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Motivation and Background(1/2)

O Application scenarios using similar vector matching (SVM) operations

Feature Vector

Qﬁﬂ B Feature Vector

Extrg:tion E gﬂ ﬂ Extrg:tion : i ?’;E‘é%"
Similar Vector ¢4 ﬁg Similar Vector & 2 PIae L

Matching

ANDA

l.)'E Magﬂng i t ;?égg

. . tlﬂ;,:. ) 5!1 I;;- l._
N face images in T 2§ -UW

VGGFace2 dataset [1] - Yy W Various product dataset [2]
Similar face images
Application 1 — Face Search Application 2 — Product-like Search
O Requirements for SVM operations on cost-effective edge devices: gyyrce
1. Shorter execution time [1] Q. Cao, FG2018
2. Better energy efficiency [2] A. Veit, ICCV2015
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Motivation and Background(2/2)

Feature Vector Extraction Similar Vector Matching
(Al Model, e.g., FaceNet [3], MobileFaceNet [4]) (Similarity Computation)

/Processor DRAM Feature Vectors)Store the entire ﬁ @
_ [ o Vrayw dataset ii
ﬁ@ : 3 Sl e
V dataset VRAW dataset Processor DRAM
RAW
ﬁ Al Model J
Online > |:> ©0 +¢ © Heavy Similarity Computation
VIN_RAW I/ (e.g., Euclidean distance,

cosine similarity)

o Von Neumann Architecture based Solution: Data movement
across memory hierarchy from storage to the processor and

system bus [5] due to the request of the entire VRAW dataset

Long search-latency (tsg) w/ significant memory-access energy (EMEM)S
ource: W&
3] Q. Cao, FG2018
[4] A. Veit, ICCV2015
[5] C. Xue, ISSCC2021

Info.

Name : Lenna
Gender : Female
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Challenge of SVM applications on Al edge devices

--=1 Challenge 1 : Long Search Latency

N
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/
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1 B Valid Data Movement 0O In-Memory Computing | > , :
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O Long search latency due to large invalid data movement, e.qg., “Partial dataset of VGGFace2

moving enormous invalid dataset, and swapping infrequent-

(8000 photos w/ 100 people)

use data because of insufficient main memory capacity.
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Proposed nvCIM-based Solutions

Feature Vector Extraction Similar Vector Matching
(Al Model, e.g., FaceNet [3], MobileFaceNet [4]) (Similarity Computation)

/Processor DRAM

Vs dataset ) Store the entire Ve a & i i N

Lul =% and Viyppy dataset

O O eee O

Vinpex dataset || - {L Less Data processor DRAM
ment

ﬂ Fh storage Mov
00 : >

> - nvCIM-based Less Similarity Computation
: |:>VINPUT Q +++ 0  Vector Matching (e.g., Euclidean distance,
cosine similarity)

VIN.RAW [0 O ==+ O]

O Nonvolatile computing-in-memory (nvCIM) based Solution [9]
1. Move the similar Vyayw dataset
(Reduce the entire data movement across memory hierarchy)

Info.

Name : Lenna
Gender : Female

2. Parallel in-memory vector-vector multiplication (VVM) Source :
(Reduce amount of intermediate data) 3] Q. Cao, Eg2018
] . [4] A. Veit, ICCV2015
3. Co-work (not replace) with processor 5] C. Xus, ISSCC2021
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Challenges of 3D NAND-based nvCIM

o= Challenge 2 : Low Readout Accuracy [----- ~

(1) Y I L \E
| © S (|'Hve | Challenge 3 : Large Readout Power
O 3 v - J° - LAl SO
| ¥ T\V1V1§1 OJ()\/(VO\ I):>O - S | ! Consumption of Peripheral Circuits |
| Vi | 4 SUAEL | i A Extra Power _lcg E
i Z[(i) ILVt + (131K o i) IHVt] E i DO_ IARRAY(ISUI\/I) i
) : : ........................................ :
| T Current overlap ] lkgepfor CSL
| 3 /Xf\ | regulation i
E | . =
| > 1 Summation Current |
\ Summation Current ;1 lest = larrav(lsum) + lkeep ;
O Low readout accuracy caused by wide O Large readout power consumption of
range Vi -level of NAND cells peripheral circuits due to wide range

current summation
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Overview of Proposed 3D NAND-based nvCIM

O Pooled Sampling

m Mitigate massive data movement, and reduce
computing latency for filtering invalid data

o 16KB BlLs w/ Selective-BL Read
Operation 3D NAND Array
m Achieve VVM operation and remove peripheral » Vector Mapping for Pooled Sampling
weighted circuits » 1-3-3 Gray code w/ Buffer-Zone (BZ133)
O 1-3-3 Gray Code w/ Buffer-Zone (BZ133) lsum
= Support Vraw and Vinpex storage yy 16KB PB w/ Selective-BL Read
m Enhance sufficient signal margin for current 7 =
summation > Dynamic-Feedback Current Summation |
O Dynamic-Feedback Current Summation (DFCS) Scheme +ADC
(DFCS) Scheme Summation
m Achieve a constant settling time against a wide lsum Vsum Value (8b)
range of summation currents — DFCS ADC ”
m  Reduce power consumption of peripheral circuits \ y
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Pooled Sampling (1/3)

O Basic Similarity Computation
e Euclidean distance(VA - VB)

N N N N
= |Vy — V| = Z(Ai—Bi)2 = EAf + z BZ — Z(Z A;{XB))
\ = \ =t i=1 i=1
e cosine similarity(\_iA - VB)
Va-Vg YiL1 AixB;

” A”X” B” N AZ x /Z}ilBlz *N: #dimensions

» After feature vector extraction, every feature vector has the same vector length due to
the normalization procedure (e.g., L2-normalization).

- YN AZ YN BZ >These terms can be ignored
- YN A;xB; >Compute the vector-vector multiplication (VVM) only

The more significant VVM result means the more similar vector.
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Pooled Sampling (2/3)

O Mapping multi-VVM in one physical
page for pooled sampling

Vineur * Vinpex o + - + Vineur * VinDEX K BI k
= Vinpur * (Vinoex_o + -+ Vinoex k) A Vinpex PooOl /.

= one pool result (summation value) Blocko ﬁ ~V /
INDEX_0 INDEX

The more significant pool result means the more -~ j | r\ J
similar pool. WL9; ——] S
One Vgaw (32b floating point) is a 512- : g | /
dimension vector using FaceNet or WLO 545 e :
MobileFaceNet in our case. GSL L‘ 5 5
Software (e.g., principal component WL Driver Pa
) ge Buffer (PB)
analysis (PCA)) can support to generate (WLD) %’ Others ///x /Lé e

VINDEX (unsigned 4b unary integer) and
VINPUT (unsigned 2b unary integer), 128-
dimension vectors.

Input Vector & ~ “>DFCS +ADC
(Vinpur) 131,072 bItS (16384B)
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Pooled Sampling (3/3)

O Flow Chart of Pooled Sampling

Software
Offline
Raw Vector ( VRAW) & __ | Map VinpEx in one virtual : = = o )
[ Dataset ]—'ln A0 (7 o] nage for pooled sampling Encode Vi 4y and Vinpey 1 Offline : End
CIM-based
. No_~End pooled Pooled Sampling
Online y sampling?
= Perform VVM in 3D
[ lnpUt QUery]_> lnPUt Vector (VINPUT) N NAND Chip Yes
: Return Vi 4y Of top- ( — _ )
Record top-600 pools 600 pools Online : End
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3D NAND-based nvCIM Technique-1

/. ;

O 16KB BLs w/ Selective-BL Read ./ Blocky N
Each BL supports a single-bit multiplication SSL3 P
and generates the cell current accordingly. SSLO /J

5760 (15x3x128) BLs can achieve a single WL95 || ]
2bIN-4bW VVM [6]. :g

131,072 BLs (16KB) can achieve maximum WLO ,,g

22x 2bIN-4bW VVM. Vegsos [ 2 :
Source : O Y4
[6] H.T. Lue, IEDM2019 T
Data of | Voltage Stress | Data of Input x e N 2
— . — nput =1 ) Input =0 )
VINPUT of NAND Strlng VINDEX Index (lCELL) B2 ol
0 VCSL - VCSL HVt O MBLE HBi
0 Vest- Vst LVt 0 SET BLC,
BLC BLC
1 Vg, -V HVt | o PLYTBLg(V
BL- VesL HVt @ SEN_L L £ 'Blo (Va)
1 VeL- Vest LVt vt L T leeLi (lve) )L
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3D NAND-based nvCIM Technique-2

o 1-3-3 Gray Code w/ Buffer-Zone

(BZ133)

- Adds a buffer zone to the TLC cells’ V,
window

- Atight distribution of I\,
- Atiny ratio of I/l i

- Deploys one Vgeap level for VVM and
three Vgeap levels for read operation.

Conventional 2-3-2 Gray code

" Er A, B : C,D,E,F : G i

D | ' a | i

g T\ (/0\i/0\3/00\ /00 /1) i/1)\ /1 g
T\ 1\ 00 /1 A1\ 0 \Y0 v
1 M1 Yy1y0yYO0yO0yoyH1 LS

H 2VRreap VReao ! VReaps | Veass

M 3Vreap Vreapt ! Vreaps  VReaps !

L 2Vrenp g VREAD? VReADS
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L 1VREAD (OV) VREAD3
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© a AT AN LA
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3D NAND-based nvCIM Technique-3 (1/3)

O Dynamic-Feedback Current Summation (DFCS) Scheme

m  Achieve a constant settling time (tpeggn) @gainst a wide range of summation
currents

m Reduce power consumption of peripheral circuits

. t lost t lost = lsum * lkeep s lkeer =0
= | o tuax (MINIsyy ) "2 fEn g |
) /‘ toesien = tuin S |iiﬂp |:> g |§8kﬂ
i t tuin (MAX sy ) /] . -
o N e TUM X Extra Power Current Current
% L ) Conventional Design DFCS Design )
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3D NAND-based nvCIM Technique-3 (2/3)

O Dynamic-Feedback Current Summation (DFCS) Scheme
- Before performing VVM operation, DFCS supports the initialization

of 3D NAND.
Biocky ] A Initialization
l._t__,,..,»Blocko ﬁ <_ S -v
o Bl BL (- : : :
/55 ﬂ[ ] 'é Unselécted WL
ssty [ [, |
T KEEP WL : :

Vi w thi é : her | —————  DFCS @_» Summation Value (8bits) Seleched VV'— :
e 7l — — \ csL Regulatlon
ey ‘ | OF REG o e

@9 oL 4 KEEP Detector 8bit
DFCS +ADC COM1 IV'MIR :

CSL ~ VRes 0 T .
VRer :l>
. = “ADC_EN 5
DF Detector | - Mgie On: Vg
Mwiro i Mg OFf :Vest
VREGMIR0 @ '
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3D NAND-based nvCIM Technique-3 (3/3)

O Dynamic-Feedback Current Summation (DFCS) Scheme
- DFCS maintains the equation log = Ipis = lkeep + Isyu till the end of

the operation.

- Once CSL settles, the 8b ADC quantizes Vg, as a pool result

for pooled sampling. | VVM operation

-

Unseléected WL
Selechged WL

Bocky 1 A
) Blosk: //Zﬂ 5
- BL, BL (1
SSLS Yy’ - 3
ssi /J ﬂ
il I | V
o TS E ol M prcs  —ADC
—— It csL L g
sarsrto UV e
VReaps Iy "-‘ "1‘,7 / DE
5,/ Detector
DFCS +ADC CSL C?M1 Ve MMIRI(j
Vrer :[> h'_l_

CSL Regulatlon
REG :

@ 8hit

ADC EN  los __: T~ 12 W

.

0 0 . Qd
COM; maintains =
Vrec — Vrer < Vi vep

o
-
o
-

DF Detector maintains 5
lkeep = Ikeep max — (Isum * Ikeep)/B.

© 2022 IEEE
International Solid-State Circuits Conference

) ~ feedback regulataon Ma e On:V
DF Detect e
e e(:\/lor b_ CI BL : MBLE Off . VCSL
MIRO ls. _{\ e
VRegMro — Vs () é — \
Flos JH ADC_EN__ 1

7.5 : A 512Gb In-Memory-Computing 3D NAND Flash Supporting Similar Vector Matching Operations on Al Edge Devices 17 of 27



Outline

O Motivation and Challenges of 3D NAND-based non-Volatile
Computing-In-Memory (nvCIM) for Similar Vector Matching
on Al Edge Devices

O Proposed 3D NAND-based nvCIM scheme
m Pooled Sampling
m 16KB BLs w/ Selective-BL Read Operation
m 1-3-3 Gray Code w/ Buffer-Zone (BZ133)

m Dynamic-Feedback Current Summation (DFCS) Scheme

O Performance and Measurement Results

O Conclusion

7.5 : A 512Gb In-Memory-Computing 3D NAND Flash Supporting Similar Vector Matching Operations on Al Edge Devices



Simulation Results

O DFCS minimizes the power consumption by 1.3x~1.9x compared to the
conventional solution

O A combination of pooled sampling and DFCS enable a 7x energy
reduction compared to the conventional solution.

— Solution w/ constant Iyggp O Pooled Sampling
16 - — Solution w/ DFCS 5120 4 @ Veaw Data Readout
—— ©
S5 12 = 100
S >
s 8 o 80
= W 60
o 4
] % 40
0 . . : . . . 2 20
0 100 200 300 » 0
Summation Current (a.u.) Conventional Proposed
solution solution
*at TT 25°C
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Simulation Results

O For system level simulation, the proposed solution reduces the data

transfer time by 14.3x using 20 I_/}NDEX as a pool & returning the VRAW of
top-600

350 - - 95%
== L
T 300 - 7
= / 94%
o 290 A / ................ » 93.39%
S 200 - / 9B% =
LN :
g MO~ / 14.3x o - 2% 3
C ' X
S 100 - / ducti . 33.3x <
50 - / e reduction e guction - 91%
7 “em Y
0 7/ RN [ —_— | 90%
Conventional 20 V,ypgx/Po0l 20 Viypex/Pool 16 Viypgx/Pool
solution & return the & return the & return the

I_/R aw Of top-600 I_/R aw Of top-450 I7R ay Of top-300

*w/ VGGFace?2 dataset (170K)
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Testchip Photo and Summary

T ek’ P T R bt L

[

Plane 1 Plané§9

Plane? A7 ‘Plang2« « %

Back side

© 2022 |IEEE

Technology | 512Gb 96-Stacked-WL 3D NAND
Main Array 512Gb (TLC)

Chip mode Storage/VVM

VCC 2.7~3.6V

VCCQ 1.8V

Array (3644 + 292) blocks/4plane
Page Size 16384 B + 2048 B

Block Size 18432 KB + 2304 KB

tR (TLC/SLC) | 107us/50us

VVM Latency | 50us (w/ 8bit ADC)
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Measurement Results

O Use FPGA and logic analyzer to measure waveform and BZ133
VVM operation  Request ADC value  VVM operation  Request ADC value

CLE
ALE
RBB
CEB

0010 0001
(a dissimilar pool)

Page address 01.1(.) 0000 e
—e— W/ BZ133 —e— wioBz133 (@ similar pool) s
& ADC output w/BZ133  ~®* ADC output w/o BZ133 ,,f
10000 - - 300 ‘g
— 1000 - 250 = a;vaA
-] 200 & '
S =)
@ 100 A 150 ©
&)
= o 100 9
= 50
1 0
1
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Measured Performance & Demonstration

O The proposed solution achieves 47x shorter search latency and 43x
lower energy consumption with the VGGFace2 dataset.

B Pooled Sampling @ Data Movement
B Compute A Energy
- — Move the entire
e © 20 . - 30
= @ Vra dataset .
~ = 16 4 2
S s 43x g
S 12 - 30 B
%] o
o L
R 8 L - 20
TR % Output the similar cs%
o> 4 Ve aw only - 10 @
— %)
O _______ = A ﬁ_-.y__- 0

Egde system Egde system
(Conventional) (Proposed)
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Conclusion

O nvCIM is a promising candidate to overcome the von Neumann bottleneck.

O Features of proposed 3D NAND-based nvCIM macro
m Pooled Sampling

Reduce the computing latency and data movement for filtering invalid data
m  16KB BLs w/ Selective-BL Read Operation

Achieve VVM operations and remove the peripheral weighted circuits
m 1-3-3 Gray Code w/ Buffer-Zone (BZ133)

Enhance the sufficient signal margin for current summation
m  Dynamic-Feedback Current Summation (DFCS) Scheme

Reduce extra power consumption of peripheral circuits against a wide range of summation
currents

O The fabricated 512Gb 3D NAND-based nvCIM macro achieves:
m  Measured 50us for VVM operation @ 2bIN-4bW-8bOUT

m  Measured 43x energy-efficiency and 47 x search latency improvement w/ the VGGFace?2
dataset (170K)

© 2022 |IEEE

International Solid-State Circuits Conference 7.5 : A 512Gb In-Memory-Computing 3D NAND Flash Supporting Similar Vector Matching Operations on Al Edge Devices



