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Flash Memory

Page P

Block B

0101 1011 0010 V
1101 1001 0101 1010 UPXTE (P)
1111 1100 0100 1011

Q000 0000 0000 0000
| 0000 0000 0000 0000

Cell & 0000 0000 0000 0000
Ase \\3
(8) 0000 0000 0000 0000 W*

0000 0000 0000 0000

Each cell represents one bit (initially 0)
Read/Write pages quickly

Erase before Write (no Updates)
Erasing blocks is slow




Punch cards

o T80
*Lomminr

|
TarcwenT | ' TORTRAN STATEMENT ‘Il"nuns-

0000000000 0o o 0o 00s00000000000000000 ' ““: 0000000600000008000 000

l'lllicvlnuu‘ucn\.;u-sv|.'.-.....-\ IR RN ! ) e 4] ¢ §1 S8 M SHAREROHUOEITRGENRIDUBENINND

'?"""""llllil:"'l"1"]T‘ REREREEN il SERERERRERE RN R NRI RN (REN
|

22222 222)272’2’12213:"77'vvvv-'":::”’;:r-tv-v“rﬂ""'*'"‘227272-2?22292222222

31’3333L33JJ33333“3]33.’3»oV..r.w;:r.:.':«;ﬂ;:;.i«,..ri»..i.l,w-.ui\n 3 3 33333'33333'3]
| |

444444&440«;4444:::4444¢ 44444t aaaaataqadd 4:44444:4444444444:;
ﬂsssﬁsPl |<33335%s|5| 3 5555555555555565°¢ 56 5 ".:;:55555555555555'55'5
,f'rsfaurssusss|seaea
1111 h?}?;?)?
4aasﬂzk|s|3|s|s|as|3|ss 885 §838853888888863 528888 58066688688 aaaal
B89 9895999999359999599995959953939999999999899599999999¢ aaa99903395139°slsl

M2y sslspryvnnusnun t:_-:.-.:'_.:'~:' AN XN CDNDLTN: s ay - e RARN RIS &S SINTIA |
. a3t

|

Cannot “unpunch”




Write-once memory (WOM)

Memory is initialized to “0”s
Can only be updated to “1”s

Motivation from a theoretical viewpoint of concurrent
algorithms:

e WOM has no ABA problems

ABA is hard to overcome
need n-1 bounded registers to detect ABA
[Aghazadeh and Woelfel 2015]




Write-once memory (WOM)

Memory is initialized to “0”s
Can only be updated to “1”s

Motivation from a theoretical viewpoint of concurrent
algorithms:

* WOM is used by several implementations

Sifters
[Alistarh and Aspnes 2011]
[Giakkoupis and Woelfel 2012]

Conflict detectors [Aspnes and Ellen 2014]
Max registers [Aspnes, Attiya and C-H. 2012]




WOM codes

e Goal 1: allow fast updates




WOM codes

 Goal 1: allow fast updates

Save extra space for additional updates

Write 11 then 10
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WOM codes

 Goal 2: Update with a small space overhead




WOM codes

 Goal 2: Update with a small space overhead

Can do t updates of m bits in less than mt space
[Rivest and Shamir 1982]

Write 11 then 10

Data First Second
Write Write

00 000 111
01 100

11




Concurrent WOM

* With concurrency?

Suppose pl writes 11 and p2 writes 10
(So p1 writes 001 and p2 writes 010)

Then p3 reads

Data First Second
Write Write

00 000 111
01 011
10 101
11 110

But 011 corresponds to 01
as a second write
(which was never written)




Our Results: m bits, t writes

* Single-Writer-Multi-Reader
one write: m+1 space
erasable one write: m+2 space
t writes: 2m+t space




Our Results: m bits, t writes

* Single-Writer-Multi-Reader

(1+0(1))t space for t=w(m2™),
amortized step complexity O(n2™) for write, O(2™) for
read




Our Results: m bits, t writes

Single-Writer-Multi-Reader

(1+0o(1))t space for t=w(m2™),
amortized step complexity O(n2™) for write, O(2™) for
read

Multi-Writer-Multi-Reader
(2+0(1))t space for t=w((m+logn)n®2™),
amortized step complexity O(n?2™) for write and read

unbounded space,
amortized step complexity O(logt+m+logn)




Tabular WOM

<« [=0(m) = < m >

1110000000000000 T
1000000000000000
k=0(2™)

l

k
value = (Z Alilincrement - Ali].count ) mod?2”

i=1

increment = (v — value) mod 2"




Tabular WOM

<«— (=0(m) > < m

1110000000000000
1000000000000000

Single-Writer: update count after increment
=2 New value is committed when setting a single bit




Tabular WOM

<«— (=0(m) > < m >

1110000000000000 T
1000000000000000
k=0(2™)

l

Multi-Writer: use reduction of [Israeli and Shaham 2005]
Uses n SWSR objects =2 space per write could be O(n)




Tabular WOM

<«— (=0(m) > < m >

1110000000000000 T
1000000000000000
k=0(2™)

l

Multi-Writer: use reduction of [Israeli and Shaham 2005]
Uses n SWSR objects =2 space per write could be O(n)
Solution: use single table, allocate rows dynamically




Tabular WOM

<«— (=0(m) > < m >

safe-
agreement
1110000000000000 T
1000000000000000
k=0(2™)

l

Multi-Writer: use reduction of [Israeli and Shaham 2005]
Uses n SWSR objects =2 space per write could be O(n)
Solution: use single table, allocate rows dynamically
[Borowski et al. 2001]




Tabular WOM

<« [=0(m) = < m >

safe-
agreement

1110000000000000 T

1000000000000000
k=0(2™)

l

Solution: use single table, allocate rows dynamically
[Borowski et al. 2001]
safe-agreement objects can get stuck, interleave n objects




Max-Register Based WOM

‘ switch=1

A

SWSR: T

Write value at node of timestamp,
read value of max timestamp
=» non-blocking

switch=0

. v

write (v)




Max-Register Based WOM

SWSR: A switch = 0
Use HELP array ) g
=> wait-free )
ARAAEEEEEE

t

write (v)




Max-Register Based WOM

‘ switch=1

MWMR: A switch=0

Use HELP array
(all writers help all readers)
= wait-free

write (v)




Discussion

* Algorithms for concurrent WOM

Open questions:
Combine low space and low time overheads?
Stronger primitives?
* Test-and-set (non-resettable)




