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« Computer Vision & Machine Learning Studio

« 100+ successful projects, working with startups and Fortune
500 companies

 Agritech
» Geospatial

» Industrial inspection, and more

« Highly-qualified team:

« 7 PhDs, 8 Masters, 200+ publications, 7 patents

 Focused on R&D and innovation

Visit us at digitalsense.ai
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« A well-designed acquisition system can be key to the success of a computer
vision project

] -
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« (Can you clearly see what you want to detect?

5 o
Lh DigitalSense © 2022 Digital Sense 4
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 Is your input sharp, highly contrasted and noiseless?
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« Are you losing important information in your input?

Visible spectrum camera UV camera

Image: Birchbox
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https://www.youtube.com/watch?v=tB_Vt5mV4Tg
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« To ensure consistent and robust performance in industrial applications, th
design of the acquisition system is fundamental.

« There are many aspects to consider that may seem confusing or overwhelming
when first facing them.

 In this presentation we'll introduce some of the most common elements you’ll
need to take into account when choosing your camera.

] -
DigitalSense © 2022 Digital Sense 7
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Some questions MENENY

« What wavelengths are your objects of interest most reflective/absorbent in?
Spectral bands

« What's their size?

« What's their distance to the camera?
Resolution, field of view

« How fast are they moving relative to the camera?

« Do you expect your camera to vibrate/shake?
FPS, global vs rolling shutter

] -
DigitalSense © 2022 Digital Sense 8
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Some questions MRy

« What are the lighting conditions like?
» Indoors or outdoors?
 Controlled or natural lighting?
 Low light setting?
Dynamic range, HDR

* Do you need to conform to a form factor or interface? How far is your processor
from your camera?

Interfaces

« How rough is your operating environment? What's your budget? What level of
support will you provide for your application?

] -
DigitalSense © 2022 Digital Sense 9
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o Image formation basics

e Spectral bands

e Sensors, continued

e Lenses

o Configuration

o Interfaces & other considerations

¢ Conclusion and recommendations

] -
DigitalSense © 2022 Digital Sense 10
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\ Optical Centre
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Angle of View
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Lens Elements #

Infinity (Distance to Very Far Object)

Focal Length—

Diagram: Cemal Melih Tanis
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https://www.researchgate.net/publication/337099854_Operational_monitoring_of_snow_cover_using_digital_imagery_MSc_Thesis
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https://thinklucid.com/tech-briefs/understanding-digital-image-sensors/
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 Pick your bands:

Radio waves Infrared Ultra- X-rays Gamma rays
M AM FM TV Radar violet

« Monochrome : | : : . |

100 m Im 1cm 0.01 cm 1000 nm 10nm 0.01 nm 0.0001 nm
« RGB
* Infrared VISIBLE SPECTRUM ]
 Multispectral
e Thermal
° CUStom ﬁlters 700 nm 600 nm 500 nm 400 nm

Visible spectrum range: 750 nm (red) to 380 nm (violet)

Diagram: Analytic

] -
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https://analytik.co.uk/what-is-hyperspectral-imaging/
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« RGB:

* Mostly realized by having R, G or B filters over individual
pixels in @ mosaic.

* Full image is reconstructed from these lower resolution
samples.

« Monochrome:

* higher resolution and light sensitivity than RGB.

- Shortwave infrared, thermal:
* Pixels are constructed differently than for RGB cameras.
* Lower resolution and are more expensive than RGB.

Diagram: Cburnett

] -
DigitalSense © 2022 Digital Sense 17


https://commons.wikimedia.org/wiki/File:Bayer_pattern_on_sensor.svg
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Optical ( 380 to about 750 nanometers) Thermal(8 to 14 micrometers)
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Spectral bands examples VISION

Typical Spectral Reflectance Curve for Vegetation

Leaf Cell . Do
| | Water content minant factor
<pigments= :: i - ': - OOn"O"If\g
i i E leaf reflectance
Primar
707 Chlorophyll Water y
absorption absorption absorption
60+ NIR bands
1 / plateau

Reflectance (%)
8 5 &
‘\

green peak
04 06 08 1.0 12 14 16 18 20 22 24 26
Wavelength (Lm)

|
-

- -

NIR | SWIR

Image via Akhil Kallepalli

] -
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https://www.researchgate.net/publication/319078496_Spectral_and_Spatial_Indices_based_Specific_Class_Identification_from_Airborne_Hyperspectral_Data
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Spectral bands examples: RGB vs SWIR VISION |

summl

SWIR: short-wave infrared

I

Bruising becomes Some materials
evident under can be opaque in
SWIR imaging. RGB but
transparent in
SWIR.

Images: Edmund Optics

] -
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https://www.edmundoptics.com/knowledge-center/industry-expertise/swir-imaging/
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2022 CIS Revenue Share by Vendor

S SMARTSENS Others

SK hynix - When choosing a camera, the sensor
onsemi will come from one among a handful
GAlANYG 2R - of manufacturing companies.

2022 TAM: $21.9 Billion

@ Counterpoint

« Two cameras with the same sensor
may have different imaging quality
based on sensor integration and ISP
features.

OMNIVISISON

24 9%

SAMSUNG

Source: Counterpoint Technology Market Research

] -
DigitalSense © 2022 Digital Sense


https://www.counterpointresearch.com/global-cis-market-revenue-reach-21-9-billion-2022/
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Sensor and pixel size TN

« Sensors come in different size formats.

« Number of pixels in the sensor and pixel size determine sensor size.

- Typical pixel size range: 1to9
Hm

« Larger pixels capture more
S photons, leading to better SNR
1/6" 1/3" 1" and dynamic range.

Images: Lucid Vision Labs

] -
DigitalSense © 2022 Digital Sense 24


https://thinklucid.com/tech-briefs/understanding-digital-image-sensors/
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« The sensor's resolution: its number of pixels.
 The camera’'s resolution can be defined as the minimum distance between two
distinguishable points in an image.

Sensor Sensor

~<4—  Pixels

It is strongly correlated with the number
of pixels in the sensor but affected by
other factors:

» Presence of a bayer filter
 Lens sharpness

Lens

Object

Diagram: Edmund Optics

Line-Pair

] -
DigitalSense © 2022 Digital Sense 25


https://www.edmundoptics.com/
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Lens sharpness and effect on image
resolution.

Airy disc
F\/d=0.1

REQ =1.01d
detector-limited camera

Airy disc
F\/d = 0.41 o —
R, =1.25d F\/d=1.53
Airy disc equals the detector size R, =3d
(beginning of transition region) optics-limited camera

] -
DigitalSense © 2022 Digital Sense 26
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« What will be the actual size in pixels of the objects of interest?
 Consider sensor resolution and field of view

« High resolution can be wasted if you downscale to a deep network’s input
size

« Some example standard input sizes for state-of-the-art architectures:
* Yolov5: 640x640
« Resnets: 224x224

5 .
Lh DigitalSense © 2022 Digital Sense 27
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Global vs rolling shutter VISION

- Global shutter:
« All lines exposed at once

e Rolling shutter:
e Lines exposed sequentially

e Introduces deformations in fast-moving
objects

e Can be an important issue if the camera
images: Sony vibrates or for these fast-moving objects

] -
DigitalSense © 2022 Digital Sense 28


https://www.youtube.com/watch?v=YmEH8z1JWgc
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Global vs rolling shutter | VIEN

 Rolling shutter typically
offers other advantages:

« Higher frame rates
 Lower noise
« Lower cost

.} n‘-o "

' ‘ w‘“ ’o;
owc "3

Global vs. rolling shutter in component inspection

Images: Edmund Optics

] .
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https://www.edmundoptics.com/
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Ratio between largest non-
saturating input signal and
the smallest detectable

input signal
Natural scenes {00+ dB
Human eye Around 30 dB
Cams with no HOR 70 dB
Cams with HDR 20+ dB
Lower exposure: dark areas are Higher exposure: bright areas are
underexposed saturated

Images: Cecilia Aguerrebere et al.

] .
DigitalSense © 2022 Digital Sense 30


https://ieeexplore.ieee.org/abstract/document/6528309

HDR: multi-capture

o DR combined image

[ 3

Images at different | WLy N EERT. § Y
exposures are combined ST Wl o TEERENE: . ) A}
into a single high- i e W o e RLLSACEEEE
dynamic-range image

« Motion in HDR shots
can result in ghosting
artifacts

Images: Cecilia Aguerrebere et al.
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https://ieeexplore.ieee.org/abstract/document/6528309
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HDR: deghosting and single-capture | YIIEN

: :Ghostin; DR dlie io cé. tion
Multi-capture HDR can be [& b= 3
deghosted

» Besides de-ghosting
techniques, there are
sensors that can produce
HDR images from a single
exposure. E.g.:

Source: Martin Musil et al.

« Differently-sized pixels
« Spatially-varying filters

] .
DigitalSense © 2022 Digital Sense 32


https://link.springer.com/article/10.1007/s11554-020-01001-x
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Lens basics YT

Horizontal FOV * Field of view: extent of the
1 scene that is projected onto the

SENSOF.

« Focal length: distance
between the center of the lens
and the sensor image plane.

Scene of target object

hSEI'ISOI'

Vertical FOV

Working distance d,,

Focal length f

Diagram via Janik Mabboux et. al

34

] -
DigitalSense © 2022 Digital Sense


https://www.sciencedirect.com/science/article/pii/S1877050921018640
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Focal length and field of view VISION

summit /

e Wider FOV:

o Lower resolution
(1 pixel = large area)

e Narrower FOV:
o Lower SNR (less photons

per pixel)

Increase focal length: increase zoom, narrow FOV

Image: Vimeo Video School

] -
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https://vimeo.com/27582408
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Fixed/variable focus

Fixed/variable aperture
Geometric distortion

Chromatic aberration

™ -
-

Images: Terpstra et al.

P I

Images: Stan Zurek

] -
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https://www.researchgate.net/publication/315858269_An_Evaluation_of_Two_Methodologies_for_Lens_Distortion_Removal_when_EXIF_Data_is_Unavailable
https://en.wikipedia.org/wiki/File:Chromatic_aberration_(comparison).jpg

Lens-sensor pairing
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Images: Edmund Optics

DigitalSense

« Sensors come in different sizes, and
cameras provide different lens mounts

C-Mount F-Mount
Max Sensor Max Sensor
Diagonal: 18mm Diagonal: 43.3mm
1" 327PI Nikon Style Bayonet Mount
(Threaded) (Not Threaded)

10503

TFL-Mount

Max Sensor
Diagonal: 28mm

M35x 0.75
(Threaded)

|

105U9¢

o
105U

46.5mm

17.5mm Back Back Flange Distance
Flange Distance

© 2022 Digital Sense

—

17.5mm Back
Flange Distance

TFL-1l Mount

Max Sensor
Diagonal: 35mm

M48 x 0.75
(Threaded)

\

[
105U3g

—

17.5mm Back
Flange Distance

37
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Lens-sensor pairing }’J?nmlt

« The lens’ resolution should match the
sensor's resolution.

 The lens' should match the sensor size
format:

« The image circle should cover the
whole sensor.

« Check the lens' specs to see suitable
sensor sizes for the lens.

« The lens' and the sensor's spectral
properties should match. Illustration of image circle on sensor plane.

Image: nagualdesign

] -
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https://en.wikipedia.org/wiki/Image_circle#/media/File:Image_circle.jpg

Cq

/



Exposure time

 It's the length of time that the digital sensor
inside the camera is exposed to light.

* Needs to be properly set for the application. Will
have an effect on:

« Motion blur (higher exposure -> more blur)
- Image noise (lower exposure -> lower SNR)
- Under exposure and saturation

] .
DigitalSense © 2022 Digital Sense
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Exposure time
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Aperture, depth of field and exposure VISION

MORE LIGHT ENTERS CAMERA
FASTER SHUTTER SPEED

aYaYe
A

1/2 the light 1/4 the light 1/8 the light 1/16 the light 1/32 the light 1/64 the light
of /2.8 of f/2.8 of /2.8 of /2.8 of /2.8 of /2.8

@ o &
Diagram: Stuart Grais

INCREASED DEPTH OF FIELD D
] .
DigitalSense © 2022 Digital Sense 41
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http://facweb.cs.depaul.edu/sgrais/depth_of_field.htm

;m bedd e.\c\i\
White balance VISI’“‘N |
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« The image captured by the camera will mix colors
from the scene with that of the light source.

« White balance post-processes the capture to try
to compensate for the light source color and
reproduce the scene as observed under
white light.

It can be difficult to know how algorithms operate
in commercial cameras.

Images: Henry Maitre

] -
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https://www.wiley.com/en-us/From+Photon+to+Pixel:+The+Digital+Camera+Handbook,+2nd+Edition-p-9781786301376
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Software configurability sUMMIt

« Exposure, focus and white balance (to name some important ones) are
elements that you will likely need to adapt to your application.

« Specially during the prototyping phase, the ability configure and tune
them via software adds important flexibility.

« Which aspects of the camera can be controlled via software and how?

* E.g. can you set a custom white balance preset?
* or an auto white balance, exposure or focus on a ROI?

43

] -
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Interfaces VIS mll\l_

USB 3.0/ 3.1 GigE GMSL MIPI CSI-2

Bandwidth 400 MB/s 125 MB/s 750 MB/s 1280 MB/s on four
320 MB/s data lanes

Max cable length 5 m (without active 100 m 15m 30 cm

extenders)
Main advantages Highest ease of Highest flexibility in  Good fit for Great bandwidth at

integration camera placement  automotive smallest form factor

applications

] -
DigitalSense © 2022 Digital Sense 45
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 Frame rate * Price

« Compression « Lead time

« Ruggedness « Support
» Dust & water rating ¢ QA

e Shake & vibration

« Temperature range

External trigger

] -
DigitalSense © 2022 Digital Sense 46
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Conclusion and recommendations VISION B

- If you want the best performance for your computer vision project, pay
the proper attention to the acquisition system design.

« Always try to control as many aspects of your capture as you can (lighting,
distance to objects of interest, occlusions, etc.)

« List explicitly the camera features that are required for your project and which
are desirable. Prioritize.

] -
DigitalSense © 2022 Digital Sense 48
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« Plan for camera integration time:
« What's the interface: USB, MIPI?

« Have you worked with this vendor's cameras before?

« Account for lead times in your project calendar

* Prototype with the camera you have, but limit redoing work

- Establish good relationships with vendors you can rely on

] -
DigitalSense © 2022 Digital Sense 49
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Maitre, Henri. From photon to pixel: the digital camera handbook. John Wiley & Sons, 2017.

https://www.wiley.com/en-
us/From+Photon+to+Pixel:+ The+Digital+ Camera+Handbook,+2nd+Edition-p-9781786301376

Edge AI + Vision Alliance cameras and sensors resources.

https://www.edge-ai-vision.com/resources/technologies/cameras-and-sensors/

Edmund Optics’ knowledge center

https://www.edmundoptics.com/knowledge-center

] -
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 Field of view: extent of the scene that is projected onto the sensor.

- Working distance: The distance from the front or first surface of the lens to the
object under inspection.

« Focal length: distance between the center of the lens and the sensor image
plane.

« Depth of Field (DOF): The maximum object depth that can be maintained
entirely in acceptable focus.

 F-number / f-stop: the ratio of the system's focal length to the diameter of the
entrance pupil.

] -
DigitalSense © 2022 Digital Sense 53
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« Sensor resolution: its dimension in pixels.

- Camera resolution: the minimum distance between two distinguishable points
in an image, typically specified as a spatial frequency in units of line pairs per
millimeter.

 Quantum efficiency: the measure of the effectiveness of an imaging device to
convert incident photons into electrons.

- Dynamic range: the ratio between the largest non-saturating input signal and
the smallest detectable input signal.

] -
DigitalSense © 2022 Digital Sense 54
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CCD vs. CMOS VISION F

The 2 main sensor architecture types:
« CCD: Charge-coupled device
« CMOS: Complementary metal-oxide-semiconductor

 Historically, CCDs provided better image quality at higher cost

« CMOS with its lower cost, lower energy usage and smaller form-factor
rode the smartphone wave and caught up with CCD in image quality

« CMOS is now dominating the embedded vision market, though CCDs may be a
good fit for specific applications

] -
DigitalSense © 2022 Digital Sense 55
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CCD photon to electron CMOS

conversion

;}// BB EE
\ charge pps [R5 [R57 [
{ to voltage /TR [RA] [RA] AR
( conversion FIEICEIE

e Tl sl vl Tl
]

CCDs move photogenerated charge
an output node. CMOS imagers conve

m pixel fo pixel and convert it to voltage at
to voltage inside each pixel.

Read-out noise generated Diagram via Gatan Inc.

] -
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https://www.gatan.com/ccd-vs-cmos
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Sensor quantum efficiency VISION §

e Monochrome —Red QE —Green QE —Blue QE —Monochrome QF
70% 1 ) | 1 E E 1
. Sony IMX287 absolute QE plot
has a higher

/“""\ All measurements were done without protection glass or IR cut filter.
. . 60% - a iy mianamarh A b (0350
effl C I e n Cy th a n /_\ \ ) The values are typical and are su!)ject to minor varia;ions:’
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Aperture and depth of field VISIC

summlt

Low f/#(Lorge Apertore) .-
""" %
.\“’\
5 i
2 Maximom Blor Allowable ™"
& : aximum Blur Allowable ~ ""-~.__
E, High §/# (Small Aperture) b To Obtain Desired Resolution
E
Lens Mount E DOF -
Image: Elizabeth Mott Flange Distance
Diagram: Edmund Optics
I\ . .
Dig italSense © 2022 Digital Sense

58


https://www.edmundoptics.com/knowledge-center/application-notes/imaging/depth-of-field-and-depth-of-focus/
https://itstillworks.com/make-foreground-blurry-dslr-camera-37682.html
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DigitalSense

Your Computer Vision and
Machine Learning R&D lab
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Low-risk POC Staff Augmentation

Develop a proof of concept using a
process that marries the latest
research with agile development.

Our style of staff augmentation is based
on teams that can self-manage to meet
or exceed client expectations.

Component Development
Whole Application

Delivery

We develop tailored state-of-the-art
Computer Vision or Machine Learning
components to integrate into your apps or

systems. We build full web systems or apps for

customers that prefer all development
in the project to be handled by a

™ ~. . single trusted vendor.
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Let’s discuss your next project!

We'd love to hear from you
hello@digitalsense.ai

digitalsense.ai
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