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EEB Concept of This Work

Flash Memory Summit

 Train network in data center with GPUs

* Store weight data and infer on Edge devices
Store weight data ~— Inference (use weight) ~

in SSD _
. Edge Device Proposed SSD —
dlate we ) Selfrving car | [~ 020

(regulate weight) | > - Wear-leveling etc...
( )

= > J £ TLC NAND flash memory
n ‘ ‘ (store weight data)
-

l, Load .
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(L]

Welg ht data Errors occur
k Data Center j frO m SSD Layer-by-layer Adaptively Optimized
Flash Memory Summit 2018 k Error Correcting Code (LBL-ECC) j
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I:'EB SegNet Architecture

Flash Memory Summit

« SegNet [2] is deep convolutional encoder-decoder
architecture for semantic pixel wise labelling

# Convolution + Batch Normalization + ReLU
Input images [3] ¥ Pooling Layer NupSampling Layer " Softmax

Convolutlon Deconvolutlon

|

Save
[2] V. Badrinarayanan et al., TPAMI, vol. 39, pp. 2481-2495, Dec. 2017
[3] M. Cordts et al., CVPR, pp. 27-30, Jun. 2016 Welght
data

Output images [3]
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Importance of Weight Data
* Importance of weight data is different among layers
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B Low-Density Parity-Check (LDPC) ECC

Flash Memory Summit

 LDPC ECC corrects errors gradually by repeating
LDPC ECC decoding [4] g vessures eex

-D- LDPC decoding time

Ex.)

Max iteration = 30 Read data 1Ynm, TLC NAND flash, @150degC,
in conventional v Data-retention time =4 days, Ny, = 200 120
LDPC decoder Calculate LLR 3 —
Set iteration=0 — B ErrsmmsmsmsassasEnanaas PECTET TR TN TPTTTTPT T P pap—— %
. = @)
lteration++ ' S -60% | P
o] LDPC decode | o 2 -82% S
No IEIS -93% S—.
- -98% M =]
s OK?2 > 1 | No 5
Yes Yes o v error pd
Output Output error = /T ¥ l =
read data corrected data 0 L A 1., ———l 0~
LLR : Log Likelihood Ratio 0 1 5 10 15 30
Flash Memory Summit 2018 Number of iterations

Santa Clara, CA [4] S. Tanakamaru et al., IRPS, pp. 3B.3.1-3B.3.6, Apr. 2015. 8
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Concept of Proposed LBL-LDPC

« Layer-by-layer LDPC (LBL-LDPC

c
O A\
T |3
o
e

N

il

N
=a
S

40

A~

Strength of proposed LBL-LDPC
Tolerant error

Weak
Outer layers are
more error acceptable

cycle
i

AN

Low
Deconvolution
A

Convolution
A

.N.H.H.ﬂ.n.n.n.n.ﬂ.”.”.N. |

N,

~N © I ¥ M N +H O

(0T x) Y39V ‘@red Jo41e-11q 8|qe1daddy

¢ L AU029(
| | AU0O298q
¢ ¢ AuU0%9(g
| "¢ AU0d298Qg

£7¢ AU023(
2 € AU099(
| "€ Auo29(

€ § AU0D9
Z ¥ Au029(g
| § AU0o29 g

€ AU0DH
¢ ¥ AU0H
| " AU0Q
€ € AU0D
Z2 € AU0H
| € AU0H
¢ C AU0H
| ¢ AU0p
¢ | AU0H
| | AUO)

Z T®T TAU0D2Q
Z 2¢®T ¢Au02aQ

T €AU023(Q
Z £AU023(Q
€ eAu029(
T vAU023Q
Z vAU023Q

€ pAU0D
Z vAU0D
1 #AU0D
€ eAuo)
Z SAU0)D
T €AU0D

] ¢ ¢®T ¢AuoD
271317 1AU0D

€ pAuODaQ -

\

Inner layers express
extracted features

Flash Memory Summit 2018

Santa Clara, CA

J



EEB Performance of Proposed LBL-LDPC

Flash Memory Summit

« LBL-LDPC decreases iteration count without

- Iterations :
accuracy decline (Layerl, Layer2, Layer3, Layer4)
0.9
Reco nition Success
§ 0.8} a—nnreneenoo-reve g;" ........................ ﬁ ..... -+ Conventional
s 0.7F (Max iteration : 30)
S 0.6F > Proposed LBL- LDPC
S 04t « | < Proposed LBL-LDPC
S 0.3} 1Ynm, TLC NAND flash, (5,15, 30, 30)
S 0.2} @150degC Proposed LBL- LDPC
3 (5, 15, 15, 30)
$ 0.1f Nye=200 , 19, 15,
0 ,

Flash Memory Summit 2018 2 4 6 8 10 12
Santa Clara, CA Measured BER ( X 10'3) 10



EEB Performance of Proposed LBL-LDPC
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 LBL-LDPC reduces decoding time by 14%

100
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O 4 -3% -14%
£ g0 |
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o 80 }
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— /70 . :
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EEB Result of Proposed LBL-LDPC

Flash Memory Summit

* Proposed LBL-LDPC decreases decoding time by
14% compared with conventional LDPC ECC

\

Proposed LBL-

Conventional LDPC (5, 15, 15,

LDPC

LDPC ECC
decoding time

30)
& 14% N

96 us ‘ 83 us

Flash Memory Summit 2018
Santa Clara, CA
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Conventional Asymmetric Coding(AC)

« At high V4, states, many errors occur
« Asymmetric Coding (AC) [5] increases A-state to

minimize total errors

1Ynm, TLC NAND flash, @150degC
Data-retention time = 4 days,
Write/Erase cycles (N,y,z)=200

-~ 3

o_=...-...-..I'I.I'I.H.

Erase A B C D E F G
V., -State

N

Measured BER (a.u
H

Flash Memory Summit 2018
Santa Clara, CA

[5] S. Tanakamaru et al., JSSC, vol. 47, no. 1, pp. 85-96, Jan. 2012.

#of cells AC Vqy distribution

| EraseA B C D E F G

Nnntnan ».

Upper 1 O<->1
Middle 1 1<—>0 O++1 1++O
Llower 0«1 1 1 1«<0 O 0

Increase “A”-state (AC)
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. Conventional Asymmetric Coding(AC)

Flash Memory Summit

* Flip all bits if “0” is more than “1” and append “1" as

flag
Encode AC Decode AC
CL -4 Add fJag bit CL - 4 flag bit
1{1lo]1 1{1{o]1][0 1|1{of1]lo 1]1]of1
Viddle |1|ololo of1]|1]1||1 Middle lol1|a]1ll1 $ 1{0]0lo
ower |1]1]0[0 Ojof1j1]{1 Lower |ojo]1|1]l1 11110l0

User AC AC encoded AC decoded
data encoded data data data

Flash Memory Summit 2018
Santa Clara, CA 15



Concept of Proposed LBL-AC

Flash Memory Summit
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EEB Performance of Proposed LBL-AC

Flash Memory Summit

* Acceptable data-retention time increases by 3.3 times

-3 Conventional No AC w/ LDPC ECC (iteration = 30) _ _
-0- Conventional AC2 (CL : 4) w/ LDPC ECC (iteration = 30) T+ Proposed LBL-LDPC w/o AC w/ 30 iterations

Proposed LBL-AC casel (protect central 6 layers) > Proposed LBL-LDPC (5, 15, 15, 30)

w/ LDPC ECC (iteration = 30) . Proposed LBL-AC case2
¢ Proposed LBL-AC case2 (protect central 4 layers)
w/ LDPC ECC (iteration = 30) — 1Ynm, TLC NAND flash,
0.9 S @150degC
> s -
§ S . | Nwe = 200
o
o T 3.3x k
(&)
< i W= serrrersreersreersreers x,':_.nx/x ...............
IS g 1 x—*"" |
S| ©
S 0.2 1vnm, TLC NAND flash, L
& 0.1} @150degC, Ny = 200 0 . L .
0 . . .
0 5 10 15 20 2.3 4 5
Measured BER (X 10?) Data-retention time (day)

Flash Memory Summit 2018
Santa Clara, CA 17



EEB Performance of Proposed LBL-AC

Flash Memory Summit

« LBL-AC reduces data-overhead by 26%

30
<)
S
S Lo AT
5 J -19% -26%
o 20}
o
o
> 15
o
g 10t
©
o 5}
L
L 0 : .
Conventional Proposed Proposed
(All CL=4) LBL- AC LBL- AC
Flash Memory Summit 2018 Case 1l Case 2

Santa Clara, CA
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Result of Proposed LBL-AC

* Proposed LBL-AC decreases data-overhead by 26%
compared with conventional AC

Conventional

Conventional ACw/ | Proposed LBL-AC w/

time

LDPC ECC Conventional LDPC | Conventional LDPC
LDPC
decoding time 96 MS 96 MS /( XQG MS
Flag data
overhead rate 0 % 25 % -26% 19 %
Acceptable v
data-retention | 1.0 day 3.3days 3.3x 3.3days

Flash Memory Summit 2018

Santa Clara, CA
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EEB Summary of Proposed LBL-ECC

Flash Memory Summit

« Summarize proposed LBL-ECC method

Proposed SSD
SSD-controller

- Proposed LBL-ECC

- Proposed LBL-ECC -
Proposed ‘Wear-leveling Proposed
LBL-AC encoder LBL-AC decoder
‘Bad block management R
ey ‘Interleaving 1
Proposed ‘Logical-physical Proposed
LBL-LDPC encoder address translation | |LBL-LDPC decoder

TLC NAND flash memory
>, (storeweight data)
Errors occur®”
Layer-by-layer Adaptively Optimized Error Correcting Code (LBL-ECC)
Flash Memory Summit 2018 Layer-by-layer Iteration-Optimized LDPC (LBL-LDPC)
Santa Clara, CA Layer-by-layer Code-length Adjusted Asymmetric Coding (LBL-AC)

21



EEB Performance of Proposed LBL-ECC

Flash Memory Summit

* Acceptable data-retention time increases by 3.3 times

0.9
0.8 ¢

o o O
[$ - JIEN

o
N

1Ynm, TLC NAND flash, @150degC
[ Nye =200

Recognition Accuracy

© © 0o
kN W

o

0 5 10 15

Measured BER (X 103)

Flash Memory Summit 2018
Santa Clara, CA

-0 Conventional LDPC w/o AC
w/ 30 iterations

- Conventional LDPC
w/AC2 (CL : 4) & 30 iterations
Proposed LBL-LDPC (15, 15, 30, 30)
+ Proposed LBL-AC case 1

-O- Proposed LBL-LDPC (5, 15, 15, 30)
+ Proposed LBL-AC case 2

CL : Code Length
case 1 : Protect central 6 layers
case 2 : Protect central 4 layers

20
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EEB Result of Proposed LBL-ECC

Flash Memory Summit

* Proposed LBL-AC decreases data-overhead by 26%
compared with conventional AC

time

Proposed Conventional LBL-AC Proposed LBL-AC
LBL-LDPC | w/Conventional LDPC | w/Proposed LBL-AC
LDPC -14%
decoding time 96 ps 96 ps 83 ps
Flag data 7 v
0 0 - 0) 0
overhead rate 0% 25 % 26% 19%
/7
Acceptable P ‘ﬁ\
data-retention 1.0 day 3.3 days 3.3 3.3 days

I

Flash Memory Summit 2018
Santa Clara, CA
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3.3 times

Conclusion
* Proposed LBL-ECC extends data retention time by
Proposed
_ Proposed LBL- LDPC
Conventionalf g .| ppc | (5, 15, 15, 30) +
LDPC (5, 15, 15, 30)| Proposed LBL- AC
Case 2
LDPC
decoding time 96 us 83 ps 83 ps
Flag data
overhead rate 0 0 19%
Acceptable
data-retention| 1.0 day | 1.0 day 3.3 days
time

Flash Memory Summit 2018
Santa Clara, CA
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Thank you for your attention

This work was supported by JST CREST
Grant Number JPMJCR1532, Japan
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B Soft-decoding LDPC

Flash Memory Summit

* Log-likelihood ratio (LLR) is required for LDPC decoding.

------- 7-times sequential reads

4 )

Veerr VRerr /
- = w LN ] \ /

Likely to be “1” <4mm———=m) Lijkely to be “0”

.
A
E

Decoding information for
Soft-decoding LDPC ECC (LLR)

Flash Memory Summit 2018
Santa Clara, CA [6] C. Kim etal., Symp. VLSI Circ., pp. 196-197, 2011. 28



B Error Prediction (EP-) LDPC

Flash Memory Summit

« EP-LDPC is 7-times faster reads than Soft-decoding LDPC

BER BER [LR LLR LDPC
estimation calculation decoding

Vy information( X 7) LLR(1) = In{BER/ (1-BER)}
* V71H ~ -
BER is estimated from _{ « Inter-cell coupling info. LLR(0) = In{(1-BER) / BER}

some factors of error * Write/Erase cycles (Nyg)
* Retention time

Flash Memory Summit 2018

Santa Clara, CA [7] S. Tanakamaru etal., JSSCC, pp. 2920-2934, 2013. 29



I:'EB Advanced Error Prediction (AEP-) LDPC

Flash Memory Summit
« TLC NAND Flash memory is sensitive to program disturb errors

 AEP-LDPC can correct more accurate and efficiency by considering
with program disturb

VREFl VREF?

| EP-LDPC[7] |

Considering with
only data-retention error

| AEP-LDPC[g] |

Considering with
program disturb and
data-retention error

Flash Memory Summit 2018 [7] S, Tanakamaru et al., JSSCC, pp. 2920-2934, 2013.
Santa Clara, CA [8] T. Tokutomi et al., IEEE IMW, pp. 99-102, 2014. 30



