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Two Interleaved Photodiodes Angular Responses

Computational Sensors

Suren Jayasuriya

/s
V7

/A
70
\ 7 \\\

Postdoctoral Fellow,

well

Carnegie Mellon University — fiea1 12

p

Single View g Detail

The Robotics Institute,

| =
=
L=
L=
-
-
-
-
-
L~
-
-
-
-
-
-
-
L=
L=
-
-

= 3 : '. :
‘ - Wi | ' 3 | } ' 3 j . .
ASP Camera.sS stue‘m = %on‘ili_negr. Lf’ight Field A : Single View g



Class Announcements

1) Vote on this poll about project checkpoint date on Piazza:
https://plazza.com/class/j6dobp/6al4d6ao?cid=126

1) Reminder: Start HWS this first week — if you haven't started
by Wednesday, you should hurry up.


https://piazza.com/class/j6dobp76al46ao?cid=126

Computational Photography
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Slide courtesy of loannis Gkioulekas



Computational Photography
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Computational Photography
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Computational Photography
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This lecture will cover recent
developments in computational
Sensors
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Review: Traditional CMOS Image Sensors

Pixel stack:
- Microlens
microlens microlens - Color Filter
- Photodiode
photodiod photodiod - Readout Circuitry
e e
potential potential
well well
silicon for read- / stores emitted /
out etc. circuitry electrons

Slide courtesy of loannis Gkioulekas



Pixel Diagram and Operation

VRrsT

V
RST —{[ M

COL

3T (3 Transistors) Pixel:

- Each pixel has a reset, source

follower (or amplifier) and row
select transistor

- The relative timings between
turning on/off the transistors =

exposure and readout of the
pixel



Pixel Diagram and Operation

RST = ON

- The photodiode is charged to a high
voltage (between 1-3.3 volts for
modern technologies)




Pixel Diagram and Operation

RST = OFF

- The photodiode Is now Integrated
photocurrent onto its own (internal)
capacitor

- Voltage Is decreased across the
capacitor as (negative) charge
—— accumulates

Photocurrent flows from _ Eventually, the pixe| will saturate or
cathode to anode voltage =0



Pixel Diagram and Operation

ROW = ON

- Transistors Msf and Msel are turned
on

M - The voltage Is read out to the
st column, where it is sent to a column
M., amplifier, then an ADC to be
digitized

ROW
COL



Rolling Shutter

Pixel Array

CMOS Image Senso Start
Address

Slide courtesy of Jinwei Gu



Rolling Shutter

Pixel Array

Address
Decoder

Image Rows

Address

Senerator

Slide courtesy of Jinwei Gu



Rolling Shutter

Pixel Array EXposure

Row
Address
Decoder

Image Rows

Start
Address

Slide courtesy of Jinwei Gu



Rolling Shutter

Address
Decoder

Start 4 4
Address

Generator

Pixel Array

Column Scanner

Image Rows

Exposure Readout

Slide courtesy of Jinwei Gu



Rolling Shutter

Pixel Array

Address

Decoder

Start
Address

Address
GGenerator

Column Scanner

Image Rows

Exposure Readout
D E—— e

Slide courtesy of Jinwei Gu



Advantages and Disadvantages of Rolling Shutter

Advantages:

- Easy to read out the image sensor, space-efficient In
column parallel readout

- No need for extra memory to store pixel voltage (unlike
global shutter)

Disadvantages:
- Rolling shutter effect

- Can effect performance of computer vision algorithms
such as structure-from-motion, SLAM, and stereo if not
careful




Computational Sensors

But what is different about computational sensors vs. regular sensors?

Some options:
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(1) Change the readout/timing
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digital sensor to capture arbitrary computation
focused light (electrical between sensor and

pProcess) Image

(2) Change the pixel design itself

optics to focus light
on an image plane

(3) Change the on-chip processing



Computational Sensors

But what is different about computational sensors vs. regular sensors?

Some options:

(1) Change the readout/timing

(2) Change the pixel design itself

(3) Change the on-chip processing

CMOS Image Senso

Pixel Array

HE NN

Simamaal

ROW EERER

Address D
Decoder '

Start 1 1

Column Scanner

P
Address Address| Sample and Hold |
Address Column ADC  |Output
Generator




Change the Readout and Timing

Camera Shutter: Space-Time Sampling

Image Rows

Image Rows

Time Time
Rolling Shutter (CMOS) Global Shutter (CCD)

> s
O O
id i
@ Q
o o
(© ©
E E

Gu et al, “Coded Rolling
Shutter Photography:

ime me
Coded Rolling Shutter Flutter Shutter F'eX'bl_e Space-Time
[Raskar et al., 06] Sampling” ICCP 2010




Change the Readout and Timing

Conventional Rolling Shutter Interlaced Readout
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input: coded image (3072x2048)

= _—— ¢ Gu et al, “Coded
—— Ny Rolling Shutter

=— — = —— Photography:
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= R, S ——— = Flexible Space-

Time Sampling”
ICCP 2010




Change the Readout and Timing

Coded Exposure Photography:

Assisting Motion Deblurring using Fluttered Shutter
Raskar, Agrawal, Tumblin (Siggraph2006)

Short Exposure Traditional Coded

e

SN

il I B —— Shutter —

Captured
"~ Photos

|, CI—— Deblurred
Baciay o -+

$ 0Lk b Results

—

A Y
S I
R
3 s

. 4 LA A r 5 ) b )
. o v 3 : oy : -
. : <. s - e A
~ g E L r » . y
W L SN AN NS
e V2 " . . >
. :

' .
: f’/ > b .7;-:.’)’69‘(.4 '
s v s S o b = !
) _.'f' W '.\ B ARY ALY ) 5"_‘."" ,%\ _ .
1 55 ] ‘c' 3008 ) AR
AL NG S AN A
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Artifacts and some spatial good as image of a

frequencies are lost static scene

Image is dark
and noisy



Computational Sensors

But what is different about computational sensors vs. regular sensors?
VRrsT

Some options:

(1) Change the readout/timing

(2) Change the pixel design itself

(3) Change the on-chip processing

photodiod

photodiod

e

potential

potential
well

7

stores emittec
electrons

silicon for read- /
out etc. circuitry

/




ASPs: A New Type of Pixel

Angle Sensitive Pixel Structure

Grating pitch, d

Diffraction ]

T grating

Grating | m  m T
separation, z

BN BN EEEEE M Analyzer |

____________ :

Photodiode !

A. Wang and A. Molnar, “A Light Field Image
Sensor in 180nm CMOS”, JSSC 2012



Capturing Light Fields using ASPs

A. Wang and A. Molnar, “A Light Field Image
Sensor in 180nm CMOS”, JSSC 2012



Capturing Light Fields using ASPs

A. Wang and A. Molnar, “A Light Field Image
Sensor in 180nm CMOS”, JSSC 2012



Capturing Light Fields using ASPs

A. Wang and A. Molnar, “A Light Field Image
Sensor in 180nm CMOS”, JSSC 2012



Angle Sensitive Pixel Structure

Grating pitch, d

Diffraction ]

T grating

Grating | m  m T
separation, z

BN BN EEEEE M Analyzer |

____________ :

Photodiode !

A. Wang and A. Molnar, “A Light Field Image
Sensor in 180nm CMOS”, JSSC 2012



Operating Principle: Talbot Effect

Plane wave on grating generates
periodic diffraction pattern
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Incident Angle
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Incident Angle shifts

Depth, microns

Intensity, a.u.
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O

X, microns



Add an Analyzer Grating

O degrees

Detector

10 degrees

Detector



CMOS Implementation




Angle Response
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Angle Response

Pixel Output (V)
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-20 0 20 40
Incident Angle, O (degrees)




Angle Response

Incident Angle, 0 (dc®
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Angle Response

Vour = I0A(0)(1 + mcos(O + o))

15X 10°°

—

Pixel Output (V)
Q
n

-20 -20 0 20 40
Incident Angle, 6 (degrees)




Quadrature Inversion

Vo = IoA(B)(1 + mcos(360))
Vesz = loA(®)(1 — m sin(B6))
Ve =10A(0)(1 —mcos(0)) -
Vir/2z = IoA(0)(1 + m sin(B6)) 3o

Incident Angle, 6 (degrees)

a=0 a=7t/2 /2
S

Intensity Incident angle
[LA(B) = ot = u/2 t Van/2 0 = ltan‘1 Vo~ Vn
0 2 2 B Vans2 = Vry2




2D ASP Tile

Physical Layout
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ASP Camera

We tile the entire image sensor
with this repeated pattern of
different ASP pixels

The sensor is fabricated in an
unmodified CMOS process

£
:
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ASP Cametr




Experimental Setup
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ASP Light Field Capture

i(x,y)= 00 r'**21(x,y,q, H)dqd T

Physical Layout Impulse Response (2D)

%"””’”5@% .~:;?3 \ ’ | * Each pixel modulates the light field

/ ||m -:fjt' N — ///// HIS= :‘/l\jirtwrét?oﬂifferem angular response
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p (0) > T3

cos(Bcosy 0, + Bsiny0, + a)




ASP Light Field Capture

* Model the image capture process: l — FZ

Physical Layout Impulse Response (2D)

e @ A\
/W = //////

\ / ai...l Z

(aB¥) 1 m -
pl®h (G)=E+?cos(ﬁcosy9x+Bsmyﬂy+a)




ASP Light Field Capture

e Linear Reconstruction: ld lod —
ownsample

* We can Invert this equation using linear methods by reducing the resolution of the 4D light
field

* The resulting reconstruction is low resolution due to the spatio-angular tradeoff



Compressive Light Field Photography

Captured 2D Image

4D Light Field
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Compressive Light Field Photography
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Decomposing light fields into sparse representations

l = D a s.t. a IS sparse

Original Light Field Dictionary Coefficient vector

—_—

Overcomplete
dictionary

Can lead to fewer

g )
—
-
—
—
—
—
—
—
i non-zero coefficients

§0000200000000000000000




Dictionary Learning

— . Use K-SVD
B D a 5L a IS Sparse algorithm to

Training light fields solve this
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Compressive Light Field Reconstruction
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Experimental results

Light Field Light Field View



Comparison of reconstruction methods




Digital refocusing after the picture has been taken

Focused on Swan Focused on Knight



Computational Sensors

But what is different about computational sensors vs. regular sensors?
VRrsT

Some options:

(1) Change the readout/timing

(2) Change the pixel design itself

(3) Change the on-chip processing

photodiod

photodiod

e

potential

potential
well

7

stores emittec
electrons

silicon for read- /
out etc. circuitry

/




Event-Based Cameras (also called Dynamic Vision Sensors)
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Dynamic Vision Sensor
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Active logarithmic front end

Key tachniques - Self-clocked switch-cap differentiator



Event-Based Cameras (also called Dynamic Vision Sensors)

Concept Figure for Event Based Camera

https://www.youtube.com/watch?v=kPCZESV
fHoQ

High Speed Output on a Quadcopter

https://www.youtube.com/watch?v=LauQ6L
WTkxM

Dynamic Vision Sensor




Applications of Event Based Cameras

box
(indoor)

Kitchen
(indoor)

objects
(indoor)

bikes
(outdoor)

event gradient intensity depth event gradient Intensity depth

visualisation estimation reconstruction estimation visualisation estimation reconstruction estimation

shelves
(indoor)

office
(indoor)

hallway
(outdoor)

statue
(outdoor)

Kim et al, “Real-Time 3D Reconstruction and 6-DoF Tracking with an Event Camera” ECCV 2016 (Best Paper Award!)



Time-of-Flight (TOF) Imaging and Transient Imaging

Demodulating Pixel

Reflected Light

-
Ctie ! 2ome Of 3 ‘
wif luenge (large) VIS T ¢
infuence (small) . .
Microsoft Kinect V2
anrnod faed CMOS process ) psub
* Differential output voltage < - +
: : Streak cathode
Single Photon Avalanche Diodes (SPAD) Cameras
digital \
[ pulse OUT i T NIRRT —
f”___\__ Vo [
Vc TRL [0 sample é | CCD
4 T > } Photo switch Detector




Time-of-Flight (TOF) Imaging and Transient Imaging

More on TOF and transient imaging In future lectures

-+
| | Streak cathode
Single Photon Avalanche Diodes (SPAD) Cameras
digital X
| f‘___\_— R/O (

Vera ['o sample é CCD
< Tinsis > } Photo switch Detector




Computational Sensors

But what is different about computational sensors vs. regular sensors?

Some options:

(1) Change the readout/timing

(2) Change the pixel design itself

(3) Change the on-chip processing

DIGITAL

Compressed

Image
Memaory

I

ANALOG
Voltage Code
| Regulators Memory
Fixel "
Array
- !
Column 4| Timing gml:;td;lltd
Amplifiers Unit ontroller
Column
Selector [
1 * Image
Analog .
Processing AR Signal

Processor

=

JPEG

Compression

0
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On-Chip Image Compression

Integration/ |\W/R |~ i umn Decoder k= Hilbert Scanner |— Row Decoder
Read-out

1
COﬂ:fNO/"ROl CS1 C42 CS3 Cs4 RS RS2 RS3
Pt [Pz | P [ Pra [

; ./.;,Ep | . | =1 : [l ’g
o
=

P 23 =1 Pz,z — Pz.s — Pz.d = [\E ~
= l l l l Qbutr B e
Ibuff = ~
~
P3.| P3,2 R 33 34 ‘\L -
u_@“z . i \\\ I ! Obu)ﬂ .
Vdd Pixel '
: :H— Rst O DPCM =R
i v R ; Adaptive Q
e e 3!
Variable Clock /Cd] L5 ?’D‘“ Z| | ¢
Gray De-Counter | ' | [;,L.,- 1 QTD
'—I Processor
Y]
(a) (b)

Fig. 5. (a) Architecture of the overall imager including the sensor and the processor. (b) Corresponding microphotograph of the chip implemented in Alcatel
0.35-pm CMOS technology with the main building blocks highlighted. (c) Layout of the pixel.

Chen et al, A CMOS Image Sensor with On-Chip Image Compression Based on Predictive Boundary
Adaptation and Memoryless QTD Algorithm, VLSI 2011



On-chip CNNs

Design of on-chip
mixed-signal ADC for
Implementing a CNN
on chip

Goal: Energy-efficient
computer vision

Reusable Modules

* Programmable kernel
* Cyclic flow for reuse

Data locality for patches
* Streaming processing
* Column topology

Pixel Prxel Pixel Pixel Pixel
Column Column Column Column Column
L ¥ ¥ h 4 ¥
Correlated Double Correlated Double | | Correlated Double | | Comelated Double || Cormrelated Double
Sampling (CDS) Sampling (CDS) Sampling (CDS) Sampling (CDS) Sampling (CDS)
¥ Y Y ¥ ¥
Analog Analog Analog Analog Analog
Memory femory fMemory Memory Memaory
¥ Y Y Y ¥
Vertical Weighted Vertical Weighted Vertical Weighted Verical Weighted Verical Weighted
FWE[ﬂgirlﬂ PN S E-Tallats Bnrers e Avraraning .Pl.".l'EIEDiI'IQ
L4 L4
Horizontal Cﬂ] le n pa ra]] E l tﬂpﬂ l ﬂgy Horizontal
Accumulaton . . Accumulaton
- for streaming data locality -
Vertical Vertical Vertical Vertical Vertical
Max Pooling Max Pooling Max Pooling IMax Pooling IMax Pooling
Y Y Y Y Y
Horizontal Honzontal Horzontal Horizontal Horizontal
Max Pooling Max Pooling Max Pooling IMax Pooling IMax Pooling

Cyelic
Flow
Control

Analog-to-Digntal

Analog-to-Digital

Analog-to-Digital

Analog-to-Digital

Analog-to-Digital

Conversion Conmversion Conmversion Conversion Conversion
¥ ¥ ¥ v v
RedEye RedEye RedEye RedEye HedEye
Chutput Cutput Cutput Output Output

LiIKamWa et al, RedEye ISCA 2016




Future of Computational Image Sensors

* Tighter Iintegration of hardware and software, spanning programming
languages to computer architecture to circuits to optics

* |mage sensors custom for specific applications (machine vision,
scientific imaging, etc)

* New pixel/sensing technologies: MEMS, Photonics, 3D stacking, etc.

 What do you predict?
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