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Color

Color seems to be an unalienable property of objects.
Evolution, such that a species adapts to its environment, 
has driven the use of color by perception.
Human perception actively assigns colors to an 
observed scene.
Objects in the world respond to daylight by reflecting 
differently part of the incoming light spectrum.
Color is one of the main cues for segmenting objects in 
a scene.



Color

In terms of physics, daylight is reflected by an object and 
reaches the eye.
The amount of radiant energy falling onto the retina 
depends on both the reflectance function and the light 
source illuminating the object.
Observation of color by the human visual system 
proceeds by absorption of light by three different 
receptors.

Color

The pigment sensitivities extent over a broad range of 
wavelengths, but they can be characterized by the 
spectral region for which sensitivity is maximum at short, 
middle, and long wavelengths.
For these reason the receptors are named blue, green, 
and red cones.



Color

Before transmission of the image to the brain, the output of the
receptors are combined in two ways:

First, the output of the three cone types at each position on the retina 
are combined to represent three opponent color axes.

• One axis describes intensity, the black to white colors. 
• A second axis yields yellow to blue colors, 
• And a third axis results in red to green colors. The combinations are known as 

opponent colors.
A second combination yields the comparison of neighboring opponent 
color responses. Such a spatial comparison is performed within circular 
areas, called receptive fields. The opponent colors are spatially 
compared, yielding black-white, yellow-blue, and red-green receptive 
fields. The existence of receptive fields implies that color is a spatial 
property. Hence color perception is the result of contrast between 
opponent spectral responses.

Color

In this seminar, the aim is to provide a survey on the basics of color, 
color models and ordering systems, and the state-of-the-art on color 
invariance. Our aim is to provide a taxonomy on color systems 
composed according to the following criteria [5]:

Is the color system device independent
Is the color system perceptual uniform
Is the color system non-linear
Is the color system intuitive
Is the color system robust against varying imaging conditions

• Invariant to a change in viewing direction;
• Invariant to a change in object geometry;
• Invariant to a change in the direction of the illumination;
• Invariant to a change in the intensity of the illumination;
• Invariant to a change in the spectral power distribution (SPD) of the illumination.



Color fundamentals

Color is part of the electromagnetic spectrum with 
energy in the range from 380- to 780-nm wavelength. 
This is the part of the spectrum to which the human eyes 
are sensitive. For color measurements, it is often 
restricted to 400-700 nm.
Most of the colors that we see do not correspond to one 
single wavelength but are a mixture of wavelengths from 
the electromagnetic spectrum, where the amount of 
energy at each wavelength is represented by a spectral 
energy distribution.

Color fundamentals

The energy emitted by a white-light source contains a 
nearly equal amount of all wavelengths, see Figure 1.a. 
When white light shines upon an object, some 
wavelengths are reflected and some are absorbed. 
The distribution of the wavelengths of the reflected light 
determines the color of the object. For example, a green 
object reflects light with wavelengths primarily around 
the 500 nm range. The other wavelengths are absorbed, 
see Figure 1.b.



Color fundamentals

Color fundamentals

Color can be described in different ways than only 
physically by its wavelength characteristics. 

A system that describes color, is called a color system. Color 
can be defined and modelled in different ways and each color 
system has its own set of color models (usually three). The three 
color features which are usually taken to describe the visual 
(intuitive) sensation of color are hue, saturation and lightness.



Color Appearance

Let's follow the light emitted by a light source. Through 
gas discharge (e.g. fluorescent lamps) or by heating up 
a material (e.g. the filament of the lamp), the light source 
generates light illuminating an object. Some part of the 
spectrum of the light is reflected from the object and is 
subsequently measured by an observer such as our 
light-sensitive eyes or by a color camera.
The light-object-observer triplet depends on very 
complex factors: the observed color may vary with a 
change in the intensity and energy distribution of the 
light source, material characteristics, mode of viewing, 
the observer and so on.

Color Appearance

The travelling of light starts with the light source: 
It is known that the color of the light source has a large influence 
on the observed color.
People have a large degree of color constancy: the ability of 
observing the same color under different lightning conditions. 
For example, an object illuminated by daylight may look the 
same as when the object is illuminated by a candle light.

• Light produced by different light sources may vary with 
respect to their spectral power distribution (SPD), which is 
the amount of radiant power at each wavelength of the 
visible spectrum.

• Color temperature is commonly used to express the relative 
SPD of light sources. Color temperatures correspond to the 
temperature of a heated black body radiator. The color of the 
blackbody radiator changes with temperature.



Color Appearance

The second major component is the object or sample 
itself:

The object color determines the observed color by reflecting 
(opaque or reflecting materials), absorbing (transparent 
materials), or absorbing and transmitting (translucent materials) 
parts of the incident light. 
Also the viewing mode influences the observed color. A change 
in viewing position of the camera will change the color and 
intensity field of the object color with respect to shading and 
highlighting cues. 
Further, material characteristics of the object, in terms of 
structure, gloss and metallic effects, influence the observed 
color.

Color Appearance

Thirdly, the light-sensitive detectors of the observer, 
such as the human eyes or color (ccd) camera's, 
determine which color will be observed:

It often occurs that different human observers will judge the 
color of an object differently even when the object is seen under 
the same viewing conditions. Similarly, two recording made from 
the same object with two different camera's (i.e.with different 
color filters) but under the same imaging conditions, may yield 
different pictures.



Color Appearance

The color of an object can be measured objectively (i.e. 
independent of the illuminant) and is given by the 
relative spectral reflectance curve. The color reflected 
from an object is the product of SPD of the illuminant
and the spectral reflectance of the object and is 
computed by P(λ) = E(λ)S(λ).
Figure 2 illustrates this concept. The spectral power 
distribution reflected from a green sample with 
reflectance given in Figure 2.a when the light illuminant
has the spectral power distribution of Figure 2.b is 
shown in Figure 2.c.

Color Appearance



Color response of the eye

The spectral sensitivities of the human eye are 
measured only indirectly as follows:

Experiments have been conducted on human observers without 
any vision anomalies. The observers were asked to match a test 
light, consisting of only one wavelength, by adjusting the energy 
level of three separate primary lights. 
The three primary lights were additively mixed to match the test
light of one wavelength. At each wavelength the amount of 
energy was recorded for the three primary colors yielding the so-
called color matching functions.
The tricolor functions of the human eye are shown in Figure 3.a.

The CIE standard observer

The complication of the color matching functions so far is that a 
negative amount of at least one the primaries was necessary to 
produce the full set of spectral colors, see Figure 3.a. 
A negative amount was accomplished by adding one of the 
primaries to the test spectral light. However, a negative amount is 
inconvenient for computational reasons. 
To this end, the CIE recommended mathematical transformations 
based on three primary standards X, Y and Z. These primary 
standards are not real but imaginary.
This resulted in the CIE color matching functions denoted by x, y 
and z giving the amount of each of the primary colors required to 
match a color of one watt of radiant power for each wavelength, see 
Figure 3.b.



Color response of the eye

Colorimetry

The reflected color of the object can be determined by P(λ) = E(λ)S(λ). 
Further, the observer perceives color in terms of three color signals 
based on the trichromacy theory can be modelled by:

Depending on the color matching functions (r, g and b or x, y and z), 
the sum of each equation is equal to the amount of primaries to match 
the sample.



XYZ System

Having three color matching 
functions of the standard 
observer, we are now be able 
to compute three numbers 
(called the tristimulus values) 
equivalent to what a standard 
observer perceives.

The notion of the chromaticity 
of the color is accomplished by 
defining the so-called 
chromaticity coordinates.

XYZ System

Since the sum of the chromaticity coordinates equals 
unity, two of these three quantities are suficient to 
describe a color. When the x and y values are 
represented in a plane, the C.I.E: 1931 chromaticity 
diagram is obtained, see Figure 4. 
Spectral colors are lying on the tongue-shaped curve 
according to their wavelengths. In the middle of the 
diagram, we find neutral white at x = 0.3333 and y = 
0.3333 with corresponding color temperature of 6000 K.



XYZ System

RGB System

The standard RGB established by CIE in 1931 with 
three monochromatic primaries at wavelengths 700 nm 
(R)ed, 546.1 nm (G)reen, and 435.8 nm (B)lue is the 
RGB Spectral Primary Color Coordinate System 
corresponding to the standard observer.
To represent the RGB-color space, a cube can be 
defined on the R, G, and B axes, see Figure 5.a. White 
is produced when all three primary colors are at M, 
where M is the maximum light intensity, say M = 255.



RGB System

RGB System

The axis connecting the black and white corners defines the intensity:

All points in a plane perpendicular to the grey axis of the color cube 
have the same intensity. The plane through the color cube at points   
R = G = B = M is one such plane. The projection of RGB points on the
rgb chromaticity triangle is defined by:

See Figure 5.a and 5.b



RGB System

The intensity axis I in RGB-space is projected onto 
r=g=b=1/3 in the chromaticity plane.
Hue and saturation are defined in the chromaticity 
triangle. Let's assume a white light source and hence 
the reference point is represented by r=g=b=1/3. Then 
saturation Srgb is defined as the radial distance of a point 
from the reference white-light point mathematically
specified as:

Hrgb is a function of the angle between a reference line 
(e.g. horizontal axis) and the color point:

See Figure 5.b

Color order systems

A color system is visual uniform when numerical distances 
can be related to human perceptual differences: the closer 
a color is to another color in the color space, the more 
similar they are. It is known that XYZ and RGB are not 
visual uniform.
Color systems are usually based on perceptual uniformity 
where the Euclidean distance between two position in the 
space closely corresponds to the difference between the 
two colors as perceived by a human being.



Munsell's color order system

Albert H. Munsell proposed in 1905, in his "A Color Notation", a 
geometric ordering space to classify colors, derived from 
psychological and experimental measurements, designed to 
produce a uniform color space. 
The Munsell color space is based on three perceptual attributes:

First, he developed the notation of Value ranging from white to black 
with perceptual equal steps. 
Further, a Hue circle has been designed corresponding to a certain
Chroma value. The hue circle contains the property that steps between 
two different hues closely correspond to their perceptual differences. 
To graphically illustrate the Munsell color space, the color order system 
can be represented by a cylinder from which the center axis relates to 
Value. Further, Chroma corresponds to the distance from this central 
axis of constant Hue forming circles around the Value axis.

CIELAB color order systems

The closer a color is to another color in the color space, 
the more similar they are. MacAdam proved the visual 
non-uniformity of the XYZ color system by doing 
experiments. These experiments are based on the just 
noticeable difference (JND) concept:

The JND is defined as the minimal visual difference of two
colors: let Q0 be a color then color Q1 is just noticeable different 
from Q0, if there is no color Q2, lying on the line from Q0 through 
Q1, which is closer to and noticeable different from Q0.



CIELAB color order systems

The results of the experiments made by MacAdam is 
that colors with coordinates (xi,yi) in the xy chromaticity 
diagram, which are just noticeable different from color
center (x0,y0), are lying on an ellipsis with center (x0,y0) 
and all colors which are not (just) noticeable different 
from (x0,y0) are lying outside the ellipsis. The ellipses of 
an arbitrary number of colors were calculated and
analyzed. See Figure 6.
MacAdam proved that the differences between the axis-
diameters of the ellipses were rather (too) large and 
therefore non-uniformity of the XYZ color system can 
easily be seen.

CIELAB color order systems

Figure 6. Chromaticity diagram for the 
CIE XYZ color coordinate system.
The (McAdams) ellipses are the just
noticeable color differences ellipses.



CIELAB color order systems

Over the last decades various attempts have been made 
to develop perceptual uniform spaces and color 
difference equations. To this end, in 1976, the CIE 
recommended a new system L*a*b*, computed from the 
XYZ color system, having the property that the closer a 
point (representing a color) is to another point (also 
representing a color -possibly the same-), the more 
visual similar the colors (represented by the points) are. 
In other words, the magnitude of the perceived color 
difference of two colors corresponds to the Euclidean 
distance between the two colors in the color system.

CIELAB color order systems

The L*a*b*  system is based on the three dimensional 
coordinate system based on the opponent theory using 
black-white L*, red-green a*, and yellow-blue b* 
components. The L* axis corresponds to the lightness 
where L*=100 is white and L*=0 is black. Further, a  
ranges from red +a* to green –a* while b* ranges from 
yellow +b* to blue –b*. 



CIELAB color order systems

The L*, a* and b* coordinates are computed from the X, 
Y and Z tristimulus values as follows:

Color invariants

Therefore, for general color image processing, an 
important color property is color invariance. 
A color invariant system contains color invariant models 
which are more or less insensitive to the varying imaging 
conditions such as variations in illumination (e.g. lamps 
having different spectral power distribution) and object 
pose (changing shadows, shading and highlighting 
cues). 
Next, we will show new sets of color models of the 
viewpoint, surface orientation, illumination direction, 
illumination intensity and highlights [8][6].



Color invariants. 
A. The reflection model.

The Dichromatic Reflection Model describes the light, which 
is reflected from a point on a dielectric, inhomogeneous 
material as a mixture of the light reflected at the material 
surface and the light reflected from the material body.

Color invariants. 
A. The reflection model.

Consider an opaque inhomogeneous dielectric object, then the 
geometric and surface reflection component of function          can be 
decomposed in a body and surface reflection component as described 
by Shafer [10]:

giving the kth sensor response. Further,           and           are the surface
albedo and Fresnel reflectance at     respectively.    is the surface patch 
normal,    is the direction of the illumination source, and     is the 
direction of the viewer. Geometric terms GB and GS denote the geometric 
dependencies on the body and surface reflection component 
respectively.



Color invariants. 
B. Reflectance with White Illumination.

Considering the neutral interface reflection (NIR) model (assuming 
that             has a nearly constant value independent of the 
wavelength) and approximately white illumination, then:

The reflection from inhomogeneous dielectric materials under white 
illumination is given by [7]:

(1)

Color invariants. 
B. Invariance for Matte Surfaces.

Consider the body reflection term of equation (1):

giving the kth sensor response of an infinitesimal matte surface patch 
under the assumption of a white light source.
The body reflection component describes the way light interacts 
with a dull surface. In this case, the distribution of exiting light can 
be described by Lambert's law. Lambertian reflection models dull, 
matte surfaces which appear equally bright regardless from angle
they are viewed. They reflect light with equal intensity in all 
directions.
As a consequence, a uniformly colored surface which is curved (i.e. 
varying surface orientation) gives rise to a broad variance of RGB 
values. 

(2)



Color invariants. 
B. Invariance for Matte Surfaces.

In [6] they propose the following basic set of irreducible 
color invariants at a specific location

where is discarded as the color ratio is taken from the 
same surface location.

(3)

Color invariants. 
B. Invariance for Matte Surfaces.

The expression is a color invariant for the dichromatic reflection 
model for matte objects under white illumination as follows from
substituting (2) in (3):

only dependent on the surface albedo and the sensors and factoring 
out dependencies on the viewpoint, surface orientation, illumination 
direction, and illumination intensity.



Color invariants. 
B. Invariance for Matte Surfaces.

Any (linear) combination of the basic set of irreducible 
color invariants will result in a new color invariant. For 
the ease of illustration, we now focus on the 3-D RGB-
space given by

Color invariants. 
B. Invariance for Matte Surfaces.

Then, having red, green, and blue as primary colors
yielding the basic set of irreducible color invariants [cf. 
(3)]:



Color invariants. 
B. Invariance for Matte Surfaces.

Then, other color invariants can be computed in a 
systematic manner in terms of Rb, Gb and Bb:

where

Assuming dichromatic reflection and white illumination,
is independent of the viewpoint, surface orientation,
illumination direction, and illumination intensity.

(4)

Color invariants. 
B. Invariance for Matte Surfaces.

For the first order color invariants (i.e., p+q+r=s+t+u=1) we 
have the set:

For the second order color invariants (i.e., p+q+r=s+t+u=2):

And for the third order color invariants:



Color invariants. 
B. Invariance for Matte Surfaces.

An instantiation of the first order color invariant of (4) 
and hence being independent of the viewpoint, surface 
orientation, illumination direction, and illumination 
intensity:

Color invariants.
B. Invariance for Matte Surfaces.

In addition to rgb, the following first-order color invariant 
has been selected as an instantiation of for viewpoint-
invariant object search:

being invariants for matte, dull objects



Color invariants.
C. Invariance for Shiny Surfaces.

Consider the surface reflection term of (1):

giving the kth sensor response for an infinitesimal shiny 
surface patch under white illumination.
For a given point on a shiny surface, the contribution of 
the body reflection component β and surface reflection 
component γ are added cf. (1). As a consequence, in 
RGB-color space, the observed colors of a uniformly
colored (shiny) surface will be formed on the dichromatic 
plane spanned by the body and surface reflection 
components.

Color invariants.
C. Invariance for Shiny Surfaces.

In [6] they propose the following basic set of irreducible 
color invariants at a specific location

where           , and is omitted as the color ratio is taken from 
the same surface location.

(5)



Color invariants.
C. Invariance for Shiny Surfaces.

This expression is a color invariant for the dichromatic 
reflection model under white illumination as follows 
from substituting (1) in (5) as in (6), only dependent 
on the sensors and the surface albedo, where is the 
compact formulation for the kth the channel.

(6)

Color invariants. 
C. Invariance for Shiny Surfaces.

Any (linear) combination of the basic set of irreducible 
color invariants will result in a new color invariant. For 
the ease of illustration, we now focus on the 3-D RGB-
space given by



Color invariants. 
C. Invariance for Shiny Surfaces.

Then, having red, green, and blue as primary colors
yielding the basic set of irreducible color invariants.

Color invariants. 
C. Invariance for Shiny Surfaces.

Then, other color invariants can be computed in a 
systematic manner in terms of Rb, Gb and Bb:

where

Assuming dichromatic reflection and white illumination,
L is independent of the viewpoint, surface orientation,
illumination direction, illumination intensity, and highlights.

(7)



Color invariants. 
C. Invariance for Shiny Surfaces.

For the first order color invariants (i.e., p+q+r=s+t+u=1) we 
have the set:

For the second order color invariants (i.e., p+q+r=s+t+u=2):

And for the third order color invariants:

Color invariants.
C. Invariance for Shiny Surfaces.

In addition to rgb, the following first-order color invariant has been 
selected as an instantiation of for viewpoint-invariant object search:

which is the set of normalized (absolute) color differences (ncd), 
where



Color invariants.

To that end, we put forward the two following invariant 
color model [8]:

1º.-

denoting the angles of the body reflection vector and consequently 
being invariants for matte, dull objects.

Color invariants.

2º.- A new color model l1 l2 l3 is proposed uniquely determining 
the direction of the triangular color plane in RGB-space

the set of normalized color differences which is, similar to H, a 
photometric color invariant for matte as well as for shiny 
surfaces.



Color invariants.
Summary of the theoretical results.

In conclusion, assuming dichromatic reflection and white 
illumination, normalized color rgb, saturation S and hue H, and the 
newly proposed color models c1 c2 c3 and l1 l2 l3 are all invariant to 
the viewing direction, object geometry and illumination. Further, hue 
H and l1 l2 l3 are also invariant to highlights.

Color constancy

The light reaching our eye is a function of surface 
reflectance and illuminant color Yet, the colors that we 
perceive depend almost exclusively on surface 
reflectance; the dependency due to illuminat color is 
removed through color constancy computation. As an 
example, the white page of a book looks white whether 
viewed under blue sky or under artificial light [1][11].
Color constancy is the capability of humans to perceive 
the same apparent color in the presence of variations in 
illumination which change the physical spectrum of the 
perceived light. In computer vision, color constancy was 
first considered in [2]. 



Color constancy

A simple and effective illumination-independent color 
ratio's have been proposed by Funt and Finlayson [3] 
and Nayar and Bolle [9]. In fact, these color models are 
based on the ratio of surface albedos rather then the 
recovering of the actual surface albedo itself.
However, these color models assume that the variation 
in spectral power distribution of the illumination can be 
modelled by the coeficient rule or von Kries model, 
where the change in the illumination color is 
approximated by a 3x3 diagonal matrix among the 
sensor bands and is equal to the multiplication of each 
RGB-color band by an independent scalar factor.

Color constancy

Consider the the body reflection term of the dichromatic 
reflection model:

Suppose that the sensor sensitivities of the color camera 
are narrow-band with spectral response be approximated 
by delta functions                        , then the measured 
sensor values are:

(8)



Color constancy

The color ratio's proposed by Nayar and Bolle is given 
by [9]:

and by Funt and Finlayson by [3]:

expressing color ratio's between two neighboring image 
locations, for                 , where     and     denote the 
image locations of the two neighboring pixels.

(9)

(10)

Color constancy

Assuming that the color of the illumination is locally 
constant                                  and that neighboring
points have the same surface orientation                        

, then the color ratio N is 
independent of the illumination intensity and color as 
shown by substituting equation (9) in equation (8):

Equal arguments hold for the color ratio F by substituting 
equation (10) in equation (8):



Color constancy

To this end, a color constant color ratio has been proposed 
not only independent of the illumination color but also 
discounting the object's geometry [7]:

expressing the color ratio between two neighboring image 
locations, for                        where     and     denote the 
image locations of the two neighboring pixels.

(11)

Color constancy

The color ratio is independent of the illumination intensity 
and color, and also to a change in viewpoint, object 
geometry, and illumination direction as shown by 
substituting equation (11) in equation (8):

Having three color components of two locations, color ratios 
obtained from a RGB-color image are



Next seminar

The works of Jan-Mark Geusebroek1.
In this paper presents the measurement of colored object reflectance, 
under different, general assumptions regarding the imaging conditions. 
They exploit the Gaussian scale-space paradigm for color images to 
define a framework for the robust measurement of object reflectance 
from color images. Object reflectance is derived from a physical
reflectance model based on the Kubelka-Munk theory for colorant 
layers. Illumination and geometrical invariant properties are derived 
from the reflectance model.
The presented framework for color measurement is well-founded in the 
physics of color as well as in measurement science. Hence, the 
proposed invariants are considered more adequate for the 
measurement of invariant color features than existing methods.

1.- Geusebroek, J.M., van den Boomgaard, R., Smeulders, A.W.M. and Geerts, H. 2001. 
Color Invariance. IEEE Transaction on Pattern Analysis and Machine Intelligence. Vol. 23, No. 12, Pp. 1338-1350 
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