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Introduction

Images are often aimed to be viewed by humans

The human visual system is enormously complex
•The eye: a sensor with local signal processing (“preprocessing”)
•The visual cortex: low- and high-level image processing
•The rest of the brain: interpretation

All these parts of the system influence one another!
⇒ Hopeless complex!

Image processing changes images,
•intentionally: e.g., image improvement
•or not intentionally: e.g., compression

⇒ It is therefore important to know how a human perceives these changes 
in the images
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Light intensity

Light intensity: I(x,y)d S is the light power that is incident on an 
elementary part of the surface d S (unit: Watt/m2)

∫
∞+

∞−

= dffyxIyxI );,(),(

Frequency spectrum

λ
λ

λ d
d
dfcyxI∫

∞+

∞−

= )/;,( λλ dyxI∫
∞+

∞−

= );,('

Wavelength spectrum
(used in light technology)(independent of the 

transmission medium)

I(x,y) dS

Light can be decomposed into a color spectrum

In empty space: f λ=c with c the speed of light 2λλ
c

d
df =⇒

Remark: visible light

λ ≈ 550 nm (order of magnitude)

f ≈ 500 THz (order of magnitude)
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Structure of the human eye
Light receptors

•Two types: cones and rods

lens

retina

optical 
nervs

fovea

visual axis

rods and cones

Cones
•amount: 6.000.000
•photopic (bright-light) vision
•3 types, sensitive for: (1) blue, (2) green, 
(3) yellow green to red light 

Rods
•amount: 100.000.000
•much more sensitive    

•Highest density of cones is in fovea
•100.000.000 receptors in the eye but 
only 800.000 nervs

⇒ There is a local processing in the eye

⇒ voor 
scotopic
(“dark”)-vision 

•1 type ⇒ no color distinction

blind 
spot
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Retina, cones and rods

Nerv 
bundles
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The neural interconnections in the eye
amacriene cell

horizontal cel

bipolar cell
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Absorption spectra of the cone pigments
These absorption spectra show the percent of the light of a given 
frequency that is absorbed by different types of cones

α (blue)

relatieve absorption spectra 

400 500 600 700
wavelength λ (nm)

β (green)

γ (yellow green
tot red)

This light is not fully transformed in a nerve signal
⇒The absorption spectra give only a rough idea about the spectral 

sensitivity of three different types of cones

(wavelength spectra!)
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Spectral sensitivity of the cones...

What is the link between the incident light spectrum I(f) and the nerve 
signals at the output of the cones?

• f(x)≈ c log(x): a monotonic increasing “log”-like function

The spectral sensitivity curve expresses how much of the light of a given 
frequency is being transformed into an electric signal

where
• Si(f), i=1,2,3 is  the spectral sensitivity of the cones of type i

Experiments showed: for the incident light with the spectrum I(f) the 

response of a cone of type i is well modelled by

∫= dffIfSr ii )()(f(ri ) with 

© W. Philips, Universiteit Gent, 1998-2006
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… Spectral sensitivity of the cones...

Difference between spectral and absorption characteristics:
•The spectral sensitivity Si( f ) expresses how much of the light of a given 
frequency is being transformed into an electric signal

•The absorption characteristics Ai( f ) expresses how much of the light of a
given frequency is being absorbed

Rough approximation: Si( f )≈ Ai( f )

Spectral filter/fotocell

Absorption 

Ai(f) Efficiciency Ei(f)

fotons →
elektrons

dynamic-compression

)( fI )log(⋅ f(ri )

Link: )()()( fEfAfS iii =
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... Spectral sensitivity of the cones

400 500 600 700
golflengte (nm)

α (blue)

β (green)

γ (yellow green 
to red)

• The sensitivity curves overlap ⇒ even sources with narrow spectrum 
will activate different types of cones

Conclusions:
• The eye is not much sensitive to blue

Note: Si’(λ) =Si (c/λ)

Rough approximation for Si’(λ ): Si’(λ)≈ Ai’(λ )

© W. Philips, Universiteit Gent, 1998-2006
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Color Metamerism

A well chosen mixture of three monochromatic sources 
is perceived as a light of the same white color

400 500 600 700

400 500 600 700

Spectrum of a white color

Metamers: light sources of 
different spectral 
characteristics but of the 
same color impression
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Brightness adaptation of the human eye

© 2002 R. C. Gonzalez & R. E. Woods

Explanation: not simultaneously

Within each adaptation level the 
range of intensities that we can 
simultaneously discriminate is 
rather small

Perceived brightness (intensity 
perceived by visual system) is a 
logarithmic function of the 
incident light intensity

Enormous dynamic range!
In photopic vision alone ~ 106

Intensity [mL] 104 10-2
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Weber’s law
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Experiments of Weber more than 100 years ago



01b.15

versie: 15/11/2006

Simultaneous contrast

Simultaneous contrast: the perceived intensity of an object depends on 
the intensity of the background
“contrasting colors enforce each other”
This is another obvius example that the eye adapts itself to the global 
brightness of the surrounding

0I1I

2I2I
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Mach bands

The human visual system tends to 
undershoot or overshoot around the 
boundary of the regions

This phenomenon was first 
discovered by Ernst Mach in 1865

Actual illumination

Perceived 
brightness

Stripes of constant intensity
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x =Two patterns look as if have the same frequency if

Perceived spatial frequency

fx,i: spatial frequency in cycl. per meter
1,xf 2,xf

2r

1r

ri: viewing distance in meters

is thus a good measure for the perceived frequency 
(cycles per degree)

rfx
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Spatial frequencies
( )xfAByxb xπ2cos),( +=Sinusoidal intensity: 

Definitie: contrast of the pattern:
mM
mMC

+
−

=

⇒ max. intensity: M=B+A; min. intensity: m=B-A

0.6 1.8 6.0 18 60

10

6
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Spatial frequency f (cycles/deg.)

relateve sensitivity Aref /A

Aref, fx,ref

A, f

Conclusion: the perceived contrast” 
•Depends on the spatial frequency
•Is zero at high frequencies

Explanation: very fine pattern will
apear as uniform gray

B
AC =here:

Remark: effective frequency depends 
on the viewing distance

Experiment: for a given f, adjust A so that white 
bands look equally white in both patterns
Tabulate Aref /A as a function of f

© W. Philips, Universiteit Gent, 1998-2006



01b.19

versie: 15/11/2006

Optical illusions

© 2002 R. C. Gonzalez & R. E. Woods
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A simplified vision model (one type of cones)

linear 
combination

•The cones are linked to the nerve bundle throgh a “neural network”
•model: the nerve signals are a linear combination of the cone signals

to visual 
cortex 

∫= dffIfSr ii )()()( fI
)log(⋅Spectral

filter

∫= dffIfSr ii )()()( fI )log(⋅Spectral
filter

M

cone 1

cone n

…

The block “linear combination” 
•behaves as a spatial filter
•Performs data compression: 8 outputs per 1000 inputs

© W. Philips, Universiteit Gent, 1998-2006
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Model for color vision

)log(⋅Spectral filter
yellow green

spatial
filter

contribution of 
cones at other 

places

K

achromatic
info     
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-

chrominance

)log(⋅Spectral filter
blue Σ

+ K

spatial
filter

)log(⋅ ΣSpectral filter
green

+ K

spatial
filter

K

The eye is less sensitive to 
spatial variations in color 
then in intensity

To the brain
(visual cortex)

© W. Philips, Universiteit Gent, 1998-2006
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Conclusion

In image processing we have to take into account the following eye 
characteristics:

•Not-linear relation between light intensity and perceived brightness: 
contrast adaptation

⇔ the logarithmic characteristic of the cones
•Color vision is trichromatic

•The eye sees a light point as three numbers and not as a spectrum
•metamerism: light sources with different spectra may be perceived as 
having the same color

•spatial effects:
•The eye is less sensitive at high spatial frequencies
•Abrupt spatial changes in intensity are better seen than equally abrupt 
changes in color with the same physical contrast


