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B Background



Edge machine vision applications
B Agile drone

B Intelligent robots

B Autonomous vehicles

Requirements
B Versatile (2D/3D/HDR)
B Intelligent

B Energy efficient

B Small size >~
Limited power supply
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Necessity for 2D/3D Vision

Edge machine vision applications
B Agile drone
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A single chip W|th 2D/3D vision .



Necessity for Sensing and In-situ Processing

Edge machine vision applications

B Agile drone

_ Intelligent robots .' Recognize and
B Autonomous vehicles avoid obstacle

Requirements

B Versatile (2D/3D/HDR)
B Intelligent

B Energy efficient

P o

B Small size | i e s from bing.com

A single chip with sensing and intelligent in-situ processing ability ..,



Vision Chip Concept

Vision chip integrates image sensor, memory and vision processor.

It can acquire visual information and perform in-situ processing.
lens ==== == == Vision Chip

' Image Sensor Memory Vision Proces$or
| B Low volume of communication data

Recognition
results

Advantages:

®m High speed
B High security
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Cloud Clouc!
computing Large data volume el dliilc)  pDecreased data volume
Huge latency \& latency

\ Edge Trend
Sensing Sensi uting
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Data Share
Data Share

Vision chips are a key technology for enabling edge vision and loT applications 247



Challenge

Current vision chips perform visual acquisition, transmission, and processing
In the form of multi-bit real-valued data.

Vision Chip

AN

. I
N |
2D vision TN _ _ !
3D vision. ) i N-bit data N-bit dat i
HDR— " 4 Real-value\ Real-value . My .\ Recognition
Color | I | oo [ o ' result
. Real-valued Real-valued 0)00:3(0 |
'Image Sensor Memory Vision processor N :
I
R, S CNN__|__!
® High-speed 2D/3D imaging * Large data volume

Challenges  « complex computation
e High cost for 2D/3D vision
e High latency and power

® Real-time intelligent processing
® Limitations of power supply

A new paradigm for future vision chips is urgently needed
as performance gains from the process are not enough to meet demand. 8/47



The Human Visual System

Brain

Maotor. commana
- —

Categorical judgments, 140-190 ms
decision making — —

/
120160 ms.

100-130 ms PFC

a@eo—o— C Recognition
s ) V1= V2 — V4 eI

Photoreceptors — Z'gﬁé?izﬁelclgug; —|  Visual cortex

Spike-based

) Spiking neural
image sensor

—»| Preprocessing |- network

A vision chip adopts full spiking visual flow to mimic the human visual flow. 9/47



Proposed Bio-inspired Spiking Vision Chip

4 )

® Integration of image sensor
and processor
® A mimicking of human vision

® Full spiking visual flow
|
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The bio-inspired spiking vision chip integrates a spike-based image sensor and a
processor to mimic the human visual system and realize a full spiking visual flow.
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Our Approach

Proposed vision chip concept
1

' 4 N\

F:ho.to-ns SPAD Raw imaging spikes ﬁgﬂﬁﬁmﬂ
%o oo’ piking Recognition

® Vision S I:::
.. EEn EEn
® 0,000 : Sensor Rl Vi) result
I @ rrrrrrnnanrannnn Processor
(MxN) Feedback Control |LHdldldidis

B Versatile spike-based Imaging and Processing
B Decrease Data Volume and Computation Load
B Spiking Vision Processor
2> Spiking ISP and SNN-based intelligent recognition
B Adaptive Imaging Adjustment

v

Versatile vision ability with low latency! e



Advantage of Spiking Vision Chip

Traditional vision chip Spiking vision chip

PE
+— &
- - IIIIIIIII \ lllllllll
; _Nll:l_t'_'?'_t_q?ti Real-value I Spike-based
W Real-value computing i [ computing
N LA QR Spikes v 4
h *, ® - A T 4&\ C
) . . ‘ AN T o, | GX ®
PD-based Vision ‘d 0)“3}(0 SPAD Spiking vision “ 0){&)(0
Image Sensor processor O Image Sensor processor °
. CNN _ SNN
® large data volume © low data volume
@ complex ALU (MAC) VS.  @© simplified ALU (ACC)
® large latency and high cost ® low latency and compact size
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B Chip Architecture



Chip Architecture

Timer MPU (w. Inst_Mem) 1/O interface
' t I : ' System bus ! '
Sensor Controller - Scalar core (w. Inst_Mem)
2 2 2 v v J U, Z—— [ T
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M 8 - PE[~|PE a= HEEN SN o sples -+ w{sN
=IRE I — :
HH 4
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Array % 0 A Dynamic%llyﬁ reconfigu rin{ .
> PE{PE[« - «+PE SN4<-> SN4"’ SN4‘* SN SN4
I R R P o e
SPAD image sensor Spiking vision processor

B SPAD image sensor - Naturally generate spike-based 2D/3D imaging data
B Spiking vision processor = Reconfigurable for preprocessor and SNN processor

B Processor-MPU-Configurable SPAD image sensor - System-level feedback adjustment
14/47



Spiking Visual Flow

SPAD image sensor [ Preprocessor > SNN processor

/—SPAD Image sensor Preprocessmg Spiking convolutional neural network
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i ,,: i :/_::/' :r,/' 1 e 3D LOC&tIOﬂ
: /. i O-l_l_o
______ 1 /7 9% L8 con pool o oe
Splklng map stream

synapse
weight - gpiking neuron

Gated SPAD pixel time ~ depth

poos A L N
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density ~ light intensity.

B Bio-inspired full spiking visual flow = low end-to-end latency = light-adaptation
B SPAD imaging data and spike-based computing = versatile intelligent 2D/3D vision

B Spiking map stream - regular data flow for dynamic reconfigurable design 15/47



On-chip Feedback Adjustment

Timer ] | MPU (w. Inst Mem) ] " 1/O interface
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SPAD image sensor € MPU €« Preprocessor
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Advantage of Spiking Vision Chip

SPAD-based spiking vision chip

Feature: Advantages:

1) Low data volume © Decrease hardware cost

2) Spike-based computing » © Simplified ALU (ACC)

3) Low latency © Instant feedback adjustment
4) Structured spiking map © Time-divided multiplexing

reconfigurable design
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Key Techniques to Spiking Vision Chip

Imaging-while-processing

SPAD
4 Image sensor

 Configurable
Imaging mode

Modeling
analysis

T

« Gated SPAD pixel

—

Processing
algorithm

Processing
circuits \

 Reconfigurable
processing element
« Parallel computing

)

-

 Image enhancement
» Spiking neural network

Spike-computing
oriented design

J
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B Key Technigues

® SPAD image sensor
® Reconfigurable spiking vision chip
® Spike-based processing algorithm



B Key Techniques

® SPAD image sensor



Configurable Adaptive SPAD Imaging

——ON/OFF/Config. $——— HS.

B Gated pixels

Sensor Controller (Para_regs) - Configurable exposure time

g 5 . .

s £ B Rolling-shutter operation

> \Q-l N a g .

I = Y - Stabilize SPAD array bias

gl. p 2

g E’gﬂ&r{%’/) 2 ’ m Adaptive

é _ o - Adjust imaging parameters
v v Vv ¥ {2 ﬂd based on visual processing
Mx1 Column 1-bit DFFS [\ bits results

SPAD image sensor
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Gated SPAD Pixel

Rolling-shutter VHH

reset guench
selection :
ROW Sel ROW_Gating __
Pixel :
Sel'4 Sel oult)é,eut regd-out ROW_Rst T : I
ata VIbH i E_//
Vo —
Sel :D_I — E
Rst |
column-shared Pixel Output _| 1_ SNy
: 1-bit DFF o
reset =1 quenching Read-out Data X

0 X1 i

B Gated pixel structure

B Configurable gating
® External reset

® via SEL & RST
® Passive quench
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Configurable Imaging Mode

VHH dim vision exposure gate pixel output

& 77 I

Pixel -
sel output  read-out color vision _Rt/-G/B channel
ata 7

shorter

Rolling-shutter
selection

3D vision 4-phase shifted sampling
column-shared JuL g I
hi 1-bit DFF @ same as --I—Lm—l-" "
reset =1 quUeNcnNINg modulated light P4 P3 P2 P1

B Configurable gating enables
1. adaptive 2D imaging 3. dim imaging ability
2. iToF based 3D imaging 4. color imaging w. RGB color filter

23/47



B Key Technigues

® Reconfigurable spiking vision chip



Reconfigurable Spike-based Processing

T Memory access Inst. (To Memory Access Network)

Scalar Core (5-stage pipeline RISC) K= Inst Memory B PE array
"PEInst. _______________________________________________________________________________ .
inst. Decoder],/] Parallel computing
— Reconfigurable PE array
B [ ) [  — .
T R e Hardware-efficient for
T . | 16x16b - ;
A LS-re | .
PEG-16|, | | | IETE_ oreprocessing and SNN
3 Register | [2<16b  synapse _
-pq |||  block Operation block : | W Instruction-level
o s Bl [
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L W == . > Support various network size
PEG-16 ;— """"""""""" Computing block
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Spiking Neuron: Integrate-and-Fire (IF) Neuron

Spiking neuron model

Input/output: spikes, 1 bit
W: synapses weight, 8bit
Vm: membrane potential, 13~16bit

t. firing threshold, 1bit

ifV, () >1,5,(t) =1&V,,(t)=0

Fire-reset operation

Vmt 14

3

3

-3

Integration operation

2

67] 8 9 10

>

Vin(®) = Vin(t = 1) + ) Wy x 5,(8

jEE[y
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Processing Element (PE)

Synapses weight data (8b) Basic synapse integration circuit

G-reg
32x8b I - 1b Spike
8b Weight [};
--------- | — 0 =% >
[ e Wy 16b Vm
Vm data (16b)s |16x16b - SR S . . .
T Seg Fire-reset circuit / general computing
Spike data (1b)p IETp - WH—— "~ opd 1
“Register | [2*16b  synapse o .
block ' Operation block ' 1 1
7osERdng N e (0 N \ sttt/ \Boolean/ \ ABD /\ sUB
! i || ADD/SUB,
] Data i shift,
6 neafby PESs . Sharing — logic Boolean y y
i | block 16b operation AN
| receiving "= kGeneraIJ Zsm'ﬂag l
___________________ ! os_flag I
Computing block OF_flag write_en  GC_res "’Vgg(;tli

PE offers IF neuron computing, flexible local data access, and nearby data sharing. ,;/4;



IF Neuron for Preprocessing

IF neuron model with temporal filtering

----00101_’ - Feature of PE for preprocessing:
1. Pixel-wise
f-function: -, Temporal accumulation
1) 2D visual signal enhlailc;?ement 3. Flexibly programmable ALU
8- f=10g1-ror G 1 3 DR 4. |-F process

2) 3D visual reconstruction
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PE for Preprocessing

G-reg . . : :
T | Fire-reset circuit / general computing
Synapse Integration o
; Opd_1 circuit opg o _ Fire-reset circuit
(" LGreg . . E - E Reset_resi
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! - i \/ R I
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i bIOCk :|16b Operation T e T o
: ~ j \G I)
\Jecelving ./ enera iti -
Computing block Condltlon_al computing Programmable
circuit

Disable: Synapse operation block
Data sharing block 29/47



IF Neuron for SNN

IF neuron model with dense synaptic connection

11000
Feature of PE for preprocessing:
1. Accelerate synapse integration
Dense connect
kX kX Cpy X Coue = 2 Increase local data reuse
(8.9. 3X3X16X64) 3. Efficient data access
4. |-F process

Weight kernel
Shared within layer

30/47



PE for SNN

weight data shared within 16 PEs 4 X parallelism Integration operation
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Spike output
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PE Chain Parallel Computing

Spiking feature map ~ Synapse Spiking feature map

ofL layer ™7 B of L+1 layer Nearby data sharing
Ci / ——————————— i ’
e . \ ) |PE(-{PE|~|z=||PE}~|PE
- Ho
‘ W, |*C, Up to 7X 7 weight kernel size
w;
’ PE-chain column-parallel computing
___________ XN
mp |[PE[-|PE[~-«—|PE|~|PE
H,
H: w, | %C, PE-chain length
W 8, 16, 32, 64, 128, 256
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B Key Techniques

® Spike-based processing algorithm



2D Visual Signal Enhancement

Denoise filtering 2D depth imaging reconstruction
At
. Gating I_ 11000
Incident photon o ® :... fl
Dark Count ., o e o oo 1) Temporal accumulation ¥,
R~P,,, =1—P; x Py 2) Denoise function f
1—-R

AN F(R) = 1091 ppi(—5r - p o)

P,,, =1—(1—PDE)"x (1 — At x DCR) t X

Signal 1—R Correct the effect of

intensity> N = 1091—P1)E(1 AL % DCR) DCR & PDE variation

For weak lighting condition, preprocessing solves signal from noise -



3D Visual Reconstruction

IToF-based depth imaging 3D depth imaging reconstruction

Modulated light

-

Reflected light  ——g—o .
[~ 777 o

Depth-solving function:

Exposure gating 90’ W/i////% |I CNT_90 a=CNT 0-CNT 180

4-phase ¢

sampling 180°I% i ICNT_180 b=CNT_90-CNT_ 270
o :/ r
\ 270°| ZACNT_270 b 250 & b>0
a+b
—a
+1 a<0 & b>0,
B Modulate frequency f d=S)b—a
B Several exposures for each phase 8f ib +2 a<0 & b<0,
- . . a
=> obtain light intensity (avalanche count CNT)
o3 @0&b<0

Solve and encode depth information into rate-coding spike output 35/47



Spiking Convolutional Neural Network

B Network structure

oL_o 2D classification Output
olll o

ollll @ wp conv5-12, avg-pool/2, conv5-64, Confidence of
i i avg-pool-2, FC-10 digits 0-9 (MNIST)

Horizontal and
Conv64X1-1 depth position (X, 2)

B Hierarchical neural network
->Convolutional layer (Conv)
pool layer (pool)
full connect layer (FC)
spike counting layer (SC)

B On-chip deployment
->Quantized weights and cut off outlier

Fixed-paint /
integgﬂ(:’ata

Hm Training method
—->Converted from a well-trained
real-value CNN with the same
network structure

' 36/47



B Results and Comparison



Implemented Vision Chip

Chip Microphotograph
P O, L LT | S“m APCETT LR T EERL T E

........

Specifications
& Technology 180nm CMOS
256 kB Clock
on-chip 5 frequency
data 2
Supply

(rg%r’r&ol\% Reconfigurable | i voltage
spiking vision = SRAM 256 kB (Data), 64 kB (Inst)
128X 128 Processor | ' > Imaging rate 100,000 SMps
SPAD with 256 PEs | - PE array 256
Image Preprocessor SNN processor
sensor # neurons 256 1024
I|[|“|n|’|ﬁ;5 A it g Peak

S RS R MM A Y s A g S Performance

80 MHz

1.8V (Logic), 11V (VHH), 0.3V (VG)

20.48 GSOPS 81.9 GSOPS
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Measurement Setup

Spiking vision chip ‘B

Experimental setup:
Object for imaging
LCD for
classification

Different lighting conditions
and noise level

IS simulated by setting:
 screen brightness of LCD
 screen contrast of LCD

« dataset picture contrast
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Measured Imaging Results

: 3D imaging
Experimental S

setup

-120

L0
& 6o

-80

-100

oy o Depth/cm

99.00
89.65
80.30
70.95
61.60
52.25
42.90
33.55
24.20
14.85

-20

-120

Dynamic range 100 dB

15.75% PDE @ 503 nm

3D depth imaging error 2.7cm

2D color vision and dim vision ability
dim-vision classification @0.02lux

05.50

2D imaging
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MNIST Classification

Spiking map Recovered Class. Res.
gray image

0

Bright vision
B A 5-layer SCNN
B 99.33% Acc. 300 infer/s @ MNIST

1
1 A—A
I T——h-a

ol

!—l— w/. preprocessing
=8— w/o. preprocessing

Dim vision w. preprocessing

IS

B Efficiently improve the SNR
B Merely 3.9% Acc. loss @ 20 mlx
B ~4x |latency improvement

T Y T Y
N w

—
Latency improved ratio (times)

o

\:A_A
|
|
|
i A—A
. i
Ifailed — A
....... | Decrease
"' Decrease contrast | radiant flux
0.1 1

illuminance (lux)
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Spike-based Imaging Sighal Enhancement

@0.02lux

w./0 Enhancement

On-chip approximation computation
w./0o Enhancement w./o Enhancement

with fixed-point data representation Float-point Fixed-point

can realize similar improvements on SNR. approximation computation42/47



Obstacle Localization

10 20 30 40 50 60 70

unit: cm |

Z_real (cm) :
20 22 24 26 28 30 32 34 36 38 40
128 T z —7r1r r r - r - r 111 |:8 ) 20
12 “h = Y 122
9%} - L 1%
S - : u : 126 ~
x 80F : : i Jo28 §
S " S =
o 64r : m_ i 130 43
8| 48 | = P32 9
ped I > C o om 434N
2 - I o
16 | ; : i
O ) M 'I M 1 M 1 M Y M 1 M 1 M 1 . M ] ig
B Experimental setup 0 18 32 48 eﬁ | So 96 112 128
_real (pixe

Z-direction: 20cm= 40cm

M| ocalization error
X-direction: left = right within FoV

1.68 cm @Z-direction
4.75 pixel @X-direction 13/47



State-of-the-Art Comparison

ISSCC-2017(Sony) JSSC-2019 ISSCC-2021(Sony) Ours
90 nm 1P4M/ 130nm 1P6M/ 65nm/
Process 40nm 1P7M 130nm 1P6M 22nm 180nm 1PSM
Integration Stacked BSI Stacked BSI Stacked BSI Single chip, FI
Photoreceptor PD PD PD SPAD
Resolution 1296 X976 1024 X769 4056 X 3040 128X 128
Dynamic range 80dB 54dB - 100dB
Frame rate 60fps 340fps 120fps 100000 fps
Temporal resolution 16.7ms 2.9ms 8.3ms 10us
2D vision
Vision mode 2D vision 2D vision 2D vision Dim vision
3D depth vision
Processor architecture PE array PE array ISP + CNN DSP PE array + MPU
Parallelism 1034 3072 2304 1024
Bit-width 1/4 8 8/16/32 1/8/16
On-chip memory 168KB 171KB 9 MB 256KB
CV S?Aaglr?r:cg;[sg;g I\/?clJot?:r?ldféI:ee:t?(?n Signal processing Temporal filtering
NNSs N/A N/A CNN SNN
Light-adaptation No No No Yes (3.85us)
Clock frequency 108MHz 80MHz 262.5MHz 80MHz

Peak performance

140GOPS@4bit

61GOPS@8bit

1210GOPS@8bit

81.9GOPS@1bit
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BA Vision Chip Is proposed:
® Full spiking visual flow based on SPAD imaging and spike-
based computing
® Configurable gated SPAD image sensor
® Reconfigurable spike-based vision processor

BMeasurement results show:

Versatile visual capabilities (2D/3D/dim vision)
99.3% Acc. and 300 infer/s @ MNIST classification
Merely 3.9% Acc. loss @ 20 mlx

1.68 cm obstacle detection error

3.85 us self-adaptation for ambient light changes
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B Discussion



Discussion

Future vision chip

[t AT T, W

LML A

LM MMM

CHIR IR, 77 777
Ty Y, »
Wy vy Ay,

ROIC

A/

%

== A W
a7 ar ey ar)

SPAD device array
- High resolution
-> High fill factor

Low-level in-pixel
processing circuits

- Denoise preprocessing
- Extract ROI

High-level intelligent processor
->Al-based signal enhancement
->More bio-inspired mechanisms
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