WOM Models
Capacity and Constructions

Michal Horovitz and Eitan Yaakobi

Computer Science Department
Technion , Halifa, Israel

19/06/ 2016
Coding Theory Seminar




Outline

Write -once memory (WOM) models & definitions

X

« Examples for simple codes (EU -models).
« State of the art

A Capacity region

A Maximum sum-rate
« Results for non -binary:

A Capacity region

A Maximum sum-rate

« Conclusions and open problems




Flash Memory- Motivation

« A nonvolatile memory both electrically programmable and
electrically erasable .

« Adding charge to a single cell is a fast operation.

« Removing charge from a single cell requires erasing an entire
block (p mtcells).

Multilevel Flash Memory

Each cell stores one of 1) levels and can be

regarded as a symbol over a discrete alphabet

of size 1.




Write-once Memory
(WOM) Codes

Cannot rewrite the memory without an  erasure

Solution:

Write -once memory (WOM) Codes.

One of the most efficient schemes

to decrease the number of block erasures

The goal:

Maximize the total number of bits

which are possible to be written to the memory in 0 writes,
while preserving the property

that cells can only increase their level.

Introduced by Rivest and Shamir,
ocHow to reuse a write -once memoryg, 1982



Write-once Memory
(WOM) Codes

Rivest and Shamir, 1982
Ex: 2-write binary WOM code

Bits Value 1st Write 2nd Write
00 000 111
01 001 110
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WOM - Models

There are In fact four models of WOM,  depending
whether the encoder and decoder are informed  with
the memory state before encoding on each write.

J.K.Wolf , A.D.Wyner, J. Ziv, and J.Korner ,

oCoding for a write -once memory,0
AT&T Bell Labs. Tech. J., vol. 63, no. 6, pp. 108961112 1984




WOM - Models

El - Encoder Informed

The encoder reads the memory before encoding new data.
EU 0 Encoder Uninformed

The encoder doesnd read the memory before encoding new data.
DI - Decoder Informed

The decoder knows the memory state before the new data was
encoded.

DU 0o Decoder Uninformed

The decoder doesnd know the memory state before the new data
was encoded. The decoder knows only the last state

Motivation for  DI: RIO code
Sharon and Alrod , cCoding scheme for optimizing random I/O  performance ,0
Non-Volatile Memories Workshop, San Diego, Apr. 2013.

Yaakobi and Motwani, cConstruction of random input -output codes with moderate
block lengths ,0IEEE Trans. on Comm.,May 2016.




WOM - Models

El - Encoder Informed

The encoder reads the memory before encoding new data.
EU 0 Encoder Uninformed

The encoder doesnd read the memory before encoding new data.
DI - Decoder Informed

The decoder knows the memory state before the new data was
encoded.

DU 0o Decoder Uninformed

The decoder doesnd know the memory state before the new data
was encoded. The decoder knows only the last state

Example: The input to the encoder
First write: on the 2" write:

Second write: EU: a

Memory state after 15t write: 3 El: T o

Memory state after 219 write: 3 The input to the decoder

a & the encoded message on the 2" write :

. . 1L
on the 2M write. DU: u
DI JLA
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WOM - Models

El:DI 0 model 1
The easiest to solve.
Encoder and decoder know the previous state.
El:DU 0 model 2
The conventional model.
Only the encoder knows the previous state.
RivestShamir 82, Merkx &4, CohenGodlewskiMerkx &6,
Wuldiang ®9, Wud0, Shpilkad 1, GabrysDolecekd],

BurshteinStrugatski d2, YaakobiShpilkad2,
JiangLIEn-GadLangbergBruckd 3, Shpilkad4, En-
GadHuangLiBruckd.5

EU:DI 0 model 3
Only the decoder knows the previous state.
EU:DU 6 model 4
The hardest to solve.
Encoder and decoder don @ know the previous state.




e o4 o Model
WOM Definitions 1Dl
e-error and zero-error e

4-EU:DU

n
3 number of cells '@y m+  zero-error,
0 number of writes Denote: [« ha! B A "
U
.

number of messages written in the @ write.
number of charge -levels
Q the WOM model

{-.}4 the decoding error probability

The rate on &h write: 'Y ———

The sum- rate: ' B Y
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e o4 o Model
WOM Definitions 1Dl
e-error and zero-error e

4-EU:DU

An[=h® MR ], -"} A/OM code

G

Denote:

n

€ number of cells Tt Zzero - error,
‘ ' -ha BAR O]
0 number of writes [ da
5
N

number of messages written in the @ write.
number of charge -levels
Q the WOM model

{'l}4 the decoding error probablllty

The capacity region, '
(Y 8 hY) v Pe

by mgm [Elrp rﬁhv]h'WOMcode,i) ¢ ( )
(Y I8 FiY%N }o Ny
mgmE P B R WOMcode ¢ ( ),
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Binary 2-Write WOM, EU:DU-Model 4

Construction of a [clkMpit] h WOM code .

a Simple Construction h
0

¢ number of cells
¢ number of writes
olt number of messages written
on the first and second writes, respectively
¢ number of charge levels
T model EU:DU
Q  zero-error
First write:
a ternary symbol is written: 0 00 11

nm (fmhp™ mip hgm phr
Second write :

1 01 11

one more bit is written. § 2 10 11
n™ (1im)-no change,p ™ (pip)

w v ?’H
' 8 Max 8

1w
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Binary 2-Write WOM, EU:DI-Model 3
a Simple Construction o

Construction ofa [oftrrt] " WOM code.
o number of cells
¢ number of writes
tht number of messages written on the
first, second writes, respectively
¢ number of charge levels
o model EU:DI
Q  zero-error

0 000 000
1 001 110
2 010 101
3 100 011

3 Max 8
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Models

State of the art LEDL
. 3-EU:DI
Binary[ 1] Model 1 Model 2 | Model 3 | Model 4  4-EUDU
ZEero -error F he F he L L | capacity
7 -error F fa F e Fre |l | ] region
zero-error |1 1 4 i 1 L L —_ max
f-error |1 1 W i 1 « i1 « F []Sum-rate
Non-Dbinary]| 2] i
Zero-error L F ahve L L capacity
[ -error L L L L ) region
zero-error | T(’ﬁA l' T(’ﬁA L L max
Sum - rate
T -error L L L L
[1] Wolfetal. &4

[2] Fu and Vinck ®9
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Models

State of the art LEIDI
The binary case (Wolfetal. &4): 3-EU:DI
4-EU:DU

Capacity region :

; s i g B _/ Denote 6 j |
h On

spPsp MOP OB 80 60 8
Maximum sum-rate :
YROYE YR YR YR YR e e
Y 0 %?D{"QB ) B (e as 1))} — <@ X
The non- binary case (Fu and Han Vinck ®9):
Capacity region: 0 {]‘ denote O f8other models?

Maximum sum-rate :
wh wwh 3 (M P O
Yoo Yol '(&r’] p )
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6 PorO6) 6P 6P 61 of
Models 1,2,3 (EI:DI , EI:.DU, EU:DI | -error ):
The capacity region

the maximum sum-rate : 1 |

Model 4 (EU:DU):

The following region, Fqwas shown to be achievable:

the maximum sum- rate :

Models

1-El:DI

2-El:DU
o 3-EU:DI
O R 4-EUDU
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