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Outline

• 5 minutes about my 

relationship with EE

• 10 minutes about an 

idea



In the 1980s

2

Image Systems Engineering at Stanford 
Goodman and Wandell (1996) International 

Conference on Image Processing (ICIP).
Through the 1980s I studied human visual 

perception, particularly color vision; a number of EE 

faculty mentored me



Programmable digital camera project

Stanford Report
April 26, 2001
Speedy camera-on-a-chip both captures and processes images
BY DAWN LEVY

Faster than a speeding bullet. Able to leap photographic obstacles 
with a single computer chip. It's a camera. It's a chip. It's a camera-
on-a-chip.

Thanks to the efforts of electrical engineering Professor Abbas El 
Gamal, psychology and electrical engineering Professor Brian 
Wandell and their students, it's getting harder to take a bad picture. 

• Trisha Lian – Meta

• Henryk Blasinski - Apple

• Haomiao Jiang - Roblox

• Andy Lin - Apple

• Steven Lansel - Meta

• Peter Catrysse - Stanford

• Feng Xiao  - Fengyun Vision

• Jeff DiCarlo – Intuitive Surgical

• Zheng Lyu – Gyges lab

• Zhenyi Liu – Apple

• Manu Parmar – Pyxd

• Xuemei Zhang - Apple

In the late 1990s, Abbas and I cooperated 

on image systems



Expansion to an industrial affiliates program

4

Bernd Girod
Faculty director 

(2000-2024)

Joyce Farrell 
Executive 
director 

(2002-present)

Gordon Wetzstein
Faculty director 
(2023-present)



SCPD/CGOE Certificate and Psych 221 (former EE 362)



Magnetic resonance imaging

MRI instrumentation can be 

used in many ways to learn 

about brain tissue, structure, 

and activity



Visual field map reviews
366 Neuron 56, October 25, 2007

Vision Research 51 (2011) 718-737

• Maps tile the occipital lobe

• Extend into IPS and VOT

• Response properties differ

• Identification from gross anatomy



Stanford’s Center for Cognitive and Neurobiological Imaging (CNI)

Co-directors

Adam Kerr

Kawin Setsompop



Introductory class with a focus on magnetic resonance imaging (Psych 204A)

Francis Crick; Braitenberg 
and Schutz

Synapse image from Grahm 
Johnson



Founded Flywheel.io for Reproducible Science and Medicine



Processing

Deep networks

The main work now:  Image systems simulation

Scenes

Ray traced spectral 

scene simulations

Optics

Spherics

Aspherics

Multielement

Dual or 

multipixel 
autofocus

Automotive 

(split pixel, 
RCCC)

Sensors

CMOS Bayer

Microlens

PBRT, ISET3D

Measuring system performance using quantified (units) throughout



Image systems simulation for biology

Scene spectral 
radiance

Physiological 
optics

Photo transduction Retinal 
processing

Inference



Book writing

New edition of my vision book New book based on Psych 221

• I am working on web-first 

versions of these two 

books

• Using Quarto from 

POSIT; let me know if 

you are interested in this 

approach and want to 

share tips and ideas



An idea to illustrate my current work

• How to estimate the cone spectral 

sensitivities in the living human eye 

from behavioral measurements

• Builds on two ideas from Thomas 

Young (1802) and James Clerk 

Maxwell (1860)

• Uses linear algebraic methods that are 

common in engineering

• Application – let me know of other 

contexts where you have seen the idea



The fundamental components of light

Isaac Newton



Thomas Young – Double slit experiment and diffraction

Thomas Young (1802) 
On the theory of lights 

and colours. 
Philosophical 

Transactions of the 
Royal Society 92, 12-

48.

Thomas Young's sketch supporting the wave theory of light 
presented to the Royal Society, 1803

http://en.wikipedia.org/wiki/Diffraction



Thomas Young – Trichromacy from his Royal Society presentation

Thomas Young (1802) 
On the theory of lights 

and colours. 
Philosophical 

Transactions of the 
Royal Society 92, 12-

48.

Thomas Young “II. The Bakerian Lecture. On the theory of light and colours”
presented to the Royal Society Nov. 12, 1801

“Now, as it is almost impossible to conceive each sensitive point of the retina to 

contain an infinite number of particles, each capable of vibrating in perfect units 

with every possible undulation, it becomes necessary to suppose the number 

limited for instance to the three principal colours …”

• Brewster didn’t buy it – he thought color was a property of light

• Helmholtz mis-estimated the number of cone types

• Maxwell got it right in a series of remarkable papers



Thomas Young – Trichromacy

Thomas Young (1802) 
On the theory of lights 

and colours. 
Philosophical 

Transactions of the 
Royal Society 92, 12-

48.
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Two lights that differ 
physically but appear 

identical 
(metamers)



Thomas Young – Trichromacy

Thomas Young (1802) 
On the theory of lights 

and colours. 
Philosophical 

Transactions of the 
Royal Society 92, 12-

48.
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????
What is the biological basis of this 

equivalence
???

Two lights that differ 
physically but appear 

identical 
(metamers)



Maxwell JC. 1860 

On the theory of compound colours, and the relations of the colours of the spectrum. 

Phil. Trans. R. Soc. Lond. 150, 57–84. (doi:10.1098/rstl.1860.0005)

It appears therefore that the result of any mixture of colours, however 

complicated, may be defined by its relation to a certain small number of well-

known colours. Having selected our standard colours, and determined the 

relations of a given colour to these, we have defined that colour completely as to 

its appearance. Any colour which has the same relation to the standard colours, 

will be identical in appearance, though its optical constitution, as revealed by the 

prism, may be very different. (James Clerk Maxwell)

James 
Clerk 

Maxwell



Maxwell’s color-matching apparatus

• Color-mixing with 
spectral lights (1860)

• Channel C provides a 
constant daylight, 
channels XYZ provide 
three spectral lights

Fig. 1, Plate I. represents the instrument for making the observations. It 
consists of two tubes, or long boxes, of deal, of rectangular section, joined 
together at an angle of about 100°. The part AK is about 5 feet long …

Eye

Mirror and 

prismsBrass 

sliders

Sunlight and 

diffuser



Data and analyses are included in the 1860 paper





Cone color matching experiment (cone vision)



Color matching equations:  Origins of linear algebra

http://upload.wikimedia.org/wikipedia/commons/thumb/6/6c/Hermann_Gra%C3%9Fmann.jpg/220px-Hermann_Gra%C3%9Fmann.jpg

Grassmann

(history)
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• From his experiments and 

calculations, Maxwell derived and 

plotted the rows of this matrix, 

which we now call the color 

matching functions

• With Sutton, he went on to use this 

to produce the first color photograph

Primaries

https://www.readkong.com/page/hermann-grasmann-and-the-foundations-of-linear-algebra-3176319
https://www.readkong.com/page/hermann-grasmann-and-the-foundations-of-linear-algebra-3176319


Maxwell – in 1860 – and the CIE today

• We compared Maxwell’s 

data with modern 

standards

• We had to make only one 

small adjustment to 

Maxwell’s wavelength 

estimates, via Judd (10 

nm)



Color matching equations:  Cone fundamentals
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• The color matching functions 

the biologists wanted has 

rows equal to the cone 

spectral sensitivities

• Over the years, these were 

estimated using a wide variety 

of auxiliary experimental 

methods

• A standard was established in 

the year 2000 by the CIE 

based on Stockman

Cone 

absorptions

The color matching functions the 

biologists wanted has rows equal 

to the cone spectral sensitivities



Color matching equations:  Dichromats

• There are people who have 

only two of the three types of 

cone fundamentals

• Reduction dichromats

• Genetically detectable
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W.D. Wright

Dichromatic color matching 

functions have two rows, not 3

Using only color matching 

functions from dichromats, we 

can solve for the three cone 

fundamentals

Here is the idea we understood and implemented in the paper

1935

https://www.colour.org.uk/w-d-wright-obituary/


• This is how well the 

procedure did 

compared to the CIE 

2007 standard 

(proposed by Stockman 

in 2000).

• The differences are 

within the variation in 

the human population

Comparison of CIE 2000 standard and our estimates from color-matching only



Methods and data are on GitHub and SDR, as usual



• Suppose we have two cameras from 

different vendors

• Their color channels typically have 

different spectral responsivities

• Hundreds of papers try to fit each of the 

channels in, say, A from the channels in B

• In this example, a good fit is hopeless

The engineering application:  between device comparison

Who uses this idea in other fields?



• What is possible, however, is to find 

common ground between the two systems

• We can find the intersection of the spaces 

spanned by the two cameras (virtual 

channels)

• Neither camera has this channel, but both 

can render their data as if they did

• This will let us have the two systems check 

whether they are seeing the same object

• If they agree, we can combine the 

measurements to learn more about the 

object

The engineering application:  between device comparison

Who uses this idea in other fields?



Thanks for the lunches and the years of collegiality

Brian A. Wandell
Psychology Department

EE, GSE, Ophthalmology (by courtesy)
Wu Tsai Neurosciences Institute

Stanford Center for Cognitive and Neurobiological Imaging
Stanford Center for Image Systems Engineering

Koh Terai

https://maxwell-color-experiment.vercel.app/
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