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Introduction & Background: Application
Scenarios

Who are the main visual search providers?
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Introduction & Background: Generally Algorithm

Processor & DRAM

ﬁ@i Compute

L2 distance

T lxq — w;ll5 = llxqll* + llw;ll* — 2(xq - wy)

O The first two terms can be pre-calculated in one pass over the vector xq and matrix w;. That is,
the online bottleneck is to calculate the last term, i.e., (xq - w;), which is equivalent to the
multiple vector-vector multiplications (VVM)

O After feature extraction in some Al model [2,3], all vectors could have the same vector length
due to the normalization procedure (e.g., L2 normalization).

[ (xq - w;) could become the only computation of L2 distance ]

Source : [2] Q. Cao, FG2018, [3] A. Veit, ICCV2015
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Introduction & Background: Conceptual
System

Extract feature vector via Al model [2,3] Process vector similarity search (VSS)

(Offline: weight feature vectors; Online: input query (feature vector)) (e.g., Compute L2 distance, Sort the results)
Processor & DRAM Store the entire dataset Processor & DRAM

. q___\ Move out the
Offline ﬁ@ii &7 %‘1 Iﬁﬂa entire dataset ﬁ%ii
'

=EEETEESE

TEEEFE% Weight feature vectors | BSGIEREL >
15 P < 0 e 7 K —
Onlln? % /@ y Compute m
n % Swap infrequent-use data )~ L2 distance
Al model o | | ID / Info.

Input query (input feature vector)

lxq — wll3

von Neumann-based solution
Input query: xq

O Von Neumann Architecture-based Solution: Data transferring across memory hierarchy from Weight vector: w

storage to the processor [4,5]

@ Long search latency (tsr)
@ Large search energy (Esr)
Source : [2] Q. Cao, FG2018, [3] A. Veit, ICCV2015, [4] C. Xue, ISSCC2021, [5] H. Hu, ISSCC2022
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Challenge-1: Insufficient DRAM Capacity

O With the grOWing dataset, |nSUff|C|ent Feature Extracton =~ miData Movement  =Data Swap Search e Total Execution Time
DRAM capacity over edge devices leadsto 5, . CelebA(-20K) VGGFace2 (+170K) WebFace (-500K) =
= m — B B = = = = e S e T e R e R e O == o
frequent “data movement” and “data 3= 5% - B _=S S ===z =:c=% = =Z| 5
@ = ¢ = = = = =100 o —
e : X0 5% {9 R A = * =S === SR
swap” during the search procedure we T . . ®$ S-S 83 === E = S} T o
<= 2% A P S = ===EE== = E
: S 0 = = = 2=
= (4) Compute L2 distance, and (5) sort top-k % Te s oo = 2]e = a]lo = o]0 = 2le = o 2V °F
results: overkill of using relatively powerful e D e
processors FaceNet |MobileFaceNet|] FaceNet |MobileFaceNet] FaceNet |MobileFaceNet

Processor & DRAM distances (similarities) Feature Extracton ~®mData Movement =Data Swap ~ Search & Total Energy Consumption

CelebA (~20K) VGGFace2 (~170K) WebFace (~500K)
_100% 12 = - = = = = = m = = = = = = 10000 _
= 75% A - = | Z =Z F = = = 2 = = - =
> ~—

. m = = = = % % = = - 100 D c
Compute TR B EEEEE

: a J * = = = ==~/==Z =7
L2 distance g o 8 = IR s &
3 0% —1 001 B2
) [72] . o
=S 2 Y g2 T 2|12 T gl T gl T g2 T 8 = a
8 d @ sl @ &|ld & s|lad &£ s|lad &€ s|lad & « )

= = = = = =

||xq — Wl”% FaceNet [MobileFaceNet] FaceNet [MobileFaceNet] FaceNet |MobileFaceNet

Input query and weight are 512-dimension vectors
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Challenge-1: Insufficient DRAM Capacity

O With the growing dataset, insufficient Feature Extracion =~ m Data Movement  =Data Swap Search e Total Execution Time
i ' ~ VGGFace2 (~170K WebFace (~500K
DRAM capacity over edge devices leads to 5 100% - :CefbA_( 20K) _ Y ace=(: ) _ Mebh =( . )=_10000 .
frequent “data movement” and “data 3= 5% - ™ - FESEZ=EZE:Z:Slw 3
5o 2o 5% e e B Z =3 M ==3%23%°=3=x @
swap” during the search procedure SE s 2L e *sZ e =SS+ dp
: = 0 . = m B = - m = = s E
= (4) Compute L2 distance, and (5) sort top-k = 0% T2 oo = o s oo < 2o = 2o = 2 001 SF
results: overkill of using relatively powerful =2 S s2|t T 2T %2
processors FaceNet |MobileFaceNet|] FaceNet |MobileFaceNet] FaceNet |MobileFaceNet
, TR Feature Extracion ~®Data Movement = Data Swap Search & Total Energy Consumption
NAND VWMresults (S|m|Iar|t|es) CelebA (~20K) VGGFace2 (~170K) WebFace (~500K)
Controller chips ?100% 1B 5 =" B = = = g = = = = = = = = 10000 .
Ty =T 5% 1, sElEs5§=25s5255f0 B2
cS %1 & | * e ®* $ S8 === =S S S 2 S 2
S 3B g0 - = = EF == === =} 1 S e
L = 25% * B = 8 = @ 5 = = - E
‘ S 3 0% B BB EE =, &3
storage 2 £ o v o|le v olo v o|lo v ofle v ofe v of T 25
(xq : Wi) FaceNet |MobileFaceNet] FaceNet [MobileFaceNet|] FaceNet |MobileFaceNet
Compute L2-distance, & sort top-k results: Input query and weight are 512-dimension vectors

@ Nice to process in storage
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Challenge-2: In-Storage VVM Computation
over Conventional Storage System

O Conventional storage system is von Neumann

. e ~
architecture. On demand to compute VVM in |( Storace A /O Pending Transferring
storage may face two major bottlenecks Controgl’ler NAND NAND NAND NAND
= Transfer data between NAND chips and i chip chip chip chip

controller NAND - .
®  Correct data through ECC decoder Controller
g L\ ) NAND Interface Bottleneck )

4 )

i 1 /f N\
© Nice to process VVM in NAND — —
& Must tolerate error bits while Controller NAND NAND| | NAND') | | NAND
. . Reliable Data | chip chip chip chip
computing VVM in NAND VAND 1 f f '
g ||| controller - ) Raw Data with Error Bits
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Challenge-3: 3D NAND-based Analog
Solution

O Prior analog-based works aim to
implement VVM operations in 3D 3D NAND-based nvIMC Type @ [6] 3D NAND-based nvIMC Type @ [7]

Input Quer D led t path
p Y y ecoupled current pa A

NAND array
4 Numerous specific function bIockD Output
(e.g., ADCs, input decoder) = |\pp QYLD Output-0
. . . .4
tight-pitch design overhead ("BlockN BL; /374 BLy ™ 7BlockN BL,
| (Block 0 (Block 0
@ Fixed decoupled CSL or decoupled
Cell Cell
Current

current path - peripheral design Current
overhead & limited segmentation

flexibility

@Unary data (i.e., thermometer
code) for weighting and error bit

tolerance > extremely wasteful
\_ NAND cell utilization JU

Digitized
Output-N

Digitized  Input
Output-0  Query

[6] H. Lue, IEDM 2019, [7] P. Wang, T-VLSI 2019

5B.3 ICE: An Intelligent Cognition Engine with 3D NAND-based In-Memory Computing for Vector Similarity Search Acceleration
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Design Goals: ICE w/ 3D NAND-based Digital
nviMC

Extract feature vector via Al model [2,3] Process vector similarity search (VSS)
(Offline: weight feature vectors; Online: input query (feature vector)) (e.g., Compute L2 distance, Sort the results)
Processor & DRAM Store the entire dataset {Contm”er " A.NDI e |t Processor & DRAM
Offline '%. p— 11, chies results
sEE mES ﬁ@ii (similarities)
e s Welght feature vectors
] Lo P ¥ 4

L2 distance

~No Data W

Movement ID / Info.

Input query: xq
Weight vector: w

ml N d|g|tal nV”VlC — T
Al model for VSS

von Neumann architecture Input query (input feature vector) (xq - wy)
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Design Goals: ICE w/ 3D NAND-based Digital
nviMC

Extract feature vector via Al model [2,3] Process vector similarity search (VSS)
(Offline: weight feature vectors; Online: input query (feature vector)) (e.g., Compute L2 distance, Sort the results)
Processor & DRAM Store the entire dataset 1w A.NDI e |t Processor & DRAM
Offline '%. e 1, chips results
e =\ ' ' ’ (similarities)
e s Weight feature vectors
1 P < e B . - ‘
. —_ 3D NAND-based ~Compute fimited

I M
:EI Intelligent Cognition Engine (ICE) targets to:

@ Compute VVM in 3D NAND and output the most similar answer : Reduce data transferring across memory
hierarchy xXq

@ Offload the computational burden of the processors: Reduce amount of intermediate data of DRAM
@ Deploy multiple NAND chips for VVM computations: Enhance the computing parallelism

@ Tolerate error bits without ECC’s support: Maintain computing reliability

@ Prevent wasteful NAND cell utilization and enhance computing flexibility

@ Prevent large design overhead: Enable mass production capability
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Proposed Architecture & Workflow
Overview-1

Cognitive 3D NAND Die Array
- -(Die3, D)
(m A
Host Interface DIeP(PIane 3 — N
CE System A A
. e gt Q Major designs
ssto [ [
Global Data L% i i) g G5 = |CE system controller
Cogpnitive Buffer o . .
3D NAND W0 1 e e onee = Bit error tolerance (BET) data encodin
« osL |0 [ PRIl /cst
Controller [ — T vbeiots = .
3 Z S == ® A combo sensing in page buffers
= :Fg I 2
3= o m ’ ioi
Acombo sensing =111 Tow’s complement (TC) digital accumulator
in page buffer &
= =
TC Digital Accumulator B
<+—» Control Path ~
<+— Data Path L\ J
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Proposed Architecture & Workflow
Overview-2

Trigger program

Offline | Raw Weight Vector(s) Cognitive 3D NAND Die Array
+(Die 3, N )
Host Interface 3)
(Die 0( Plane 3 14T
Convert raw weight| | (Plane 0 Lo /|- /| Blistor1 )
ICE System 0vector ssL, /,[A ssL,
Controller  —geT- based A IWL9%
Organize program | Weight Vector(s) : :
procedures and SSLo :
repeat @and@ | Global Data W% T
i Buff =S
Cognitive uner wo [, [,
3D NAND f os 10 [ @a| ||
Controller 58 1 L Vectorls -
eTransferBET-based = ® s
weight vector(s) to Q= =
chips sequentially S| [
0 2
o

operations of each
chip sequentially

< (Control Path
< Data Path

TC Digital Accumulator

L9

oo

Online | A RawnputQuery Cognitive 3D NAND Die Array
f (Input Vector) - N
-(Die 3, N\
| Host Interface || (Di ]
D'ef)( Plane 3 711
Convert the raw (Plane 0 B%[ /J BListort )
o e || A F 5
A BET-based L%
Organize search Input Vector ' :
procedures and T SSLo ,'_‘;p_
WL96 |z =
repeat @and@® [ 10121 Datg e
Cogpnitive Buffer wwo |3 [0
3D NAND st [0 [oeeesei@ gl ||
- eig —
Controller c § LL Vector(s N
Broadcast the BET- <zt 5 T ’ E
?asedr:nphﬁ vector | = ,BET-based Weight Vector(s 0 o
P >PB o |
= Trigger BET- -
= based VVM with LS [
parallelisms <': 128

TC Digital Accumulator

i Get VVM results and sort

the top-K categories

\-

: e
o
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Proposed Circuits Overview

. . M )
Q Combo sensing in page buffer for Die 0 lane 3 — i
bitwise multiplication Plane 0By, /] 7| Blriwr
4 : : ) A,
@ Reuse the logic-AND functions g _ <
without area overhead e i © Combo Sens'g‘E 5 ] Data-10 path per BL
- # HC [+ } | [ | B >
@ Extra logic-AND latency '@_::E\ f — @\ LogicanD Enabe
. J TG Weight @) 1| | | Sense Circuit GTLC data
LL T Vector(s) ! decode | |2 (Input Data)
- | B A 4 " DL (Weight Data)
— g o CDL = L2 AND DL
Q Two’s complement (TC)-based # BET-based Weight Vectoris) @) & | |, Z g
digital accumulator for bitwise Tho BET-based nput ector_ [ 6al 1
accumulation )/
2128 W@ TC Digital Accumulator N
@ Flexible segmentation nP  TC Digital Accumulator G| Input Streams | coymulate the same R Invert partial products &
. . . i ' late multiple partial products
@ Minor modifications i 32 128 weighted partial products |_> accumu }
N v
‘\ ,|Add bias to get the :-. |
\‘ _ Weighted final VVM result | VM .
| Weighted-ACCl - pcc H Results [ [ovvmz
‘\ _Enable I control 4 )
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Bit Error Tolerance (BET)-based VVM: a

a) Reshape one weight vector:

Toy Example : Input (1,-1) , Weight (-3,1)

X | 4 ﬂ Wi 1olo ﬂ

0011 [ /gm Yo 1101 1]/ gim
X1 Xo Wy Wy Wy

Input binary data Weight binary data
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Bit Error Tolerance (BET)-based VVM: a

a) Reshape one weight vector: Split it into one even vector & one odd vector, flatten them by order, and then merge
them back together as a BET-based weight vector

Toy Example : Input (1,-1) , Weight (-3,1)

4 )
X w
M |1 1J W 1010 ﬂ even vector unary even vector
X O[T Zgim [ Yol V1O T Adim win [ w.o [g TSP Bi
X1 Xo Wy Wy W W — 8
Input binary data kWeightbinarydata ) W) | 0 W)| 0|0 N
W W10 W(1)000010
odd vector unary odd vector
Win)| 0 | 1 >W(1)0010 % Wy Wy Wi 0 wo 0
|
Wy 111 Wol 1(1]1]0
Wy Wy Wy Wy Wo 0
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Bit Error Tolerance (BET)-based VVM: b

b) Unfold every dimension’s multiplication into multiple single-bit multiplications

Dimension-1: x4y dot w Wot W, w;+0 wot0
X(1) 111 W1) 0/0{0(0 10 > Dimension-0: X(0) dot W) Wy tWo W1+0 W0+0 ]
dot ' ,
X(0) 01!1 W) 11110101110 2’s Complement format X X1 Xo )
X1 Xo Wy Wy W 0 Wo 0 X(O)-O -XoW2-XoWa2 XOW1+X00 XOW0+X00 H
Input BET-based Weight Xy X{WotXsWo | -XqWqXq0 | -XqWox40
Unfold Unfold

Xo1 | Xg0

: :

X(O)'1 X1Ws X1Ws -X1Wj1 'X10 -X1Wp 'X10 X(1)-1 X1Ws X1W7 -X1W1 X410 -X1Wp X410

X(O)'O -XoW2 -XoW> XoW1 X00 XoWp X()O X(1 )-0 -XoW2 -XoW> XoW1 X00 XoWo X00

© 55th IEEE/ACM International
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Bit Error Tolerance (BET)-based VVM: c

c) Group the same weighted single-bit multiplications

X0y~ X1Wy X4Wy X4 W1 X410 -X4W¢ X410 X1y~ X4Wy X1Wy “X1W/1 x40 -X41W¢ X410
X(0y-0 XoWy | -XgWs XoW1 Xo0 XoWo X0 X(1y-0 XoWo | -XoWj XoW1 Xo0 XoWg Xo0
Group G x4qW, Group G xqwq Group G x4wq
X1Wo X4Wo X4Wo X4Wo X4 Wi X410 X4 Wi x40 -X1Wo X410 -X4Wo -X40
Group G Xxqw, Group G Xqwy Group G xqwg
XoWo | XgW2 | -XgWp | -XqWs XoW1 Xo0 XoW1 Xo0 XoWo Xo0 XoWo Xo0
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Bit Error Tolerance (BET)-based VVM: d - 1

d) Allocate and duplicate input data into the page buffer according to the weight data in 3D NAND arrays

Group G xqw, Group G xqwq Group G xqwq

X1Ws X1Wao X1Wao X1Wao -X1Wj1 -X10 -X1W14 -X10 -X1Wo -X10 -X1Wo -X10
Group G xqw, Group G Xqwy Group G xqwg

-XoW2 -XoW2 -XoW2 -XoW2 XoW1 XoO XoW1 XoO XoWo Xoo XoWo X00

DL |1]1]10({0J0f0J0f0|1[(0|1)0{1(1]0(0[0(0|0JO(1]0(1]0

L2 (0011|0011 (OO {A 11 {A1{1 {1 1{1|1]1[1]1

Duplicate

X(0) 011 X(1) 111

Input

© 55th IEEE/ACM International
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Bit Error Tolerance (BET)-based VVM: d - 2

d) Perform bit multiplication to generate all the single-bit products in one iteration

Group G xqw, Group G xqwq Group G xqwq
X1Ws X4Ws X1Ws X4Ws -X1W1 -X10 -X1W¢ -X10 -X1Wp -X10 -X1Wo -X10
Group G xqw, Group G Xqwy Group G xqwg
-XoW2 -XoW2 -XoW2 -XoW2 XoW1 XoO XoW1 X()O XoWo X()O XoWo X00
(Page Buffer Ffr BDli LJZ @ E‘ Data-10 path per Bi_ )
DL |1]110(0|0J0f{0fO0]|1|0[1]0(1]1](0(0[{0J0O(O0|0|1({0]1]0  — QfLogic_ANDEnable
Sense Circuit TLC data
L2 JOJO[1|1[{0]O0|1[1jO0(01(1a{1a{1 {11 ({111({1]1]1 decode | |2 (Input Data)
BLI A | | Readout 4 ™5 \weight Data) |
Jl @ \ @coL=L2ANDDL )
5 X{W, G xqw, G Xx4W, G XoW, G XoW, G XoW, Weight
Input
coL|o]ofolofofefofe]olal1]oft|{1[{o]o]ola]ofo]1fo]1]0 1) ey O | 1
O O 0
1| O 1
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Bit Error Tolerance (BET)-based VVM: e -1

e) Perform bit accumulation: (a) Count # of 1
* *This is a short example for illustration
 *TC can support higher dimension and data precision vectors with higher input bandwidth and internal data width
(e.g., 512-dimensional BET-based 8b VVM with 128b input bandwidth and 32b internal data width)

0[{0[O(O[OJO]O[O(O0OfOL1}10]1]1{0(01010J0f0|110]1]|0

G X4W, G xqW, G X4W, G XoW, G XoW, G XoW,
\ Multiplexer / 3 92 71 10
5 23 22212 5
4 » ) 01010 XoWo
@Count #of 1
P 4 | r 4 2 1
Q_\/@ 0fo 0 [ G XoWj
4 R|ST1 0 0 0 1 G X1W0
Register
| > 0]010]0]G xqWy

(a) Accumulate the same
: . 0101010
weighted partial products G xqw;
© 55th IEEE/ACM International
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Bit Error Tolerance (BET)-based VVM: e - 2

e) Perform bit accumulation: (b1) weight the value according to the its original weight and conduct bit extension

o ( ‘@
No shift |00 [ 1]0 |G xowg Inversion
(0>1,1>0)
1b shift |0|0f0(0 GXOW1
/’9 /’9

1b shift |00 1[0 G xow, a \/@ /
RST2-1
No shift [0]0[0]1]Gxqwg :> R',t '
egister

1b shift [0]0[0]0|Gxqwy

0(ojojojojojol1]0]Gxwy

ojojojofojofo]ofo|G xywy

_ ojojojofofol1]0]l0]GxW
1b shift |0]0]0|0]Gxw, -

28 2221 20 4 g ofofofojofofo]o]1]Gxw

’ ®/
ghesame input weighting —/RST2-2 ofojofojofojofo]0]Gxwy
i I

& Bit extension

9'|'_| Reqister > olojofofloflo]ololo GX1W2

(b) Invert partial products
L_and accumulate multiple partial products )
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Bit Error Tolerance (BET)-based VVM: e -3

e) Perform bit accumulation: (b2) invert partial products

e Inversion ({ . ) ~HnWn = XnWn +1
Code Table INV_EN, o'gvf rﬁiﬂ‘o
el Ly p —> invert the read terms’ result & add the their weighted “1”
X{Wp | XqWq | X4Wp
0 | 1 | 1 19 19
XoWy | XoWyq | XoW M@/ i )
072 | 70T 070 —/RST2-1 GX0W0000000010 ofofofofofofof1}o0
1 0 0 il |
Register Gxowq|olofo]o]ofofo]o]o ofofofofofo|0]O]O
Gxowz[0]ofofo]ojof1|ofo 11111 1]1]o]1]1
<< :;
da <9 4o Gxwolofojojojojo]o]o]1 1Tl 1]1]1]1]1]o0
’ MEVA
The same input weighting RST2-2 Gxqwqlo0]o|o]o]o]o]o]ofo 1111111111
& Bit extension 1 I
9t Register GX1W2000000000 ofofofofofofofo}o
\ J
(b) Invert partial products

__and accumulate multiple partial products )
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Bit Error Tolerance (BET)-based VVM: e - 4

e) Perform bit accumulation: (b3) accumulate multiple partial products of the same input

. e \
e Inversion 9 ojofojofofo]of1]0]|Gxewy T[] 1)1 1][0]Gxqwy
Code Table INV_EN | Inversion
X, | Xy | X (021, 10) ofofofolofo]o]o]o]|Gxow tlala{afa1]1]1]1]Gxw,
|
0 | 1 1 Y9 19 {111 1]1]o]|1]1]|Gxw, = |0]|0fofofofofolo]0|Gxw,
XoWa | XgWq | XoWp B \/@ /
T 1 0] 0 I tlal ol 1[Gxowey [1]1[11]1]1]1]0]1]GxWyg
Register

44

| MV
ghe same input weighting RST2-2
A I

& Bit extension
9t Register

(b) Invert partial products
__and accumulate multiple partial products )

© 55th IEEE/ACM International

Symposium on Microarchitecture® 5B.3 ICE: An Intelligent Cognition Engine with 3D NAND-based In-Memory Computing for Vector Similarity Search Acceleration 23 of 30



Bit Error Tolerance (BET)-based VVM: e -5

e) Shift and add the partial products

e Inversion (| 9 h
Code Table INV_EN | Inversion
*[(0>1, 120)
XqWo | XqWq | X4Wp
0 1 1 19 e
XoWp | XoWq | XoWp
1 0 0
111111 1]0] 1[G xqWyq
{11110 1]Gxqwyg
1, 4
p
_ . 1Tl 1]1]0]1]Gxwa
The same input weighting
& Bit extension 1EEEREEERERNE GXOWZ:O
94
(b) Invert partial products TP 1TOf1[1 ("
__and accumulate multiple partial products )
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Bit Error Tolerance (BET)-based VVM: e - 6

e) Add bias to get the final VVM result

g

Bias Value : v3|'9|f:> 11|11 1fo]1f1]1
1) x (2'+ 21 +29) > 22 429 |
o ) \_@ o= [0f0]0]O]JO]O[1[0[1]Bias Value

0O(oyo0fojofof1y0]1 b ﬂ
_(c) Add bias to get the final VVM result )
Inversion L]t e]]o]o -~ [wmo]
Code Table - -4 in two’s complement format
XiWo | XqWyq | XqW,
0 1 1 Toy Example : Input (1,-1) , Weight (-3,1) = -4
XoWy | XoWq | XoW,
1 0 0 | The bias value is determined according to the weight of the input

© 55th IEEE/ACM International
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Hierarchical Top-N Search (HTNS) Scheme

/ . .

Q To further improve the search procedure, we propose an HTNS scheme I Offline: Build database ‘l
: 1. Input data base !
Weight Query ; 2. Extract weight vectors :
BET-Translation BET-Translation | ! 3. Translate to BET-based |
: weight vectors I
i 4. Build the database :
\ 5. Calculate index vectors /

~ e e e e e e e e e e e e b

- - ————__——————— ~
\

Online-Search :

1. Query I
2. Extract input query l
3. Translate to BET-based input:
query |
4. Conduct 1stHTNS to search !
top-N index vectors :

5. Conduct 2"dHTNS to sort |
top-N weight vectors :

6. Sort top-1 prediction ]
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Validation of Testchip Demonstration

X um ) 4X um
An 8-bit ADC: 0.04% of the testchip  An TC Digital Accumulator: 1.6% of the testchip

3X um

3X um

1.6%

5.6%
52

A 3D NAND Testchip
%

m TC Digital Accumulator
= WLD

Q@ Area overhead

= Digital-based nvIMC: Die size increases 1.6% only

o TC digital accumulator FSM
= Analog-based nvIMC [65]: Die size increases 1.4x = PB
o 2048 ADCs (512x4) = Others
* 1Shift-and-add accumulator Area Breakdown of the 3D NAND chip
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Validation of Testchip Demonstration

1.6X um

<
<

»
»

Xum 4X um
An 8-bit ADC: 0.04% of the testchip  An TC Digital Accumulator: 1.6% of the testchip

3X um

Digital-based nviIMC is more low cost than analog-based solution ]

Jv.4 /0

m TC Digital Accumulator
= WLD

Q@ Area overhead

= Digital-based nvIMC: Die size increases 1.6% only

o TC digital accumulator FSM
= Analog-based nvIMC [65]: Die size increases 1.4x = PB
o 2048 ADCs (512x4) = Others
* 1Shift-and-add accumulator Area Breakdown of the 3D NAND chip
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Validation of BET-based VVM Simulation

. CelebA (20K
=) SlmlfEiEe] ATEU Ry Top-1 Ace. |~y TNTE T UINTE | INTA | INT2
®  Accuracy w/ HTNS is close to the baseline @ Baseline 4. 7% | 94.7% 94.2% 94.7% | 92.6%
top-1 accuracy w/ HINS | 95.1% | 95.1% | 94.4% | 94.8% | 93.6%
. . VGGFace2(170K)

° HTNS has slight improvement due to Baseline | 93.2% | 93.2% | 92.9% | 93.2% | 90.9%
datasets have several noisy photos in w/ HINS | 93.7% | 93.7% | 93.1% | 93.5% | 91.9%
the same category. CASIA-WebFace(500K)

he infl Baseline 82.6% | 82.6% | 82.6% | 82.2% | 77.4%
" BET-based VVM can suppress the influence w/ HINS | 85.7% | 85.7% | 86.7% | 85.5% | 83.8%
with the growing BER
—e—Processor w/ UINT8 only —e—ICE w/UINT8 & BET dataencoding —&-ICE w/ UINT8 only
96 -
3\0./ 92 i
>
&
>
<‘(<3 88 -
84 1 1 1 1 ]
0% 2% 4% 6% 8% 10%
Bit Error Rate (BER)

w/ FaceNet and VGGFace2 dataset
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Validation of BET-based VVM Simulation

. CelebA(20K)
Q Simulated Accuracy Top-1 AcC. —p2>—TINTS [ UINTS | INT4 | INT2
®  Accuracy w/ HTNS is close to the baseline @ Baseline 94.7% | 94.7% 94.2% 94.7% | 92.6%
top-1 accuracy w/HINS | 95.1% | 95.1% | 944% | 94.8% | 93.6%

L V7aVAE RPSOL VE I 71V 74\
Without ECC’s support, BET-based VVM in VSS applications still works
—‘

) Baseline 82.6% | 82.6% 82.6% 82.2% | 77.4%
®m BET-based VVM can suppress the influence w/ HTNS 357% | 857% | 86.7% | 355% | %3.8%

with the growing BER
—e—Processor w/ UINT8 only —e—ICE w/UINT8 & BET dataencoding —&-ICE w/ UINT8 only
96 -

(o}
N
1

Accuracy (%)

o
oo
1

0% 2% 4% 6% 8% 10%
Bit Error Rate (BER)
w/ FaceNet and VGGFace2 dataset

(@]
S
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Validation of BET-based VVM Measurement

Measurement Results

Test Platform

@ VVM result of P1 and WV (in Processor)
(in Processor)

& VVM result of P3 and WV

B \/VM result of P1 and WV (in 3D NAND)
8 VVM result of P3 and WV (in 3D NAND)

1.2
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Validation of BET-based VVM Measurement

Test Platform

Measurement Results

(in Processor)

®\/VMresult of P1 and WV

B \/VM result of P1 and WV (in 3D NAND)
8 VVM result of P3 and WV (in 3D NAND)

1.2

8 VVM result of P3 and WV (in Processor)
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Validation of BET-based VVM Measurement

Test Platform Measurement Results

B VVM result of P1 and WV (in 3D NAND) B VVM result of P1 and WV (in Processor)
B VVM result of P3 and WV (in 3D NAND) 8 VVM result of P3 and WV (in Processor)

Double confirm that w/o ECC’s support, BET-based VVM still works

\I 1 Ul III'.IUK \AYAvIaV] |

Similarity Scor

T T T T Ty
T T T TFFITSF
FFFFFFFFFFFFFFFFrFrrri

D T TFFFTFFFFFS
el T FFFTFFTFFFFS
FF I rrrrrrr
FF T rrrrrr
i FFFFFFFFFFFFTFFFF
Sl FFFTTTTTTTFFTTTT
D FFF T ITFFIrry.
(SLN P Frrrrrrrrrr
FFFTFFFFFrrrrrrry,
(2 T T TFFTTTTTTTFF
FFFFFFFTFFFFFrFrrrrrry,
ST TSI rrd
T T T TS
FFFFFFFFFFFFrrrrry
FFFFFFFFFFTFFFFFFry
FFTFFFTFFFTTFFTTFFFTSF
T T TFITT

) FFFFFFFFrFrFFrrrrri
ASI FFFTTTIIFFFrrrri

WV-

WV-7  WV-8 WV-9 WV-10 WV-11 WV-12
Pf Pt P1 P2 P2 P2 P3 P3 P3 P4 P4 P4

Edge Device \giPtitale.

e AN Weight Vector (WV) of Each Person
eMMC Testkey S
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Measured and Simulated Performance
Comparison-1

Q Total Execution Time

= |n the 8-bit resolution, adopting ICE w/ 3D NAND-based nvIMC can speed up total execution time due to relieving
the need for DRAM capacity

o Adopting ICE w/ 3D NAND-based nvIMC can suppress “data movement” and “data swap” between DRAM and
storage

o That is, edge devices can process feature extraction w/ sufficient DRAM capacity

= |CE w/ 3D NAND-based digital nvIMC can all speed up total execution time 17x to 95x (MobileFaceNet + WebFace)
o *|CE w/ analog-based nvIMC also has similar execution time improvements
o *They all adopt HTNS

Feature Extracion ~mData Movement =Data Swap Search & Total Execution Time

100% FaceNet + CelebA MobileFaceNet + CelebA FaceNet + VGGFace?2 MobileFaceNet + VGGFace?2 FaceNet + WebFace MobileFaceNet + WebFace 10000
(N — ] —_ - - o= = = = — - e
[ == i = Omm - e
s mnwd{ = - EE =3 $E.s, . J |2, 100 S
= - - - 3 0 - 0D ) S
< 50% ¢ * * = = ¢ . - = STEEAS o 83 L = TS al 2 —
o o |l ¢ . EEEEEREREER ts o gL o5t e e === e ez 250545 ®SescH L
Q5 2% . . . | | = . = . | e = = = TeZ [ o# X @
w g 0% = == 0 Wg
— T o <t O rr— — 1] Wl wjoem O rm— r— — 1] Wl Wi <t O r— r— — 1] LWl <t O r—m r— — ] W wjom < O r— r— — 1] Wl Wl < =4 —
sk fax5888000gax §88800olgxg §888oolgas§88B8ooolzasdd88ovolzas888000 Sk
o Z + + + + + + Z + + + + + + Z + + 4+ + + + Z + + + + + + Z + + + + + + Z + + + + + + et
l_ MO <t O M <+ O N <t O M <+ O N <+ O M T O N <t O M T O M <t O M <+ O N <t O M <+ O
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Measured and Simulated Performance
Comparison-2

Q Total Energy Consumption

= |n the 8-bit resolution, adopting ICE w/ 3D NAND-based digital nvIMC can decrease total energy consumption 11X
to 140x due to total execution time reduction

o The rationale is to suppress “data movement” and “data swap” between DRAM and storage

= Although the prior work [65] improves the total execution, it is less energy efficient than our solution

MobileFaceNet + WebFace
o |t needs to deploy numerous ADCs to compute VVM o 100% 9= - - - 10000 <
i i : 2 75% 1832 .= L 100 S
o Itis 1.03X to 3X higher than our solution 5SS 0% | 2Bz, ez, F =
= L= = = N o - —
8% %= 2= | Nesffxl! 23
o g 0% —— 0o wE
— = ® < MM TN
8 Fa 5888060 s+
[«] Z + + + + + + [t
- ™ <+ 0o®m < O
oo oo o ©
= =
Feature Extracion =~ mData Movement ~ =Data Swap Search & Total Energy Consumption
FaceNet + CelebA MobileFaceNet + CelebA FaceNet + VGGFace2 MobileFaceNet + VGGFace2 FaceNet + WebFace MobileFaceNet + WebFace
3100%'*—- [ | = = = = iﬁ:: =S = r| 10000 =
2 0 - - - == N >
> 75% A = - = = = = =58 Rg8e 5 2 =S 3=2 >
. . . = = . = = ="e 8302 _ o3 [ |="s3x3 s st .H 100 c
S R R RERRR R R R R R R R R R R A E R S B R E ISR R E B S
cE 2% - | | | | . . = | | 15l : . = = = - Lt EEEE | ol c B
e 0% i i B § = 0 ”_; £
© =S O T O F S s WW WS oOoaFaSn s W ww <~ O " n B W ww O F o WWWwWi|mo v o an o W ww — |
S 2 Ta 5088000aa §888000laa §8688000|lxga 588800 0laa §888000laag §88890909 S 2
|—g Z + + + + + + Z + + + + + + Z + + + + + + Z + + 4+ + + + Z + + + + + + Z + + + + + + — o
o M <t O M <+ O N <t O M <+ O N <+ O M T O N <+ O M T+ O M <t O M <+ O N <t O M <+ O o
A A © A A © Ao © A A © A Ao © A A © A A © A A © Ao Ao © A A © Ao © A A ©
= = = = = = = = = = = =
[65] H. Lue, IEDM2019

© 55th IEEE/ACM International

Symposium on Microarchitecture® 5B.3 ICE: An Intelligent Cognition Engine with 3D NAND-based In-Memory Computing for Vector Similarity Search Acceleration 35 of 30



Conclusion

* We propose an intelligent cognition engine (ICE) with the first 3D NAND-
based digital nvIMC technique that uses BET-based VVM with HTNS to
accelerate vector similarity search

ICE features practical designs to achieve:

Minor modifications referred to the standard 3D NAND chips
High reliable vector-vector multiplications
Faster execution time

Better energy efficiency
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