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A GUIDETO LIGHT AND COLOUR DEMONSTRATIONS

Arne Valberg, Bjgrg Helene Andorsen, Kine Angelo,
Barbara Szybinska Matusiak and Claudia Moscoso

Norwegian University of Science and Technology
Trondheim, Norway

In this publication we will give a short description of fundamental phenomena of
light and colour and how they can be demonstrated in front of a small audience.
Some of the demonstrations were originally developed by Karl Miescher and

his coworkers in the Laboratory of Colour Metrics at the University of Basel
(Switzerland]. The equipment was later moved to the Norwegian University of
Science and Technology (NTNUJ in Trondheim (Norway) by Arne Valberg and used
for many years in his interdisciplinary lectures on “Light Vision Colour”. Other
demonstrations were developed by Torger Holtsmark and Jan Henrik Wold at the
University of Oslo. The equipment is now available in the Light Laboratory at the
Faculty of Architecture and Fine Art at NTNU and is being used e.g. in the courses
“Light and lighting”, “Light and colour” and “Light and lighting environment” by the
editors. The main idea behind this project is to bring the students in contact with
real phenomena, not to simulate them by digital means.
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Fig. 1b

Fig. 2a

Figures to section 1: Fig. 1a Pocket Spectroscope.

Fig. 1b The electromagnetic spectrum.

Fig. 1c The spectral sensitivities of the three human cone types L,
M, and S, the luminosity function V, (thin curve], and of the rods
(drawn in blue).

Fig. 2c Wavelsngth A {(nm)

Figures to section 2: Fig. 2a Metameric samples viewed under an
incandescent lamp. Fig. 2b Metameric samples viewed under an
artificial overcast sky. Fig. 2c Metameric spectral power distribution
of two lights.



1. SPECTRAL DISTRIBUTION AND THE SPECTROSCOPE
A spectroscope (or spectrophotometer is

used to analyze the spectral composition of
electromagnetic radiation, including “visible
light”. Only a small band of radiation is capable
of stimulating the eye. The limits of this band
depend on the spectral energy available, but for
most practical purposes the visible spectrum can
be regarded as reaching from 380 nanometer at
the short wavelength side, to 780 nanometer (nm)
at the long wavelength side (1Tnm =10 m). Only
radiation within this wavelength range is properly
described as light.

The hand-held spectroscope shows the spectrum
of reflected and emitted light, its wavelength
composition (wavelength distribution] and relative
intensity. The instrument is based on the principle
of refractionin a prism, the phenomenon that the
propagation of light changes its direction when it
enters a transparent medium of different optical
density, for example in passing from air to glass.
Short wavelength bluish and green lights are
refracted more than middle- and long wavelength
orange and reddish lights. This phenomenon is
called dispersion. White light consists of many
different wavelengths, and these wavelengths will
be separated at the border between two media
with different refraction indices.

When you look at natural surface colours through
the spectroscope, dark colours tend to have a
narrow spectral bandwidth, while bright colours
have a broad-band wavelength distribution.

Note to the instructor:

- Look through the spectroscope at the light
from fluorescent tubes and other light sources.
How do the spectra differ?

2. METAMERISM

In colourimetry the discipline of colour
measurement), metameric colours characterize
different colour stimuli (e.g. coloured surfaces)
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that match in colour appearance, but have
different spectral distributions (fig. 2c). Colours
that match (appear identical) in this way are called
metamers.

Spectral wavelength distributionis an expression
that describes the relative spectral proportions
of light emitted by a light source (I}, or the light
reflected (R), absorbed (A), and transmitted

(T): (I = R+A+T]; the RAT law.

The human eye contains three types of daylight
receptors the L, M, and S cone receptors) that
are activated by light from different regions of
the spectrum: the long-wavelength (L], middle-
wavelength (M), and the short-wavelength (S)
parts [see Fig. 1c). This means that colours can
be described by three sensory quantities, called
the cone excitations (or the C/E tristimulus
values), proportional to the light absorptions in
the pigments of the cone receptors. Metamerism
occurs because each type of coneresponds

to the cumulative energy in a broad range

of wavelengths. Whenever different spectral
distributions (combinations of light across all
wavelengths) produce the same three receptor
excitations, L, M, S, metamerism is the result.

Notes to the instructor:

- In the daylightlab there are 6 metameric
coloursamples. Show these under different
illuminations, for instance regular artificial
fluorescent illumination and incandescent light.

- For example, take the samples to an
incandescent lamp and compare them. Two of
them now appears to have the same dark colour
(Fig. 2a).

- Take the same samples to the artificial
sky or compare them in daylight. Those that were
equal have now become different (Fig. 2b), and two
other samples has become equal.

- If available use a spectrophotometer to
show what happens.
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Figures to section 3: Fig. 3a Picture showing the /nterference filter. Fig. 3b /nterference filterplaced in the slide
plane of the projector. Fig. 3c Picture of the interference spectrum of the projected light projected on the screen.
Figures to section 4: Fig. 4a Subtractive or multiplicative colour mixture of yellow and blue lights.

Fig. 4b and ¢ Subtractive [multiplicative] colour mixing depends on spectral transmissions.




3. INTERFERENCE

In physics, the visible spectrum lalso called
Newton's spectrum) is a succession of colours
due to refraction and dispersion of the transmitted
light in a glass prism (see section 1). A spectrum
can also be produced by interference in a thin
film, like in oil on water (Newton’s rings) or in
the reflection of light from some insect wings,
and from the feathers of birds (e.g. peacock].

The modifications of intensity obtained by

the superposition of two or more beams of
monochromatic lights, we call interference. If the
resultant intensity is zero, we have destructive
interference, while if it is greater than zero, we
have constructive interference. The phenomenon
is caused by the wave character of light. The
spectral /nterference filter used here shows the
linear succession of wavelengths with equal
wavelength-steps in nanometer (nm) being
proportional to steps measured in cm across the
spectrum. Interference filters can be made to have
relative narrow spectral bands of transmission
(e.g. 20 or 50 nm at half width).

Notes to the instructor:

- Use one projector, and place the spectral
interference filterin the slide frame. Focus the
spectrumon the screen.

- With this interference spectrum there

is a linear relationship between wavelengths in
nanometers (1 nm = 10m) and distances in cm (=
10-?m) on the screen.
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4. ABSORPTION / TRANSMISSION

The consequence of absorption is the
disappearance of light. The absorbed energy is
converted into heat motion of the molecules of the
absorbing material. Lights reflected, absorbed,
and transmitted are all important in generating
colours. The colours of painted wooden houses
are generated by reflecting paints (they absorb
some wavelengths and reflect others). The
reflected light is the more important one for
appearance of object colours.

Notes to the instructor:

- Using the spectrum projected from one
projector (Fig. 5, p. 8], we place a homogeneous
colour filter in front of that objective and observe
which colours disappear from the spectrum on
the screen. The colours that disappear are the
ones that correspond to light at wavelengths that
are absorbed in the colour filter. The colours
remaining correspond to wavelengths that are
transmitted. For instance, an orange filter absorbs
the shortest wavelengths, and the colour blue in
the spectrum disappears.

- Place a coloured paper on the whiteboard
(or screen) and project the spectrum upon it. The
wavelengths that turn black are those that are
absorbed the most by the paper.

- When the spectrum of a colour is
relatively wide (contains a broad range of
vvavelengths], the intensity of the colour will,
generally be high and its saturation low. If the
reflection spectrumis narrow (contains a narrow
range of wavelengths), its appearance will be dark
(blackish). For surface colours, light green has a
broader spectral bandwidth than dark green, and
a narrow “monochromatic” green stimulus would
appear black.



Fig. ba

Fig. 5b Fig. 6a

Figure to section 5: Fig. 5a Fluorescent sample illuminated by spectral lights.

Fig. 5b A blue colour filter subtracts light (here yellow, orange and red) from the beam and the transmittet light
(green, blue and violet] determines its colour.

Figures to section 6: Fig. 6a Colour mixture frame with colour filters.




5. REFLECTION AND FLUORESCENCE

In some cases the light reemitted from an absorbing
material may have a longer wavelength than the
incident light. This is called fluorescence. Thus,
fluorescent colour samples reflect more light

over the whole spectrum than do non-fluorecent
surfaces. They are therefore brighter, and for this
reason they are used as reflecting signal colours.
Note that fluorescence is a physical phenomenon
different from a Aluorent (selfluminous) appearance.
Fluorence characterizes the appearance (perceived
effect] of an intensity between a highly reflecting
surface and a light source (Evans,1964).

Note to the instructor:

- Place e.g. an orange fluorescent colour
sample on the spectrum that is projected on the
whiteboard. When the orange sample is placed on
the blue part of the spectrum, the short wavelength
light is absorbed and reemitted as orange light [fig.
ba). This extra reflected light makes the surface look
fluorent (brighter).

6. MULTIPLICATIVE (or SUBTRACTIVE) COLOUR MIXTURE
Under normal lighting conditions, the colour that an
opaque surface displays depends largely on which
wavelength ranges of the electromagnetic spectrum
it reflects. For a translucent filter, the transmitted
spectrum is the most important for its appearance.
When two or more colour filters are positioned

one behind the other in the same light path, a
multiplicative (subtractive) colour mixture will occur.
Each filter alone will subtract (absorb) a part of the
incident light, allowing less light to get through [the
RAT law, section 2). Contrary to common belief, the
resulting colour of the mixture does not depend on
the colour appearances of the two filters, but on
their spectral transmission.

Subtractive colour systems start with white light
from which some wavelengths are partly or wholly
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removed. Coloured inks, water-colours, paints,

or filters situated between the viewer’s eyes and
the light source reduce (absorb] light of some
wavelengths and transmit or reflects others, giving
the objects their colour appearance.

It is a common experience from playing with water-
colours that a subtractive mixture of yellow and a
blue becomes green. However, this is not always the
case. The mixture colour depends on the spectral
distribution of each of the two colours (yellow

and blue) that are mixed, and can, in some cases,
become magenta (reddish blue, Fig. 4c).

Notes to the instructor:

- Using just one projector, place both filters
(blue + yellow) next to the iris diaphragm and
observe the light on the screen (which should be
reddish or magenta).

- Using a second set of yellow and blue colour
filters, the mixture colour becomes more greenish.
These two different results for yellow/blue colour
mixtures demonstrate the physics of the light
transmission and that “subtractive mixtures” are
actually "multiplicative mixtures”. Multiplication of
the spectral transmission curves t,(A) x t,[A) of the
yellow and blue filters (in Fig. 4b) gives a maximum
transmission in the middle (green) part of the
spectrum, and Fig. 4c gives a minimum.

Y

C

Fig. 6b Typical subtractive mixture of magenta, yellow and
cyan (used in printing).



Fig. 7a Fig. 7b

Fig. 7c Fig. 7d

Figures to section 7: Fig. 7a Placing the tri-prism in front of the objective of the projector.

Fig. 7b The bi-prism adds blue and yellow. Fig. 7c The bi-prism mixes red and green.
Fig. 7d Tri-prism and additiv colour mixtures of red, green and blue. See also Fig. 7e. Often
used additive colour mixture of red, blue and green (as used in television screens).



7. ADDITIVE COLOUR MIXTURES

7.1 Additive Colour Mixture/Tri-prism

Addtive colour mixture describes the process
when colours are created by mixing (adding])

the lights emitted from different objects (light
sources, surfaces, etc.). This is in contrast to

a subtractive [multiplicative) process, where
mixture colours are produced by removing

light from various parts of the visible spectrum.
Electronic displays, computer monitors, and
television screens are the most common sources
of additive colour mixtures, while subtractive
colour mixtures are caused by mixtures of paints,
pigments, and lights transmitted through colour
filters. The additive reproduction process usually
combines red, green and blue lights (often called
primary colours) to produce new colours in an
additive mixture. Combining one of these additive
“primary” colours with another “primary” in equal
amounts produces the additive secondary colours
cyan, magenta, and yellow. Combining all three
primary colours produces white. The coloured
pixels of an electronic display do not overlap on
the screen, but when they are small, or viewed
from a sufficiently long distance, the lights from
the pixels diffuse and overlap (add] on the retina
(see also section 7.6).

The tri-prism splits the light beam into three
channels. Using three colour filters (R, G and

B) on these weakly deviating prisms positioned

in front of the projector’s objective, the three
“primary” colours R, G and B can be separated on
the screen. Superimposed they give the mixture
colours Y, M and C (yellow, magenta and cyan).
The colours R, G and B added together give white
(asdoY, Mand C together]; see Fig 7e.

Notes to the instructor:
- Project the image of a small diaphragm
opening on the screen.
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- The “tri-prism” with red, green, and

blue filters is placed in front of the projector’s
objective. You will now see three small separate
circular images of the diaphragm on the screen: a
red, a green and a blue one.

- Increase the size of the opening in the

iris diaphragm to obtain a superposition (additive
mixture) of the three colours. Due to the tri-prism,
we only need one projector to produce three
separate colour channels.

- When the tri-prism with its three colours
(RGB) are in the right positions before the
objective (such that equal amounts of white light
enter the three filters) a white colour should be
visible in the centre of the projected image.

Fig. 7e B

7.2 Bi-prism

A bi-prism mounted on the Prado objective splits
the light beam into two channels. These channels
can be brought to overlap, and mixing for instance
yellow and blue by a bi-prism produces white on
the screen (Figs. 7b and 7c; the principle is the
same as for the tri-prism).
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Figure to section 7.6: Fig. 7.6a Paul Signac, Femmes au Puits, 1892,
showing a detail with constituent colours. Image taken from Wikipedia.
Fig. 7.6b and ¢ Colour coordinates of the Ostwald system (Fig. 7.6b) and the CIE (x,y) system (Fig. 7.6c].



7.3 Colour Reproduction and Colour Measurement
The demonstration above illustrates how one can
produce different colours as an additive mixture
of three “primary colours™ (R, G, B). When the
mixture colour matches an unknown colour, the
intensity (e.g. luminance) of each of them can

be regarded as colour coordinates in a three-
dimensional “colour space”.

7.4 A subjective colourimeter

As we have seen above, additive mixtures of
several colours using only one projector can be
obtained by using R, G, B filters mounted on a
flat, moveable x-y frame colour coordinates are
the relative amounts R, G, B [proportional to

their illuminated areas), or the proportions (r =
R/ (R+B+G), g = G/ (R+G+B]J), together with the
luminance L of the primary colours. Moving the
frame produces a continuous change of colour
within the (r, g triangle. The principle can be used
to make precise, subjective colour matches with >
human observers. The instrument together with
the observer works as a colourimeter (a colour
matching instrument).

7.5 Additive colour mixtures with black

When using a x-y frame on the objective with
white (w], black (bl), and chromatic colour (c), this
mixture can, according to the German chemist
Wilhelm Ostwald, be described as:

w+bl+c=17

These coordinates can be visualized in a triangle
where black is situated at one of the corners, with
white and the chromatic colour on the two other
corners (see Fig. 7.6b). Remember that in order to
perceive black you need a bright, white surround
enclosing the focused test area. The triangle also
visualizes the coordinates of mixture colours
when using a spinning wheel with colour sectors
(Maxwell's method).
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7.6 Pointillism

The “spatial melting” of small coloured dots,
together with subtractive mixtures, are frequently
used mixing methods in colour reproduction, such
as colour printing and TV-screens. The methods,
applying spatial additive colour mixture of melting
dots, is often used in art (pointillism]), and on the
electronic displays used by modern TV-screens,
mobile telephones etc. At some distance from

the subject’s eyes the dots cannot be resolved
(separated), but instead “melt” by spreading into
each other. Their colours will add. Within the
“melting area” the luminance will be the average
of the dots” luminance.

Fig. 7d Key personalities in colour science. The German
scientists and antagonists Ewald Hering (left) and
Hermann von Helmholtz [right).Pictures from Wikipedia.



Light stimuli Color appearance

Nearly white

Induced contrast
color

The surround looks
nearly white or
unsaturated (due to
adaptation)

The center appears
colored (due to color
induction)

Fig. 8

Figures to section 8: Fig. 8 Coloured shadows. When a blue and a white
light illuminate the same object, the object casts two shadows on the wall
(see also Fig. 10a).

Fig. 9a

Figure to section 9: Fig. 9a Afterimage example. Look at the picture for 15 seconds

and shift focus to the cross. Blinking helps you to see the afterimage.



8. ADAPTATION

If you look steadily at an object [fixate], it will
disappear after some time. When you enter a
room where the illumination is not white, it will
tend to become white after some time. When you
walk out of a well lit room and go into the night,
adaptation to the new light condition will take
some time, but the eye is able to deal with more
than 10 decades (10" of light levels.

After looking for a while at an unsaturated
colour projecting the surround (annulus) to a
white central disk, it will become nearly white
(due to adaptation). At the same time the centre
appears tinted with the opponent afterimage
complementary colour due to colour induction
from the annulus (see Fig. 8).

Similarly, when you enter a room where the
illumination is somewhat off-white, it will tend

to become more neutral white after some time.
When you walk out of a well lit room and go into
the night, total adaptation to the darker light
condition will take about 30 min. The area of

the pupil (that regulates the illuminance on the
retina) can only change the light hitting the retinal
receptors by one decade in response to this vast
range of light levels. Daylight vision is mediated by
the cone receptors in the retina, while night vision
relies on the rod receptors (see Fig. 1c). Totally,
the human retina has about 6 million cones and
120 million rods.
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9. AFTERIMAGES

Afterimages appear when you fixate an object for
about 15 seconds and then shift your gaze to a
homogenous background. If you have, for instance,
fixated a green spot, the afterimage will become
a reddish spot, and if you have fixated a reddish
spot, the afterimage becomes greenish. The
afterimage of yellow is bluish, and blue generates
a yellowish afterimage. Strong afterimages that
change their colour over time after stimulus
exposure are the results after a short look at the
sun [not to be recommended). The colours of the
afterimages have been called the “afterimage-
complementary” because they differ somewhat
from the additive complementaries to the stimuli
generating them.

Fig. 9b. The Scotisch
Physicist James Clerk
Maxwell holding one of
his colour wheels.
Picture from Wikipedia.



Screen

— 1+2

Source 1 Filter

Q Source 2
Fig. 10a

OBJECT OBJECT

Fig. 10b Fig. 10c Fig. 1

OBJECT T

Figures to section 10: Fig. 10a Coloured shadow and simultaneous contrast (yellow).
Fig. 10b Obstacle illuminated by white light from source 1.

Fig. 10c Obstacle illuminated by bluish light from source 2.

Fig. 10d Obstacle illuminated by both sources.




10. SIMULTANEOUS COLOUR CONTRAST
“Simultaneous contrast’ refers to the
phenomenon that colours affect each other

laterally. The phenomenon is also called induction.

The contrasting effect that a surrounding area has
on a central test field seems to happen at once,
but in reality it develops somewhat over time. A
centre is affected by the colour and the lghiness
or brightness of its surround. A bright surround
induces blackness into the centre. In fact, black

is an induced contrast colour and not merely
absence of light. A reddish surround induces
greenness in its centre and so on (see also section
11).

Both achromatic and chromatic contrast effects
are combined products of neurophysiological

and psychological processes. That the contrast
effect depends more on the surround than on

the centre field can be proven by measuring the
CIE [x,y) coordinates of the centre field by a spot
photometer. Even for surround manipulations that
display drastic contrast effects in the centre the
measured (colourimetric) colour coordinates are
constant.

To create coloured shadows: Two projectors; one
with bluish light and one with white light. When
an object is illuminated by the mixture of blue
and white two shadows occur, the yellow one is
only illuminated by white light and appear yellow
through induction.

The induction process tells us that lateral
interactions are taking place in the nervous
system.

Notes to the instructor:

- Work with 2 projectors and start without
using colour filters. An object illuminated by the
two projectors will normally cast two similar
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“gray/white” shadows on the screen. They are
somewhat different because of different colour
temperatures of the light bulbs in the projectors
(due to different age).

- One person makes a shadow by replacing
the object with her/his own hand.

- Place a blue filter in one of the projectors.
Instead of the expected one gray and one blue
shadow, you will see a blue and a yellow shadow
(adjust the relative intensities of the two lights to
get a bright and saturated yellow colour).

- The longer you look, the stronger the
effect will become [the phenomenon gets more
prominent due to adaptation). If you replace the
blue filter with, e.g. a red filter, the contrast colour
on the screen will be greenish, despite the fact
that physically it has not changed and a naive
observer would expect one shadow to become
neutral white and the other one red.

Fig. 10e Simultanious lightness contrast.



Fig. 11a

Fig. 11b

Fig. 11c

Fig. 11d

Figures to section 11: Fig. 11a Equipment to demonstrate centre- and surround effects.

Fig. 11b Disk with different luminance, from dark (left) to bright (right). Saturation changes as luminance increases.
Fig. 11c and d Disks in surrounds. Related colours. Lightness and brightness change
hue and saturation in the centre disk.



11. CENTRE/SURROUND

11.1. Centre/Surround

Most of the coloursin our natural environment
come from reflecting surfaces of objects.
According to Wilhelm Ostwald (1923), 99,9% of

all colours in the natural environment were of
this kind (in the 19th century], and he called them
“related colours”. They are also often called
object colours in order to distinguish them from
light sources. A striking feature of natural related
colours is their black-content.

The same phenomenon of related colours can
be observed with flowers like Ladies” delight
(stepmother’s flower). Some of them look close
to black in the middle because, compared to the
surround, little //ghtis reflected here. But if you
illuminate a small black area of the flower with a
narrow pencil of bright white light, you will see a
saturated chromatic colour that was masked by
black.

Fig. T1c also illustrates the Bezold-Bricke effect.
This effect is one where Aueis influenced by the
luminance ratio of the centre disk relative to its
surround. In the example of Fig 11c the yellow
disk turns greener as luminance ratio decreases

Notes to the instructor:

- Use the centre/surround diaphragm (Fig.
B7 in the Appendix BJ in the slide plane.

- The two projectors must be precisely
adjusted. One projector projects a bright central
disc and the other a surrounding annulus around
the disc. The inner diameter of the annulus on the
screen should be the same as the diameter of the
disc.

- Reduce the lghtness/ brightness of the
centre by increasing the light intensity of the
surround only. A range of grays in the central
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disc will result - this is a series of “lightness”. If
we successively decrease the luminance of the
surround, we get a series of “brightness” in the
centre. This proves that grayness is an effect

of the relative luminance between centre and
surround, or between an area and its environment.
Colours that are affected laterally by a bright
surround resemble “related colours” in nature.

- Put the yellow filter in the projector
providing the centre field and manipulate the
surround-projector’s intensity and size. For bright
surrounds, the yellow centre turns olive and finally
“black”.

- Block the surround projector (then

no black will be induced into the centre field)

and the centre field will turn yellow again. This
demonstrates how a bright surrounding annulus
affects the perception of light and colourin

the centre through induction. You should also
manipulate the outer diameter of the surround,
its intensity, and its colour in order to observe the
complicated behaviors of “related colours”. From
this we conclude that black is not just absence of
light.



20

- - nFQHe

. ..-Fgf
. ...Fgg

- - - Fig. 11h

Figures to section 11: Fig. 11e, f and g The same figures as in page 18, here shown in black and white.
Fig. 11h Series of pairs of chromatic lights with the same lumninance, but different colours.
Note the /soluminance of Fig. 11d [far right] and 11g (far right).




11.2. Isoluminance

/soluminance describes the situation when two
different adjoining chromatic colours have the
same physical luminance, measured in cd/m?.
Their appearance may in some cases remind us
of fluorence (see section 13]. This phenomenon
has not been well studied, but it may be related to
the fact that certain cell types in the human retina
respond well to luminance borders and cease
firing for borders between isoluminant stimuli.

Note to the instructor:

- Adjust the luminance of the chromatic
centre and achromat/c surround in the projected
image on the screen and measure the luminance
of centre and surround with a spot photometer.
Adjust until there is no luminance difference.

11.3. Brightness/Lightness

Perceived intensity of a chromatic colour (of the
same chromaticity} is often called brightness.

At relatively low intensities and brighter
surroundings, the colour contains black and the
perceived intensity dimension is one of l/ightness
(with blackness as its opposite).

Note that expressions such as //ightness and
brightness refer to qualities of perception,
whereas intensity and luminance refer to a
physical description.

12. FLUORENCE (NOT FLUORESCENCE)

A fluorescent surface has a colourcoating of a
higher luminance than those with a normal
reflection spectrum [see section 5). A simple
centre/surround demonstration can

simulate the physical condition required for
perceiving fluorence (the characteristic “shiny”
appearance of a fluorescent surface]. This demo
proves that fluorence depends on the relative
luminance between the object’s surface and

that of its surroundings. The visual impression

is called fluorence (Evans, 1948). It normally
appears for a luminance ratio greater than 1.0
between centre and surround, but is somewhat
dependent on the centre’s colour saturation (since
the brightness of isoluminant colours is also
dependent on their saturation).

13. OBJECT COLOURS

We have seen that characteristic appearances of
object colours can be simulated and manipulated
on a screen by a projected centre/surround
pattern from 2 projectors. The centre can be
coloured, as well as white. The familiar daylight
appearance of /ightreflected from an object’s
surface can, for instance, be mimicked by the
luminance of the centre field being lower than
that of the white surround. When the centre field's
luminance is lower than that of the surround, we
have the typical viewing condition of reflecting
object colours called related colours or surface
colours. Both fields’ luminance can easily be
changed by /r/s diaphragms on the projectors’
objectives.

The size of the surrounding area can also be
changed, and size-effects on the lightness of the
centre be demonstrated.



Fig. 14a

Fig. Tdc Fig. 14d

Figures to section 14: Fig. 14a and b Equipment used to demonstrate colour constancy.
Fig. 14c The square colour "window” in the black velvet appears to be white when seen in isolation.
Fig. 14d The greater Mondrian with the same square (the frame indicates the area) which is pink.



14. COLOUR CONSTANCY

Colour constancyis a process that allows us to
see and recognize a familiar object as being of the
same or similar colour, regardless of the colour
of the illuminant (if it is indoor fluorescent light

or outdoor daylight). Colour constancyworks best
if the incident illumination contains a relatively
broad range of wavelengths (being not too far from
white light). The ability of an illumination (e.g. a
fluorescent lamp) to reproduce colours as seen

in daylight is given by its colour rendering index
(CRI). An CRI'index of 90 or 95 is regarded as very
good, whereas 80 is acceptable for most purposes.

The three different cone receptorcells of the eye
register different ranges of wavelengths of the
lightreflected by every object in the visual scene.
From this information, it looks like the visual
system attempts to neutralize (adapt or subtract]
the chromatic component of the illuminant (Land,
1959). This illumination is discounted in order

for us to see the object’s “true colour” when
illuminated with white light (usually daylight).
The pattern of areas in a Mondrian display plays
an important role in this demonstration of colour
constancy.

The experiment described below can be done
using a spot spectrophotometer. It will prove that
the centre’s chromaticity coordinates (x,y) do not
change when going from a small isolated centre
field to a large field (from Fig. 14c to Fig. 14d).

Notes to the instructor:

- Use a Mondrian, one projector, a velvet
board, and the x-y colour mixture frame.

- Show just one square colour “window”
in the velvet, the others must be covered. The
background must be completely black, and the
room must be dark.

- The light coming from the projector

LIGHT AND COLOUR DEMONSTRATIONS

should illuminate the coloured square “window".
- Change the position of the x-y, “colour
mixture frame” on the projector until the reflected
light from the square appears an acceptable
white. Take away the black velvet to illuminate the
Mondrian pattern by the same colour. The square
patch that appeared white while isolated (Fig. T4c]
and viewed in a dark surround, no longer does so.
It has regained some of its appearance in daylight
(Fig. 14d).

Fig. 14e A display similar to that used by Edwin Land to
demonstrate his retinex hypothesis.
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Fig. 15a Fig. 15b

Fig. 16a Fig. 16b Fig. 16c

Figures to section 15: Fig. 15a and b Simulation of the effect of cafaract. Reduction of chromatic and achromatic

contrast after diffusion of the image, for example due to cataract.
Fig. 15¢c Street view as seen with healthy eyes. Fig. 15d Street view as seen with cataract.

Figures to section 16: Transparent polarization filters. The transparancy depends on orientation.

Figures to section 17: Fig. 17a A grating of the same spatial frequency, but different contrast.
Fig. 17b Gratings of different spatial frequencies (cycle/degree], but with the same contrast.



15. VIEWING THE WORLD WITH CATARACT

If you look through a diffusing medium [(for instance
a plastic foil or grounded glass), you will notice that
lightness contrasts (of gray surfaces and shadows
of a certain size) become much more reduced than
chromatic contrasts of the same size [see Fig. 15).
The vividness and distinctiveness of the remaining
chromatic colours are striking - they stand

out against a grayish wash of the background.
Chromatic colours thus appear more independent
and less attached to objects compared to how they
appear with normal eye sight. This phenomenon
resembles a visual ailment called cafaractwhere
the light scatter within the eyeball is caused by
defects in the eye lens. Most people over 60 years
of age show some sign of cataract. Today it can be
removed by surgery where the old lens is replaced
by a new one.

16. POLARIZATION

Lightreflected from the wet road, from a calm
water surface, from windows and from all sorts

of glass is polarized (as in Polaroid sunglasses).
Transmitted light is also polarized. In polarized
light the amplitude of the electromagnetic vector
has only one direction of oscillation whereas in
un-polarized light all directions are present. The
intensity of transmitted and reflected polarized
light can be even more reduced by adding another
filter. By using two transparent polarizing filters,
one after the other in the light path, the intensity of
the transmitted light will change depending on the
angle of the two filters relative to each other (Fig.
16). Polarizing filters can therefore be used as light
attenuators in optical instruments.

17. SPATIAL CONTRAST SENSITIVITY (VIGRA-C)

A computer with a particular graphics card, built
by Thorstein Seim, has been programmed to
test various visual functions, such as achromatic
and chromatic spatial contrast sensitivity. This is
done by determining contrast thresholds using
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sinusoidal or square wave gratings (where the
contrast is periodically changed across the screen;
see Fig. 17). The number of repeating periods on
the screen is expressed in cycles/degrees. Simple
forms like squares, circles, and rings can also be
used.

Notes to the instructor:

- A test of achromatic achromatic and
cromatic contrast sensitivity can be performed by
changing the contrast of the pattern on the screen.
The observer is answering yes/no for having seen,
or not seen, a grating pattern. The high frequency
domain consists of narrow stripes and can be used
to determine the subject’s limit of resolution in
cycles/deg. Testing at a distance of 2 m usually
gives optimal results. Subjects should not fixate the
grating for too long because adaptation may cause
the grating to vanish.
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Fig. 17¢ Spatial frequency in cycles/deg Fig. 18.1 Logvinenko illusion. The luminance of the two

diamonds marked by a small circle is equal.

Fig. 18.2a Fig. 18.2b

Figures to section 17: Fig. 17c Typical spatial contrast sensitivity for the detection of a static

sinusoidal grating modulated either in luminance or in red-green chromaticity at
/soluminance.

Figures to section 18.1: Fig. 18.2a Hand illuminated by a square light source.

Fig. 18.2b Illuminated by a cross-shaped light source.



18. ILLUSIONS

18.1. The Logvinenko Illusion

The small dots of Fig. 18.1 mark two surfaces in the
figure that are physically equal in reflectance and
thus have equal luminance (Logvinenko, 1999]. This
seems hard to believe, and it is one of the strongest
illusions of achromatic lightness contrast known to
us. The reason why the diamonds look so different
is not clear. Note also that the dots themselves are
influenced by contrast, in the same directions as
are the diamonds on which they appear.

18.2 Shadow Effects

The geometrical form of the light source (if it is e.g.
circular, elongated, or a square) is reflected in the
form of the shadows of the objects it illuminates.
For instance, a triangular light source produces

a triangular shadow, even though the object that
casts the shadow is circular ([demo developed by
Torger Holtsmark). Long fluorescent tubes form
shadows that are different from spherical light
bulbs. The border of shadows are important for
recognizing their form, and here Mach bands play
arole.

18.3 Mach bands

Mach bands have their name from the Austrian
physicist Ernst Mach who studied them at the

end of the 19th century. They denote the illusory
contrast enhancement that occurs in the transition
zone between a dark and a lighter stripe of /ght
(Ratliff, 1965; Holtsmark and Wold, 1980-2005).
Close to the border, a dark shadow will be locally
darker while the lighter part becomes even
lighter. This contrast enhancement is a perceptual
phenomenon caused by neural processes in the
visual system. It may offer an advantage to the
viewer in that it compensates somewhat for the
optical blur that always occurs in the eye (see Fig.
18.3).
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Fig. 18.3: Mach bands.

18.4. The Pinna Watercolour Illusion

The Italian psychologist Banjo Pinna has provided
several illustrations where narrow coloured
boundaries and enclosed areas influence an area’s
colour by spreading the border colour out into the
interior of the figures (Pinna et al., 2001). This kind
of diffusion of the border colour seems different
from s/imultaneous contrast.

oi0)]
IS5}

Fig. 18.4 Examples of watercolour illusions. Colours
spread within the frame.
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Fig. 19.1 The symmetric Miescher Aue circle with 24 steps. Opposing unique Aues on the axes.

Figure to section 19.2: Top The three-dimensional arrangement of colour chips in

the Munsell system. Bottom The colours in a Aue plane of the Munsell system.

Figures to section 19.3: Fig. 19.3 A Aue circle with the elementary AuesY [yellow), R [red), B (blue)

and G (green) on the axes.The Aues in between contain proportions of the two nearest elementary hues. Fig. 19.3b
Hue plane of the colour solid.

Figure to section 19.4: A three-dimensional colour solid in the form of a double cone.




18.5. The Wright Illusion

The Wright illusion displays a remarkable strong
simultaneous contrast effect, and the complex
lateral interactions behind it are not fully
understood. Blue and yellow stripes in a grating are
overlaid by a red, a green and a grey square. The
square changes appearance dependent on which
stripe it is on and with the distance to the observer
(changing the angle of view).

Fig. 18.5 The Wright Illusion.

19. THE PRINCIPLES OF COLOUR ORDER SYSTEMS
Colour systems have been developed in an attempt
to order the abundance of colours, not only for
commercial paints, but also for those found in
nature. Colour systems can be psychological,
based on human perception, or physical based on
measured colourimetric properties. For instance,
hueis a perceptual reality, while wavelength is the
corresponding physical entity. Equally, l/ghtness or
brightness are perceptual, whereas luminance and
luminance ratio are physical magnitudes. Precise
language requires that this difference is kept in
mind.

19.1 The CIE XYZ Tristimulus Colour Space
The colour matching space of the International
Commission on Illumination (C/A] is based
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on trichromatic colour matches and uses the
tristimulus coordinates X, Y, and Z, and the
chromaticity coordinates x, y, z developed from
them. A common way to characterize colours within
this linear system is by (x,y,Y), where Y represents
the relevant photometric unit, such as luminance in
cd/m2. x = X/(X+Y+Z) and y = Y/(X+Y+Z).

19.2. The Munsell System

The coordinates of the Munsell system, as
exemplified in the Munsell Book of Colours, are
hue [H), chroma (C) and Value (V). Equal steps in
each of these three dimensions represent the same
visual difference by good approximation. /£ has
developed a non-linear, opponent transformation of
X,Y, and Z called (L, a, b) to represent the Munsell
system.

19.3. The Ostwald coordinates

The German chemist Willhelm Ostwald, like the
Scottish physicist James Clerk Maxwell, used a
spinning disk to study adaitive colour mixtures.
With three colour sectors w (white), s (black], and

¢ (chromatic colour) on the rotating disk, a mixture
of all three fractions could be writtenasc+w + s
=1, where the w, s, and c represented the angels
or relative areas of each colour in the mixture. The
mixture can be represented in a triangle (Fig. 7.6b).

19.4. The Natural Colour System

The NCS system is a subjective scaling system
based upon the German physiologist Ewald
Hering's original idea of opponent colour
processing in the neural system. It uses Ave (H),
chromaticness (C) and blackness (S) as the basic
coordinates. The basic opponent colours are red -
green, yellow - blue, and white - black. Like for the
Ostwald colourimetric system, perceived colours
can be represented mathematically in a triangle
of constant Aue. Within the triangle C+ W + S =1
chromaticness C and blackness S are the basic
coordinates.
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21. TECHNICAL COMMENTS

Appendix A: Glossary

Words/expressions

Explanation

Accommodation

Changing the eye’s focus from far to near by decreasing the radius
of curvature of the lens. Expressed in diopters. The ability to
accommodate is more critical at low light levels than in bright light
(due to the reduced depth of field when the pupil expands).

Achromatic

Not chromatic.

Achromatic colours

Colours with no chroma; i.e. black, grey and white.

Adaptation

The ability of the visual organ to adjust its sensitivity and function
to the prevailing light level and colour. The term can be used for
the process itself or for the final state. The retina is said to be light
adapted (corresponding to photopic vision) or dark-adapted
(scotopic vision). The size of the pupil plays only a minor role in
adaptation.

Additive colour mixture

When two or more coloured lights are added (overlaid], either on a
screen or otherwise superimposed on the retina.

Bandwidth

Range of wavelenghts (or frequencies) represented in a stimulus, or
to which a system is sensitive.

Bezold-Bricke
phenomenon

The Aue of a colour stimulus of constant chromaticity changes
when its luminance changes.

Blackness

Blackness is a property of reflecting object colours. It depends on
the luminance ratio of a target relative to its surround.

Border colours

Colours that arise at black and white borders due to dispersion, e.qg.
by a prism or an imaging lens. When the beam of light is too wide to
produce a spectrum of monochromatic light upon refraction, a
partial spectrum of optimal colours may still be seen at black and
white borders.

Blind spot A spot in the monocular visual field that is blind because it
corresponds with the position on one retina where the nerve fibers
leave the eye, and where there are no photoreceptors.

Brightness Apparent amount of light emitted by a surface.

Cataract An ailment of the optic media of the eye. The eye lens becomes less

clear and the imaging on the retina more diffuse. Removing the eye
lens and replacing it with an artificial lens is now a routine operation
in this situation.




Words/expressions

Explanation

CIE

Commission Internationale de U'Eclairage (french).
International Commission on Illumination (english].

Chromatic adaptation

The self-adjustment of the visual system to the colour of the
prevailing illumination in such a way that object-surfaces appear to
have the same colour for all daylight phases and for most artificial
lights. The visual system works towards neutralizing (in a still
unknown way]) the effect of the colour of the illumination.

For example, a white surface appears white even if the illumination
changes from bluish daylight to yellowish incandenscent light.

See Colour constancy.

Chromatic colours

Colours are divided into achromatic colours (black, greys, and white)
and chromatic colours (yellow, red, blue, green and their transi-
tions).

Chromaticity

Two dimentional colour coordinates (r,g) in a unit colour triangle
R+G+B = 1, or the (x,y)-coordinates in the C/£ system for colour
measurement, in a plane where the sum of ¢ristimulus values X+Y+Z
= 1.

Chrominance

Colour stimuli of equal luminance are characterized by their
chrominance and luminance ratio. Chrominance is their
difference in tristimulus values divided by the luminance.

Complementary colours

Pairs of colours that yield white in an adaitive colour mixture.

Cone

Receptor cell in the retina that operates at photopic light levels

Colour

Physical: Electromagnetic radiation between 380 and 780 nm.
Psychological: Perceptual quality characterized for instance by
yellow, red, blue, green, white and black.

Colour constancy

To see and recognize a familiar object as being of the same or
similar colour, regardless of the colour of the illuminant.

Colourimetry

Measuring of colour.

Dispersion

The index of refraction, n, of a medium (e.g. glass, water] varies
with the wavelength of light. The refraction at the boundary between
two translucent media (glass and air, for example] is therefore
wavelength-dependent. White light that is refracted by a glass prism
gives rise to a spectrum where the short wavelengths are refracted
more than the long ones. One consequence is that images of white/
black borders produced by a simple lens have coloured borders (see
Border colours and Spectrum).




Words/expressions

Explanation

Elementary colours

Six particularly simple colourqualities (approximate wavelength
in brackets): Black, White, Yellow (ca. 570 nm], Blue (ca. 470 nm),
Green (ca. 500 nm), and Red (approx. complementary wavelength
495 nm). Also called unique colours.

Hue

The Ahue of a colour can be characterized by relative proportions of
the closest elementary hues yellow, red, blue and green. They can
be ordered along a hue circle.

Interference filter

Colour filter with a relatively narrow wavelength range of light
transmission. Characterized by spectral half-width in nm at 50%
transmission.

IR

Infrared electromagnetic radiation of wavelengths above 780 nm.

Iris

A smooth muscle ring controlling the size of the pupil. “The colour
of the eye”. Eye colour depends of the amount of pigment in the iris.
Blue eyes have little pigment and brown eyes have more pigment.

|soluminance

A situation where different colour stimuli have the same luminance.

Light A stimulus that gives a visual sensation. The visible range of the
electromagnetic spectrum is from 380 nm to 780 nm.

Lightness The visual attribute by which one can tell if a surface reflects more
or less light. A visual impression of intensity that increases with
increasing reflectance factor.

Mach bands The [(illusory) enhancement of /ightness contrast across contours

arising from a luminance difference between two adjacent areas.

Metameric colour

Colour stimuli that match in colour appearance, but have different
spectral distributions.

Monochromatic light

Radiation with a narrow wavelength distribution, ideally a single
wavelength.

Multiplicative colour
mixture

Colour mixture where l/ightis absorbed in successive pigment
layers. For instance, when light passes first trough a yellow filter
and then trough a blue filter, light energy is removed from the

path by every new filter, and the resulting spectral distribution is
obtained by multiplying the spectral distribution of the incident light
by the spectral transmission factors of each new pigment.

See additive colour mixture.

Munsell system

A colour atlas that approximates the ideal of all neighboring colour
chips having the same percieved colour difference. The coordinates
of the system are chroma (colour strength), Aue and value
(lightness).




Words/expressions

Explanation

Natural Colour System,
NCS

The Natural Colour System uses a perceptual scaling based on

the relative proportions of unique colours. Colour differences are
therefore not equal everywhere in the NCS colour space (as in the
Munsell System). The cordinates are Aue, chromaticness, and black
content.

Object colours

Colours of reflecting surfaces (or of related colours viewed in lighter
surroundings). In contrast to the colours of light sources, object
colours posess a black component induced by a surround of higher
luminance (e.g. a white reflecting surface).

Opponent colour

Opposite elementary colours. For example yellow and blue (there
are no colours that are both yellow and blue at the same time]).
Red and green is another pair.

Optimal colours

Object colours that have a spectral distribution with only one step
from 0 to 1.0 (or from 1.0 to Q) in their spectral distribution.

Perception

Subjective qualitative experience or impression of some sensory
input (internal representation). Can also be used for our
understanding and comprehension, and is therefore sometimes
linked to hypotheses and interpretations of sensory information
about the environment.

Photopic vision

Daylight vision at light levels where the rods are not active (above
about 10 cd/m?2.

Photometry

The science of light measurement.

Primary colours

This is a term often used for the colours in a colour mixture (in
additiv mixtures it is for practical reasons often red, green and blue,
but in principle other combinations can be used as well).

Receptor

A neural element that transforms one type of energy to another.
Most sensory cells respond selectively to specific physical stimuli,
such as pressure, light, temperature, etc. Photoreceptors are
excited by the absorption of light quanta and transform this energy
into a change in the electric potential across the cell membrane.

Related- and unrelated
colours

The appearance of chromatic stimuli undergo changes in lghtness,
hue and chromatic strength depending on the luminance of their
surroundings. Object or surface colours that are viewed in a well
illuminated, natural environment are examples of related colours.
Since they are all darker than a white surface, they have some
degree of induced blackness. Blackness is in itself a typical related
colour. The term unrelated colour refers to the appearance of light
sources, of bright colours viewed in the dark. They are sometimes
called void colours. The luminance ratio between a surface and
white (the reflection factor) determines whether its colour is
related or unrelated.




Words/expressions

Explanation

Simultaneous contrast

Mutual interactions between adjacent areas and figures within the
visual field. Black and grey colours are typical examples of
simultaneous contrast where bright surrounds affect areas of lower
luminance. Simultaneous contrast is active within the l/ightness
domain (related and unrelated colours) as well as within the
chromatic domain (coloured shadows, colour induction). Within the
spatial domain it gives rise to size illusions.

Spectrum

A spatial distribution of the wavelengths of electromagnetic
radiation. The visible spectrum ranges from 380 nm to 760 nm and
is usually produced by dispersionin a prism or by interference in a
regular grating pattern.

Subtractive colour
mixture

See Multiplicative colour mixture.

Trichromatic colour
vision; trichromat

Normal colour vision with all cone types intact; a person with nor-
mal colour vision.

Tristimulus values

Three numbers for the amount (vector length) of three basic colour
stimuli (often called primaries) that match a test colour in an
additive colour mixture. In the C/E1931-system the tristimulus
values have the notation X, Y, and Z. They apply to a specific triplet of
(virtual) primaries.

uv Ultraviolet radiation with a wavelength shorter than 400 nm. UV is
divided into three wavelength ranges; UV-A (315 nm - 400 nm), UV-B
(280 nm - 315 nm)J, and UV-C (100 nm - 280 nm).

VIGRA A specific 3x10 bit computer display system (VideoGRAphic

system developed around year 2000 by Torstein Seim and Arne
Valgberg) for the presentation and manipulation of a variety of visual
stimuli on a colour monitor
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Appendix B: Equipment for Colour Demontrations

B1. 24-step colour circle to be used
together with the filter holder of Fig. B8.
Developed by Karl Miescher.

B2. Colour Mixture x-y Frame

fe.

7

.§'

B3. Projector Lamp

B4. Index Colour Filter

B5. Interference Filter

Bé6. Iris Diaphragm and Slide
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L

B7. Annulus

B10. Metameric Pairs

B11. Prado Objective

B8. Filter Holder

B12. Polarizing Filters
B9. Magnifier Lens
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B13. Spectroscope

B15. Projectors

B16. Mondrian Board

B17. Light Diffusing Glass
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