: Global Correction

¢ Global erasure correction

6 13
(YR ,0) (B8,1,0, B°0,8%)
- 1 0 O 65 Bl2 ﬂ7 0 O 0 13 9 ,83 -
(1,8,8%) | o 1 o] 1 B* g2|o 0 o|B° B 1
0 0 1 52 B14 133 0 0 0 1314 1310 134
0 0 0 B13 ,39 ﬂ3 1 O 0 ,35 /312 ,37
(8,1,0) o 0 o|lpB"Y B85 1101 0|1 pB* pH
L0 0 0|pB™ B B*|o 0 1|8 p“ B |
1 1 1 1 -
| | F—F°  Fp° BpU | Fpn B ﬂlf ﬂ:l /32
Ai | Bip Az | Baj 3258 BZ_p% BIT_jI0 | BE_pIl 1 pB* B B
T :T — 2 2 — 2 2 —
1 2 |: Ul | Zl :| |: U2 | Z2 :| ﬁsiﬁs ﬂ3i139 33_IIBIO 133_1,311 Bi ﬂ14 /Bz ﬂ170
i ﬁ7iﬁ8 ﬂ7i‘39 137_1’310 '37_1,311 i - ﬂ 1 'B | /B
UCLA 9



Example: Global Correction

¢ Global erasure correction

‘ 6 13
(Y ,0) (68,1,0, p°0,8%)
(1,8,8%) | o 1 o] 1 B* g2|o 0 o|B° B 1
0 0 1 62 614 133 0 0 0 1314 1310 134
0 0 O lBld 139 IBd 1 0 0 ,85 /312 ,87
(8,1,0) 0o 0o ofp*° B 11/l0 1 0| 1 pB+ pH
| 0 0 O ,314 610 ,34 0 0 1 ,82 1814 ,83 il
! 8 9 110 111 | i ﬂ5 ﬂ12 ,37 59
T: — T, — |: A | By :| . |: Ass | Boy ] ;2_128 ;2__29 ;2__{;10 :2__{;11 . 1 p* ptt Bt
1= 2= Ul | Zl o U2 | Z2 ﬂ3iﬁ8 ﬂ3—,39 ,33_1'310 '33_1,311 N B2 ﬂ14 133 1810
T 1 1 ﬂ4 1 ,39 | ,37
| ﬁ7_ﬁ8 ﬁ7_‘39 ,37—,310 '37_,311 i L
(617 €2, 1827 63_7 €4, O)
11 v
_|(070707IB 7/8718)
2
— (eiaeéaﬁ veé,eila/@)
UCLA 9



Example: Global Correction

¢ Global erasure correction

1
( 71827 7O> (:Ba]- Oa /36)0318 3)'
) - 11 0 0 ,85 ,812 137 0 O 0 1813 9 133 -
(1,8,8%) [lo 1 o 1 B* pgY|lo 0o o|p*° B° 1
0 0 1 2 14 3 0 0 0 ,314 ,810 ,84
1 0 0 135 1312 137
(3,1,0) 01 0|1 p* pH
0 0 1 ﬂ2 ,814 ,33 i
1 1 1 1 7 -
| | F—FE B BpU | Bpm B° 142 B:l ﬁz
A1 | Bip Az | Baj 3258 BZ_p% BIT_jI0 | BE_pIl 1 B B
:T = = — —
Tl 2 |: Ul | Zl :| |: U2 | Z2 :| leﬂs ﬂSiﬂg '33_1'310 133_1ﬁ11 ﬂ2 :814 /33 1810
I I T I B* 1 B° | B°
| ,37_ﬂ8 ﬂ7—,39 ’37_ﬂ10 ,37—ﬁ11 | L
25 12 71 9 -
SN o es B o)
1 B B B €1,€2, , €3,€4,Y)
2 14 3 10 -
CERET A I
0 1 0 0 — (le’ . e’ 2 el e )
0 0 1 0 (Ila 27/Ba 3 47/3,
UCLA 9



Example

¢ Global erasure correction

( ’182’ ’O) (/37]‘ 07 1867071813)
L Lo o0fp g o 0 o7 A
1,8, 0 1 0|1 pB* |0 0 0 A 1
0 0 1 62 514 133 0 0 0 1314 1310 134 ]
0 0 0 ﬂ13 59 [33 1 0 0 55 512 ,37-
(8,1,0) 0o 0o0|B° B4 1|01 0|1 p* pH
~ - 0 0 O 1314 ,810 134 0 0 1 ,82 1314 ,83 i
5] a o] | B0 B2 EE|EE] [ % AR
T, =T, — 1,1 1,2 | _ 2,2 21 | _ | BT-p® pBZT_pB9 PBZ_pI0 | BI_pII _ 1 B
! 2 |: U: | Z, :| |: U2 | Zo :| ﬂsiﬁs ﬂ3iﬂ9 133_1'310 '33_1,311 Bi ﬂ14 IB: 1810
ﬂ7i138 ﬂ7iﬂ9 137_1’310 137_1311 i | ﬁ 1 'B |
—,85 1312 137 /39 n
2
12 18144 ﬂl; ﬂ160 (61762713 763_7 e470).
1/ 7 g o1 11 7
61’62’ﬁ 63’64’5) ﬂl '80 '80 0 T (07070716 7/8 a/B)
2
0 10 0 = (¢4, ¢hy B €h, ¢4, )
UCLA 9



Example: Global Correction

¢ Global erasure correction
( 7/82) ’0) (/37]‘ 07 186’031813)
-1 0 0 65 Bl2 7 0 0 0 13 139 ,83 -
(1,8,8%) | o 1 o] 1 B* g2|o 0 o|B° B 1
0 0 1 52 B14 133 0 0 O 1314 1310 134
0 0 0[p® B° A1 0 0| p° B2 7
1.0 0 0 o0|pB*® B4 1]0 1 0|1 p* B4
('BA’ ? ); 0 0 0 ﬂ14 510 54 0 0 1 [32 514 ﬁ3 |
| Ana | ﬁ—iﬁs ﬁ—iﬁg 3—1610 5—1511 [ B° 5142 ﬁﬂ:l gz
B | A1 [ B2 | 22 | B21 | B2_p8 B2_p9 B2_BI0 | B2_gBII . 1
Tl_T2_|: U, | VA :|_|: U, | Z; :|_ ﬁsiﬁs ﬂ3i139 33_IIBIO 133_1,311 N B2 ﬂ14 133 ﬂlo
T I T T B* 1 B° | B°
| ﬁ7_ﬁ8 ﬂ7_ﬁ9 ,37—,310 '37_,311 i L
_/85 ,812 7 9 A
1 54 ﬂll ﬂ6 (617627/8276376470).
2 14 3 10 -
(€1, €, % €3, €4, 8) | & 50 50 ﬂo —(0,0,0,8, 87, B)
0 10 0 = (¢h,¢h, 57, ¢y €4, )
(€1, €5, e5,€4) = (1, 8,810, B7)
UCLA 9



Hierarchical Codes

¢ Construction of hierarchical codes based on double-level codes

Fi1 | Fipo F1.p,
Foi1 | Fopo F2.po
G = : .
_ Fpo,l FPO,Q Fpo,Po _
Aw,x;i,i | B:c,a:;i | Ea:,l;z' | ‘ Ew,po;i
T:c,i — Ux,z' 7. .
x,i
Va:,i

10



Hierarchical Codes

¢ Construction of hierarchical codes based on double-level codes
> Local double-layer codes "(F1) | Fio | ... | Fipp
F‘X,]. @232> tte anpo

L FPO, /Fp0a2 ot @‘pOapa .

/ Local double-layer codes
k A:L‘,a:;l,l R 0 1A:1f;,:1:;1,p3c

x,1
T, x)— : .
n O Aa:,a:;pm,l Ikm,pm A:I;,a:;pm,pm i
A:c,:c;z',i Bx,x;i | E:c,l;z' | cee | Ew,po;i
T:L',i — U:L',z 7
V :L‘,'i
z,i

UCLA 10



Hierarchical Codes

¢ Construction of hierarchical codes based on double-level codes

> Local double-layer codes C Fiy | Fio | ... | Fuy,
° Ikx,i: Ko iXbx iy Ay xsi it Ko i XTy Foi1 | Fao | ... | Fap,
® By x;ijiRui X0y, Un it Oy i X7 - : : .
® Axxij = BxxijUx,j | Foo1 [ Fpoo | oo | Fpopo |

I, | Agz11 |---] O m




Hierarchical Codes

¢ Construction of hierarchical codes based on double-level codes

> Local double-layer codes Fi1 | Fio |...| Fip,
° Ikx,i: kx,ika,ir Ax,x;i,i: kx,i er,i G — @2,D F2,2 e @2,@
® By y.ijihyiX0yj, UyiiOy; Xy . " :
® Axxij = BxxijUx,j | Fpo,1 pg}/(' Fpo,po
> Second |ayer Cross parities / Generate second layer cross parities
O Aw,y;151 U O A:E,y;l,py
Am,y;pm,l 0 Aw,y;pm Py
Eg,1; | | Ez po;i
T:c i — U:c i
; > Z .
V:L-’z r,?

UCLA 10



Hierarchical Codes

¢ Construction of hierarchical codes based on double-level codes

> Local double-layer codes C Fiy | Fio | ... | Fuy,
° Ikx,i: Ko iXbx iy Ay xsi it Ko i XTy Foi1 | Fao | ... | Fap,
® By x;ijiRui X0y, Un it Oy i X7 - : : .
® Axxij = BxxijUx; | Foo1 [ Fpoo | oo | Fpopo |

> Second layer cross parities )
oV, i:2VxXTy; 0 m) - |0 ( Az,yilp, )

® Eyyij Ky, i XYy Foy=

¢ Ex,y;i;py+1 = Exy;is1

® Ax,y;i,j - [Ex,y;i;j 'Ex,y;i;j+1]vy,j

UCLA 10



Hierarchical Codes

¢ 1stlayer error correction capability
> dl,x,i = Tx,i — 5x,i — 2y +1

¢ 2nd |ayer error correction capability
> dZ,x,i = T'x’l' — 5x,i + 6x +1
> Ox = Ox1 + "+ 0xp,

¢ 3rd Jayer error correction capability

Ta:,i

> Local double-layer codes
® lkx’i: K iXky iy By xiiit K X i
o Bx,x;i,j: kx,ixay,j: Uy 6x,ixrx,i
® Axx;ij = Bxy;ijUx,j

> Second layer cross parities
o V, ii2yxXny;
® Ex,y;i,j:kx,ix}’y
o Ex,y;i;py+1 = Ex,y;i;l

® Ax,y;i.}' = [Ex,y;i;}" Exfy;i;}'+1]vy.j

A;r,.r;i.i ’ Ba:,a:;i ‘ Ez:,l:i l e ‘ E:z:,p();i
= Um.i )
V:L‘,i Zrz

> d3,x,i = Tx,i — 5x,i + 0 —PxVxty +1

»Y=D1Y1 T 1 Pp,Vp,

UCLA




Example

¢ Example of a triple-level code

UCLA

B 1 0 0 BS 512 67 0O 0 0 ,813 189 183 0 0 O ,83 ﬁ12 ﬁlO 0O 0 O BS ,812 ,810
01 o1 pg* g'lo o0 o0[p° B 1|00 o0|p g BJ00O0]p B B
0 0 1 ﬂ2 ﬂ14 ﬂ3 0 0 0 ,Bl4 ,810 ,84 0 0 0 ﬁﬁ 1 ﬂ13 0 0 0 ﬁG 1 ,813
0 0 0 ,813 /39 /33 1 0 0 185 /812 7 0 O 0 IBJ /312 /310 0 0 O ﬁ3 1312 1310
0 0o0|p® B 10101 pg* prlo o o0fp g |00 0| B B
0 0 O ﬂ14 IBIO 64 0 0 1 :62 514 183 0 0 0 BB 1 513 0 0 0 /36 1 ,813
0O 0 O ﬁd /312 ,810 0 0 0 IB.;S ﬁlZ ﬂlO 1 0 0 135 /312 ﬁ7 0O 0 O /313 /39 /33
0 oofp B plooolp B 01O 1 gt g0 0 0|p° B 1
0O 0 O ﬁG 1 1313 0O 0 0 186 1 B13 0 0 1 /32 /314 /33 0O 0 O /314 1310 ﬁ4
0 0 0 /85 ﬂlZ ,310 0 0 0 18.3 /812 ,810 0 0 0 /815 /39 ,Bd 1 0 0 ,85 ,812 ﬂ7
ooo0|p g Bj0oO0oO0p B pJj0oo0o0|p° g 1]0 101 g+t g

i 0 0 O ﬁG 1 1813 0 0 0 ,86 1 B13 0 0 0 B14 /310 /34 0 0 1 ﬁ2 1314 ,83

12




Example

¢ Local double-level codes

UCLA

1 0 0 Ba 1314 B{ 0 0 O IBJ.O IBv IB.) 0 0 O 133 /312 /310 0O 0 O B3 ,312 ,810
01 o1 pg* g'lo o0 o0[p° B 1foo0o0|p g Bl0o0O0]p g B
0 0 1 ﬂ2 ﬂ14 ﬂ?’ 0 0 0 ,814 ,310 ,84 0 0 0 ,36 1 ﬂl?’ 0 0 0 ﬁﬁ 1 1313
0 0 0 13 /89 /83 1 0 O 185 /812 187 0 0 0 133 /312 /310 0 0 0 /33 1312 1310
0 0o0|p® B 1010 1 pg* pH0o 0 0B g |00 0| B B
0 0 0 214 210 24 0 0 1 22 214 23 0 0 0 BG 1 ﬂ13 0 0 0 BG 1 ,813
00 0B B2 pg°l0o 0 0fp B2 g1 0 o0[p B B 00 0[BY B p
0 oofp B plooolp B 01Ol 1 Bt B0 0|p° B 1
0 0 0 BG 1 1313 0 0 0 ,86 1 513 0 0 1 132 /314 ﬁS 0 0 0 /314 1310 /34
0 0 0 ,8'3 ,312 ,810 0 0 0 ,8'3 /812 /810 0 0 0 ﬁld 139 13.3 1 0 0 ,85 1312 ﬂ7
0 0 o] pB° 5 B lo o0 of B° 5 plo o ofp*® B4 1|01 0|1 p* gt
i 0 0 O BG 1 1313 0 0 0 186 1 513 0O 0 0 314 BlO 34 0o 0 1 32 314 33

12




Example

¢ Second layer cross parities

1 0 0 B5 1312 57 0O 0 0 1313 ,89 ,83 0 0 O 133 /312 /310 0O 0 O B3 1812 ,810
4 11 10 6 9 3 9 3
8 (]j (i) ﬂ12 514 %3 g 8 8 214 /31810 ,814 g g 8 gﬁ ﬁl 51813 8 8 8 gﬁ ﬁl ,3513
0 0 0 /813 /89 /83 1 0 0 185 /812 187 0 0 0 133 /312 /310 0 0 0 /33 1312 1310
00 0o|p*® B 1|01 0|1 B+ prio o0 ofpB® B> B0 0 0B B B
0 0 O 614 ﬂlO 54 0 0 1 ,82 514 ,83 0 0 0 ﬂB 1 ﬂ13 0 0 0 BG 1 ,813
0 0 0 /35 /312 ,810 0 0 0 183 ﬂ12 /310 1 0 0 135 /312 ﬂ7 0 0 0 /313 /39 /33
0o 0 o0|pB® B pBlo o ofp® B B0 10| 1 p* prio o o|p° g
0O 0 O BG 1‘ 1313 0O 0 0 ,86 1r 513 0 0 1 132 /314 ﬁS 0O 0 O /314 1310 ,84
0 0 0 ,8'3 1812 ,810 0 0 0 ,8'3 612 /810 0 0 0 ﬁld 139 ﬂd 1 0 0 ,85 1312 ﬂ7
00 of|pB° B pBplo o ofp® B pBJ0 o0 0B B 1]0 1 0|1 4 pi
0 0 O BG 1 1313 0 0 0 186 1 513 0 0 0 B14 /310 ﬁ4 0 0 1 BQ 1314 /33
52 53 ﬂ12 510
[IB ﬁlO 68 BS — 59 133 B
BS 66 1 513
UCLA 12




Example

¢ Messages and codewords

(1,8, 8%, B2, 84, 12)
B 0 BS 1 7

(8,1,0,8°% B, 8)
,313 ,89

1 0 IB 2 B 0 0 0 183 0 0 0 ,83 ﬁ12 ﬁlO 0 0 0 BS ,812 ,810

(1,8 ﬁ2) o101 pB* pgrfooolB® B 1|00 0B B B|0O0 0B B B

7 0 0 1] p* B l0o 0 0fp* p° ploo0 o0/ 1 %00 o0|p 1 p¥

0 0 0 ,813 /39 /33 1 O O 185 /812 187 0 0 0 IBJ /312 /310 0 O 0 ﬁd 1312 1310

(5,1,0) 00 0[p9 B 1 ]0 1 0|1 B* BYlo o oflp B B|0o0o0|p BB 8

0 0 O ,61’4 gl prlo 0 1 ﬂ? g% 210 0 o] B8 1 pB¥10 0 0 56' 1 ﬂ1'3

2 0 0 0 ﬁd /312 ,810 0 0 O IB.;S ﬁlZ ﬂlO 1 0 0 135 /312 ﬁ7 0 0 0 /313 /39 /Bd
(ﬂ 0 ﬂ) 0008 B Blooo|p B Bl0o1o0o|1 p* pr|lo o ofpe gt

» 00 0|8 1 B30 008 1 B30 0 1|8 p*“ g lo o o|p" pgo g

O O 0 /85 ﬂlZ ,310 0 O 0 18.3 /812 ,810 0 0 O /815 /39 ,Bd 1 0 0 ,85 ,812 ﬂ7

(0,8,1) |o o 0| p> B B oo 0[p B |00 0|p° g 1]0 101 p* p

0 0 0 ﬁG 1 1813 0 0 0 ,86 1 B13 O 0 0 B14 /310 /34 0 0 1 ﬁ2 1314 ,83

52 53 512 510

[B BlO 68 58 — 59 ,33 B
65 56 1 513

UCLA

12




Example

¢ Middle-layer erasure correction

(8,82 ,8'2) (8,1,0,8°,8,5)

1 O 0 BS ,81 67 0 0 0 ,813 189 183 O 0 0 ,83 ﬁ12 ﬁlO 0 O 0 BS ,812 ,810
(1,8,B8%) (0 1 of 1 g pgrlo 0 0p" g 1100 0] g B 000 g 5 8
) ) 0 0 1 [32 ﬂ14 Ba 0 0 0 ,314 510 ,34 0 0 0 ,36 1 ﬂ13 0 0 0 [36 1 ,313
0 0 0 ,813 /39 /33 1 O O 185 /812 187 0 0 0 IBJ /312 /310 0 O 0 ﬁ3 1312 1310
(8,1,0) |0 0 o|p® g 1|0 1 01 p* grlo o o|p B B |00 0| B B
0 O 0 ﬂ14 IBIO 64 0 0 1 :62 514 183 0 0 0 BB 1 513 0 0 0 /36 1 ,813
2 0 0 0 ﬁd /312 ,810 0 0 O IB.;S ﬁlZ ﬂlO 1 0 0 135 /312 ﬁ7 0 0 0 /313 /39 /33

(B,0,8) |0 0 0| B g B0 o0 0B B B J0 101 g pgTlo o0 0 g
0 0o0)p® 1 p¥lo o o]p® 1 p¥lo o0 1]p g% pPlo 0 0]p* g0 p
O O 0 /85 ﬂu ,310 0 O 0 18.3 /812 ,810 0 0 O /815 /39 ,Bd 1 0 0 ,85 ,812 ﬂ7
(0,8,1) |o o 0| p> B B oo 0[p B |00 0|p° g 1]0 101 p* p
0 0 0 ﬁG 1 1813 0 0 0 ,86 1 B13 O 0 0 B14 /310 /34 0 0 1 ﬁ2 1314 ,83
52 53 512 510
[B BlO 68 58 — 59 ,33 B
65 56 1 513

UCLA
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Example

¢ Middle-layer erasure correction

(8,82 ,8'2) (8,1,0,8°,8,5) _

1 0 0 BS ,81 67 0 0 0 ,813 189 183 0 0 0 ,83 /312 ﬁlO 0 0 0 53 ,812 ,810

(1,8 ﬁ2) o101 pB* pgrfooolB® B 1|00 0B B B|0O0 0B B B
) ) 0 0 1 [32 ﬂ14 ﬂa 0 0 0 ,314 510 ,34 0 0 0 ,36 1 ﬂ13 0 0 0 [36 1 ,313
0 0 0 ,813 /39 /Bd 1 O O 185 /812 187 0 0 0 133 /312 /310 0 O 0 ﬁ3 1312 1310

(5,1,0) 00 0[p9 B 1 ]0 1 0|1 B* BYlo o oflp B B|0o0o0|p BB 8
0 0 O ﬂ14 ﬂlO 64 0 0 1 :62 514 :83 0 0 0 56 1 513 0 0 0 /36 1 ,813

0 O 0 ﬁd /312 ,810 0 0 O IB.;S ﬁ12 ﬂlO 1 0 0 135 /312 ﬁ? O 0 0 /313 9 /33

(ﬂz,o,ﬂ) 0008 B Blooo0]p B Bl01 0|1 p* Brloo ofp° g 1
0 O 0 ﬁG 1 1813 0 0 0 186 1 B13 O 0 1 132 /314 /33 0 O 0 /314 1310 ﬁ4

0 0 0 ﬂd ﬂu 1310 0 0 0 /’ 11 o7 o) 0 0 /81.5 [39 ﬂd 1.0 0 ﬂs ﬂ12 ﬂ7

(0,8,1) [0 0 0| g £ B |0 00 ,J+(BV ’ﬁ,u’ﬁ)d 0o o[g° B 1]0 1 0|1 p* g4
0 0 0 ﬁG 1 1813 0 0 0 186 1 B13 0 0 0 B14 /310 /34 0 0 1 ﬁ2 1314 ,83 |

52 53 512 510

(8 g0 |8 |=] 8 B B

5 B> 1 B

(619/37/32a62a633/312)

+ (8%,8',8")

+ (8,67, B)

= (€}, B, 5% €5, €5, B)

UCLA 12



Example

¢ Middle-layer erasure correction
(NS ,6'2) (6,1,0,59,514,5)
1z T 0 13 ,89

10 0 bm 0 0 183 0 0 O 3 /312 /310 0O 0 O 3 ,812 ,810

(1’5,ﬂ2) o101 p* g*lo o o0ofB° B 1|00 0B B B|0O0 0 g B B

0 0 1 ﬂ2 ﬂ14 ﬂ3 0 0 0 ,Bl4 ,810 ,84 0 0 0 ,36 1 513 0 0 0 56 1 ,813

0 0 0 /B.Lo /Bu /Bo 1 0 0 135 ﬁ12 187 0 0 O 133 /312 /310 0 0 O /33 1312 1310

(B 1 O) o0 oflg® B 1|0 1 ofl1 B BrT|o o o|p B B |00 0| B BB 8

) ) 0O 0 O 14 10 4 0 0 1 :82 514 :83 0 0 0 ﬂG 1 ﬁ13 0 0 0 /36 1 ,813

5 0O 0 O % 0O 0 0 IBJ /BLA ﬁlu 1 0 0 135 /312 7 0O 0 O 13 9 /33

(ﬂ ,O,ﬁ) 00 o0lg B B|oo ofp B B|lo1 o] 1 p* B0 o0 o|pO° B 1

0 0 0 BG 1‘ ;313 0O 0 0 186 1r B13 0 0 1 132 /314 ﬁ3 0O 0 O /314 IBI? /34

0 0 O /8.5 1812 ,810 0O 0 0 ,8'3 612 /810 0 0 O 13 139 ﬂd 1 0 0 ,85 1312 ﬂ7

(0, IB, 1) 000 Z i /813 000 IB: IB3 13 000 iz /318160 ﬁ14 0 10 Bl2 13/3144 %131
00 oflg8 1 B3|lo o ol 1 g2llo 0 o]|g 0 0 1

52 53 ﬂ12 510
(B g ]| B |=|8 B B
65 56 1 513

':617/89/32a €2, €3, /812:'

+|6°,87,67°)

+ BB P)

= (€1, 8, 8% €3, €5, B)

UCLA 12



Example

¢ Middle-layer parity-check equations

1 0 IBI.S IB.S 0 0 0 ﬂ3 ,812 ,810 0 0 0 ,83 ,812 ,810
(1,8 ﬂ2) 010 B ﬂﬁ 1100 o0|pB B pB|0o0 0B B 8B
L 0 0 1 BM ﬂm ﬂ4 0 0 0 B6 1 ﬂ13 0 0 0 56 1 ,313
0O 0 O 0 0 0 ﬂS /312 ,310 0O 0 O /33 1312 1310
(6,1,0) |0 0 o 0008 B Bl0oo0o0|p g 38
0 0 0 0o o0B 1 pB¥lo o0 o0ofp" 1 p3
0 0O 1 0 ol B pB* B0 0 o|p*® B> pB°
(82,0,8) |0 0 0 01 0] 1 p* go o oflpe g5 1
0 0 0 0 0 1 ﬂ2 ,814 ﬂ3 0 0 0 ,814 ,810 184
0 0 0 0o 0o o|p”® B2 p°l1 0 of B> B2 p°
(0,8,1) [0 0 o 00 o0fg® g 1|01 0|1 pg* pu
_0 0 0 0 0 0 B14 ,810 ﬂ4 0 0 1 /32 ,814 183
52 ,33 512 1310
1 3° 12 7 917 10 38 8 | _ 9 3
181 4 131811 gG [ '8 '8 ﬂ ] g5 B gs 181 131813
(e1.B,8%, ¢, e, B) |8 B* 8’| B”
1 0 0 0 [ 2 12
0 1 0 0 613/37/8 ,62,63,,3
L0 0 1 0 |

UCLA

- (Iellaﬁa/jé) 6’2) eéa/jJ
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Example

¢ Middle-layer parity-check equations

(1,8,8% 82,6, 8") (B8,1,0,5%, 64, B) ]
) L 0 o|pg g% prlo 0 0p" g g0 0 0)p pEFYI0 0 05 52 L0
(1,8,87) o o tla 5 o o ol s sl ool 1 oaslo o ol 1 am
0 0 0 ,813 /39 /Bd 1 O O 185 /812 187 0 0 0 133 /312 /310 0 O 0 ﬁ3 1312 1310
(8,1,0) |0 0 o|p® g 1|0 1 01 p* grlo o o|p B B |00 0| B B
0 0 O ﬂ14 ﬂlO 64 0 0 1 :62 514 :83 0 0 0 56 1 513 0 0 0 /36 1 ,813
0 O 0 ﬁd /312 ,810 0 0 O IB.;S ﬁ12 ﬂlO 1 0 0 135 /312 ﬁ? O 0 0 /313 9 /33
(ﬂz,o,ﬂ) 0008 B Blooo0]p B Bl01 0|1 p* Brloo ofp° g 1
0 0o0)p® 1 p¥lo o o]p® 1 p¥lo o0 1]p g% pPlo 0 0]p* g0 p
(0 ﬂ 1) 0 0 O 5; ﬂl: g 10 0 0 ﬂ; 51; g 10 0 O gi; gz g>l1 0 o B ﬁ; ﬂﬂ;
1o o o| B B g |10 0 o| B B B |0 0 0 1 /0 1 0] 1
) ) I 0 0 0 ﬁG 1 1813 0 0 0 186 1 B13 0 0 0 B14 /310 /34 0 0 1 ﬁ2 1314 ,83 |
g BT B =
4 11 6
(e' 3 ﬁz o el 5) 12 514 Bs IB'Blo 65 56 1 613
15 M ’» ©29 23
(::l) ? 8 8 (619/37/32a62a633/312)
o 0o 1 0 | + (8,84, 8"%)
A / 10 7 +(511,ﬁ7,5)
= (1
(e1, €5, €5) = (1,8, B") = (€}, B, B eb, €5, B)
UCLA 12



Heterogeneity

¢ Parameters

> (ny1,N12,N21,N2,) = (10,11,10,10) ¢ 1%t ]Jayer error correction capability
» (n31,n32,N33,N3,4) = (12,12,12,12) » dyxi =Txi— 0xi— 2Vx +1

» (ki1 k12, ka1, k22) = (6,6,7,7)

> (k31,k32,k33,k34) = (9,89,9) ¢ 2nd Jayer error correction capability
» (11,2 T21,72,2) = (4,5,3,3) »dyxi =Txi—0xit0x+1

> ('rg'l, T3'2, T3'3 ,7‘3‘4) — (3,4‘,3,3) » 6x - 6)6,1 + e + 6x,px

» (01,1,612) = (821,022) = (L,1)

>80, =06, =08;1+06;,=2 ¢ 3rd Jayer error correction capability
> (63,1, 63'2, 63‘3, 63’4_) = (1,2,1,1) » d3,x,i - rx,i - 6x,i + 6x - px}’x + y + 1
»03=1+2+1+1=5 »Y =p1V1t ot PpoVp,

> (Y v2,v3) = (L%, %)

>»y=2-1D+2-(%)+4-(%)=5

. 2 312 2/2 2 2 2
¢ Unequal error protection 6 7|5 5|8 8 8 8
9 109 911 11 11 11

UCLA



Scalability
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Scalability

¢ Add a cloud to the existing network

UCLA 14



Scalability

¢ Add a cloud to the existing network
> Step 1: parameter selection

e Cloud 4 choosesits local parameters

U000

OO0
% L0

UCLA
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Scalability

¢ Add a cloud to the existing network
> Step 1: parameter selection Ass| Bui|Bus|Bag

e Cloud 4 choosesits local parameters T4 = Uy |

> Step 2: information exchange
e Uplink —

|
)

miB; 4

Cloud 1 =—

UCLA 14



Scalability

¢ Add a cloud to the existing network

> : '
Step 1: parameter selection [ Ass| Bay |Bas|Bags

e Cloud 4 choosesits local parameters ~*~ | Uy |
> Step 2: information exchange
e Uplink — =
e Downlink —
: Cloud 3
3
Clong 2)14 D43 S m;B;4
B =
42427 Cloud Cloud 4
myB, g
=] (Coud1) &S
-
— -
-

UCLA 14



Scalability

¢ Add a cloud to the existing network

> Step 1: parameter selection
e Cloud 4 choosesits local parameters
> Step 2: information exchange
e Uplink
e Downlink
> Step 3: update =
e Local cloudi addsmyB, ;U;

to its original parity
e Local cloud 4 computes its

parity m4A4,4 + 2?21 m;B; .U, =

UCLA

Cloud 3
Cloud 2
Cloud Cloud 4
- Cloud 1 = =
—
o e
—

14



Scalability

¢ Add a cloud to the existing network

> Step 1: parameter selection

e Cloud 4 choosesits local parameters

> Step 2: information exchange
e Uplink
e Downlink

> Step 3: update

|

e Local cloudi addsmyB, ;U;
to its original parity
e Local cloud 4 computes its
paritymyA,, + Y7o, m;B;, U,
> Local parameters of other
clouds remain unchanged

UCLA

[ Asa | Bai |Bao | Bag

Ty =

Uy |

Cloud 3
Cloud 2
Cloud Cloud 4

= ("Cloud 1 = =
-

-

14



Flexibility

UCLA
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Flexibility

® The data of a local cloud become hot

UCLA 15



Flexibility

® The data of a local cloud become hot
> Splitthe cloud into two smaller clouds

U000

000 j‘%‘,

L

UCLA
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Flexibility

¢ The data of a local cloud become hot
> Splitthe cloud into two smaller clouds

Ikl A1,1 0 A1,2 0 A-l,p
0 | Aoy | Iy, | Agp 0 | Agp
G = . . : .
_ 0 Ap,l 0 Ap,2 Ikp Ap,p i
. A:v,ac ‘ Bm,l | | Ba: P
e v Z.

UCLA 15



Flexibility

® The data of a local cloud become hot

> Splitthe cloud into two smaller clouds
e Divide matrices G and T, into blocks

T AT T O0—Ar O—Arp
. Of | A31 | I, | A2 0 | Ay,
| 0 Aq,l 0 | App Ikp App |

UCLA
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Flexibility

® The data of a local cloud become hot

> Splitthe cloud into two smaller clouds

e Divide matrices G and T, into blocks
e Reorderthe blocks

_9—_
G — Ik2 A.2,2 .. . O A.2,p |
0 Ap,2 Ikp Ap,p i
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Flexibility

¢ The data of a local cloud become hot
> Splitthe cloud into two smaller clouds

e Divide matrices G and T, into blocks
e Reorderthe blocks and obtain new

matrices T,a, T,», G
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Flexibility

¢ The data of a local cloud become hot
> Splitthe cloud into two smaller clouds

e Divide matrices G and T, into blocks
e Reorderthe blocks and obtain new
matrices T,a, T,», G

e Other clouds remain unchanged
> Erasure correction capability

e Old clouds: remains unchanged

A.la’]_a — Al 1 [ ]_ ’r'l]
Blb,la:All[ 1+1 ki,1: 5a] G_ I, | Ao | ... | 0 | Agy
AlblbzAll[a—I—l kl,,r1—|—1 ’r‘l] : ' :
| b 0 | Appo I, | App
Bla,1b=A11[ 7“1—|—1.r1—|—51],
Us — Uy [L: 8812 p8], r.. - [
U =U, [024+1:61,78 +1:70]; T, = [
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Flexibility

® The data of a local cloud become hot

> Splitthe cloud into two smaller clouds

e Divide matrices G and T, into blocks
e Reorderthe blocks and obtain new
matrices T,a, T,», G
e Other clouds remain unchanged
> Erasure correction capability

e Old clouds: remains unchanged

e New clouds:rya — 6 a, 7, b — 8,b (1 — 0y in total) l

Ajaja=Ay;[1:kT,1:77],
Blb,la:All[lJrl k189,
Alb,1b=A11[3+1 ki,, 78 +1:m],
Bla,lb:Al]_[ r1+1.'r1—|—5]f],
U?:U1[1.51,1:r?],
U?=U1[5f‘+1:51,r?+1:r§’];

T, |Azz | ...| O

A2,p

0 |Ays|...|Ix

T,» —

Apap
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Outline

¢ Introduction
> Latency-reliability trade-off in storage systems
> Heterogeneity, scalability, and flexibility

¢ Preliminaries
> Existing literature
» Cauchy Reed-Solomon (CRS) codes

¢ Constructions
» Double-level codes
> Hierarchical codes
> Properties

¢ Conclusion
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Conclusion

¢ Main contribution
> Proposed CRS-based codes with hierarchical locality

> Showed that our construction achieves scalability,
heterogeneity and flexibility, which are critical for practical
cloud storage

> Proved that our construction requires a field size linear to the
maximum codeword length

¢ Future work

> Extend erasure-correction to error-correction, which is useful in
novel SSD solutions for multi-task-oriented applications, such as
autonomous driving, where latency and reliability are both
important
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Q&A

Thank you!
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