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Outline

<latexit sha1_base64="9+fSPrS4Pus0YUdR7OVAsT6VMz4="></latexit>

• Course Overview and Logistics

• What is Machine Perception/Image Processing?

– Definition

– Digital imaging

• The basic objects: Images

– Continuous/analog images

– Discrete/sampled images

– Digital images

• Components of an image-processing system

– Typical image-analysis system

– Acquisition, storage, and processing

• Conclusion
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Course Overview

<latexit sha1_base64="VAlFMIxWWW9Yn02FcfnoUwvvv08="></latexit>

• ECE 172A is an undergraduate class that focuses on the fundamentals of
machine perception (a.k.a. image processing).

<latexit sha1_base64="mLqDpOgaWWFVWB7nsh0YxSHpB5g="></latexit>

• A tentative list of topics include

– Basics of 2D signal processing

– Continuous vs. discrete vs. digital images

– Image sampling, acquisition, and quantization

– Image filtering

– Morphological processing

– Image processing tasks (segmentation, preprocessing, feature extraction)

– Image interpolation

– Image transforms (DCT, wavelets, etc.) and transform coding

– Image restoration, reconstruction, and inverse problems

– Plug-and-play methods
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Course Overview

<latexit sha1_base64="rX9Bwb9HxDvKH9U77YSNkj6ZV0Q="></latexit>

• We will not follow any specific textbook, but the following are good references
for the subject material.

– B.K.P. Horn, Robot Vision, New York: McGraw-Hill, 1986.

– W.K. Pratt, Digital Image Processing, New York: Wiley, 1991.

– K.R. Castleman, Digital Image Processing, Prentice Hall, Englewood Cli!s, NJ, 1995.

– A.K. Jain, Fundamentals of Digital Image Processing, Englewood Cli!s, NJ, Prentice-

Hall, 1989.

– B. Jähne, Digital Image Processing, Springer Berlin, Heidelberg, 2005.

– J.C. Russ, The Image Processing Handbook, CRC Press, 5th edition, 2006.

– R.C. Gonzalez, R.E. Woods, Digital Image Processing, 4th edition, Pearson, 2017.

– W. Burger, M.J. Bruge, Digital Image Processing, Springer Cham, MA, 2022.

<latexit sha1_base64="R/l2XnpiN1y24voYp0M/VtOEVhM="></latexit>

• The main reference will be these slides.

<latexit sha1_base64="VfwpIfm/GGcNP9ZaKBvUB9zjRls="></latexit>

Slides will be posted immediately after each lecture.
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Prerequisites

<latexit sha1_base64="/0tlajcepJSIj6H3Fa5QK72frA4="></latexit>

• This course assumes basic knowledge of linear systems fundamentals at
the level of ECE 101. Some background in probability will be helpful (e.g.,
at the level of ECE 109). Familiarity with Python will be necessary for the
programming components of the course.

<latexit sha1_base64="n3eHNeimA5VGv15C5zQU2iv/ZVo="></latexit>

Joseph Fourier
(1768–1830)

<latexit sha1_base64="qdxCf3vC540mn7WvCD3hyJF+3BQ="></latexit>

Probability
<latexit sha1_base64="QWcIaKiRfu908TIxooVn6nJ0i1I="></latexit>

Python
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Logistics

<latexit sha1_base64="1PNTAK64eMD6H6wIA6myeBaSIow="></latexit>

• Course website: https://sparsity.ucsd.edu/172a/
<latexit sha1_base64="sA94Bb5JVMusuAGu7Qx1MUzSAXo="></latexit>

• Includes links to:

– Canvas: Course materials, lecture recordings, etc.

– Gradescope: homework submission and grades

– Piazza: Q&A discussions and class announcements

∗ check Piazza regularly
<latexit sha1_base64="BbDW4bFyxU0f7BK63dS7MzLfk3c="></latexit>

• Grading:

– 5-8 assignments (40%) (combination of “pen-and-paper” homework
and programming lab exercises)

– Midterm Exam (20%) (date is TBD)

– Final Exam (40%) (Thursday, March 20th from 19:00–21:59)
<latexit sha1_base64="E+5UsqvHbRtbp9GHGK9NajYCaFw="></latexit>

• Late assignment policy:

– Assignments submitted up to 24 hours late will be penalized by 10%. No
late assignments will be accepted after 24 hours beyond the due date.
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Lectures and Discussion
<latexit sha1_base64="wfwo/m3qB3kKyoBs9BGhNUOxGRI="></latexit>

• Lectures: Tuesdays 17:00–19:50 (CENTR 216)
<latexit sha1_base64="fN5ltrqF7UbxNJish1nEbEJVIw4="></latexit>

– We have 170 minutes per lecture. (MWF classes are 3→ 50 minutes)
<latexit sha1_base64="cFE7Q6Cvc/hwMhsCORmnBTfl0qU="></latexit>

– We will have a combination of one or two 10 minute breaks and/or
ending class early every lecture.

<latexit sha1_base64="q+QLBIcXBQmSrD3z4sQU1ncT7aY="></latexit>

• Discussions: Mondays 17:00–17:50 (CENTR 212)

<latexit sha1_base64="BHEVt05SJreS/bMjM8ZBl6jdmAU="></latexit>

– Led by the TA

– These will be valuable to attend.

∗ Homework and programming advice

∗ Addressing any questions from lectures, Piazza, o!ce hours, etc.

∗ Opportunity to work with your peers on homework and lab exercises.
(We will release assignments on Mondays.)

<latexit sha1_base64="KUUJo7aG6ATmJlQhVMr2cZfKexM="></latexit>

Working together on assignments is a great way to learn (and make friends!)

<latexit sha1_base64="ta71ZFN4nhqzDTIJ+j4LYdei2xY="></latexit>

I want the lectures to be interactive.
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Course Sta!

<latexit sha1_base64="xkMzRoI/0UN1gaswfWFQ3BckBOE="></latexit>

• Rahul Parhi, Assistant Professor, ECE

• I joined UCSD in 2024 after two years of a
postdoc at EPFL and a PhD from Univ. of
Wisconsin–Madison.

• O!ce: Jacobs Hall (EBU1), Room 6406

• O!ce Hours: TBD

• Email: rahul@ucsd.edu

<latexit sha1_base64="X63FcJ8c7ygwgQxA8GjhHrOMkqk="></latexit>

• Niyas Attasseri, TA

• O!ce Hours: TBD

• Email: nattasseri@ucsd.edu

<latexit sha1_base64="FnY4PNSJWFj7skAfOryri70L4b8="></latexit>

https://schej.it/e/cc3D8
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Outline

<latexit sha1_base64="9+fSPrS4Pus0YUdR7OVAsT6VMz4="></latexit>

• Course Overview and Logistics

• What is Machine Perception/Image Processing?

– Definition

– Digital imaging

• The basic objects: Images

– Continuous/analog images

– Discrete/sampled images

– Digital images

• Components of an image-processing system

– Typical image-analysis system

– Acquisition, storage, and processing

• Conclusion
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What is Image Processing?

<latexit sha1_base64="1BAT9y7Z/h77iyRZxYuRSmbIpAs="></latexit>

Guernica, 1937 (Picasso)

<latexit sha1_base64="2X1wCPyeVzLPtMivvCyj5YhNh1s="></latexit>

“One picture is worth thousand words”

<latexit sha1_base64="FYnnF9aAyX7/WZX0pL0TWmbIsI0="></latexit>

Subjective appeal of images <latexit sha1_base64="qarch66N030FgVyGegW7DNTm0G8="></latexit>

Images in science

2020

19521895

2019

<latexit sha1_base64="7J3mNacUgpdJnEejewkJeURSS+M="></latexit>

X-rays
Wilhelm Röntgen

<latexit sha1_base64="8Rht5+33cg1iUil7FMIknlq0DgU="></latexit>

Double-helix DNA
Rosalind Franklin

<latexit sha1_base64="7gzvCi+3diKYQX1YYsKgZ77aUDE="></latexit>

Cryo-electron
microscopy

Jacques Dubochet

<latexit sha1_base64="DH7nyKxdWlijb2xQz3WUM+9eYzA="></latexit>

Black hole image
reconstruction
Katie Bouman

<latexit sha1_base64="E99M5CuOjI3UfXVv4hV86BIkkh4="></latexit>

Digital imaging
<latexit sha1_base64="7M5januvjcDcUN+qlKTBrd2J+lQ="></latexit>

Any manipulation of image-related data
via a computer
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History of Image Processing

<latexit sha1_base64="M6TWfAEUKck9y/YRvlynYlQNxgE="></latexit>

60-70’s
<latexit sha1_base64="5/UXyu0oVe6AtMCEtf8HrA8VR3U="></latexit>

Image processing was pioneered
<latexit sha1_base64="zH7G9viX0GaBOnBFiMvl1Wus8TU="></latexit>

80-90’s
<latexit sha1_base64="2P8CNt7fNgiYz/YmH9cf0EcGNCU="></latexit>

Analog cameras to CCD cameras

<latexit sha1_base64="nbDmthEQVubO84EqWlg991uWR6A="></latexit>

Minicomputers to PC (+grabber) (+DSP)

<latexit sha1_base64="i6SXzJlUBglT51RArMlqTHSPEsY="></latexit>

Research labs to first real-world

<latexit sha1_base64="QzWVNMLOgFy2muIu7767ihNiqbA="></latexit>

2000-2015
<latexit sha1_base64="IO0TA1iOBVxrE3yZESrIsz3AzAw="></latexit>

CCD cameras are everywhere

<latexit sha1_base64="uLabQ4RZihOY4p4/z/R21MfxTo0="></latexit>

General-purpose processors, software

<latexit sha1_base64="SXbw+uCzRnETp9r3rxNw1Mq0v8s="></latexit>

More applications, web/internet

<latexit sha1_base64="BBfnzX83pWeUuz5IhZLiK7h5pB4="></latexit>

Present

<latexit sha1_base64="FUBRdx45LOBHIja7W4Zkuq/yrDE="></latexit>

High-tech: devices, computer, software

<latexit sha1_base64="W1a7t0ccO2PFI+54DHqpeE8Cec0="></latexit>

Imaging is everywhere in science and society

<latexit sha1_base64="S0CAw9kxPJkG8XGxwCG+eZb3rek="></latexit>

Machine learning and deep learning

<latexit sha1_base64="F3XteyeZCnT7Q/ZaM7vh2W8/hVw="></latexit>

First digital image ever
created by Russell Kirsch.
Size: 176→ 176 pixels

<latexit sha1_base64="aEkJ5rS4PGlYi8LKTEHdnB0Pp/s=">AAACFXicbZDLSsNAFIYnXmu9VV26CRbBVUmKtroruHFZwV6gKeVkctIOnZmEmYlSQl/BbX0Zd+LWte/iwvQiaOsPAx//OYdz5vdjzrRxnE9rbX1jc2s7t5Pf3ds/OCwcHTd1lCiKDRrxSLV90MiZxIZhhmM7VgjC59jyh7fTeusRlWaRfDCjGLsC+pKFjIKZWu7NVbVXKDolZyZ7FdwFFMlC9V7hywsimgiUhnLQuuM6semmoAyjHMd5L9EYAx1CHzsZShCou+ns1rF9njmBHUYqe9LYM/f3RApC65Hws04BZqCXa1Pzv1onMeF1N2UyTgxKOl8UJtw2kT39uB0whdTwUQZAFctutekAFFCTxZP3FEp8opEQIIPUC0EwPgowhISbcerp8IfzWVzucjir0CyX3Eqpcl8u1i4XweXIKTkjF8QlVVIjd6ROGoSSAXkmE/JiTaxX6816n7euWYuZE/JH1sc3kfSfog==</latexit>

1957

<latexit sha1_base64="xm/XHBPIRP8LCWRbS80lf5bh2uo="></latexit>

Visual control in
manufacturing.

<latexit sha1_base64="iq416Op1CIXgTqVSZD1ktExMmrE="></latexit>

Segmentation of
3D medical
images.

<latexit sha1_base64="1pdPB4qnTPbOacI9zDrSONYaw0U="></latexit>

Autonomous
vehicles.

<latexit sha1_base64="FL/TUuKWRuQWTqp9QX07WfPm9us="></latexit>

→ Parallels the development of computers
<latexit sha1_base64="HYwMRbdRi4gSLfbSUNvk2H/bdPQ="></latexit>

→ Mainframes

<latexit sha1_base64="j9z/9h5od0qfTWsjhz62sgKMHxM="></latexit>

→ PC

<latexit sha1_base64="w4mvTl0TnO7Z1FxxHnobP0FmgWE="></latexit>

→ PowerPC

<latexit sha1_base64="rU7EeK+6cpFTX+EIdGGBhESXB8Y="></latexit>

→ Parallelization and GPUs
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<latexit sha1_base64="8NLyEwR5LG6DsiGI/VpQMV/IqUY=">AAACO3icdVBNTxsxFPRS2tL0gxSOvViNKnGKdgEFjkhwgBtIDSBlo+it9214wvau7LdF0Sp/ob+mV/o/euZW9cqNQ50QJKjoSJbGM2/8MVmlyXMc/4qWXiy/fPV65U3r7bv3H1bbH9dOfVk7hX1V6tKdZ+BRk8U+E2s8rxyCyTSeZZf7M//sGzpPpf3KkwqHBsaWClLAQRq1N9Ks8OgIvTwgr6iaHeQl2bAdE4OWRyFBdjxqd+ JuPIeMu1u721vJdiC9eCdQmSysjljgeNS+S/NS1QYtKw3eD5K44mEDjklpnLbS2mMF6hLGOAjUgkE/bOY/msovQcllUbqwLMu5+jjRgPF+YrIwaYAv/L/eTHzOG9Rc7A4bslXNaNX9RUWtJZdyVo/MyaFiPQkElKPwVqkuwIHiUGIrdWjxSpXGgM2btABDepJjAbXmaZP64oG3Ql0Pncj/k9PNbtLr9k42O3sHi+JWxCfxWWyIROyIPXEojkVfKPFd/BDX4md0Hd1Ev6M/96NL0SKzLp4guv0LhoCvnw==</latexit>

Disciplines in Digital Imaging
<latexit sha1_base64="4VXKYfy7bfp5k/rUQcMqL6NshB0="></latexit>

Image processing

Computer ImageImage

<latexit sha1_base64="vIPN6zvyQKP4d6f1ay5bAoLFEy0="></latexit>

Image analysis

Computer Features, numbersImage

<latexit sha1_base64="ZzJsEaa5IkVtTnw8qdOTLeVoAmc="></latexit>

Image reconstruction

Computer ImageMeasure

<latexit sha1_base64="xzmUCllZf8QdmA//HJSivbcF34o="></latexit>

Computer vision

Image Objects, 3D sceneComputer

<latexit sha1_base64="vzAkKeFHijxgVAvYeB209rGmZM4="></latexit>

Computer graphics

Description ImageComputer

<latexit sha1_base64="hwJlGiTVU78Z9n4R7pe1A1VFX3I="></latexit>

Colloquially, these are all referred to as “image processing”
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<latexit sha1_base64="qAMEeW5TlmpOyARfCzaHE9KjmeE=">AAACLXicdZDLSgMxFIYz9VbrrepON8EiuCozVqpLQRe6q2BtoVNKJnNGg7kMSUYpQ8GncVtfxoUgbn0JF6a1BRU9EPj4/3M4J3+Ucmas7794hZnZufmF4mJpaXllda28vnFlVKYpNKniSrcjYoAzCU3LLId2qoGIiEMruj0Z+a070IYpeWn7KXQFuZYsYZRYJ/XKW2GUGNAMDD53FuCGVhSMYfK6V674VX9c2K/Wjg5qwYGDun /oEAcTq4Im1eiVP8JY0UyAtJQTYzqBn9puTrRllMOgFGYGUkJv3ZqOQ0kEmG4+/sMA7zolxonS7kmLx+r3iZwIY/oicp2C2Bvz2xuJf3mdzCZH3ZzJNLMg6deiJOPYKjwKBMdMA7W874BQzdytmN4QTah1sZVCDRLuqRKCyDgPEyIY78eQkIzbQR6aZMolF9c0E/w/XO1Xg3q1frFfOT6dBFdE22gH7aEAHaJjdIYaqIkoekCPaIievKH37L16b1+tBW8ys4l+lPf+CVo0qgs=</latexit>

Image Processing

<latexit sha1_base64="Ldo5ZTSxgmpDT5IgHXV4Rfb9RrI="></latexit>

Definition: Transformation of pictorial information
<latexit sha1_base64="yUJpEDxGh9v7gerOTgqRtSY7Wf8="></latexit>

Related fields/concepts: Signal processing, basic components of
artificial neural networks (CNNs, in particular)

<latexit sha1_base64="OND9vWerKWk+505/acRX8/vzQcw="></latexit>

Example: enhancement

<latexit sha1_base64="FS8oDAa2BI/qNELH+qytR3X8UlY="></latexit>

Original X-ray
<latexit sha1_base64="8eMavOw4vtrBdERERdYCPhHRYhQ="></latexit>

Enhanced image
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<latexit sha1_base64="CPML5foNTlGpeg/4jzSUasjmnoQ=">AAACNnicdVDLSiNBFK32GeMrOks3hUHUTeiOEl0GnMW4i2BUSAeprr6thfVoqm7PEJp8gF/j1vkUN+6G2foBLqzECCp6oOBwzrncWyfJpXAYhg/B1PTM7Nx8ZaG6uLS8slpbWz9zprAcutxIYy8S5kAKDV0UKOEit8BUIuE8uTka+ee/wTph9CkOcugrdqVFJjhDL13W6nGSObACHD32FtCONRycE/qK7nCjcTvd9amwEY5Bw8 be4f5etO9JKzzwlEYTq04m6FzWnuPU8EKBRi6Zc70ozLFfMouCSxhW48JBzviN39fzVDMFrl+OPzOkW15JaWasfxrpWH0/UTLl3EAlPqkYXrvP3kj8yusVmB32S6HzAkHz10VZISkaOmqGpsICRznwhHEr/K2UXzPLOPr+qrEFDX+4UYrptIwzpoQcpJCxQuKwjF32xqu+rrdO6PfkrNmIWo3WSbPe/jkprkI2yCbZIRE5IG3yi3RIl3ByS+7IPfkb3AePwb/g/2t0KpjM/CAfEDy9AJKPrRU=</latexit>

Image Processing (cont’d)
<latexit sha1_base64="8shsJYn4EtWf2dX0PwZ8/gLMLJ0="></latexit>

Example: denoising

<latexit sha1_base64="kGywOsd5AvCt341gref4NIjEubs="></latexit>

Example: deblurring

<latexit sha1_base64="J01hIYFYlcYXIbYwcnu771qg5yY="></latexit>

Example: deconvolution

<latexit sha1_base64="ZEJazRwxgUjnSs0sRn/kRbt3DQk="></latexit>

Low-exposure
digital photography

<latexit sha1_base64="bQ18sDWvlU6zvuX7dy16wsAa2ig="></latexit>

Saturn image

(Hubble space

telescope)

<latexit sha1_base64="0dNCWuqgAqo/ogZJ1gU/IkMVS9c="></latexit>

3D fluorescence
confocal microscopy
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<latexit sha1_base64="O13n9gzoNDAKMuyVEEVVW5UjWQ4=">AAACK3icdZBNSwMxEIazflu/ql4EL8EieCq7VqpHRQ96U7AqdEuZzc5qMMkuSVZZlvprvOqf8aR49V94MK0VVHQg8PC+M8zkjTLBjfX9Z29kdGx8YnJqujIzOze/UF1cOjNprhm2WCpSfRGBQcEVtiy3Ai8yjSAjgefR9X7fP79BbXiqTm2RYUfCpeIJZ2Cd1K2uhFFiUHM09MhZSPcUiMJw063W/Lo/KOrXGztbjWDLQdPfdk iDoVUjwzruVt/DOGW5RGWZAGPagZ/ZTgnaciawVwlzgxmwa7ek7VCBRNMpBz/o0XWnxDRJtXvK0oH6faIEaUwhI9cpwV6Z315f/Mtr5zbZ6ZRcZblFxT4XJbmgNqX9OGjMNTIrCgfANHe3UnYFGph1oVVCjQpvWSolqLgME5BcFDEmkAvbK0OTfHHFxfWVCf0fzjbrQbPePNms7R4Mg5siq2SNbJCAbJNdckiOSYswckfuyQN59B68J+/Fe/1sHfGGM8vkR3lvH4/NqR4=</latexit>

Image Analysis

<latexit sha1_base64="7k6QpeQSXnqmg0abuhFMaW0LNNI="></latexit>

Definition: Extraction of image features and quantitative information
<latexit sha1_base64="h3bvFQgi6krctADc5Qah4ktzaws="></latexit>

Related fields/concepts: Pattern recognition, machine learning

<latexit sha1_base64="ztyukDMmvlaLUgZHnyNZQC5F0/I="></latexit>

Example: bioimage analysis
<latexit sha1_base64="6gXFMKkAIxWYWBu4++T55GtRb9E="></latexit>

• Fluorescence microscopy

• Segmentation of the nucleus

• Segmentation of particles

<latexit sha1_base64="uvRFe9DWqWqhT137Jpt3sk2wrVQ="></latexit>

Particle
tracking



16

<latexit sha1_base64="Jd3xbFOjxQdwO6GL9CPtT0b8q0k=">AAACNHicdZDPShxBEMZ7TIxm1bgmx1w6LqJelhmV1aMhOSQ3A1kVdpalpqdGG/vP0F2jDMOefRqv5lkCuYVc8wQ5pHddIQYtaPjxfVVU9ZeVSnqK4+/R3LPn8y8WFl+2lpZXXq22114fe1s5gX1hlXWnGXhU0mCfJCk8LR2CzhSeZBcfJv7JJTovrflKdYlDDWdGFlIABWnUfpdmhUcn0fPPwUL+3oCqvfR8S1hDm/n2qN2Ju/ G0eNzdPdjbTfYC9OL9gDyZWR02q6NR+0+aW1FpNCQUeD9I4pKGDTiSQuG4lVYeSxAXYdsgoAGNfthMvzLmG0HJeWFdeIb4VP13ogHtfa2z0KmBzv3/3kR8zBtUVBwMG2nKitCIu0VFpThZPsmF59KhIFUHAOFkuJWLc3AgKKTXSh0avBJWazB5kxagpapzLKBSNG5SX9xzK8R1nwl/Go53ukmv2/uy0zn8OAtukb1l62yLJWyfHbJP7Ij1mWDX7Ibdsm/RbfQj+hn9umudi2Yzb9iDin7/BcBjrCg=</latexit>

Image Analysis (cont’d)

<latexit sha1_base64="E69QFZ/Sfp+IyW5reVhSmsgRtEM="></latexit>

Example: industrial vision
<latexit sha1_base64="Mu+K4LXssfzg/KZ43EtMyeXByBo="></latexit>

Quality control
in production

<latexit sha1_base64="e3kTxDx9XUg9MdTiWfL8eov77c8="></latexit>

Check food
waste

<latexit sha1_base64="Y8VOii3OemfmELZcaaKiUpkRVok="></latexit>

Example: medical imaging

<latexit sha1_base64="I8X8ERGSjRoEfoQMLp2PewiRl+4="></latexit>

Lung segmentation based on texture information
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<latexit sha1_base64="tKPKhQ4a9l7edG4s8uHykXI2chY=">AAACN3icdVDLSiNBFK12fE18Zcalm8IouArdKtGdgi6cXQRjhHQI1dW3TWE9mrrVSmjyA/M1bvVPXLkTt7N3MZUYQUUPFBzOOZd76yS5FOjC8CGY+jE9Mzs3/7OysLi0vFL99fscTWE5tLiRxl4kDEEKDS0nnISL3AJTiYR2cnU08tvXYFEYfeYGOXQVu9QiE5w5L/WqG3GSIVgBSNt9sEAF0j8+A7RpDQdEoS8PetVaWA/HoG F9Z393J9r1pBHueUqjiVUjEzR71Zc4NbxQoB2XDLEThbnrlsw6wSUMK3GBkDN+5fd0PNVMAXbL8W+GdNMrKc2M9U87OlbfT5RMIQ5U4pOKuT5+9kbiV16ncNl+txQ6Lxxo/rooKyR1ho6qoamwwJ0ceMK4Ff5WyvvMMu58gZXYgoYbbpRiOi3jjCkhBylkrJBuWMaYvfGKr+utE/o9Od+uR41643S7dng8KW6erJF1skUiskcOyQlpkhbh5C+5JXfkPrgLHoOn4Pk1OhVMZlbJBwT//gPZP63F</latexit>

Where is Image Processing?

<latexit sha1_base64="K28SQMBVFaf7VB34ogO+/4UQYiM="></latexit>

Interdisciplinary field

<latexit sha1_base64="ujzL0Gz5NgIle7czTgof6yxtSZg="></latexit>

Image
Processing

<latexit sha1_base64="IrYAcA9tOUkjThADMnNSuUYCxBQ="></latexit>

Signal
Processing

<latexit sha1_base64="w16RU52c9Qhzf3qnmvYlOlK4vJc="></latexit>

Mathematics

<latexit sha1_base64="Vf/2bdKY7A86PZDBmkwIl1N3pA8="></latexit>

Machine
Learning <latexit sha1_base64="oYmj/URtvKMtYprlCvEjuY+HS44="></latexit>

Photography

<latexit sha1_base64="WUEx8sF/Nij1a+HgNGPDw7mUgKU="></latexit>

Computer
Technology

<latexit sha1_base64="pibo2sSx/5QKLT8xqhlyqViRUfk="></latexit>

Electronics
<latexit sha1_base64="gUileG8d6g1G4lcRva+NZytcFBM="></latexit>

Optics

<latexit sha1_base64="laDLhSpAk/VCg/T7g4W7R0Jotpw="></latexit>

Application Areas
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<latexit sha1_base64="q2efTONvkAZ6BjlqmPpnDLKKux8=">AAACMXicdZBNSwMxEIazftb6VfUoSLAInsquSvVY0YPeFKwK3VJms7M1mGSXJKuUpTd/jVf9M97Eq3/Bg+mHoKIDgZf3mWEmb5QJbqzvv3gTk1PTM7OlufL8wuLScmVl9dKkuWbYZKlI9XUEBgVX2LTcCrzONIKMBF5Ft0cDfnWH2vBUXdhehm0JXcUTzsA6q1PZCKPEoOZo6KlDXHXpYeYWj7jpVKp+zR8W9Wu7B3u7wZ4TdX /fSRqMUZWM66xT+QjjlOUSlWUCjGkFfmbbBWjLmcB+OcwNZsBuoYstJxVINO1i+I8+3XJOTJNUu6csHbrfJwqQxvRk5Dol2Bvzmw3Mv1grt8lBu+Aqyy0qNlqU5ILalA5CoTHXyKzoOQFMc3crZTeggVkXXTnUqPCepVKCioswAclFL8YEcmH7RWiSL112cX1lQv8Xlzu1oF6rn+9UG8fj4EpknWySbRKQfdIgJ+SMNAkjD+SRPJFn78l78V69t1HrhDeeWSM/ynv/BNoFq9Y=</latexit>

Imaging Applications
<latexit sha1_base64="ejWvsKh1m5I4GAsItY18H9iuiHA="></latexit>

• Medical Imaging

– Contrast enhancement

– Tomographic reconstruction

– Screening of X-ray

– Nuclear medicine, MRI

– Computer-aided diagnosis

– Ultrasound imaging

<latexit sha1_base64="9JCBHpGbjdxNa9jz9XQgB4rId9g="> a2uLGSv5VZ56Wz4LxyXGfV2XAOnJZz6vDSp9KX0tfSt/Ln8vfyj/LPMXSmlHOeO1On/PsvkYq2wg==</latexit>

• Aerial/Satellite Imagery

– Weather prediction

– Crop assessment

– Military recognition

– Remote sensing

– Geographic information systems

<latexit sha1_base64="ShM0epEPgjQaN+rLLJs1QP+1bec="></latexit>

• Banking

– Optical character recognition (OCR)

<latexit sha1_base64="ArOZZb0mZflqCI7jniNXp1NhcUU="></latexit>

• Storage

– Compression

– Image archival
<latexit sha1_base64="6wOnHQtTMVuLPKeYZJNyL5yiG4g="></latexit>

• Biology / Microscopy

– Life cell imaging

– Micro-array, DNA chip

– Fluorescence microscopy

– Super-resolution reconstruction

– Neuroscience

<latexit sha1_base64="sLisWF17fv3uYQuf7b6mBVK8pZw="></latexit>

• Multimedia

– Digital photography

– Electronic publishing

– Watermarking

– Image database indexing

– Old-movie restoration

<latexit sha1_base64="lRDw5xwwJ9nhorx7OCBHI4GwUAc="></latexit>

• Astronomy

– Detection of stars

<latexit sha1_base64="nvyvtLt59xkTVdJhaBLNSZMcYbU="></latexit>

• Law enforcement

– Surveillance

– Biometrics

– Identification

– Number-plate recognition

<latexit sha1_base64="GgabkTO+xZihPtwyNRLkIEr44Cc="></latexit>

• Industrial vision

– Inspection

– Product assembly/monitoring

– Localization and recognition

– Robot vision

– Autonomous vehicles
<latexit sha1_base64="16Pl0yqPYG7+Pbe4GwPYeUyh/uQ="></latexit>

• Archaeology

– Restoration of image records

<latexit sha1_base64="gqRgUqI2idh8RN9Aw3CUfucJolc="></latexit>

• Physics/Materials

– Electron microscopy

– Analysis of materials
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<latexit sha1_base64="UiyPFRuH+vD1vsh/faRgMzdqwlg=">AAACPHicdVBNaxsxFNS6aeO6H3HbYy4iptAeanZtY/vo0AaSmwNxEvAa81b7thaRtIukTbMs/g39Nb26vyP33kqvOfVQ+QuS0g4Ihpl5etJEmeDG+v6tV3m08/jJbvVp7dnzFy/36q9en5s01wxHLBWpvozAoOAKR5ZbgZeZRpCRwIvo6uPSv7hGbXiqzmyR4UTCZ8UTzsA6aVp/H0aJQc3R0KMbkJlAeuIi+OFQgSgMN3TIs9 Xt03rDb/orUL/Z7nfaQceRrt9zlAYbq0E2GE7rv8M4ZblEZZkAY8aBn9lJCdpyJnBeC3ODGbArt23sqAKJZlKuvjSnb50S0yTV7ihLV+r9iRKkMYWMXFKCnZm/vaX4L2+c26Q/KbnKcouKrRcluaA2pct+aMw1MisKR4Bp7t5K2Qw0MOtarIUaFX5hqZSg4jJMQHJRxJhALuy8DE2y5TVX17YT+n9y3moG3Wb3tNUYfNoUVyX75IC8IwHpkQE5JkMyIox8Jd/Ignz3Ft4P76f3ax2teJuZN+QBvLs/cIKwFw==</latexit>

Example Image-Analysis Pipeline
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<latexit sha1_base64="jl9k8W5HR+yHmmoWijIi3QJHCJk=">AAACNnicdVDBThsxFPQCBRpaSOHYi0WE1FO0C1FAPSHgACdAIoCUjdBb79vGYHtXft5W0SofwNdwhU/hwg1x7Qf0gBOCBFU7kqXRzDzbb5JCSXJheB9MTc98mJ2b/1hb+PR5can+ZfmU8tIK7Ihc5fY8AUIlDXacdArPC4ugE4VnydXuyD/7iZZkbk7coMCehh9GZlKA89JFvREnGaGVSPykj3wHSAp+mFyicPSdH/g0kk+FzX AMHjY3tlobUcuTdrjpKY8mVoNNcHRR/xOnuSg1GicUEHWjsHC9CqyTQuGwFpeEBYgrf3nXUwMaqVeNlxnyNa+kPMutP8bxsfp2ogJNNNCJT2pwffrbG4n/8rqly7Z6lTRF6dCIl4eyUnGX81EzPJXWb60GnoCw0v+Viz5YEM73V4stGvwlcq3BpFWcgZZqkGIGpXLDKqbsldd8Xa+d8P+T0/Vm1G62j9cb23uT4ubZV7bKvrGIbbJtts+OWIcJds1u2C27C26Dh+AxeHqJTgWTmRX2DsHvZ2turQI=</latexit>

The Basic Objects: Images

<latexit sha1_base64="4iPmj3Smi8XZs1X02yq0xpVY6bU="></latexit>

• Continuous/analog image

<latexit sha1_base64="AItt4+aDo5gWVlDFQbfsG60jx0Q="></latexit>

• Discrete/sampled image

<latexit sha1_base64="fVEHflkrSG48DV1JwZSzGhh0NxE="></latexit>

• Digital image

<latexit sha1_base64="RahHaxyhbEeaUtlu0n1ZDvv5wuY="></latexit>

The real world is an analog world

<latexit sha1_base64="dMam4tA2P3zd28x35g/9oYYYT0w="></latexit>

“We are analog beings trapped in a
digital world, and the worst part is,

we did it to ourselves.”
—Donald A. Norman, 1988, UCSD

<latexit sha1_base64="fGxc+v+p/ULKX/Bjujf6NoY0F10="></latexit>

How we reason about the images on our computer

<latexit sha1_base64="TUuXkvGBTpdE9T9ogUhWh4p8IL4="></latexit>

The images on our computer

<latexit sha1_base64="rog2UOk77thkh3TW9ZjxOAc7HLw="></latexit>

What even is an image?
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<latexit sha1_base64="Nkj/Ut5O7ebCJKcI1F9ZQfIOkwQ=">AAACOXicdVBNTxsxFPRS2qbpB6Ece7GIWvUU7ZIoiTgFwaHcAiKAlI2it963YOGPle0tilb5B/waruGPcORWce21B5wQJKjakSyNZub52ZPkglsXhrfByqvV12/eVt5V33/4+Gmttv752OrCMBwwLbQ5TcCi4AoHjjuBp7lBkInAk+Rid+6f/ERjuVZHbpLjSMKZ4hln4Lw0rn2Lk8yi4WjpvreQHqKft6jcIrBNdxQIfTau1c NGuAANG81uqxm1PGmHHU9ptLTqZIn+uPYnTjUrpL+ICbB2GIW5G5VgHGcCp9W4sJgDu/Arh54qkGhH5eI/U/rVKynNtPFHObpQn0+UIK2dyMQnJbhz+7c3F//lDQuXdUclV3nhULHHRVkhqNN0Xg5NuUHmxMQTYIb7t1J2DgaY8xVWY4MKL5mWElRaxhlILiYpZlAINy1jmz3xqq/rqRP6f3K81YjajfbBVr23tyyuQr6QTfKdRKRDeuQH6ZMBYeSKXJMZuQlmwV3wK7h/jK4Ey5kN8gLB7wcHfa7l</latexit>

Image Representation: Analog

<latexit sha1_base64="/pnYtuoood/kVxZ2mDljuHR1BhU="></latexit>

Analog image (monochrome)
<latexit sha1_base64="zYlseqpIi+GN1mZK5DTtGRcwjCc="></latexit>

2D light intensity function: f(x, y)
<latexit sha1_base64="TJ7HqzM9nBIeUGNTTJB4caWkasM="></latexit>

• (x, y) are the spatial coordinates
<latexit sha1_base64="qQKR/kjn9YzWzjZ08SzLCanMBV0="></latexit>

• The output f(x, y) is the brightness (or grayscale level) at (x, y)

<latexit sha1_base64="LpOItYbrVMwoit274eFBHX2N5q4="></latexit>

f(x, y) → [fmin, fmax] for all (x, y)

<latexit sha1_base64="zNOpRFgz9kpg4IfdKdOZMq2u3fM="></latexit>

0: black

<latexit sha1_base64="OrjXp6hSQ53CI7TBabZTBSQlu+s="></latexit>

fmax: white

<latexit sha1_base64="oUUXsWvytt3qNxWNYsHjmbAcSTE="></latexit>

grayscale

<latexit sha1_base64="kbkLAjAfkICd5bCoB4l1cNxpCZs="></latexit>

f(x, y)
<latexit sha1_base64="VkNGgEOOPXEr8XXnGHH8G//ecUA="></latexit>x

<latexit sha1_base64="I1gnIntFzCKAR0XWST7h7wUsHl4="></latexit>y

<latexit sha1_base64="VvRx1UGPfgCpImEITMQ91jBIICc="></latexit>

Analog images are 2D functions
f : R→ R ↑ [fmin, fmax] ↓ R

<latexit sha1_base64="QpHCQFFq8DBgpBt3PgAf2wUua8c="></latexit>

f : R2 → [fmin, fmax]



22

<latexit sha1_base64="IH9ExzeFettIWnzEDRlajCjUA5k=">AAACQnicdVDLThsxFPUALZA+CHTJxmpUlW7SGUABsaKCRbujqAGkTBTd8dwBCz9G9h1QNMpn8DVs4SP4BXaoWxZ1QpDaqj2SpaNzzvW1T1Yq6SmO76KZ2bkXL+cXFhuvXr95u9RcXjnytnICu8Iq604y8KikwS5JUnhSOgSdKTzOzvfG/vEFOi+t+UHDEvsaTo0spAAK0qD5Oc0Kj06i59+ChfwQw7xHQ5PADv9iQNlTviasoY /5p0GzFbfjCXjc3tje3Eg2A+nEW4HyZGq12BQHg+ZjmltR6XCjUOB9L4lL6tfgSAqFo0ZaeSxBnIfdvUANaPT9evKxEf8QlJwX1oVjiE/U3ydq0N4PdRaSGujM/+2NxX95vYqK7X4tTVkRGvG0qKgUJ8vHLfFcOhSkhoGAcDK8lYszcCAodNlIHRq8FFZrMHmdFqClGuZYQKVoVKe+eOaNUNdzJ/z/5Gi9nXTane/rrd39aXELbJW9Z2ssYVtsl31lB6zLBLti1+yG3UY30X30EP18is5E05l37A9Ej78AaCKx7w==</latexit>

Image Representation: Analog (cont’d)

<latexit sha1_base64="/pnYtuoood/kVxZ2mDljuHR1BhU="></latexit>

Analog image (monochrome)
<latexit sha1_base64="zYlseqpIi+GN1mZK5DTtGRcwjCc="></latexit>

2D light intensity function: f(x, y)
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<latexit sha1_base64="FdLcd+1+cgxBccOaIhnHWMpnf6I=">AAACO3icdVBNSwMxFMz6bf2qevQSLIKnsquliifBHvSmYlXolpLNvtVgkl2St0pZ+hf8NV7r//DsTbx682BaK6joQGCYmZeXTJRJYdH3n7yx8YnJqemZ2dLc/MLiUnl55dymueHQ5KlMzWXELEihoYkCJVxmBpiKJFxENwcD/+IWjBWpPsNuBm3FrrRIBGfopE55M4wSC0aApUfOAnoKbt6CxmFgjzaE5QYQOuWKX/WHoH51e7 e2HdQcqfs7jtJgZFXICMed8nsYpzxX7ioumbWtwM+wXTCDgkvolcLcQsb4jVvaclQzBbZdDH/UoxtOiWmSGnc00qH6faJgytquilxSMby2v72B+JfXyjHZbRdCZzmC5p+LklxSTOmgHhoLAxxl1xHGjXBvpfyaGcbRlVgKDWi446lSTMdFmDAlZDeGhOUSe0Voky9ecnV9dUL/J+db1aBerZ9sVfYbo+JmyBpZJ5skIDtknxySY9IknNyTB9Inj17fe/ZevNfP6Jg3mlklP+C9fQDpsq/a</latexit>

Image Representation: Discrete

<latexit sha1_base64="pyPWHAlNbIGLVN19LxOUUj4b8ME="></latexit>

Discrete image (monochrome)

<latexit sha1_base64="YfbJ30LImoMa8ZLAocGxGHFlgP8="></latexit>

Analog image
<latexit sha1_base64="DjpQ1rJPDNn/q6wdp1br83Wx6rs="></latexit>

Discrete image

<latexit sha1_base64="Wi6Wk+Nn+8XixpRbaREmQOrbWRk="></latexit>

• Set of pixels
<latexit sha1_base64="k/FuOETFjjoOLc+zS56iQNndiuE="></latexit>

{f [k, l]} with k = 0, . . . ,K → 1 and l = 0, . . . , L→ 1
<latexit sha1_base64="b8rSLMBRSQQTsBPks/Qk6zYFyqo="></latexit>

K: number of columns
L: number of rows

<latexit sha1_base64="HBpY5p/8yvbPM4X+Z0Y/sqyaysc="></latexit>

• K → L array or matrix of pixels
<latexit sha1_base64="fXg26J5uEcBSlioHyhqIb7rC2so="></latexit>

F = [Fij ] with Fij = f [i, j]

256x256 pixels
64x64 pixels

16x16 pixels

<latexit sha1_base64="uBU7d25vJygdhgdHVlB2nvMbaZI="></latexit>

k

<latexit sha1_base64="cAd0UvMn4em6klIXW0sC59bUW1Q="></latexit>

l

<latexit sha1_base64="AZ43j0rNbagTQKdTOLUH0RfD4hM="></latexit>

Why is this not digital?

<latexit sha1_base64="9/JI9nvfbmYRfY3EmQXSkxcXPew="></latexit>

f [k, l] → [fmin, fmax] ↑ R
for every pixel coord. (k, l)

<latexit sha1_base64="CbmImsh+dUT0aoOMC2rl5QAm3ws="></latexit>

→ picture elements
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<latexit sha1_base64="FANFgwTY8xJG9xKGLtIbUxyDhWU=">AAACOnicdVDBSiQxFEy7rrrjro569BIcxD0N3SqjeBL0oDdXHBWmh+F1+rUGk3STvFaGZj7Br9mr+yF79SZePe5hM+MIKloQKKrq5SWVFEo6CsO/wcSXya9T0zPfarPff8zN1xcWT11eWoFtkavcnifgUEmDbZKk8LywCDpReJZc7Q39s2u0TubmhPoFdjVcGJlJAeSlXn0tTjKHVqLjh95Cfox+3qGhUWCH78sLSaB69UbYDE fgYXNje3Mj2vSkFW55yqOx1WBjHPXq/+I0F6X2NwkFznWisKBuBZakUDioxaXDAsSV39nx1IBG161GHxrwVa+kPMutP4b4SH09UYF2rq8Tn9RAl+69NxQ/8jolZdvdSpqiJDTieVFWKk45H7bDU2lRkOp7AsJK/1YuLsGCIN9hLbZo8EbkWoNJqzgDLVU/xQxKRYMqdtkLr/m6Xjrhn5PT9WbUarZ+rTd298fFzbBltsJ+sohtsV12wI5Ymwl2y36zO/YnuAvug4fg8Tk6EYxnltgbBE//AfC5r1s=</latexit>

Image Representation: Digital

<latexit sha1_base64="VZpNKN24bgb/jQ1uieEV0DGzVSs="></latexit>

Digital image (monochrome)

143 149 119 86 75 41 16 11
143 146 134 86 71 41 23 13
144 148 147 85 63 45 18 14
141 149 142 109 50 32 11 15
140 146 152 119 48 31 20 15
150 145 147 137 55 26 10 7
147 143 141 138 74 24 22 11
144 145 137 139 89 19 13 11

0

64

128

192

256

<latexit sha1_base64="7pVrEBMJTf4aZ+CCLlYSt1GXiU4="></latexit>

Quantize the gray levels

<latexit sha1_base64="Krm35/l7s1pikwCYx2gffTn+lAU="></latexit>

f [k, l] → {0, 1, 2, . . . , 255}

<latexit sha1_base64="PN1foNzMc7SolDUDNuvhAW0Ocxg="></latexit>

General-purpose
8-bit: 0–255

<latexit sha1_base64="cwEHrf7Lk7zGG+xzsbmKpbn7vko="></latexit>

Science
Sensitive camera: 16-bit

<latexit sha1_base64="Luy4WUFijOnETOWQmlCHgGVXRwU="></latexit>

Computation
Floating-point representation
32-bit (float) or 64-bit (double)

<latexit sha1_base64="DPTHzoZGEkHHfYOVCprnpG7384w="></latexit>

Binary
1-bit: 0 or 1

<latexit sha1_base64="vop80cdMXIjWMvZ+2alSfxmQHtQ="></latexit>

256 gray levels

<latexit sha1_base64="ftSw08lvXG1EOG+7NWvCtfnq9pM="></latexit>

8 gray levels
<latexit sha1_base64="V2dNoNTRaaJXC7XEEDuIOIyVuf0="></latexit>

2 gray levels
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<latexit sha1_base64="FftNUddiRxs4+9SeV1dNkgQOvm8=">AAACO3icdVDPSxtBGJ3VWm1aa6rHXgaD4CnsRoneElRQbwpGhWwI385+q4PzY5mZtaxL/gX/Gq/6f/Tcm3jtrQcnMUJb9MHA473vfTPzklxw68LwZzAz+2Hu4/zCp9rnL4tfl+rflk+tLgzDHtNCm/MELAqusOe4E3ieGwSZCDxLrnbH/tk1Gsu1OnFljgMJF4pnnIHz0rC+HieZRcPR0h0stUppa69D91GhAcFvMKWHPoG2M6 w3wmY4AQ2bG9ubG9GmJ+1wy1MaTa0GmeJoWP8Tp5oVEpVjAqztR2HuBhUYx5nAUS0uLObArvz2vqcKJNpBNfnRiK55JaWZNv4oRyfq34kKpLWlTPykBHdp//fG4ltev3DZ9qDiKi8cKvZyUVYI6jQd10NTbpA5UXoCzHD/VsouwQBzvsRabHwxP5iWElRaxRlILsoUMyiEG1WxzV55zdf12gl9n5y2mlG72T5uNbp70+IWyHeyStZJRLZIlxyQI9IjjNySO3JPHoL74FfwGDy9jM4E08wK+QfB72dLLa7s</latexit>

Beyond 2D? Generalized Images?

<latexit sha1_base64="sY7XNsY9bBhor3bh2n+zPuWou7I="></latexit>

• 3D images or volumes: f(x, y, z)

• Time or video sequence: f(x, y, t)

• Color or multi-spectral images: f(x, y) =





f1(x, y)
f2(x, y)

...
fp(x, y)





<latexit sha1_base64="J52/1oA8On4U+RPxEWKiMj69LIo="></latexit>

Question: How to get images?

<latexit sha1_base64="HAeXf6RUyi4bdKwUXlszzcadRd8="></latexit>

• Devices sensitive to certain EM energy bands

– X-ray, ultraviolet, visible, infrared, radio-astronomy

<latexit sha1_base64="r5lw5G7upNGNJBtqdU+vpIXVIP0="></latexit>

• Non-optical imaging

– MRI, PET, ultrasound, seismic imaging

<latexit sha1_base64="t7WqM1PpMB4f98TGwrQdukKSr+8="></latexit>

Examples

<latexit sha1_base64="tqUdoUuTnhxUXLoCkWaYlBEcjkU="></latexit>

fMRI dataset
150 volumes
256→ 256→ 110 voxels
f(x, y, z, t)

<latexit sha1_base64="GKqRAg/xnkcOX9rsJK3J1daBGeQ="></latexit>

Neuron tracing
Mosaic of micrographs:
90 planes of 2048→ 2048 pixels

<latexit sha1_base64="ETbjEx2i+gG+YCQuFSBAf9S+8qA="></latexit>

Photofinish with a linear camera
2048 pixels
2000 lines/sec
f(t, y)

<latexit sha1_base64="bPCVW9EaD4W+tnAu545dm/deH8w="></latexit>

Any kind of higher-dimensional signal
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<latexit sha1_base64="a3m8R9OkOzjZmTYpOO+NizIQNqM=">AAACKXicdVBLSwMxGMz6rPVVFbx4CRbBU9m1pXos6EFvCrYK3VKy2S82mGSXJKuUtX/Gq/4Zb+rVv+HB9AUqOqdhZr4HE6WCG+v7b97M7Nz8wmJhqbi8srq2XtrYbJkk0xSaNBGJvo6IAcEVNC23Aq5TDURGAq6i2+Ohf3UH2vBEXdp+Ch1JbhRnnBLrpG5pO4yYAc3B4FEYn7kAmG6p7Ff8EbBfqR7VqkHNkbp/6CgOJlYZTX DeLX2GcUIzCcpSQYxpB35qOznRllMBg2KYGUgJvXXL244qIsF08tH/A7znlBgzd50lyuKR+n0iJ9KYvoxcUhLbM7+9ofiX184sO+rkXKWZBUXHh1gmsE3wsAwccw3Uir4jhGrufsW0RzSh1lVWDDUouKeJlETFeciI5KIfAyOZsIM8NGzKi66uaSf4f9I6qAT1Sv3ioNw4mRRXQDtoF+2jAB2iBjpF56iJKHpAj+gJPXtP3ov36r2PozPeZGYL/YD38QXUPKg4</latexit>

Color Images

<latexit sha1_base64="94uhAgIQcZeQXXTmNXn6skhue/Y="></latexit>

Color-Representation Systems
<latexit sha1_base64="zl3tbeNq28k2hhVD3ZYvyJid9JU="></latexit>

• RGB: Red-Green-Blue
<latexit sha1_base64="olas9CB/+htczIaOMOej25rjGgA="></latexit>

• HSB: Hue-Saturation-Brigthness
<latexit sha1_base64="95NRAAJ8ehQTL8ounl73spbL38I="></latexit>

• CYMK: Cyan-Yellow-Magenta-Black

0.0

0.5

1.0

M

W
CB

G

R

Y

231

219 61

RGB
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<latexit sha1_base64="7udOVjUPS8zyWVffEdnFNnPGN68=">AAACPHicdVBNTxRBFOxBUVhFFz166bgx0ctmBsjCkQQOesPoAsnOZvOm5/XSoT8m3W80k8n+Bn4NV/wd3r0Rrp480LssiRqtpJNKVb3X3VVUWgVK0+/JyoOHq48er613njzdePa8u/niOLjaCxwKp50/LSCgVhaHpEjjaeURTKHxpDg/mPsnX9AH5exnaiocG5haJZUAitKk+y4vZECvMPADZypn0VLgTnKw/EPMKjvln5pAaC bdXtpPF+Bpf3tvZzvbiWSQ7kbKs6XVY0scTbq/8tKJ2sSNQkMIoyytaNyCJyU0zjp5HbACcQ5THEVqwWAYt4svzfibqJRcOh+PJb5Qf59owYTQmCImDdBZ+Nubi//yRjXJvXGrbFUTWnF3kaw1J8fn/fBSeRSkm0hAeBXfysUZeBAUW+zkHi1+Fc4YsGWbSzBKNyVKqDXN2jzIe96Jdd13wv9Pjrf62aA/+LjV2z9cFrfGXrHX7C3L2C7bZ+/ZERsywS7YJbti35Kr5EdyndzcRVeS5cxL9geSn7dgjrAM</latexit>

Components of an Imaging System

<latexit sha1_base64="8+elfnxBBs5SIQz8lCAwgV9gxKA="></latexit>

• Image acquisition

<latexit sha1_base64="oyDHiGgWtiHnl4Y3bfwkgCbxXAc="></latexit>

• Storage

<latexit sha1_base64="Wt+EQ8+nsOJYoXNnSbyrc9qj6Bs="></latexit>

• Processing

<latexit sha1_base64="DGv4HAdJ4ejMvexmf7PIwmkn4Tg="></latexit>

• Communication

<latexit sha1_base64="3Eo7cvAQ+CTzp0WjyxlDsWUyWyU="></latexit>

• Display
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<latexit sha1_base64="6dKjdrcv8VnYWU7I0nctSPNVzfI=">AAACLnicdZBNSwMxEIazftb6VfXYS7AInspuLdVjRQ96q2Cr0C2Szc7aYJJdk6xSlh78NV7rnxE8iFd/hAfTdgUVHRh4eN8ZhnmDhDNtXPfFmZmdm19YLCwVl1dW19ZLG5sdHaeKQpvGPFaXAdHAmYS2YYbDZaKAiIDDRXBzNPYv7kBpFstzM0igJ8i1ZBGjxFjpqlT2g0iDYqDxqbUAH9LblGk2dStu1Z0Udqt7B/U9r26h4e 5bxF5uVVBeravShx/GNBUgDeVE667nJqaXEWUY5TAs+qmGhNAbe6drURIBupdNnhjiHauEOIqVbWnwRP2+kRGh9UAEdlIQ09e/vbH4l9dNTXTQy5hMUgOSTg9FKccmxuNEcMgUUMMHFghV9nOKaZ8oQo3NregrkHBPYyGIDDM/IoLxQQgRSbkZZr6Ovrho4/rKBP8PnVrVa1QbZ7VK8zgProDKaBvtIg/toyY6QS3URhQ9oEc0Qk/OyHl2Xp236eiMk+9soR/lvH8CPnmqgQ==</latexit>

Image Acquisition

<latexit sha1_base64="UuSZgpzaYTcrchMD2jhLIimQNd8="></latexit>

• Key elements of an acquisition system

– Sampling aperture

– Light sensor: light intensity → electric signal

– Quantizer
<latexit sha1_base64="sPnmqeAsxaRzMi6xkqVVJNr/tu0="></latexit>

• Detector: Charge-coupled devices (CCDs)

– Single IC device → low cost, compact

– Array of photosensitive cells

– Low geometric distortions

– Linear intensity output

<latexit sha1_base64="qN0LVlA1I66B7m1SDsE0SC5zhUY="></latexit>

• Illumination

– Optical system / Photography techniques

– Lighting

– Depth of field / Aperture

– Motion control
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<latexit sha1_base64="MJBI2SUV3wCLqfDvvYOOgikdcyc=">AAACKnicdVBNbxMxFPQGKCGFsoUDBy4WUSVO0W5apT1GIge4FYl8SNkoeut9m1ixvSv7LSha5df0Gv4Mt4orP4MDTppKgGAkS6OZec/2pKWSjqLoNmg8ePjo6HHzSev46bOT5+Hpi5ErKitwKApV2EkKDpU0OCRJCielRdCpwnG6erfzx5/ROlmYT7QucaZhYWQuBZCX5uGrJM0dWomOD+RCEij+wUdwHrajTrQHjzrnVxfn8Y UnvejSUx4frDY74Hoe/kyyQlQaDQkFzk3jqKRZDZakULhpJZXDEsTK7556akCjm9X7D2z4mVcynhfWH0N8r/4+UYN2bq1Tn9RAS/e3txP/5U0ryq9mtTRlRWjE3UV5pTgVfNcGz6RFQWrtCQgr/Vu5WIIFQb6zVmLR4BdRaA0mq5MctFTrDHOoFG3qxOX3vOXruu+E/5+Mup241+l97Lb7g0NxTfaavWFvWcwuWZ+9Z9dsyATbsBu2ZV+DbfAtuA2+30UbwWHmJfsDwY9fgbaojg==</latexit>

Digital Image

<latexit sha1_base64="4X0QmhvY3LlpZ25SD8rChLRyats="></latexit>

• Output signal

– Video signal: TV signal 4:3 (old) 16:9 (modern) aspect ratio

– Digital output

∗ Compressed / uncompressed

∗ Processed on chip
<latexit sha1_base64="QHLUA9x6KK7r5E+0rYIlKQmfjZQ="></latexit>

• Data

– Gray-level picture: 512→ 512→ 8 bits = 262 KB

– Photography of smartphone (color): 13 MB

– Medical imaging CT Scan: 256→ 256→ 256→ 16 bits = 32 MB

– Whole slide image (digital pathology): 50, 000→ 50, 000→ 24 bits
<latexit sha1_base64="cVrEvJja1Qj8HYi4I+ZMxZh2Fs0="></latexit>

• Storage

– Short-term: RAM (32 GB) vs. long-term: Hard disk (20 TB)

– Store pixels and metadata (compressed / uncompressed)

∗ JPEG, PNG, etc.
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<latexit sha1_base64="Ep28x8s59t0mQRffUcWgcGltscA=">AAACLXicdZDNahsxFIU1adqk7p/T7JqNqCl0ZWYSY2cZSBdduhAnAY8xdzR3bGH9DLqaBjMY8jTZpi/TRaFkm5fIorLjQFqaA4KPc+5F0slKJcnH8a9o49nm8xdb2y8br16/efuuufP+lGzlBA6EVdadZ0CopMGBl17heekQdKbwLJsdL/Oz7+hIWnPi5yWONEyMLKQAH6xx80OaFYROIvG+swKJpJnwE2sVjZutuB2vxOP2wW HnIOkE6Ma9gDxZRy22Vn/cvEtzKyqNxgsFRMMkLv2oBuelULhopBVhCWIGExwGNKCRRvXqDwv+KTg5L6wLx3i+ch9v1KCJ5joLkxr8lP7Nlub/smHli8NRLU1ZeTTi/qKiUtxbviyE59Kh8GoeAIST4a1cTMGB8KG2RurQ4IWwWoPJ67QALdU8xwIq5Rd1SsUDN0JdD53wp+F0v510291v+62jL+vittke+8g+s4T12BH7yvpswAS7ZFfsmv2IrqOf0e/o5n50I1rv7LK/FN3+AasYqjk=</latexit>

Processing Tools
<latexit sha1_base64="9nqgGIzVVdUMCiYRgSYkmGaQSX0="></latexit>

• Powerful computers

– < 1990 mainframes or specific hardware

– 1995-2015: General-purpose PCs, CPUs

– > 2015: CPU + GPU (deep learning) + HPC (servers)

<latexit sha1_base64="l+Ltwj9e2u/a7vi1893+1Y88b68="></latexit>

• Image-processing software

– Desktop: Photoshop, GIMP, etc.

– Commercial tools: MATLAB, LabView, etc.

– Programming: Python, Java, etc.

<latexit sha1_base64="IEtTJpy1XHGkmzMarwFvMIS5q+0="></latexit>

• System integration

– Smart cameras

CCD + Processor + RAM
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<latexit sha1_base64="LnhQc2P7WP0rLOarhzLi62gkouE=">AAACJ3icdZBLSwMxFIUzvq2v+ti5CRbBVZlRqS4LdeFSwarQKXInc0eDeQxJRqlD/4tb/TPuRJf+DxemtYKKHgh8nHMvuZwkF9y6MHwNxsYnJqemZ2Yrc/MLi0vV5ZVTqwvDsM200OY8AYuCK2w77gSe5wZBJgLPkuvWID+7QWO5Vieul2NXwqXiGWfgvHVRXYuTzKLhaGlLKyYKO7RrYT0ciob1nf3dnWjXQyPc80ijUVQjIx 1dVN/jVLNConJMgLWdKMxdtwTjOBPYr8SFxRzYNVxix6MCibZbDq/v003vpDTTxj/l6ND9vlGCtLYnEz8pwV3Z39nA/CvrFC7b75Zc5YVDxT4/ygpBnaaDKmjKDTIneh6AGe5vpewKDDDnC6vEBhXeMi0lqLSMM5Bc9FLMoBCuX8Y2++KKr+urE/o/nG7Xo0a9cbxdax6Mipsh62SDbJGI7JEmOSRHpE0YuSP35IE8Bg/BU/AcvHyOjgWjnVXyQ8HbB+f4p8w=</latexit>

Conclusion
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What is the future of image processing? Many indicators of growth.

<latexit sha1_base64="5FaPerlsdr94GQe0dZHXqVr034Y="></latexit>

• New applications

– Consumer products: digital photography, desktop publishing, HDTV

– Biomedical: digital radiography, ultrasound, fluorescence microscopy,

etc.

– Science: everywhere, from nano-scale to astronomy scale

– Industry: inspection, and scientific

– Security: tra!c monitoring, biometry
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• New technology trends

– Processing capacities: Powerful CPUs–Parallelization–GPU

– Acquisition devices: CCD, CMOS cameras

– Storage: Large RAM, low-cost, high-capacity fast storage

– High-resolution color display systems
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• Economical factors

– Declining cost of computers

– Increasing availability of equipment (digitizers and displays)
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Highly employable field!


