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Offline: Clustering

Online: Search

Introduction & Background: Application 
Scenarios
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Introduction & Background: Generally Algorithm

p 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 ' 𝒘𝒊), which is equivalent to the
multiple vector-vector multiplications (VVM)

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

Compute
L2 distance

Processor & DRAM

𝒙𝒒 − 𝒘𝒊 𝟐
𝟐 = 𝒙𝒒 𝟐 + 𝒘𝒊

𝟐 − 𝟐(𝒙𝒒 ) 𝒘𝒊)

𝒙𝒒 # 𝒘𝒊 could become the only computation of L2 distance 

Input query: 𝑥𝑞
Weight vector: 𝑤

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

p Von Neumann Architecture-based Solution: Data transferring across memory hierarchy from
storage to the processor [4,5]
n Long search latency (tSR) 
n Large search energy (ESR)

AI model

Weight feature vectors

Store the entire dataset

von Neumann-based solution

storage

Processor & DRAM 1
2

Extract feature vector via AI model [2,3]
(Offline: weight feature vectors; Online: input query (feature vector))

Sort top-k

distances

5

Offline

Source : [2] Q. Cao, FG2018, [3] A. Veit, ICCV2015, [4] C. Xue, ISSCC2021, [5] H. Hu, ISSCC2022 

Input query: 𝑥𝑞
Weight vector: 𝑤

Processor & DRAM

3
Online

Input query (input feature vector)

Process vector similarity search (VSS)
(e.g., Compute L2 distance, Sort the results)

ID / Info.

Move out the 
entire dataset

Swap infrequent-use data
Compute

L2 distance

𝒙𝒒 − 𝒘𝒊 𝟐
𝟐

4
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Challenge-1: Insufficient DRAM Capacity

p With the growing dataset, insufficient
DRAM capacity over edge devices leads to
frequent “data movement” and “data
swap” during the search procedure
n (4) Compute L2 distance, and (5) sort top-k 

results: overkill of using relatively powerful 
processors
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Input query and weight are 512-dimension vectors 

𝒙𝒒 − 𝒘𝒊 𝟐
𝟐

Sort top-k

distances (similarities)

5
Compute

L2 distance

Processor & DRAM
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Challenge-1: Insufficient DRAM Capacity

p With the growing dataset, insufficient
DRAM capacity over edge devices leads to
frequent “data movement” and “data
swap” during the search procedure
n (4) Compute L2 distance, and (5) sort top-k 

results: overkill of using relatively powerful 
processors
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Input query and weight are 512-dimension vectors Compute L2-distance, & sort top-k results: 
Nice to process in storage

𝒙𝒒 − 𝒘𝒊 𝟐
𝟐

Sort top-k

distances (similarities)

5
Compute

L2 distance

Processor & DRAM

4Controller
NAND 
chips

Compute limited 
L2 distance

Sort top-k
4 5

VVM results (similarities)

𝒙𝒒 1 𝒘𝒊

storage
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Challenge-2: In-Storage VVM Computation 
over Conventional Storage System

p Conventional storage system is von Neumann
architecture. On demand to compute VVM in
storage may face two major bottlenecks
n Transfer data between NAND chips and

controller
n Correct data through ECC decoder

Nice to process VVM in NAND
Must tolerate error bits while 
computing VVM in NAND 

Storage
Controller NAND 

chip

NAND
Controller

NAND 
chip

NAND 
chip

NAND 
chip

ECC
Decoder

TransferringI/O Pending

NAND Interface Bottleneck

Storage
Controller NAND 

chip

NAND
Controller

NAND 
chip

NAND 
chip

NAND 
chip

ECC
Decoder

Transferring

Raw Data with Error Bits

Reliable Data
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Challenge-3: 3D NAND-based Analog 
Solution

p Prior analog-based works aim to
implement VVM operations in 3D
NAND array

Output-0

…
Modified PB 

…

WL0

WL1
WL0 …

BL1 BLN
…

ADC

Decoupled 
CSL

Digitized 
Output-0

Digitized 
Output-N

Block 0
Block N

Cell 
Current

Input Query
3D NAND-based nvIMC Type       [6]

PB pe
r B

L

PB pe
r B

L
…VDD

PB pe
r B

L

PB pe
r B

L

…

WL0

Block n

3D NAND-based nvIMC Type       [7]

BL1 BLN…
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Block 0
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Cell 
Current

Input 
Query

Modified PBDecoupled current path

Mo
dif

ied
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r

ba

Output-N

…

VDD

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

n Numerous specific function blocks
(e.g., ADCs, input decoder) à
tight-pitch design overhead

n Fixed decoupled CSL or decoupled
current path à peripheral design
overhead & limited segmentation
flexibility

n Unary data (i.e., thermometer
code) for weighting and error bit
tolerance à extremely wasteful
NAND cell utilization

Design 
Overhead
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ID / Info.Input query (input feature vector)

3

Controller
NAND 
chips

Processor & DRAM

Design Goals: ICE w/ 3D NAND-based Digital 
nvIMC

Offline

Online

AI model ~No Data 
Movementvon Neumann architecture

Processor & DRAM Store the entire dataset

ICE

2

Extract feature vector via AI model [2,3]
(Offline: weight feature vectors; Online: input query (feature vector))

Process vector similarity search (VSS)
(e.g., Compute L2 distance, Sort the results)

Compute limited 
L2 distance

Sort top-k

(𝑥𝑞 & 𝑤!)

4 5

Input query: 𝑥𝑞
Weight vector: 𝑤

MAC results
(similarities)

3D NAND-based 
digital nvIMC
for VSS

Weight feature vectors

1
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ID / Info.Input query (input feature vector)

3

Controller
NAND 
chips

Processor & DRAM

Design Goals: ICE w/ 3D NAND-based Digital 
nvIMC

Offline

Online

AI model ~No Data 
Movementvon Neumann architecture

Processor & DRAM Store the entire dataset

ICE

2

Extract feature vector via AI model [2,3]
(Offline: weight feature vectors; Online: input query (feature vector))

Process vector similarity search (VSS)
(e.g., Compute L2 distance, Sort the results)

Compute limited 
L2 distance

Sort top-k

(𝑥𝑞 & 𝑤!)

4 5

Input query: 𝑥𝑞
Weight vector: 𝑤

MAC results
(similarities)

3D NAND-based 
digital nvIMC
for VSSp Intelligent Cognition Engine (ICE) targets to:

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

n Offload the computational burden of the processors: Reduce amount of intermediate data of DRAM
n Deploy multiple NAND chips for VVM computations: Enhance the computing parallelism
n Tolerate error bits without ECC’s support: Maintain computing reliability

n Prevent large design overhead: Enable mass production capability

n Prevent wasteful NAND cell utilization and enhance computing flexibility

Weight feature vectors

1
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Proposed Architecture & Workflow 
Overview-1
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Cognitive 3D NAND Die Array

…
…

A combo sensing 
in page buffer

…

TC Digital Accumulator

WL0
GSL

…WL96
SSLn

Major designs
n ICE system controller
n Bit error tolerance (BET) data encoding
n A combo sensing in page buffers
n Tow’s complement (TC) digital accumulator
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Proposed Architecture & Workflow 
Overview-2
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Data Path
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procedures and 
repeat       and 3 4
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…
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a
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…
…

b
PBThe BET-based Input Vector

BET-based Weight Vector(s)

Parallel Partial Products Generation

TC Digital Accumulator c

Registers for VVM Results 
32

PB
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…

Cognitive 
3D NAND
Controller

Global Data 
Buffer

ICE System 
Controller

Online

128

Host Interface

A Raw Input Query 
(Input Vector)

5 Convert the raw 
input query

Trigger BET-
based VVM with 
parallelisms

8

6 Organize search 
procedures and 
repeat      and   8 9

Get VVM results and sort 
the top-K categories

9

A BET-based 
Input Vector

Trigger program 
operations of each 
chip sequentially

4

Broadcast the BET-
based input vector 
to each chip

7
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Proposed Circuits Overview

Combo sensing in page buffer for
bitwise multiplication

n Reuse the logic-AND functions
without area overhead

n Extra logic-AND latency

CDL = L2 XOR DL

DL L2
Combo Sensing Data-IO path per BL

CDL

L2 (Input Data)

CDL = L2 AND DL

2 Logic-AND Enable

2
DL (Weight Data)

b

Die 0

TC Digital Accumulator c

Plane 3
BL0 BL131071

…Plane 0

…

Weight 
Vector(s)

…

…

a

…

b
PBThe BET-based Input Vector

BET-based Weight Vector(s)

Parallel Partial Products Generation

128

Registers for VVM Results 
32

PB
 of

 P
lan

e 3

…
BL SA

TLC data 
decode

Sense Circuit 1

TC Digital Accumulator

Weighted
ACC

Control
Weighted-ACC 

Enable

c

0

Accumulate the same 
weighted partial products

Input Streams

128

1
Invert partial products & 

accumulate multiple partial products

2

VVM0

VVM7
VVM 

Results

Add bias to get the 
final VVM result

3

Two’s complement (TC)-based
digital accumulator for bitwise
accumulation

n Flexible segmentation
n Minor modifications
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a) Reshape one weight vector:

Bit Error Tolerance (BET)-based VVM: a

Input binary data

1 1
0 1 dimx(0)

x(1)

x1 x0

Weight binary data

0 10
0 11 dimw(0)

w(1)

w2 w1 w0

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

Bit Error Tolerance (BET)-based VVM: a

even vector

0

0
w1

odd vector

10

w2 w0

1 1

w(0)

w(1)

w(0)

w(1)

unary even vector

0 0

0 0
w1 0

0 10 0

unary odd vector

w2 w0w2 0
1 11 0

w(0)

w(1)

w(0)

w(1)

Spare Bit

0 011 1 0
w2 w0w2 0w1 0

w(0)

w(1) 0 000 1 0
Input binary data

1 1
0 1 dimx(0)

x(1)

x1 x0

Weight binary data

0 10
0 11 dimw(0)

w(1)

w2 w1 w0

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

Dimension-1: x(1) dot w(1) w2+w2 w1+0 w0+0
2’s complement format × x1 x0

X(0)-2 -x0w2-x0w2 x0w1+x00 x0w0+x00
X(0)-1 x1w2+x1w2 -x1w1-x10 -x1w0-x10

Bit Error Tolerance (BET)-based VVM: b

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

Input 

1 1

0 1x(0)

x(1)

x1 x0

0 011 1 0
w2 w0w2 0w1 0

w(0)

w(1) 0 000 1 0

BET-based Weight

dot
Dimension-0: x(0) dot w(0) w2+w2 w1+0 w0+0
2’s complement format × x1 x0

X(0)-0 -x0w2-x0w2 x0w1+x00 x0w0+x00
X(0)-1 x1w2+x1w2 -x1w1-x10 -x1w0-x10

x(0)-1 x(0)-0

x(0)-1 x1w2 x1w2 -x1w1 -x10 -x1w0 -x10
x(0)-0 -x0w2 -x0w2 x0w1 x00 x0w0 x00

Unfold
x(1)-1 x(1)-0

x(1)-1 x1w2 x1w2 -x1w1 -x10 -x1w0 -x10
x(1)-0 -x0w2 -x0w2 x0w1 x00 x0w0 x00
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Bit Error Tolerance (BET)-based VVM: c

c) Group the same weighted single-bit multiplications

x(0)-1 x1w2 x1w2 -x1w1 -x10 -x1w0 -x10
x(0)-0 -x0w2 -x0w2 x0w1 x00 x0w0 x00

x(1)-1 x1w2 x1w2 -x1w1 -x10 -x1w0 -x10
x(1)-0 -x0w2 -x0w2 x0w1 x00 x0w0 x00

Group G x1w2 Group G x1w1 Group G x1w0

Group G x0w2 Group G x0w1 Group G x0w0

x1w2 x1w2 x1w2 x1w2

Group G x1w2 Group G x1w1 Group G x1w0

x1w2 x1w2 x1w2 x1w2 -x1w1 -x10 -x1w1 -x10 -x1w0 -x10 -x1w0 -x10
Group G x0w2 Group G x0w1 Group G x0w0

-x0w2 -x0w2 -x0w2 -x0w2 x0w1 x00 x0w1 x00 x0w0 x00 x0w0 x00
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DL

L2

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 x1w2 Group G x1w1 Group G x1w0

x1w2 x1w2 x1w2 x1w2 -x1w1 -x10 -x1w1 -x10 -x1w0 -x10 -x1w0 -x10
Group G x0w2 Group G x0w1 Group G x0w0

-x0w2 -x0w2 -x0w2 -x0w2 x0w1 x00 x0w1 x00 x0w0 x00 x0w0 x00

0 000 1 00 011 1 0

10 0 1 10 0 1 10 0 1

Input 
1 10 1x(0) x(1)

x1 x0 x1 x0

0 000 1 00 011 1 0

11 1 1 11 1 1 11 1 1

Duplicate
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G x1w2 G x1w1 G x1w0 G x0w2 G x0w1 G x0w0

Bit Error Tolerance (BET)-based VVM: d - 2

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

Group G x1w2 Group G x1w1 Group G x1w0

x1w2 x1w2 x1w2 x1w2 -x1w1 -x10 -x1w1 -x10 -x1w0 -x10 -x1w0 -x10
Group G x0w2 Group G x0w1 Group G x0w0

-x0w2 -x0w2 -x0w2 -x0w2 x0w1 x00 x0w1 x00 x0w0 x00 x0w0 x00

10 0 1 10 0 1 10 0 1

0 000 1 00 011 1 0 0 000 1 00 011 1 0

11 1 1 11 1 1 11 1 1

0 00 0 00 0 0 10 0 0 01 1 0 00 0 0 11 0 0

BL

DL L2
Page Buffer per BL Data-IO path per BL

SA

CDL

Sense Circuit

Read-out

TLC data 
decode1

CDL = L2 AND DL2

L2 (Input Data)

Logic-AND Enable

DL (Weight Data)

2DL

L2

CDL 0 1

0 0 0

1 0 1

Weight
(DL)Input

(L2)

0
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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)

2

Counter

Register

Count # of 1

2
2b’0

4

RST1

(a) Accumulate the same 
weighted partial products

a1

a2

Multiplexer

00 0 0 00 0 0 10 0 0 01 1 0 00 0 0 11 0 0
G x1w2 G x1w1 G x1w0 G x0w2 G x0w1 G x0w0

0 0 0 0 G x1w2

0 0 0 0 G x1w1

0 0 0 1 G x1w0

0 0 1 0 G x0w2

0 0 0 0 G x0w1

0 0 1 0 G x0w0

23 22 21 20
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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

0 0 0 0 G x1w2

0 0 0 0 G x1w1

0 0 0 1 G x1w0

0 0 1 0 G x0w2

0 0 0 0 G x0w1

0 0 1 0 G x0w0

23 22 21 20

The same input weighting 
& Bit extension

Inversion
(0à1, 1à0)

9

Register

99

RST2-2

Register

99

RST2-1

9

4

(b) Invert partial products
and accumulate multiple partial products

b2

b3

b4
b1

G x1w2

G x1w1

G x1w0

G x0w2

G x0w1

G x0w0

0 0 0 0 0 0 0 00

0 0 0 0 0 1 0 00

0 0 0 0 0 0 0 00

0 0 0 0 0 0 1 00

0 0 0 0 0 0 0 00

0 0 0 0 0 0 0 10

aNo shift 

1b shift 

1b shift 

No shift 

1b shift 

1b shift 
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Bit Error Tolerance (BET)-based VVM: e – 3

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

The same input weighting 
& Bit extension

Inversion
(0à1, 1à0)

9

Register

99

RST2-2

Register

99

RST2-1

9

4

(b) Invert partial products
and accumulate multiple partial products

INV_EN b2

b3

b4
b1

Inversion 
Code Table

x1w2 x1w1 x1w0

0 1 1
x0w2 x0w1 x0w0

1 0 0

G x1w2

G x1w1

G x1w0

G x0w2

G x0w1

G x0w0

0 0 0 0 0 0 0 00

0 0 0 0 0 1 0 00

0 0 0 0 0 0 0 00

0 0 0 0 0 0 1 00

0 0 0 0 0 0 0 00

0 0 0 0 0 0 0 10

0 0 0 0 0 0 0 00

1 1 1 1 1 0 1 11

0 0 0 0 0 0 0 00

0 0 0 0 0 0 1 00

1 1 1 1 1 1 1 01

1 1 1 1 1 1 1 11

a
−X!W! = X!W! + 1

à invert the read terms’ result & add the their weighted “1” 
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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

The same input weighting 
& Bit extension

Inversion
(0à1, 1à0)

9

Register

99

RST2-2

Register

99

RST2-1

9

4

(b) Invert partial products
and accumulate multiple partial products

INV_EN b2

b3

b4
b1

Inversion 
Code Table

x1w2 x1w1 x1w0

0 1 1
x0w2 x0w1 x0w0

1 0 0

G x1w2

G x1w1

G x1w0

G x0w2

G x0w1

G x0w0

0 0 0 0 0 0 0 001 1 1 1 1 0 1 11

0 0 0 0 0 0 0 00

0 0 0 0 0 0 1 00 1 1 1 1 1 1 1 01

1 1 1 1 1 1 1 11

1 1 1 1 1 1 0 11 G x1w2:0G x0w2:01 1 1 1 1 1 0 11

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

e) Shift and add the partial products

The same input weighting 
& Bit extension

Inversion
(0à1, 1à0)

9

Register

99

RST2-2

Register

99

RST2-1

9

4

(b) Invert partial products
and accumulate multiple partial products

INV_EN b2

b3

b4
b1

Inversion 
Code Table

x1w2 x1w1 x1w0

0 1 1
x0w2 x0w1 x0w0

1 0 0

1 1 1 1 1 1 0 11 G x1w2:0

G x0w2:01 1 1 1 1 1 0 11

1 1 1 1 1 1 0 11

1 1 1 1 1 1 0 11

Shift

1 1 1 1 0 1 1 110

a

G x1w2:0

G x0w2:0
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Bit Error Tolerance (BET)-based VVM: e - 6

e) Add bias to get the final VVM result

9Bias Value : 
(1) × (21 + 21 +20) à 22 +20

0 0 0 0 0 1 0 10
9

(c) Add bias to get the final VVM result 
Inversion 

Code Table

x1w2 x1w1 x1w0

0 1 1
x0w2 x0w1 x0w0

1 0 0 The bias value is determined according to the weight of the input

1 1 1 1 0 1 1 11

0 0 0 0 0 1 0 10

1 1 1 1 1 1 0 01

Bias Value 

a

b

Toy Example :  Input (1,-1) , Weight (-3,1) à -4

à -4 in two’s complement format
VVM0
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Hierarchical Top-N Search (HTNS) Scheme

Category1

Category3

Category2

Category4

Online-Search
1. Query
2. Extract input query
3. Translate to BET-based input

query 
4. Conduct 1st HTNS to search 

top-N index vectors
5. Conduct 2nd HTNS to sort 

top-N weight vectors
6. Sort top-1 prediction

1. Input data base
2. Extract weight vectors
3. Translate to BET-based 

weight vectors
4. Build the database
5. Calculate index vectors

Offline: Build database

Weight
BET-Translation

Query
BET-Translation

To further improve the search procedure, we propose an HTNS scheme 
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Validation of Testchip Demonstration

A 3D NAND Testchip

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

3X um

3X
 um

TC Digital Accumulator
WLD
FSM
PB
Others

1.6%
5.6%

5.2%

34.5%53.1%

4X um

1.6
X 

um

Area Breakdown of the 3D NAND chip 

0.2
6X

 um
Area overhead 

n Digital-based nvIMC: Die size increases 1.6% only
▫ TC digital accumulator

n Analog-based nvIMC [65]: Die size increases 1.4x 
▫ 2048 ADCs (512×4) 
▫ 1 Shift-and-add accumulator
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Validation of Testchip Demonstration

A 3D NAND Testchip

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

3X um

3X
 um

TC Digital Accumulator
WLD
FSM
PB
Others

1.6%
5.6%

5.2%

34.5%53.1%

4X um

1.6
X 

um

Area Breakdown of the 3D NAND chip 

0.2
6X

 um
Area overhead 

n Digital-based nvIMC: Die size increases 1.6% only
▫ TC digital accumulator

n Analog-based nvIMC [65]: Die size increases 1.4x 
▫ 2048 ADCs (512×4) 
▫ 1 Shift-and-add accumulator

Digital-based nvIMC is more low cost than analog-based solution
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Validation of BET-based VVM Simulation

Simulated Accuracy
n Accuracy w/ HTNS is close to the baseline @

top-1 accuracy
▫ HTNS has slight improvement due to

datasets have several noisy photos in
the same category.

n BET-based VVM can suppress the influence
with the growing BER

84

88

92

96

0% 2% 4% 6% 8% 10%

Ac
cu

ra
cy

 (%
)

Bit Error Rate (BER)

Processor w/ UINT8 only ICE w/ UINT8 & BET data encoding ICE w/ UINT8 only

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

Simulated Accuracy
n Accuracy w/ HTNS is close to the baseline @

top-1 accuracy
▫ HTNS has slight improvement due to

datasets have several noisy photos in
the same category.

n BET-based VVM can suppress the influence
with the growing BER

84

88

92

96

0% 2% 4% 6% 8% 10%

Ac
cu

ra
cy

 (%
)

Bit Error Rate (BER)

Processor w/ UINT8 only ICE w/ UINT8 & BET data encoding ICE w/ UINT8 only

w/ FaceNet and VGGFace2 dataset

Without ECC’s support, BET-based VVM in VSS applications still works
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Validation of BET-based VVM Measurement 
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(P3’s) input vector

Weight Vector (WV) of Each Person
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Validation of BET-based VVM Measurement 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

WV-1
P1

WV-2
P1

WV-3
P1

WV-4
P2

WV-5
P2

WV-6
P2

WV-7
P3

WV-8
P3

WV-9
P3

WV-10
P4

WV-11
P4

WV-12
P4

Si
mi

lar
ity

 S
co

re
 (a

.u.
)

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

Measurement ResultsTest Platform

Match Person1’s 
(P1’s) input vector

Match Person3’s 
(P3’s) input vector

Weight Vector (WV) of Each Person



5B.3 ICE: An Intelligent Cognition Engine with 3D NAND-based In-Memory Computing for Vector Similarity Search Acceleration
© 55th IEEE/ACM International 
Symposium on Microarchitecture® 33 of 30

Validation of BET-based VVM Measurement 
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Match Person1’s 
(P1’s) input vector

Match Person3’s 
(P3’s) input vector

Weight Vector (WV) of Each Person

Double confirm that w/o ECC’s support, BET-based VVM still works
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Measured and Simulated Performance 
Comparison-1

Total Execution Time
n In 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
▫ Adopting ICE w/ 3D NAND-based nvIMC can suppress “data movement” and “data swap” between DRAM and 

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

n ICE w/ 3D NAND-based digital nvIMC can all speed up total execution time 17× to 95× (MobileFaceNet + WebFace)
▫ * ICE w/ analog-based nvIMC also has similar execution time improvements
▫ *They all adopt HTNS
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[65] H. Lue, IEDM2019 
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Measured and Simulated Performance 
Comparison-2

Total Energy Consumption
n In the 8-bit resolution, adopting ICE w/ 3D NAND-based digital nvIMC can decrease total energy consumption 11×

to 140× due to total execution time reduction
▫ The rationale is to suppress “data movement” and “data swap” between DRAM and storage

n Although the prior work [65] improves the total execution, it is less energy efficient than our solution
▫ It needs to deploy numerous ADCs to compute VVM
▫ It is 1.03× to 3× higher than our solution
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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:

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

Faster execution time
Better energy efficiency


